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Abstract. We present an empirical dark current model for CMOS active
pixel sensors (APSs). The model is based on experimental data taken of
a 256 3 256 APS chip fabricated via HP in a standard 0.5-mm CMOS
technology process. This quantitative model determines the pixel dark
current dependence on two contributing factors: the ‘‘ideal’’ dark current
determined by the photodiode junction, introduced here as a stable shot
noise influence of the device active area, and a leakage current due to
the device active area shape, i.e., the number of corners present in the
photodiode and their angles. This part is introduced as a process-
induced structure stress effect. © 2002 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.1475995]

Subject terms: complementary metal oxide semiconductor image sensors; active
pixel sensors; photodiodes; dark current; modeling.
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1 Introduction

In CMOS active pixel sensor~APS! arrays, the pixel area is
constructed of two functional parts. The first part, whi
has a certain geometrical shape, is the sensing eleme
self, i.e., the active area that absorbs the illumination
ergy within it and turns that energy into charge carrie
The second part is the control circuitry required for read
of this charge. Pixel output is proportional to the incomi
light power, quantum efficiency, pixel active area, and co
version gain.

Due to past several years intensive work,1–5 CMOS APS
imagers are now considered as a viable alternative to C
in many application fields. Investigations must still be p
formed to improve APS performance to meet dedicated
plication requirements and to provide designers with be
control. Therefore, it appears important to acquire exp
mental data concerning parameters affecting electro-op
performance, mostly responsivity and dark current gene
tion, by designing special test structures including differ
pixel topologies.

Early CCD works have pointed out the geometry dep
dence of the dark current.6–9 This paper studies the dar
current generation within a CMOS APS photodiode ar
as a function of its active area geometry and shape.
empirical model that emphasizes dark current depende
on the presence of corners~internal and external! in the
photodiode structure is presented. It takes into consi
ation dependence on both the corner angle and the num
of such corners present in photodiode. It is based on exp
mental data acquired from a 2563 256 APS chip measure
ment. Various topologies of the photosensitive area w
implemented. All the pixels are traditional three-transis
pixels and share a common readout circuitry, enabling
havior identification of different pixel types. It is the inten
of this paper to present how deviations in the device geo
1216 Opt. Eng. 41(6) 1216–1219 (June 2002) 0091-3286/2002/$15
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etry affect its overall performance and can thus be used
a predictive tool for design optimization.

Section 2 presents the proposed model, while Sec
describes the measurements. Section 4 shows the c
spondence between the theory and the experimental d
Section 5 summarizes the work.

2 Dark Current-Modeling

The dark current is the leakage current at the photodi
node, which discharges the pixel capacitance even tho
there is no light over the pixel. The dark current measu
at the pixel output depends on the photodiode, the tran
tors, and the interconnectivity in the pixel. One can dist
guish two types of CMOS APS dark current sources.

The first is ‘‘ideal’’ dark current, depending on dopin
concentrations, bandgap, and temperature of the reve
biased diode. In an idealp-n junction diode, there are two
dominant current sources, i.e., injection-diffusion a
generation-recombination current. The injection-diffusi
current is due to the injection of thermal electrons and ho
whose energies are higher than the built-in potential ene
to the other side of the junction, and become the mino
carrier diffusion current. The generation-recombination c
rent is due to electron-hole generation or recombinati
within the p-n junction depletion in the bulk, or at the
surface. Both of these exhibit an exponential depende
on applied voltage and temperature, exp(qV/kT), whereq,
V, k, andT are carrier charge, applied voltage, Boltzman
constant, and temperature. On the other hand, an ideal
current can be described as shot noise,2–5 i.e., a white noise
that arises from the discrete nature of electrons themsel
This is a result of the random generation of carriers, eit
by thermal generation within the depletion region~i.e., shot
noise of the dark current! or by the random generation o
the photoelectrons, caused in turn by the random arriva
.00 © 2002 Society of Photo-Optical Instrumentation Engineers
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photons. If electrons are generated with a current den
Jdark, in a sensor of areaA, over an integration timet int, the
dark current signal~obtained from shot noise variance! is
I dark5nd(q/t int)5JdarkA, wherend is the number of gener
ated carriers, and the other parameters are as alread
fined.

The second source is ‘‘defect-generated’’ dark curre
determined by the characteristics of the individu
defects.3–11 Some defects have a high carrier generat
rate, and some do not. How these affect the particular di
depends on the pixel layout~especially its active area
shape, the area/perimeter ratio of the photodiode and th
factor!, its readout scheme, and the reverse bias applie
the diode during dark current integration~in combination,
of course, with dopant profiles!.

Any attempt to explain the observed APS dark curr
must consider these primary causes in a particular proc
Naturally, the sources of dark current~defects etc.! are not
understood well enough to enable the development o
general CMOS APS dark current model. However, a fl
ible empirical model can be developed, and is descri
herein.

3 Dark Current Measurements

To measure the dark current, the voltage drop at the p
output can be measured at different integration perio
Knowing the pixel capacitance, one can calculate the ac
dark current. The traditional presentation of dark curr
includes normalization by pixel area in amperes per squ
centimeter. However, in this work, the photodiode area w
chosen to be the normalizing factor, since the fill factor
small.

Dark_currentS A

cm2D 5
Cdiode

Adiode
S F

cm2D 3
DV

Dt S V

sD ,

whereDV is the voltage drop due to dark current, vol
Cdiode is the photodiode capacitance in farads,Adiode is pho-
todiode area in square centimeters, and integration tim
seconds.

