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1. Introduction

In the manufacture process of image sensors, it is commonly used to fabricate photodiodes
with sensing different colors such as red, green and blue by means of color filters. Since each
photodiode only senses a specific color, the back-end image processing mechanism is
employed to restore the original color image. However, existence of color filters not only
degrades photo-responses of photodiodes but it also makes the fabrication process
complicated, thus increasing the fabrication cost.
The image sensor can be partitioned into two parts of the front-end photodiode array and
the back-end signal processing circuit where its architecture can be depicted in Fig. 1. Each
photodiode is connected to an amplifier that transfers the captured image signal into an
electrical signal. Additionally, an overall photodiode array is established by using a pattern
with red, green and blue photodiodes as shown in Fig. 1 according to the human perceptual
principle [1], [2]. As for the signal processing part, it comprises a decoder, timing-control
unit, compensating and synthesizing circuit and so on. The conventional color photodiode is
displayed in Fig. 2, which is built by a layer of the light-filtration material as well as the
general standard process, to yield the desired color. Such a fabrication method makes a
photodiode having a large response toward a specific wavelength and lessening responses
of the unneeded wavelengths. Let’s take the commonly-used red, green and blue filters as
an example. These three color photodiodes exhibit the photo-responses shown in Fig. 3. It is
apparent that peak wavelengths of spectral responses appear in regions of red (670nm),
green (550nm) and blue (470nm). However, such a fabrication method has the following
drawbacks.

1. The fabrication process requires the extra steps in addition to the original standard
process. That is to say, the extra several masks are required when color filters are added
on top of the commonly-used standard fabrication process, which increase the
manufacture cost.

2. Most of incident light is absorbed and reflected during passing through the color filter
that decreases the photo-response of a photodiode. Accordingly, one extra process of
micro lens is included for the commonly-used color filter to focus incident light with the
purpose of increasing the induced current.

3. In order to meet the requirement of sensing different colors, the process must provide
different color filters that increase the degree of difficulty on fabrication process. To
integrate with micro lens, the fabrication process should be modified in extra when
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there is a larger degree of alteration for the sensing area of a photodiode that yields a
better response under a specific curvature radius of the lens.
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Fig. 1. Architecture of a CMOS image sensor with a color pixel array arranged in the form of
the Bayer’s pattern [1].
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Fig. 2. Simplified structure of the conventional photodiode with a color filter.
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Fig. 3. Commonly-used red, green and blue filters and their corresponding spectral responses.
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Despite of the abovementioned three drawbacks, the color filter should be designed by
taking into consideration photo-sensing characteristics of the material itself because each
photo-sensing material has non-uniform responses toward different wavelengths of incident
light. On the other hand, the back-end color compensation circuit is developed with
considering characteristics of color filters, mainly the transmission ratio of incidence light,
which makes the overall design highly complicated. From the abovementioned issues, it is
understood that there still are many drawbacks in the conventional fabrication process
which needs to be improved.

To overcome these disadvantages, Chang et al. proposed a color-sensing phototransistor
with a hetero-junction structure based on the hydrogenated amorphous silicon (a-Si:H) [3].
By controlling the voltage drop from 13V to 1V between a collector and an emitter in a
phototransistor, the peak wavelength varies from 610nm to 420nm. Tasi et al. proposed a
structure employing a change in the external bias polarity of the collector and emitter of a
phototransistor. The peak wavelength varies from 600nm to 450nm under a biased voltage
from -2V to 2V [4]. Since a-Si:H provides advantages of high photosensitivity in a visible
light region and low-cost fabrication, it is extensively employed in the bias-controlled photo-
sensing devices [3]-[10]. However, a-Si:H suffers from the Staebler-Wronski effect which
results in light-induced instability, and it is not suited to the application of circuit
implementation [11]. To overcome this drawback, some researchers proposed the
technology of the Thin Film on ASIC (TFA) to combine a-Si:H and crystalline silicon, which
are utilized in photo-sensing and electric devices, respectively [12], [13]. This technology
successfully provides both advantages of high sensitivity and high integration from a-Si:H
and CMOS process, respectively. Moreover, such a technology also successfully replaces
color filters by controlling biased voltages.

