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Abstract

This thesis focuses on the sensitivity characteristics of CMOS image sensors and scaling

trends. We address the sensitivity characteristics of CMOS image sensor in advanced pro-

cesses. Sensitivity characteristics, espacially spectral sensitivity and quantum efficiency, is

measured. We scaled the sensitivity trends in advanced processes, also.

In this paper, we show the sensitivity of CMOS image sensor using standard CMOS

0.35ƒÊm, 0.6ƒÊm, 90nm process technologies. Particularly, the spectral sensitivity and the

quantum efficiency are measured. The spectral sensitivity exhibits the relation between the

radiant sensitivity and the wave length of the incident light. The quantum efficiency chracter-

izes the transformation of the incident light on the photodiode sensor into electrical charges.

These sensitivity characteristics represent the performance of an image sensor using a stan-

dard CMOS process technology.

We scaled the trends of sensitivity with advanced processes, also. The sensitivity charac-

teristic of below a 90nm CMOS process technology is scaled by the relationship between the

process technology generation and the junction depth.

In advanced process, CMOS process technology is hardly use only for image sensor. How-

ever, recognization of sensitivity characteristics of image sensor in advanced processes is

helpful for technical chip, not for just image sensor. We can also show the roadmap for opti-

mum pixel configuration of image sensor with downscaled processes by modeling the trends

of sensitivity.
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Chapter 1

Introduction

1.1 Background

Recently, complementary metal-oxide-semiconductor(CMOS) based imagers offer signif-

icant advantages over charge-coupled devices(CCDs) such as low voltage, low power con-

sumption, and lower cost. The prediction of market stream of CCD/CMOS cameras is shown

in the fig.1.1 [1]. At this time of CMOS technology's rapid downscale, small pixel size, low

dark current, high fill factor, and low noise are required for high-resolution imagers [3, 6].

While 0.18ƒÊm, 0.35ƒÊm, 0.6ƒÊm CMOS technologies are mainly used for designing image

sensors recently, 90nm or 65nm CMOS technologies will be used. Change of technologies

causes to change of size of readout circuit and photodiode. Accordingly, sensitivity charac-

teristics will be changed. For designing a high performance image sensor, we need to model

sensitivity characteristics with a standard CMOS process technology's downscaling.

Sensor's characteristics have an effect on performance characteristics, as well. However,

organized data of sensitivity characteristics is not disclosed in general. Moreover, a standard

CMOS process technology is not for only image sensor [8]. Accordingly, there is only a

limited choice of photodetector devices in the standard CMOS process. If characteristics

of CMOS image sensor were disregarded, the sensor could be fabricated by general-LSI

process. Therefore, researchers, also students, can design a high performance image sensor

using a standard CMOS process technology at a low price and, easily.

1.2 Previous researches

Various studies are performed for analysis for sensitivity characteristics. However, studies

for image sensors using a standard CMOS process technology is not performed. Studies for

1



Chapter I Introduction 2

Figure 1.1 Prediction of Market of CCD/CMOS cameras.

the CMOS technology's downscaling is not performed, as well. For instance, an analysis of

the shape of photodiode effect on CMOS active pixel sensor(APS) sensitivity was performed

[4, 5, 6]. This group's work is mainly photoresponse analysis for pixel shape optimization.

In particular, optimum pixel area and pixel perimeter are proposed through experiment of

CMOS image sensor using a standard CMOS 0.5ƒÊm, 0,35ƒÊm process technology. How-

ever, this experiment results cannot apply to the other technologies. In [7], sensitivity of

CMOS image sensor with different pixel circuits which have a standard photodiode, pinned

photodiode, and photodate is estimated. The three-dimensional (3-D) integration for light

sensitivie detector, another architectures to improve sensitivty, also estimated. However, a

standard CMOS process technology cannot make modificated pixel configuration such as a

pinned photodiode and a photogate, a 3D integration architecture, also. In [11], quantum

efficiency of CMOS image sensor is measured by test structure. This study represents quan-

tum efficiency for different kinds of Nwell/Pepi diode. The impact of the design (different

Nwell geometries) and two reading nodes(CMOS and NMOS) are also studied. However,

CMOS process technology used measurement is not disclosed. Eventually, these research

didn't showe the estimation about the change of sensitivity from a standard CMOS process

technology's downscaling.
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1.3 Organization of Thesis

In this chapter, we explained background and previous researches. Chapter 2 shows the

advantages of image sensor using a standard CMOS process technology. We explain the

detailed target of this research, also. Chapter 3 shows the basic concept of image sensor

and sensitivity characteristics. In chapter 4, we show the measurment methods and results

of sensitivity. The spectral sensitivity and the quantum efficiency is measured, mainly. We

use 3 process technologies of 0.6ƒÊm, 0.35ƒÊm, and 90nm. 0.6um process technology for

Image sensor is an old-fasioned process. However, a sensitivity of 0.6um image sensor is

compared with front-process, 0.35ƒÊm, 90nm process. Accordingly, we show the roadmap of

sensitivity with downscaling processes. Chapter 5 proposes the sensitivity trends by scaling.

Relationship between junction depth and doping concentration with process generation is

used for scaling. Chapter 6 discusses relation between the results of measurement and scaling

trends.



