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ABSTRACT 

Currently, the established large area technology is amorphous silicon where 

device performance is sacrificed for uniformity and low cost of fabrication. In this 

research, we investigate crystalline silicon technology for large area application that 

requires high performance devices. For example, digital X-ray tomosynthesis is one 

application where amorphous silicon technology cannot satisfy the requirements of low 

noise and real-time operation. In this work, self-aligned polysilicon gate MOSFET was 

developed. To achieve this goal, gate dielectric materials and gate materials were studied 

and a self-aligned MOSFET was developed. A mask set was designed in Cadence and 

devices were fabricated in the SFU IMMR fabrication facility. Characterization of the 

devices by C-V and I-V measurements were carried out. The results indicate that an in- 

house fabrication of uniform self-aligned polysilicon gate MOSFET based electronics is 

possible if oxide quality can be maintained. 
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CHAPTER 1 INTRODUCTION 

The continuous miniaturization of microelectronics has produced increased 

computation power at ever decreasing cost. Despite the ubiquitous silicon chip, there is 

another class of electronic devices that need a large size to be useful and therefore require 

a different approach to fabrication. The displays and scanners that form the interface 

between people and the electronic world, as well as solar cells and X-ray imagers, are 

examples of electronic devices for which a large size is essential [I]. 

1.1 Motivation 

In recent years, the occurrence of breast cancer has dramatically increased. 

Current attempts to control breast cancer concentrate on early detection by means of 

screening, via periodic mammography and physical examination. With current 

technology, some cancers become visible on mammograms only after they have been 

present for several years. In addition, one study has shown that about 20% of detectable 

cancers are overlooked or misdiagnosed on first inspection [2 ,3] .  

Digital X-ray mammography promises to be a significant improvement over 

conventional mammography in the early detection of breast cancer. Digital 

mammography incorporates modem electronics and computers in to x-ray mammography 

methods. Instead of acquiring an image on film, it is collected electronically and stored 

directly into a computer [4]. 



To be able to replace and improve upon current medical imaging techniques, the 

digital imager performance should be comparably better than conventional X-ray film 

technology. Mammography is one of the major applications of this area, while, it has 

several defects during the application in medical examination. The compression of the 

breast that is required during a mammography is uncomfortable. The compression also 

causes overlapping of the breast tissue. Mammography take only one picture, across the 

entire breast, in the two directions: top to bottom, and side to side. Digital tomosynthesis 

can eliminate the defects of conventional mammography. By creating a three- 

dimensional picture of the breast using X-rays, digital tomosynthesis provides a more 

comfortable breast screening, detects the cancer hiding within overlapping tissues, and 

offers views from multiple perspectives. 

Crystalline silicon (c-Si) technology is adopted in our digital X-ray 

mammography research. The advancement in c-Si technology, together with the 

advantages of high density of integration, high carrier mobility, micron and sub-micron 

feature sizes, can allow digital X-ray mammography technology to meet tomosynthesis 

requirements. 

1.2 Thesis Goals 

In this research, we investigate c-Si technology for large area application that 

requires high performance devices. For example, digital X-ray tomosynthesis is one 

application where amorphous silicon technology cannot satisfy the requirements of low 

noise and real-time operation. 



The goal of this work is to demonstrate a simple cost effective silicon transistor 

process which will form the foundation for large area c-Si imaging research at SFU. 

Although CMC (Canadian Microelectronics C o p )  provides MOS transistor fabrication, 

the cost of fabricating large area devices in CMC CMOS technology is prohibitive for 

research purposes. 

1.3 Thesis contributions 

1.3.1 MOSFET Gate dielectric materials 

Gate dielectric material is essential for performance determination of MOSFET 

devices. In this work, the thermal furnace in SFU cleanroom facility was used to grow the 

Si02. We can get two types of Si02 by using different oxidation process: wet Si02 and 

dry Si02. C-V (Capacitance-Voltage) measurements were carried on the MOS (Metal- 

Oxide-Semiconductor) capacitors fabricated from the two oxides. The analysis of the C- 

V and breakdown curves indicates that dry oxide is suitable to serve as gate oxide in 

MOSFET. Wet oxide functions as field insulator between devices in this work. 