Recently, some researchers investigated color CMOS image sensors using the standard
CMOS process without color filters [14]-[18]. For example, Findlater et al. employed a
double junction photodiode to approach a color CMOS image sensor [15]. Particularly we
also developed a CMOS photodiode by shorting a p-n junction to approach multiple
spectral responses in a single CMOS photodiode [16]. Moreover, color CMOS image sensors
implemented by the standard CMOS process without color filters were successfully realized
[14], [17], [18]. It indicates that a color CMOS image sensor can be implemented with lower
cost and higher integration than the conventional ones.

In this chapter, the spectral responses of various CMOS photodiodes are explored and
compared. Additionally, the proposed model is employed to investigate the reasons of spectral
responses varied with different CMOS photodiodes. An epitaxial layer that can lower the
crosstalk among pixels and degrade the spectral response in the infrared region is usually
utilized in CMOS image sensors [19]. Moreover, the thickness and doping concentration of the
epitaxial layer can be adjusted to achieve the desired spectral response for specific image
sensors without color filters [20], [21]. Hence, the epitaxial affect on the spectral responses is
also examined. Since the spectral response of a-Si:H photodiodes can be easily varied by
controlling biased voltages, the biased voltage effect on the spectral responses of CMOS
photodiodes is also investigated. Finally, the design methodology is presented to address a
specific spectral response on CMOS photodiodes without color filters.

2. Structures and applications of various CMOS photodiodes

The standard CMOS process is employed to fabricate photodiodes in this work. In the
current CMOS process, there exist several types of CMOS compatible photodiodes [22].
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Figure 4 depicts cross sections of the process. Generally, there exists four types of CMOS
photodiodes: n+/p-/p-sub, n-/p-sub, p+/n-/p-sub and p+/n- shown in Figs. 4(a) and 4(b)
under the general and epitaxial wafers, respectively. To meet the demands of various
applications, photodiodes in CMOS image sensors have been designed using different
process recipes and junction structures. Particularly, a CMOS photodiode with an n-/p-sub
or p*/n- junction is often applied to CMOS image sensors [15], [23]-[26]. Since the spectral
response of silicon covers visible light and infrared regions, n-/p-sub and p*/n-/p-sub
photodiodes can be used in commercial CMOS image sensors. Owing to the junction
between n- and p-substrate deeper than that between p* and n-, the n-/p-sub junction is
more responsive in the infrared region (>800nm) than the p*/n- junction. Accordingly, the
n-/p-sub photodiode can serve as an infrared detector as well as a visible light detector
[27], [28].

A p*/n-/p-sub photodiode with a particular recipe that enables the whole p* layer to be
fully depleted, can function like a pinned photodiode to improve the sensitivity at short
wavelengths and reduce the thermal noise at its surface [29]. Two p-n junctions, p*/n- and
n-/p-sub, of the p*/n-/p-sub photodiode can form a pnp phototransistor, which yields a
high gain through a transistor action [30]-[32]. An epitaxial layer that can lower the crosstalk
among pixels is usually utilized in CMOS image sensors. Particularly, the epitaxial may
degrade quantum efficiency of the CMOS photodiode with p-epi/p+sub in the infrared
region [33]. Additionally, the thickness and doping concentration of the epitaxial layer can
be adjusted to achieve the desired quantum efficiency for specific image sensors without
color filters [34].
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Fig. 4. Simplified structures of the standard CMOS processes with four types of photodiodes
in (a) General wafer and (b) Epitaxial wafer.
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3. Analyses and measured results of common-used CMOS photodiodes

There are two main factors, the structure and recipe of a photodiode and the reverse biased
voltage, affecting spectral responses of CMOS photodiodes. In this section, these two factors
are investigated to understand variations of spectral responses.