Chapter 2

Prospect of CMOS based imagers

2.1 Advantages of CMOS based imagers

What is the main advantage of image sensors using a standard CMOS process technol-

ogy? The real advantage of CMOS imager is the high level of on-chip logic, memory, and

signal processing function integration, and random access capability, which cannot be eas-

ily accomplished by the CCD. In the near-past, there is a proliferation of activity to modify

baseline processes to optimize cost-performanxe as well as to integrate traditionally "seper-

ate" functions on the same chip to build what has been called "system-on-a-chip"(SOC). For

requirement of high-performance, CMOS image sensors are changed, however. For instance,

one-pixel can have not only source follower as a readout part, but also ADC or the other

functional circuit[2]. This group suggests that the image pixel circuit including column

sense amplifier circuit and comparator/latch pair in fig. 2.1.

The challenge to the CMOS imager community is to determine where the  cost-performance

trade-offs are, how far CMOS technology has to be modified to accommodate the imaging

function, and to use imaging-specific technologies judiciously without compromising its ca-

pability for system integration. Conventional CCD product differentiation is mostly found at

the device and process design level. For CMOS imagers, product differentiation will increas-

ingly be found in the circuit design, chip architecture, and system integration.

As a result, CMOS imagers is not just imagers. They have many performances with imag-

ing function.

4



Chapter 2 Prospect of CMOS based imagers 5

Figure 2.1 Example of CMOS image senor's pixel block and column sense amplifier circuit

2.2 CMOS Image sensors in Deep sub-micron technology

CMOS technology has been downscaled in deep sub-micron technology in past years.

Downscaled technologies cause to a small pixel size in fig.2.2. As CMOS technologies

evolve at the unabated pace of 0.7x of the minimum feature size, certain important device

characteristics do change as the technology us scaled. While the industry standard CMOS

technology has been developed to optimize the power-delay, reliability, and cost-performance

of logic and memory circuits, some device characteristics that are germane to the imaging ap-

plication have not benn addressed as the technology evolves; and it is not so clear that CMOS

imagers will continue to benefit from device scaling.

Pixel Size

The scaling of the CMOS imager pixel size is shown in Table. 2.1. The pixel size as a

function of the minimum feature size reported by various researchers is plotted in fig.2.2.
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Figure 2.2 Scaling trend of CMOS imager pixel size. Symbols are experimental data reported in the

lietrature. The line represents linear scaling. The upper solid shows pixel size scaling as 20Lg(typical

of 4-transistor photodate designs), the lower solid line shows pixel size scaling as 16Lg(typical of 3-

transistor photodiode designs), Lg is the minimum lithographic feature size.[16]

The trend basically follows the profections of Table. 2.1. Fig.2.3 illustrate two layouts using

0.5ƒÊm and 0.35ƒÊm technology. The pixel size and the photosesitivite fill-factor scale linearly

with the minimum feature size. Pixel design cleverness is not expected to provide more than a

50% improvement in pixel size or fill-factor. It has been generally acknowledged that further

decrease in the pixel size much beyond 5ƒÊm x 5ƒÊm is not needed because of the diffraction

limit of the camera lens. Therefore, CMOS iamgers will benefit from further scaling after the

0.25ƒÊm generation only in terms of increased fill-factor and/or increased signal processing

functionality within a pixel[16].

Sensitivity

The spectral sensitivity of the MOS photogate and the pn junction of the photodiode are

largely determined by the gate electrode and junction materials and technologies, respec-



Chapter 2 Prospect of CMOS based imagers 7

Table 2.1 Principal Wafer Fabrication Characteristics. The Information is adapted from the SIA

Roadmap and Various CMOS logic technologies across the industry[16]

Figure 2.3 Example layout for a 0.5ƒÊmtechnology(10ƒÊm pixel) and 0.35ƒÊm technology(7ƒÊm

pixel).

tively. From[23], substrate doping concentration is larger, and source/drain junction depth is

thiner according to downscaling technology. Therefore, sensitivity of CMOS image sensors

get worse with downscaling technology.(The concept of sensitivity of CMOS image sensor

explained next chapter.)

2.3 Purpose of our research

As the mentioned above, image sensors fabricated by CMOS process technologies have

benefit and non-benefit in downscaled technologies. For high performance CMOS image

sensors, we aim to measure the sensitivity characteristics in real world, not predict that from

parameters. We used ,for measurment, CMOS image sensors fabricated by standard CMOS

90nm, 0.35ƒÊm, 0.6ƒÊm process technolgies, which we can use for designing image sensor

now. We aim to scale the sensitivitiy chatacteristics of CMOS image sensor in advanced
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process which we cannot use for designing at now. For designing the high-performance

image sensor, our research will be stem of that. We aim to suggest the way for the optimum

readout circuit or the same level circumstanse for high sensitive and high performance CMOS

image sensor.



Chapter 3

Sensitivity of CMOS Image Sensor

3.1 Concept of CMOS image sensor

This section introduces the basic concept, pixel configuration and operation, of CMOS

image sensor, used for measurement [12]. Also, the principle of sensitivity of CMOS image

sensor will be introduced.

3.1.1 Pixel Configuration

The basic CMOS image sensor, as known as an active pixel sensor(APS), employs a pho-

todiode as a photodetector and a readout circuit of three transistors: a photodiode reset tran-

sistor(RSTi), a row select transistor(SELi), and a source-follower transistor. The scheme of

this pixel configuration is shown in Fig.3.1(a). This pixel configuration is used image sen-

sors measured for sensitivity. This pixel readout circuit is the typical configuration among

the image sensors having a photodiode.