1.3.2 MOSFET Gate materials 

We have investigated two types of materials for MOSFET gate: crystallineldoped 

silicon and molybdenum. Polycrystalline silicon is the popular option for MOSFET gate 

for its very low metal-semiconductor work function. Molybdenum has distinct 

advantages to serve as gate in self-aligned MOSFET, such as high thermal and electric 

conductivity, high melting temperature, and the thermal expansion closely matching that 

of silicon. 



1.3.3 SiN, as an interlevel dielectric 

SIN, used as an interlevel dielectric in this work was deposited by PECVD 

(Plasma Enhanced Chemical Vapor Deposition) equipment made by  stem@. 

Electrical property of SIN, was checked by C-V and breakdown measurement. 

1.3.4 Self-aligned MOSFET process design 

In this work, the gate of MOSFET was used to align of the source and drain 

regions. This minimizes potential overlap between gate and draidsource, thus enhancing 

the performance of MOSFET and aids large area uniformity. Four steps were followed 

for self-aligned MOSFET fabrication: field oxide and gate oxide patterning, gate 

patterning, via holes patterning, and contact patterning. Design of the mask set was 

realized in cadencem environment. 

1.4 Outline of Thesis 

In this research, we investigated the following topics to develop a reliable large 

area c-Si process: 

a) a low leakage, reliable gate dielectric material, 

b) a gate material with good electrical and thermal properties, 

c) a low leakage, low stress, interlevel dielectric, and 

d) a repeatable process, i.e., self-aligned process. 

Chapter 2 explains the process for growth of the dielectrics and checks the 

reliability of the dielectric materials by C-V (Capacitance-Voltage) and I-V (Current- 

Voltage) measurements. Chapter 3 describes the design process including choice of gate 



material, in perspectives of feature size, error tolerance, mask plate type and integration 

of the four mask layers. Detailed fabrication process is also described in Chapter 3. 

Measurement results from C-V and I-V measurements of the MOSFETs and test 

structures are presented in Chapter 4. The electronic properties of the MOSFET are 

analyzed based on the measurements. Chapter 5 summarizes the work done in this thesis 

and proposes the direction for future research. 



CHAPTER 2 DIELECTRIC MATERIALS 

The gate dielectric between gate and semiconductor play a critical role in the 

performance of a MOSFET. The properties of the gate dielectric determine the gate 

leakage current; therefore choosing a proper material for the gate dielectric is necessary. 

2.1 Requirements for gate dielectric 

Gate dielectric formation is the first thermal step in the entire process. The gate 

dielectric completes the capacitor formed between the gate electrode and the channel. 

The operating voltage and reliability of the device depend on the dielectric strength. In an 

ideal MOSFET, the gate dielectric performs a perfect barrier to the electron flow. Real 

dielectric could disrupt this ideal picture if gate voltage ramps to a high enough value or 

if the dielectric is too thin, which will then lead to the breakdown of the dielectric. 

2.1.1 Dielectric thickness 

For the MOS structure shown in Figure 2-1, the purpose is to collect as many 

charges as possible when a gate voltage is applied, according to the following formula: 

in which Q is the total charges that accumulate in the MOS capacitor, V is the 

applied gate voltage, Ci is the capacitance of the MOS structure and can be expressed by 

the formula below. 



where E, is the permittivity of free space, E, = 8.85 x F / cm ; E, is dielectric 

constant, it is constant for a specific material; A is the area of MOS capacitor; t ,  is the 

thickness of the dielectric material. 

From Formula (2-l), large capacitance C, is preferred for the accumulation of 

more charges Q under a constant V . The size of a MOSFET is limited by real device 

requirements, which should not be too large. Based on Formula (2-2), a large capacitance 

can be obtained by shrinking the thickness of the dielectric. The thinner the dielectric, the 

better. 

I Metal electrode I Insulator 

I Silicon wafer I 
Figure 2-1 MOS capacitor. 

On the other hand, a very thin dielectric tends to cause breakdown of the MOS 

capacitor. Preventing dielectric breakdown requires the dielectric keeping a certain 

thickness. 

Existing literatures [ S ,  61 indicate that the gate dielectric tends to suffer 

breakdown if the MOS size goes into deep sub-micron regions. The dimensions 

employed in this work are in micron range and thickness is not considered to be a crucial 

element during the device design and fabrication. 