A. Effects from photodiode structure and recipe

CMOS photodiodes are studied in terms of the depth of the p-n junction, doping
concentration and substrate type. The measured spectral responses of four CMOS
photodiodes in Fig. 4(a) under a zero biased voltage are depicted in Fig. 5 to interpret the
variations caused by depth of the p-n junction and doping concentration. In this figure,
spectral responses of n-/p-sub and p*/n-/p-sub are similar except for those in the short
wavelength region. The reason for this phenomenon is that the excess minority carriers in
the device surface, which are excited by incident light with short wavelengths, recombine
rapidly owing to heavy doping in the p* layer. The surface recombination velocity is
significantly influenced by process factors such as surface roughness, surface contamination
and oxidation temperature, some of which are not easily controlled [35], [36]. Omitting
reflection coefficients, Fig. 6 depicts the simulated spectral responses of the n-/p-sub under
different surface recombination velocities. Since excess minority carriers in the device
surface are excited by incident light with short wavelengths, and the recombination
probability of these excited carriers increases with surface recombination velocity, the
degraded amount of spectral response in short wavelengths is larger than that for long
wavelengths.

Curve (IV) in Fig. 5 depicts that the spectral response of n*/p- photodiode reduces
significantly in the long wavelength region. The reason of this phenomenon is caused by
absorption coefficient. The relationship between absorption coefficient and light wavelength
for silicon material can be approximately formulated as [37]
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Fig. 5. Measured spectral responses of four CMOS photodiodes in Fig. 4(a) under zero
biased voltage.
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Fig. 6. Simulated spectral responses of n-/p-sub under different surface recombination
velocities where Sp indicates a surface recombination velocity.
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The reciprocal of absorption coefficient is absorption length that indicates the length where
the photon flux decays to 1/e of the previous one. Figure 7 shows the simulated result of the
relationship between the incident light wavelength and absorption length. The excess
minority carriers need diffuse to the boundary of the space-charge region and drift over the
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space-charge region to become an effective photocurrent. The p-n junction depth of n*/p-
photodiode is about several hundreds of nanometers. Most of the induced excess minority
carriers excited by incident light with long wavelengths can not diffuse to the p-n junction to
generate photocurrents. Hence, the spectral response of n*/p- photodiode is small in the
long wavelength region. Additionally, curve (II) in Fig. 5 is apparently different from the
other three ones. In this structure, all of the induced excess minority carriers excited in the p-
substrate can not generate photocurrents. The photocurrent is produced only by the excess
minority carriers excited by short wavelengths in the shallow region. Hence, comparing the
spectral responses of other three photodiodes, the spectral response of this one is
significantly small. Additionally, the peak wavelength of the spectral response apparently
shifts to the short wavelength region (460nm). In fact, since this p*/n-/p-sub photodiode
comprises two p-n junctions of p*/n- and n-/p-sub. The total spectral response is formed by
adding the spectral response of these two p-n junctions. The spectral response from one of
two p-n junctions can be effectively acquired by shorting the other p-n junction, as shown in
Fig. 8. As a p-n junction is shortened, the electron-hole pairs recombine to make the junction
current become zero such that there exist two kinds of shorting connection manners in this
photodiode in Figs. 8(a) and (b) to yield two photo-responses in curves (II) and (III) of Fig. 5,

respectively.
%cident Light %cident Light
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Fig. 8. Connection manners of the p*/n-/p-sub photodiode for deriving different spectral
responses: (a) Curve (II) and (b) Curve (III) in Fig. 5 [16].