3.1.2 Pixel Operation

In this CMOS image sensor, the pixel area in constructed of two functional parts. The first

part, which has a certain geometrical shape, is the sensing element itself: the active area that

the illumination energy within it and turns that energy into charge carriers. This part impacts

on sensitivity characteristics. The second part is the control circuitry required for readout of

this charge. Pixel operation is described in fig.3.1(b). A photodiode reset transistor(RSTi) is

on for preparing readout. For integration time, electrons are generated by photons. If a select

transistor(SELi) is on, photocarriers are read out through output signal(VALj).

9
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Figure 3.1 Pixel Circuit and Readout operation[12]

3.2 Sensitivity characteristics

This section introduces the main sensitivity characteristics of image sensor [11].

Spectral Sensitivity

The spectral sensitivity exhibits the relation between the radiant sensitivity and the wave

length of the incident light. For example, the spectral sensitivity of a pinnned photodiode

imagers is shown in fig.3.2 [7].

In front of the explaining of the spectral sensitivity, the concept of photoelectric transfor-

mation is introduced.

The photoelectric transformation, one of the principle of readout operation, means that

electrons are generated by incident photon. In other words, states of electrons, changed by

taking a photon energy could be free by putting the electric field. This photoelectric trans-

formation has two types: the external and the internal photoelectric effect. The external pho-

toelectric effect exhibits emitting of outside of solid-state electrons by photon energy. This

external photoelectric effect is shown in fig.3.3(a). At this time, work function correspond to

difference between valence band and vaccum state is necessary. In the other side, the internal

photoelectric effect, shown in fig.3.3(b), describes that electrons with low energy among
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Figure 3.2 Monochrome and color sensitivity of a PPD imager[7]

inside of solid-state electrons are raised up by photon energy [9].

During absorption of light in the photodiode, energy of photon turns into energy of elec-

tron, as mentioned above. This operation has an effect on the spectral sensitivity. A sili-

con(Si) single-crystal using for the image sensor absorbs gradually the incident light. This

operation showed in fig.3.4. The incident light in Si single-crystal moves onward x vertical

axis by zero of a substrate surface. I and x indicate light intensity and depth from silicon

substrate, respectively. Besides, dx and dI describe the distance of a light and changed the

light intensity. dI would be proportioned to dx and I. The formula is

(3.1)

where a is an absorption coefficient. An absorption coefficient with a photon energy, which

is oppsition to wave length, shows in fig.3.5. This equation could be changed as below,

(3.2)

This equation describes that the distribution of a light intensity(I) is showed by an expo-

nential function. We recognize also that a high ƒ¿ value means the absorbtion in near device

surface and a low a means deep absorption from eq. 3.2 and fig.3.5.
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Figure 3.3 Photoelectric Effect

Red light, with wavelength,ƒÉ•`0.6ƒÊm for instance, has a relatively small absorption

coefficient, which means more of the photocarriers can be generated outside the depletion

region(p-type substrate in our case). These carriers diffuse to the original imaging site or th a

nearby site where they are collected, before they are lost to the bulk recombination process.

The imagers lose resolution as the result of this diffusion process.

Besides, blue photons, with wavelength ƒÉ•`0.4ƒÊm, tend to be absorbed near the device

surface. Image sensors having typicel photodiode and pixel circuit, used measurement, have

better sensitivity in the short wave length than in long wave length from eq. 3.2. However,

a very short wavelength, 400nm, has the worse sensitivity because of a film for protection

Si surface in real world. Moreover, the high doping density in this region strongly reduces

the carrier lifetime such that most of the minority carriers recombine immediately, causing,

therefore, low photodiode sensitivity for a short wavelengths illumination.

As a results, the architecture of photodiode rely on the sensitivity following the wave length

during this photoelectric transformation. The depth of photodiode has a great effect on the

spectral sensitivity, especially a long wavelength, as well.

Quantum Efficiency

The Quantum Efficiency(Q. E.) characterizes the transformation of the incident light on the

photodiode sensor into electrical charges. For instance, Q. E. of CCD imagers is shown in fig.
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Figure 3.4 State of light absorbtion

Figure 3.5 Absorption Spectra of single-crystal silicon at 77K and 300K[10]
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3.6[18].

Figure 3.6 Quantum Efficiency of CCD[18]

Q.E. is the ratio of the number of photogenerated electrons captured by a pixel to the num-

ber of photons incident upon the pixel during a period of time[11]. Q. E. is expressed in

electrons per photon. The number of electron generated in the photodiode is:

Where Idiode is the current of the diode and Q(1.602E-09q) is the electronic charge. The

number of photon hitting the silicon can be expressed as the optical power in watt divided by

the energy of one photon:

P is the optical power measured by the photo detector, h is Plank constant(6 .626-

34㎡Kg/s), c(3E8m/s) is the light speed and λ is the current wave length.

The formula is

(3.3)

where ƒ¿ is the ratio between the optical power measured on the photo detector and the power

actually hitting the sample(about 1).



Chapter 4

Measurement of Sensitivity

characteristics of CMOS Image Sensor

4.1 Sensor configuration

We used image sensors using three process technologies, 0.35ƒÊm, 0.6ƒÊm, 90nm, for mea-

surment. We explain configuration of these sensors in this section.