2.1.2 Materials for gate dielectric 

From formula (2-2) ,  we can see that a material with a high dielectric coefficient 

( E )  is desirable for a large MOS capacitance. Silicon dioxide (Si02) is the conventional 

material for gate dielectric, with dielectric constant E, = 3.8 

Si02 has been used as the primary gate dielectric material in field-effect devices 

since 1957, when the usefulness of the Si/Si02 material system was first demonstrated [7- 

131. Si02 could be grown directly from the silicon substrate, which promises a good 

interface between Si/Si02 and grants it  natural advantage to serve as the gate dielectric of 

MOSFET. 

In general, the requirements for MOS gate dielectrics include: 

1. High dielectric coefficient; 

2. Wide band gap; 

3. Ability to grow high purity, either crystalline or amorphous films on Si 

with a clean surface - high resistivity and breakdown voltage, low 

interfacial trap densities; 

4. Compatibility with the substrate and the top electrode; 

5. Low thermal stresses - thermal processing is necessary during the 

fabrication. Thermal stresses could be developed, which may change the 

electronic properties of the film; thus, low thermal stresses are desired; 

6. Good processing capability for Si fabrication. 



2.2 Growth and characterization of Si02 

2.2.1 SiOz growth 

Thermal oxidation of silicon is easily achieved by heating the Si substrate to 

temperatures typically in the range of 900-1 100 Degrees Celsius. The atmosphere in the 

furnace where oxidation takes place can either contain pure oxygen or water vapor. Both 

of these molecules diffuse easily through the growing Si02 layer at these high 

temperatures. Oxygen arriving at the silicon surface can then combine with silicon to 

form silicon dioxide. Initially, the growth of Si02 is only a surface reaction. However, 

after the Si02 thickness begins to build up, the arriving oxygen molecules must diffuse 

through the growing Si02 layer to get to the silicon surface in order to react. 

Depending on the process environment, the reaction during oxidation could occur 

in one of the two ways: 

The reaction process for Formula (2-3) is called dry oxidation and that for 

Formula (2-4) is called wet oxidation. Due to the stoichiometric relationships in these 

reactions and the difference between the densities of Si and Si02, about 46% of the 

silicon surface is "consumed" during oxidation. That is, for every 1 p n  of SiO2 grown, 

about 0 . 4 6 ~  of silicon is consumed (see Figure 2-2). 



silicon wafer 1 
Figure 2-2 Oxidation of silicon. 

Wet oxidation of silicon is typically used to rapidly grow thick oxides. Si02 

grown by wet oxidation is inferior in quality because of the possibility of a relatively 

loose structure resulted by the rapid growth and is usually used as field oxide or a barrier 

in fabrication. On the other hand, dry oxidation of silicon is slow in growth, which leads 

to Si02 with better electrical property. Gate oxide is prepared by dry oxidation and is 

thinner than field oxide. Dry Si02 is grown and studied as gate dielectric in our work. 

Before an oxidation is performed, the silicon wafer should be cleaned thoroughly 

to make sure there is no contamination during the process. Appendix 4 describes the 

whole process of RCA clean. Wafers were loaded into furnace immediately after the 

RCA clean was done. 

The dry oxidation was carried out in 1100•‹C. both on p-type <loo> silicon wafer 

and n-type <loo> silicon wafer. The wafers were initially loaded into the oxidation 

furnace at 800•‹C. The temperature was then ramped up to llOO•‹C in nitrogen 

environment. The process began when the oxygen flowrate was set to 4 scfh (standard 

cubic feet per hour). The whole process took 165min for both n-type and p-type wafer. 

Then the wafers were pulled out after the temperature was cooled down to 800•‹C. 



To improve the quality of dry oxide, a thorough furnace clean was carried out 

after the growth of the first oxide. Dry oxides were grown on p-type and n-type wafer 

again after the furnace clean had been completed. The oxides grew before and after 

furnace clean were both analyzed by C-V measurements. We name the oxide grown 

before furnace clean as "first oxide", the oxide grew after furnace clean as "second 

oxide". 

Thicknesses of the dry oxides were measured by both ~ ~ ~ e r @  Thin Film Analyzer 

and ~enco r@ Profilometer. There were small differences between the thicknesses 

obtained from these two methods, which indicate statistical error or the possibly uneven 

surface of the oxide. Thicknesses of the first and second dry oxide on p-type and n-type 

wafer are listed in Table 2-1, respectively. DEV stands for "analyzer deviation" in the 

table. 