The measurement results of the CMOS photodiodes shown in Fig. 4(b) is illustrated in Fig. 9.
Comparing Figs. 5 and 9, the spectral responses of photodiodes with p-
epitaxial / p+substrate are much smaller than those with p-substrate in a long wavelength
region. This difference is because the diffusion length of the minority carriers in p-substrate
is as high as several hundred micrometers. Accordingly, most excess minority carriers in the
p-substrate region generate the induced photocurrent. For the p-epitaxial/p+substrate
structure, although the diffusion length of the minority carriers in the p-epitaxial region can
also be as high as several hundred micrometers, most minority carriers in this region are
transferred from p-epitaxial to p+substrate via drifting or diffusion. However, as the
diffusion length of minority carriers in p+substrate is only several micrometers, most
minority carriers in p+substrate are rapidly recombined so that the minority carriers cannot
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form an induced photocurrent. Hence, Fig. 9 also depicts that spectral responses begin to
decay dramatically in the infrared region. Figure 10 displays the simulations associated with
the excess minority carrier densities in p-substrate and p-epitaxial/p+substrate. From this
figure, the excess minority carrier density in the p-substrate region is significantly higher
than that in the p-epitaxial/p+substrate region. Particularly, the thickness and doping
concentration of epitaxial can be adjusted to obtain the desired spectral response for
applications of digital color image sensors without color filters [20], [21].
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Fig. 9. Measured spectral responses of four CMOS photodiodes in Fig. 4(b) under zero
biased voltage.

B. Effects from reverse biased voltages

In practice, to facilitate charge collection, a reverse biased voltage is often applied to
photodiodes. The aforementioned measurement operations are conducted at a zero reverse
biased voltage. In the following, the effect of the reverse biased voltage on the spectral
response is investigated. The n-/p-sub, p*/n-/p-sub and p*/n- photodiodes in Fig. 4(a) and
n-/p-epi/ p-sub photodiode in Fig. 4(b) are employed to observe the influence of reverse
biased voltages on spectral responses of CMOS photodiodes with different structures.
Figure 11 displays the measured spectral responses of these four photodiodes at reverse
biased voltages of 0V, -1V, -3V and -5V. The spectral responses does not apparently increase
for n-/p-sub, p*/n-/p-sub and n-/p-epi/p-sub photodiodes under the absolute reverse
biased voltage from 0V to -5V. In the 1-D analysis, the reverse biased voltage only influences
the vertical width of the space-charge region. Figure 12(a) shows the variations in the
position of the space-charge region between n- and p-substrate of the n-/p-sub photodiode
at reverse biased voltages from 0V to -5V. The width of the space-charge region is increased
with the absolute reverse biased voltage, such that two boundaries of the space-charge
region extend into n- and p-substrate. Restated, the width of the neutral-region in n- and p-
substrate declines as the absolute reverse biased voltage increases. Figure 13(a) depicts the
simulated spectral responses of n-, space-charge and p-substrate regions, and the total
spectral responses at reverse biased voltages from 0V to -5V when the reflection coefficient
is zero. The spectral response in the space-charge region increases with the width of the
region, while that in n- and p-substrate falls as the effective charge collection regions
decrease in these two layers. In Fig. 13(a), the increase in the spectral response of the space-
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Fig. 10. Simulated excess minority carrier densities in (a) p-substrate and (b) p-
epitaxial / p+substrate.

charge region is nearly compensated for the drop in the spectral response of n- and p-
substrate. Hence, the spectral response of this photodiode slightly varies with the reverse
biased voltage. The similar phenomenon is at p*/n-/p-sub and n-/p-epi/p+sub
photodiodes as shown in Figs. 11(b) and 11(c). However, the event of the reverse biased
voltage affecting the spectral response depends on the recipe and the current density
distribution in each layer of a photodiode. Figure 11(d) displays the measured spectral
response of p*/n- at reverse biased voltages of 0V, -1V, -3V and -5V. The spectral response
increasing with the reverse biased voltage for this photodiode seems a bit more significantly
and regularly than the other three photodiodes. Figure 12(b) depicts the variations in the
position of the space-charge region of the p*/n- photodiode at reverse biased voltages from
0V to -5V. Since the variations of the effective charge collection regions in p* and n- are very
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small, the spectral response of this photodiode varies mainly by that generated in the space-
charge region. Because the spectral responses of p* and n- are decreased rarely little, the
increase of the space-charge region dominates the effect of the reverse biased voltage on the