4.1.1 CMOS image sensor using 0.35ƒÊm, 0.6ƒÊm process technologies

In fig.4.1, readout circuit showed[12, 13]. Mentioned above chapter 3.1.1, this pixel has

two fuctional parts. The incident light turns into charge carriers in the first part-photodiode

area. In the second part, this charge is readouted. Pixel specification is showed in table. 4.1.

The ratio between the active area and the total pixel area is referred to as the fill factor(FF),

which in an APS is less than 100%.

Table 4.1 Specification

15
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Figure 4.1 Readout Circuit Configuration

4.1.2 Photodiodes using a 90nm process technology

We designed photodiodes of a 90nm process technology. Types of photodiodes show in

tab. 4.2.

4.2 Measurement of Spectral Sensitivity

4.2.1 Measurement Set

Spectral sensitivity depends on a detector(photodiode), grating(dispersion), and a light

source. Our equipment is shown in fig. 4.2. We make a focus of light source, having a

visible spectrum, by pinhole. The light source is 150W halogen lamp(JCR15V150WH5).

The relative spectrum intensity of this lamp is shown in fig. 4.4. We used a convex lens

and two dispersion equipments for producing a parallel beam of light and dispersing the

incident light. For reliable measurement, we used and compared two dispersion eqipments,

a prism and a diffraction gratings. For calibration, we use narrow band pass interference

filters, LEDs, and laser diodes. we measured the position of three wave lengths using laser

diodes and laser pointer whose wave reponse is 532nm, 655nm, and 785nm, respectively.

When we calculate the relation between wave length and position, we used the snell's law



Chapter 4 Measurement of Sensitivity characteristics of CMOS Image Sensor 17

Table 4.2 Photodiodes Specification

Figure 4.2 Optical system(in the case of a prism)

and the principle of prism and a linear approximation. Narrow band pass interference filters,

whose wave reponse is from 400nm to 1064nm at 50nm intervals, used and compared for

measurement as the same of a prism and a diffraction gratings for reliable measurement.

4.2.2 Measurement Method

Firstly, we measured the position of three wave lengths using laser diodes. We calibrated

the relation between the incident light of light source and position of wave length. Secondly,

the spectrum intensity per area of light source is measured. We can measure the light source's

photocurrent by photodiode(Hamamatsu, S1087-01, fig. 4.5). The spectral respose range
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Figure 4.3 Optical system(in the case of a gratings)

Figure 4.4 Relative Spectrum Intensity of Halogen Lamp JCRlsVlsoWHs

of this photodiode, as a photodetector is 320nm•`1100nm. The spectrum intensity which

indicates a light power, is calculated by dividing photocurrent and photodiode's sensitivity
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Figure 4.5 Spectral Sensitivity of photodiode(S1087-01)

(A/W). For reliable measurement, we compared the light source's relative spectrum intensity

in fig.4.4 with the measurement results. Secondly, the sensor output voltage is measured by

the CMOS image sensor [12]. We could measure in 20ƒÊm wave length intervals. Finally, we

can get the spectral sensitivity by the output voltage dividing the spectrum intensity. We do

doublesampling the results with the dark current in all data.

4.2.3 Experimental result

First of all, the relative spectrum intensity is shown in fig.4.6. This result is measured

the dispersed light by photodiode (S1087-01,fig.4.5). From these results, detected light

intensity matched with the spectrum intensity of halogen lamp in fig.4.4. Finally, the spectral

sensitivity of the CMOS image sensor showed in fig.4.7. We compared results by two

dispersion equipments, a prism and a diffraction gratings. The results using a prism and a

diffraction gratings are matched. Maximum of the spectral sensitivity is 2.5 (V/(ƒÊm/mm2))

in the 780nm wave length, both.

This results in long wave length prove the principle commented in section 3.2. However,

the spectral sensitivity in a very long wave length decreases drastically, because of an ab-

sorption coefficent decreasing rapidlly in this wavelength. Moreover, the spectral sensitivity
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in a short wave length is lower than in a long wave length. We could expect that the spectral

sensitivity is affected by an absorption or a reflection of a film of protecting Si surface. From

this results, the CMOS image sensor using a standard CMOS 0.35ƒÊm process technology

have a goon performance in a red wave length.

Figure 4.6 Relative Spectrum Intensity measured by photodiode(Compared lamp's data with results

using filter and prism)

4.3 Measurement of Quantum Efficiency

4.3.1 Quantum Efficiency of CMOS Image sensors using 0.35ƒÊm, 0.6ƒÊm

process technologies

Measurement set and method

For the estimation of the Quantum Efficiency, we use narrow band pass interference filters

as a diversion equipment, which have wave length from 400nm to 1064nm at 50nm intervals.

We used the principle as the photocurrent of photodiode could be calculated by the relation

between capacitance and voltage. Firstly, the photodiode's capacitance of image sensor is

calculated by the simulation of pixel circuit. We use equation for calculation of capacitance

[14]. The formula is
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Figure 4.7 Spectral Sensitivity (V/(ƒÊW/mm2))

Table 4.3 Parameters

(4.1)

Adeff shows an area of photodiode and Pdeff shows a length of periphery of photodiode.

Parameters are shown in the tab.4.3, respectively 0.35ƒÊm, 0.6ƒÊm process technologies.

We calculated the junction capacitances of photodiodes with these parameters and bias

voltages from 0 to 5. Results of calculation of relation between bias voltages and capacitance
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show in fig.4.8, fig.4.9.