All the dark current measurements were taken at a ro
temperature~300 K!, which is kept constant. The statist
cally averaged data obtained from different measured c
are presented.

Figure 1 shows four examples of pixels with differe
values of external corners, i.e., 90, 108, 120, and 135 d
correspondingly. Figure 2 shows that the normalized d
current value of the square, pentagon, hexagon, and o
gon active area shaped pixels~of approximately equal area
capacitance, and thus conversion gain! is inversely propor-
tional to the external angle value.

In addition, the photodiodes described in Fig. 1 are
either one@Figs. 1~b! and 1~c!# or two contacts@Figs. 1~a!
and 1~d!#. One can see from Fig. 2 that the dominant fac
affecting the dark current value of these pixels is the p
todiode geometry.

Figure 3 describes examples of a sequence of pixel
approximately equal area and conversion gain, with inter
corner rounding within the substrate openings: 1, 3, 5, 7
and 12 internal corners were rounded correspondingly. F
ure 4 shows that the value of a photodiode dark curren
,
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Fig. 1 Examples of pixels with various external corner angles: (a)
90, (b) 108, (c) 120, and (d) 135 deg.

Fig. 2 Dark current dependence on the external angle value, corre-
sponding to Fig. 1.

Fig. 3 Examples of pixels with a varying number of rounded internal
corners.
1217Optical Engineering, Vol. 41 No. 6, June 2002
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linearly inverse with the number of rounded corners p
sented in the device, while the total corners number is c
stant.

4 Dark Current Theory and Experimental Data
Comparison

Based on the preceding dependencies, we develope
empirical model that quantifies the pixel dark current a
combination of contributions to dark current:

I out5aA1bn,

wherea is the coefficient that determines the junction un
area contribution. It has a meaning of the dark current d
sity, whileA consequently represents the junction area. T
part represents the baseline value of the dark current
remains constant for all investigated pixels with the sa
area. The reason for this, as already described, is in
nature of ideal part of the dark current, i.e., the dark curr
density does not change from pixel to pixel, since they
close enough together within the array such that proc
differences associated with the impurity inhomogeneity
negligible.

The second part of the model deals with the stre
induced leakage current. It describes the shape depend
of the output signal on the presence of corners within
photodiode, their angle, and their number. The influence
such a corner in the vicinity of the junction is obviou
since it gives rise to a high density of defects at the surf
of a semiconductor. During irradiation, the formation of t
interface traps in these stress regions enhances the ge
tion velocity at the interface and therefore results in
increased surface leakage current. The enhanced the
generation follows from the creation of interface traps w
energy levels within the silicon bandgap.

Hereb is the coefficient that determines the corner co
tribution to the overall dark signal, andn is the number of
corners presented in the design. The preceding model
takes into consideration the angle dependence within thb
coefficient, describing the corner contribution, e.g., for t
structures presented in Fig. 1,b grows inversely with the
angle, such that a contribution of a wider corner angle
volves a smallerb value. The ratio between it magnitude
for 90 and 135 deg, for example, isb90/b135;1.5.

Fig. 4 Dependence of the dark current on the number of rounded
internal corners.
1218 Optical Engineering, Vol. 41 No. 6, June 2002
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For the particular case of commonly used pixel desig
which might be either rounded or nonrounded corners,
preceding expression reduces to

I out5A1nR1mN.

HereA is a baseline device active area dark current con
bution, n is the number of rounded corners,R is the coef-
ficient describing the rounded corner dark current contri
tion, m is the number of nonrounded corners, andN is the
coefficient describing the corresponding dark current c
tribution of a nonrounded corner. The solution of the p
ceding equations for the different pixels, in the minimu
variance meaning, enables the extraction of the differ
parameters. Note that the total number of corners is k
constant.

We performed the preceding analysis for pixel sets
different sizes and shapes. In Fig. 5, a 3-D graph illustra
an example of the correspondence between the meas
and modeled dark current dependence on rounded and
rounded corner quantities within the device, while the to
number of corners is kept constant. Good model corresp
dence can be noticed in the graph, where maximum div
gence of the modeled result is constrained to 5%. We ob
that for this pixels set, the ratio is aboutN/R>2.5, which
means that each rounded corner significantly lowers
dark current magnitude of the pixel, by about 5% of t
nominal value. Moreover, the corner value increase of
deg enables more than 10% dark current value reduct
Thus, one can conclude that the magnitude of the dark
rent in a CMOS imager depends on the device geom
and shape, i.e., on the presence of the corners within
photodiode, their angle, and their number.

5 Summary

A geometry-based empirical model for dark current
CMOS APSs was presented. The findings prove t
CMOS APS dark current magnitude strongly depends
two contributing factors: the baseline dark current cau

Fig. 5 Dark current dependence on the rounded and nonrounded
corners number, in correspondence with Figs. 3 and 4.
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by the photodiode area junction~current depending on dop
ing concentrations, bandgap, and the temperature of a
versed biased diode! and a leakage current due to the acti
area shape.

We believe this model enables better understand the
sign trade-offs involved, and helps achieve an optimum
sign in the dark current sense by ‘‘smoothing’’ the pho
diode shape as much as possible to minimize the d
signal for pixels with the same fill factor. Note that th
results is process dependant, and further research is
quired for a process-based model.
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