_ 06
gn.s ;
0.4
>03¢
2
S0.2¢
% :
®0.1
o

0.0 —— P — ]
400 450 500 550 600 650 700 750 800 850 900 950

Wavelength(nm)
(@)

Q
ﬂﬁ 0-0 1 1 L L 1 L L 1 1 L
400 450 500 550 600 650 700 750 800 850 900 950
Wavelength(nm)
(b)

0.6 .
S —— 0V

05— -

—=— 1.0V
>_\Ill.«rl' — | —— 3.0V
=
20
g
8-lfl.
g0 .
m 0'0 1 1 1 1 1 1 1 1 | 1

400 450 500 550 600 650 700 750 800 850 900 950

Wavelength(nm)
©

www.intechopen.com



Color-Selective CMOS Photodiodes Based on Junction Structures and Process Recipes

169

0.175

—~0.150
0.125

_§' 0.100

2

0 0.075

5

2. 0.050

4

o 0.025

0.000

400

450

500 550 600 650 700 750 800 850 900
Wavelength(nm)
(d)

950

Fig. 11. Measured spectral responses of photodiodes under different reverse biased voltages
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spectral response. Figure 13(b) shows the simulated spectral responses of n-, space-charge,
p-substrate regions, and the total spectral responses at reverse biased voltages from 0V to -
5V when the reflection coefficient is zero. The variation of the spectral response for this
photodiode increases with the reverse biased voltage more significantly than those in the
other three photodiodes.
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Fig. 13. Simulated spectral responses in n-type and p-type semiconductors and in space-
charge region under different reverse biased voltages ranging from 0V to -5V when the
reflection coefficient being zero for (a) n-/p-sub and (b) p*/n- photodiodes.
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4. Design methodology for color CMOS pixels without color filters

As the abovementioned, we conclude that the color filter technology is still a good choice for
color separation presently. In fact, some specific modifications for the semiconductor
process or signal processing circuits are applied to color CMOS image sensors without color
filters [15]-[17]. In this work, an equation based on the CMOS photodiode model is derived
to determine the peak wavelength of the spectral response. The detail of the derivation
procedure is illustrated in Appendix. Here, some solutions for obtaining different color
spectral responses are briefly sketched. Additionally, the approaches to enhance the
capability of separating the color spectral responses are discussed.

1. Reducing the spectral response in the long wavelength region:

Generally, the thickness of the substrate is as thick as several hundreds of micrometers.

Consequently, the spectral response is dominated by the induced photocurrent

generated in the substrate region. Since the peak wavelength of the spectral response of

substrate is generally located at the infrared region, the peak wavelength of the total
spectral response tends to occur at the long wavelength region. There are two
approaches to reduce the spectral response in the long wavelength region.

a. The spectral responses in the long wavelength region can be effectively decreased by
shortening the p-n junction in the deep region [16]. The depth of diffusion affects the
photodiode to absorb wavelengths of incident light. Referring to the absorption
length in Fig. 7, the light with a longer wavelength penetrates to the deeper junction
so that the incident light with a longer wavelength can excite electron-hole pairs at
the deep region. However, to become photocurrents, the electron-hole pairs should
reach to the boundary edges of the space-charge region successfully such that they
would be absorbed and transformed to the photocurrent. In other words, the
photodiode has a greater response toward the incident light with a longer
wavelength at a deeper region whereas for a shallower region it has a better response
toward the incident light with a shorter wavelength. Additionally, to prevent CMOS
circuits from latch-up, p-substrate is generally connected to the lowest potential in the
system. To keep the potential of p-substrate in the lowest level and the photodiode
under reverse biased voltages, a connection manner depicted in Fig. 14 is employed
to solve the problem of the voltage drop between p and n nodes in the photodiode.
Figure 15 shows the simulated results utilizing the recipes in Fig. 14. It clearly reveals
that the peak wavelength increases with the depth of the p* layer.
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Fig. 14. Connection manner, recipes and structures obtaining three color spectral responses.
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Fig. 15. Structures in Fig. 14 being simulated to yield (a) spectral responses of three recipes

for red, green and blue photodiodes and (b) spectral responses of p* depth varying from
0.1pm to 2.1pm.