Figure 4.8 Relation between capacitance and bias voltage (case of CMOS 0.35ƒÊ process technology)

Figure 4.9 Relation between capacitance and bias voltage (case of CMOS 0.6ƒÊ process technology)

Secondly, we measured the relation between voltage of RSTi and voltage of VALj with no



Chapter 4 Measurement of Sensitivity characteristics of CMOS Image Sensor 23

light. Voltage of VALj measured with continuous on state of RSTI and SELi in fig.4.10(a).

Results of relation between voltage of RSTi and voltage of VALj show in fig.4.11, and 4.12

,respectively.

Figure 4.10 Measurement of Vrst and Vval

Figure 4.11 Relation between Vrst and Vval(case of CMOS 0.35ƒÊ process technology)
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Figure 4.12 Relation between Vrst and Vval(case of CMOS 0.6ƒÊ process technology)

Thirdly, voltage of VALj with the on-state of RSTi in the fig.4.10 (b) is measured. Voltage

of VALj converts to photodiode voltage from relation between voltage of RSTi and voltage of

VALj.

Forthly, we use the capacitance of photodiode ,mentioned above, to calculate generated

carriers. Bias voltage in fig.?? changes photodiode voltage in this case. We obtain the carri-

ers, Q(F), from integration of photodiode voltage and capacitance. The photocurrent would

be calculated by the electrical charge dividing the integration time, nextly. When measure-

ment of 0.35ƒÊ process technology, we adapt the integration time per wavelengths. When the

maximum value outputed in adaptable time, we use that integration time. Fig.4.13 shows

the integration time having the maximum output, each wavelengths. Variation of Vval means

that large variation of Vval is high sensitivity.

Finally, we could get the quantum efficiency from Eq. 4.10, using the photocurrent and the

spectrum intensity. This spectrum intensity is the same data in the spectral sensitivity.

Experimental results

The result of the quantum efficiency is shown in fig.4.14 and fig.4.15. Max values

of quantum efficiency are 0.26(e-/photon) at 450nm wavelength in a 0.35ƒÊ process technol-

ogy and 0.664(e-/photon) at 430nm wavelength in a 0.6ƒÊ process technology, respectively.
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Figure 4.13 Variation of Vval per integration time[ms](case of CMOS 0.35ƒÊ process technology)

Min values are 0.08 (e-/photon) at 1046nm wavelengths in a 0.35ƒÊ process technology and

0.158(e-/photon) at 800nm wavelengths in a 0.6ƒÊ process technology, respectively. The in-

cident light generates well in short wavelengths by photoelectric conversion operation, as

mentioned above.

4.3.2 Quantum Efficiency of photodiodes fabricated by CMOS 90nm

process technology

Measurement Set and Method

We measure with the same optical set of different process technologies. We use DC source

(HP4142B) for readout the photocurrent of photodiodes, also. We input bias voltage to pho-

todiodes, and we measure the photocurrent 100 times per 1 measurement by HP4142B. These

data are averaged for using the estimation of quantum efficiency.

Experimental Results

We failed measurement with all of photodiodes, eventually. We show the result of one case,

P-diffusion/high voltage N-well sub, in fig. 4.16. The result of quantum efficiency is too big.

We guessed the reason that all of photodiode is affected each other or the junction length is

bigger then design size. In the future work, we try again to measure.
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Figure 4.14 Quantum Efficiency(case Of CMOS 0.35ƒÊ process technology)

Figure 4.15 Quantum Efficiency(case of CMOS 0.6ƒÊ process technology)
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Figure 4.16 Quantum Efficiency (case of CMOS 90nm process technology)



Chapter 5

Scaling of Sensitivity trend

5.1 Concept of Photoelectric conversion

Figure 5.1 Concept of photoelectric conversion

This chapter explains how photons are converted into electrons. Appearance of photon

absorbed in photodiode is shown in fig.5.1. Firstly, the incident light absorbed or reflected

in passivation layer and Insulator, repectively. The incident photons extinct in this operation.

Secondly, the incident light absorbed or reflected in deletion layer and diffusion layer.

28
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5.2 Trends of Sensitivity inside Photodiodes

5.2.1 Trends of Quantum Efficiency

In this section, we explain scaling trends of quantum efficiency. Carriers generated by pho-

tons within the depletion region are collected completely by the sensing element. Typically

the depletion layer of a PN junction is thin, so photon absorption is assumed to be uniform

over the depletion layer. So, carriers generated by photons in the neutral bulk semiconductor

are collectred by the sensing element via diffusion of the minority carrier, which is charac-

terized by the diffusion length, where D is the diffusion constant and ƒÑ is the

carrier life time. So, we need to scale the trends of diffusion length, mobility, and minority

carrier lifetime in front of scaling trends of the quantum efficiency.

Both the mobility and the minority carrier lifetime decrease with scaling due to the increase

of the substrate doping. Fig.5.2 shows the minority carrier diffusion length as a function of

device technology generation. The minority carrier lifetime is inversely proportional to the

substrate doping at the doping levels of interest, while the mobility slowly decreases with

increasing substrate doping. The substrate doping concentration is scaled by [16, 23]. In

fig.5.2, points are from [23] and line represents results of matching data from [23] and

calculation results of substration doping concentration. The minority carrier lifetime and the

mobility (fig.5.3, 5.4) is calculated by [19] and [20]. The equations are

(5.1)

(5.2)

(5.3)

(5.4)

eq. 5.1 and eq. 5.2 show the lifetime of electrons and hole, repectively. Eq. 5.3 and eq. 5.4

show the mobility of electrons and hole, repectively. Diffusion length,  where
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Figure 5.2 Substrate Doping Concentration

D is the diffusion constant and ƒÑ is the carrier life time is scaled by 5.3, 5.4, also. Diffusion

length shows in fig.5.5.

CMOS technologies, used to build image sensors, needs to pay attention to the location

and depth of the photodiode junctions and the depth o the depletion region of the photodate

since they determine the spectral sensitivity of the image sensor. Fig. 5.7 plots the edge of

the depletion region(junction depth plus the depletion depth of a source/drain diode at VDD

reverse bias for a photodiode, and the gate induced depletion depth for a photogate) versus

the minimum feature size. Comparing Fig. 5.7 with the absorption length of visible light

in silicon(Fig. 5.8)[22], it is apparent that for CMOS imagers, most photo-carriers are not

generated in the depletion region but rather in the neutral region, and most photo-carriers are

collected via carrier diffusion, allowing for the possibility of cross-talk[16].

The quantum efficiency is defined a function of the wave length of the incident light[15, 21].

To derive the quantum efficiency, we use the simple one-dimension geometry shown in Fig.

5.9 where d is the junction depth, and Lp and Lp are the minority diffusion length in the P

side and n side repectively.
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Figure 5.3 Lifetime

We assume that the depletion width of the junction is much smaller that Ln or Lp. For inci-

dent photons with energies in excess of the energy gap (hv Eg), the density of the photons

in the semiconductor varies as „U=„U0exp(-ƒ¿x) where „U is in the units of photon/sec-cm2

and ƒ¿ is the absorption coefficient which is a function of wave length. The hole-electron

generation rate by photons is given by

(55)

In the n side the minority carriers (holes) created at a distance x will have a fraction pro-

portional to exp[-(d-x)/Lp] diffuse to the junction. The total number of minority carriers

reaching the junction due to creation of hole-electron pairs in the n side is given by

(5.6)

(5.7)
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Figure 5.4 Mobility

Similarly, the number of minority carriers (electrons) reaching the junction as a result of

the creation of hole-electron pairs in the p-region is the integral of Eg. 5.7 from x=d to

x=•‡with Lp replaced by Ln. Thus the total number of carriers crossing the p-n junction is

(5.8)

In the steady state the current throught the cell is a constant, hence it is proportional to

NT. For an equal-energy spectrum, the photon density is proportional to the wavelength

of the incident light, since the energy of an individual photon is proportional to frequancy.

Therefore ƒ³0 itself is proportional to wavelength for an equal-energy spectrum. The current

per unit wavelength is then given from Eq. 5.8 [15]:

(5.9)

The above equations are for n-on-p. For p-on-n , we have only to replace the quantity Lp

with Ln.



Chapter 5 Scaling of Sensitivity trend 33

Figure 5.5 Diffusion length

Scaling effect shows in fig.5.10. Quantum efficiency shift left to short wave lengths.

The Peaks of quantum efficiency shows in fig.5.11. We show the comparsion results of

measurement with the theoretical value in fig.5.12, 5.13.

5.3 Trends of Spectral Sensitivity

The spectral sensitivity is different from quantum efficiency. The spectral sensitivity con-

tains not only photodiode's characteristics of generated photocurrent, but also readout con-

version gain, which is affected with the process technology. In this section, we scale the

trends of spectral sensitivity with concepts from [7]. The spectral response SR(ƒÉ)is related to

the quantum efficiency according to the equation

(5.10)

with q representing the elementary charge and hc0 the product of Plank's constant and the

vaccum speed of light.
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Figure 5.6 Junction Depth

If a photodiode is exposed to a spectral power density „U(ƒÉ)(in W/cm2nm) the collectrd

photocharge Q can be expressed as

(5.11)

with Aeff denoting the effective photoactive area of a pixel and Tint the integration time.

Illumination is assumed to be constant during the exposure time.

The photoactive region is determined by the effective optical fill factor FF of the device

that describes the portion of the pixel area Apix, which contributes to photosensitivity

(5.12)

The spectral response and the quantum efficiency data used in this treatise are referred to

the photoactive area rather than to the complete pixel area.

The voltage swing V that is obtained from the collected photocharge is inversely propor-

tional to the integration capacitance Cint, as follows:
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Figures 5.7 The location of the edge of the depletion region as a function of Lg

(5.13)

The following sensitivity considerations are all referred to the pixel input. Additional am-

plification in the pixel or system electronics is ignored and can be applied in all CMOS based

imaging technologies. However, any circuitry creating gain reduces the effective fill factor in

a CMOS pixel.

In order to calculate the sensor sensitivity the integrated photovoltage has to be divided by

the optical energy impinging on the pixel during the integration time:

(5.14)

Integration extends over the relevant wavelength interval in which SR(ƒÉ) exhibits values

different from zero. The quantity defined by equation ( 5.14) is designated as radiometric

sensitivity [ in V/(ƒÊJ/cm2)].

We derive the spectral sensitivity from Eq. 5.14 and Eq. 5.10. QE(ƒÉ) is scaled as fore-

chapter. „U, the incident light intensity assumed the constant, also. The spectral sensitivity
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Figure 5.8 Light absorption length in silicon. Data from E.Palik [22]

is calculated as an effective value at the pixel readout node CFD. It depends on effective

integration capacitance, pixel area and fill factor. Finally, we calculate the spectral sensitivity

as belowed.