b. The spectral response in the long wavelength region can be also lowered by

reducing the thickness of the substrate layer to decrease the region for collecting
excess minority carriers. Figure 16 depicts the n-/p-sub photodiode with thin p-
substrate of which the thickness is only several micrometers. Figure 17 displays the
simulated results by utilizing the corresponding recipes in Fig. 16. It is apparent
that the spectral response in the long wavelength region is decayed.
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Fig. 17. Simulated results employing the structures in Fig. 16 under different recipes.
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2. The spectral response in the long wavelength region can be decreased by heavy doping
substrate associated with the p-epitaxial layer. By adjusting the depth of the epitaxial
layer, the desired spectral response can be obtained. Figure 18 depicts the simulated
spectral responses of the n-/p-epi/p+sub photodiode under different thicknesses and
doping concentrations of the epitaxial layer. According to this figure, the thickness and
doping concentration of the epitaxial layer apparently affect spectral responses. In
practice, some researchers proposed the approach of selective epitaxial growth to obtain
various color spectral responses by changing the recipe of the epitaxial layer [20], [21].

5. Conclusion

Adaptive photodiode structures, of which design approach aiming at making the photo-
response having a peak value at a specific wavelength, that are realized by the photodiodes
with color-selective mechanisms under the condition of without extra color filters is
proposed. Moreover, the influences of color filters, photodiode structures, recipes and
reverse biased voltages on spectral responses are investigated. Measurement results
illustrate that the color filters affect the spectral responses more significantly than the others.
The spectral response varies with the reverse biased voltages slightly. The approach of
implementing color pixels using the standard CMOS process without color filters is also
proposed. This work clearly paves the way for designers to realize color-selective pixels in
CMOS image sensors.

Appendix: Derivation for peak wavelength of the spectral response

The n-/p-sub photodiode as shown in Fig. A.1 is employed to illustrate how the proposed
model is used to derive the peak wavelength of the spectral response.

SiO, 1-Xo
n_
pn(x) s Pno » I)p sTp -,uLp

! ! ¢

p-substrate

np-sub(x) ’ npﬂ-sub s Dn-sub s Tn-sub » Ln-suh
X X3

Fig. A.1 n-/p-sub photodiode.
The total current density generated by the n-/p-sub photodiode is
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The absorption coefficient o can be simplifily represented as a function of the incident light
wavelength, i.e. @ = f(1), and then Eq. (A1) can be modified to
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In Eq. (A2), the surface generation rate G is
. A)P,A
Gy ZRut _fA)B2. (A3)
Ahc Ahc

Additionally, A and P;, in Eq. (A3) represent the unit area and unit incident light power,
respectively. Hence, Eq. (A2) can be represented as follows.
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The peak wavelength of the spectral response can be obtained by taking partial differential
of Eq. (A4) by the variable of 1.
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The calculation result represents the slope of Eq. (A4). When Eq. (A5) equals to 0, the
corresponding A is the peak wavelength of the spectral response.

Equation (A5) is a complex non-exact differential equation. Accordingly, some assumptions
are employed to simplify the solution for Eq. (A5). The spectral response induced in the
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space-charge region is generally too small to be neglected. Additionally, diffusion lengths of
the minority carriers in n- and p-substrate are as long as several hundred micrometers
owing to low-doped concentrations, and thus wavelengths in the visible region are much
smaller than the diffusion lengths. Moreover, there exist the following assumptions

2f(ay -1=12f(A), (A6)
L%l—suhf(ﬂ’)z -1= Lﬁ—subf(ﬁ’)z ’ (A7)

and
L,>>x. (A8)

Eq. (A5) can be simplified as follows.
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