(5.15)

The capacitance of the high impedence node(CFD) that converts the signal charge to a

voltage determines the charge conversion gain (Gain=C-1FD). In photodiode architectures the

readout diode is either in parallel with or the same as the imaging diode.

The capacitance of the high impedence node (CFD) scales with the minimum feature

size (Fig.5.14). This is because both the areal(CoxxAggate and CjunctionXA junction) and

overlap(CovxWgate) capacitances scale with the minimum feature size. As a result, high

charged to voltage conversion gain(conversion gain=1/CFD)(Fig.5.15) can be obtained as

technology advances. The CFD for the case of a combined imaging and readout diode in-

crease again at small feature size after the pixel size ceases to decrease because the fill-factor

increasing the total capacitance of the imaging diode[16].
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Figure 5.9 One-dimensional geometry with junction depth d and minority carrier diffusion lengths

Ln and Lp for the P side and n side [15, 21]

We scaled the spectral sensitvity for two ways. The one is assumed that the FF stays

constantly with improvement of process technologies. In this case, we assumed that the FF

is 25%, which is specificated from [16]. The area of pixel is also represented in table. 2.1.

Firstly, Fig.5.16 shows the scaling trends of spectral sensitivity in advanced technologies.

The peaks movements of spectral sensitivity is shown in Fig.5.17, also.

The other one of scaling way is that we scale with fixed conversion gain in the downscaling

technologies. With downscaling process technologies, if the pixel area does not need to

change, the conversion gain is fixed. So, we scale the trend of spectral sensitivity with fixed

the conversion gain. The results is shown in Fig. 5.18. As a result, sensitivity of CMOS image

sensor decrease with downscaling technologies with fixed conversion gain. We assume that

the conversion gain is not main effect of sensitivity charactersitics.

Finally, we compared the results of scaling with results of measurement. From quantum
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Figure 5.10 Trends of Quantum Efficiency

efficiency results of measurement in 0.6ƒÊm technologies, we calculate the spectral sensitiv-

ity with Eq. 5.14. From comparison, the results of measuremet are smaller than theoretical

values. We guess the reason that the theoretical formula doesnot consider the effect outside

photodiode, photodetect region. So, we consider the effect of light loss of multilayer inter-

connects in the next chapter. The measurement error cause to the difference of two results,

as well. We consider this measurement error as future work.
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Figure 5.11 Movement of peak value

Figure 5.12 Comparison Results of measurement with the theoretical value in 0.6ƒÊm process
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Figure 5.13 Comparison Results of measurement with the theoretical value in 0.35ƒÊm process
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Figure 5.14 Floating Diffusion node capacitance as a function of the minimum feature size[16].

Figure 5.15 Charge to voltage conversion gain as a function of the minimum feature size[16].
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Figure 5.16 Scaling Trends of Spectral Sensitivity with fixed FF
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Figure 5.17 Movement of peak values
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Figure 5.18 Spectral Sensitivity with fixed Conversion Gain
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Figure 5.19 Comparison Results of measurement with theoretical value in a 0.35ƒÊm process tech-

nology

Figure 5.20 Comparison Results of measurement with theoretical value in a 0.6ƒÊm process technol-

ogy
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Effect of Optical path loss for multilayer

interconnects

6.1 Trends of Optical path loss for multilayer interconnects

In this section, we scale the trends of effect outside the silicon division. We need to con-

sider the absorption and the extinction of photons outside silicon parts. Firstly, we consider

absorption and extinction of photon in an insulator layer, SiO2. The depth of an insulator

layer affect the sensitivity of photodiode, directly. So, we scaled photocurrent remained with

the depth of an insulator layer.

For scaling, the refractive index and the extinction coefficient are used for estimation of

absorption and reflection in an insulator layer. Before addressing the refractive index, n(E)

and the extinction coefficient, k(E), we explain the concept of these elements[24]. The

fraction of light lost to scattering and absorbtion per unit distance in a participating medium.

Extinction coefficient is the sum of the absorption coefficient and the scattering coefficient.

The refractive index of a material is the factor by which the phase velocity of electromagnetic

radiation is slowed in that material, relative to its velocity in a vacuum.

The refractive index, n(E), and the extinction coefficient, k(E), are related by the Kramers-

Krong dispersion relations. These relations are a consquence of the analytic behavior of the

complex index of refraction, N(E)=n(E)-ik(E). In turn, the analytic behavior of N(E)

stems from the principle of casuality, which states that no signal can be transmitted through a

medium at a speed greater than that of light in vaccum. Based on concepts of two elements,

we calculated the refractive index, n(E), and the extinction coefficient, k(E)[24]. Results

shows in tab. 6.1.

Secondly, we consider the lambert law, who indicates the linear relationship between ab-

sorbance and concentration of an absorping species. The lambert law shows the relationship

46



Chapter 6 Effect of Optical path loss for multilayer interconnects 47

Figure 6.1 Infractive index and Extinction coefficient(SiO2)

Table 6.1 Optical properties of insulator layer(SiO2)[22, 24]
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between the incident light and the tranferred light, in other word. For using the lambert law, it

is required to calculate the absorption coefficient, ƒÀ(ƒÉ), of SiO2, and the reflection coefficient,

R. The formula of equation for the absorption coefficient and the reflection coefficient is

(6.1)

(6.2)

Results of the absorption coefficient and the reflection coefficient show in fig.??

Figure 6.2 Absorbsion coefficienct(SiO2)

Finally, we scale the effect in the insulator layer by the lambert law 6.3. Result of scaling

shows in fig.6.4. We assumed an insulator depth from 1ƒÊm•`10ƒÊm. The thicker insulator

layer, the lower photocurrent(sensitivity) in short wave length area.

(6.3)



Chapter 6 Effect of Optical path loss for multilayer interconnects 49

Figure 6.3 Reflection coefficient

On the other hand, we scaled effcet of an insulator layer using real parameter of the CMOS

90nm process technology. In this process, about 20 layers, 6-metal layer, 5-via layer, pad-

metal layer, pad-via layer, contact, and poly layer, locate above the silicon. So, we assumed

the extinction coefficient is zero in this multi-insulator layers. We calculate the refractice

index and the reflection coefficient using the equations as below.

(6.4)

(6.5)

The parameters for scaling is shown in Tab.??. Thickness of insulator layer and dielectric

constant is given by 90nm process technology. For scaling, we use the concept of tranmission

line. As fig.6.5 shows, we consider that the incident light goes to mult-layer having uniform

infractive index each insulator layer.

Thickness of insulator layer and dielectric constant(ƒÃ) is given by 90nm process technology.

We scaled the effect of multi insulator layers by the Eq. 6.3. The results is shown in fig.6.6.
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Figure 6.4 Scaling of Sensitivity in Insulator layer

We compared this result with the original spectral sensitivity. From this comparison, multi

insulator layers have a considerable effect for sensitivity characteristics.
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Table 6.2 Optical properties of 90nm pocess technology
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Figure 6.5 Sample configuration of the multi insulator layers
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Figure 6.6 Decrease of the Sensitivity with loss og light by multilayer interconnections and low-k

layers
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Conclusions

In this research, we estimate the sensitivity chatacteristics of CMOS image sensors for high

sensitivity imagers fabricated by deep sub micron technologies.

Firstly, we measured the Sensitivity characteristics, the spectral sensitivity andthe quantum

efficiency, of image sensors using a standard CMOS 90nm, 0.35ƒÊm, 0.6ƒÊm process technolo-

gies. The spectral sensitivity is measured with  an image sensor of a CMOS O.35μm process

technology. In case of the spectral sensitivity, two dispersion equipments, a prism and a

diffraction gratings, are used. The results of two dispersion equipments are compared for the

reliable measurment. From the result, the image sensor using a standard CMOS 0.35ƒÊm pro-

cess technology have a good performance in red wavelength. The quantum efficiency(Q.E.)

is measured by short band pass interference filters, also. In case of the Q.E., three process

technologies, which are 90nm, 0.35ƒÊm, and 0.6ƒÊm technologies, are used. Eventually, pho-

tocurrents in the short wave length(about 400nm-500nm) are generated more than in the

other wave lengthes.

Secondly, we showed the trends of the sensitivity characteristics in deep sub micron tech-

nologies. We divided two parts of sensitivity. One is the photoelectric conversionin photo-

diode. The other is the reflection and extinction operation outside photodiode, silicon. Ad-

ditionally, the photoelectric conversion is divided by the spectral response and the quantum

efficiency. We scaled the trends of these three operation. The quantum efficiency indicates

how many photons converts to electrons. In other side, the spectral sensitivity contains the

quantum efficiency and readout gain(conversion gain). As a results, the highest response

shifts to short wavelengths. In other words, the spectral response gets worse in visible sight.

It is because photocurrent is generated in short wave length having high absorption coeffi-

cients. As advanced process, doping concentration is higher, junction depth is thiner. So,

long wavelengths hardly absorb in photodiode, as well. We compare the scaled trends with
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measurement results. Results of 0.35ƒÊm, 0.6ƒÊm, 90nm process technologies have a large

margin. We guess the reason that the theoretical formula doesnot consider the effect outside

photodiode, photodetect region. So, we considered the effect of light loss of multilayer inter-

connects. The measurement error cause to the difference of two results, as well. We consider

this measurement error as future work.

We scaled the trends of spectral sensitivity with fixed conversion gain. As a result, sensi-

tivity of CMOS image sensor decrease with downscaling technologies with fixed conversion

gain. We assume that the conversion gain is not main effect of sensitivity charactersitics.

The effects of the reflection and extinction outside photodiode showed, also. We show the

effect by thickness of insulator. From the results, long wave length does not effect outside

photodiodes, since the absorption length is long. Meanwhile, short wave length, especially

400nm•`500nm, is affected well, since absorption coefficient is low and absorption legnth is

short.

On the other hand, we scaled effcet of an insulator layer using real parameter of the ASPLA

90nm process technology. In this process, about 20 layers, 6-metal layer, 5-via layer, pad-

metal layer, pad-via layer, contact, and poly layer, locate above the silicon. Eventually, the

multi-insulator layer have an large effect on sensitivity. In this 90nm process technology, the

difference between non-multi insulator layer and multi-insulator layer was about 0.07 which

is 7 times of the max value in multi-insulator layer.

Through measurement and scaling of sensitivity, we recognize the need to optimize the

pixel circuit for a high sensitivity image sensor. Since sensitivity gets worse in short wave

length of visible sight, we need to increase the sensitivity of photodiode by optimizing pixel

configuration, as the future work. For perspective of CMOS image sensors, increasing sensi-

tivity will be the one of key in advance tehnologies.
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