Table 2-1 Thicknesses of dry 
oxide (first and second oxide). 

I First oxide 1 1869 (DEV: 38) 1 1950 ( 1925 (DEV: 36) 1 1993 I 

n-type wafer (A) 

2.2.2 SiOz characterization 

Capacitance-Voltage measurement and breakdown test were performed to 

characterize the thermally grown dry oxide. 

p-type wafer (A) 

by ~ ~ ~ e r @  Thin 
Film Analyzer 

Second oxide 1 1934 (DEV: 3) 1 201 1 

By T~ger@ Thin 
Film Analyzer by Profilometer by Profilometer 

1961 (DEV: 22) 2056 



2.2.2.1 C-V measurement for Si02 

To facilitate the C-V measurement, a layer of 0.5km aluminum was sputtered on 

the surface of dry oxide. The wafers were then patterned in squares, as shown in Figure 

2-3. The sides of the squares are 0.5, 1, 1.3 mm, referred to as CO, C1 and C2. 

Figure 2-3 Patterned MOS capacitance 
structures. 

The C-V measurement on Si02 was done on the Keithley 590 CV Analyzer, 

which is controlled by computer through GPIB (General Purpose Interface Bus). The C- 

V curve for 0.5x0.5mm2 dimension MOS capacitor of the first dry oxide p-type wafer is 

shown in Figure 2-4. 



6.0000n 

5.0000n 

4 OOOOn 

3 OOOOn 

2.0000n 

1.0000n 

accumulation 

Figure 2-4 C-V curve for 0.5 x0.5mm2 
imension MOS capacitor (first dry oxide on p- 
wafer). 

From the C-V curve above, we can see that shape of the curve is consistent with 

standard C-V curve, except for a single bump. The measured values of the capacitances 

also agreed with the calculated values. 

As emission time constants of interface traps depend on the energy difference 

between the surface state energy, E,, , and the band edges, only negative charged 

interface states between the conduction band and a limiting energy state E,,,, , (about 

0.8eV - l e v  from the conduction band edge) are able to emit electrons when sweeping 

from inversion to accumulation, because in this range emission time constants are short. 

The remaining negatively filled surface states can only be discharged by capturing 

holes when the surface hole concentration becomes high enough. This is detected by a 

change in the slope of C-V curve. Within a narrow range of surface potential between the 



two points of the bump, most of the negatively charged surface states can be discharged 

by hole capture. The width of the bump depends on the negatively charged surface state 

density in non-equilibrium, i.e., filled surface states, which can neither be discharged by 

emission processes due to long emission time constants, nor by capture processes due to 

low majority generation in depletion 11.41. The band diagram of this phenomenon is 

shown in Figure 2-5. 

Figure 2-5 Band diagram of C-V bump. 

The bump in the CV characteristics suggests trap states centered within the 

bandgap, as opposed to the disorder induced tails of states that extend from the band 

edges. Acceptor energy level E, determines the point on the C-V at which the bump 

occurs. 

The second dry oxides prepared in a clean furnace tube show better properties 

than the first ones. Figure 2-6 depicts the C-V curve for Co MOS capacitor of the second 

dry oxide p-type wafer. 



We can see from the C-V curve for the second time dry oxide that the curve 

shows a smoother slope, and the bump has been eliminated. 

Figure 2-6 C-V curve for Co MOS 
capacitor (second time dry oxide on p- 
wafer). 

MOS capacitances can be calculated from Formula (2-2) or extracted from C-V 

curves. Table 2-2 compares the two sets of values on both p-type and n-type wafers, the 

thickness obtained from the values measured by ~ ~ ~ e r @  Thin Film Analyzer. 

On comparing the two sets of capacitances, we can conclude that the deviation 

between measured value and calculated value increases when the capacitor dimension 

increases. The error might stem from the structure of the MOS capacitor. During 

fabrication, we only etched the top electrode of the capacitor, left the oxide layer 

unpatterned, which can be shown in Figure 2-7. 



Table 2-2 Comparison of tested and 
calculation values for SiOz MOS 
capacitors. 

I Si substrate I 

C2 

Figure 2-7 Pattern structures 
of MOS capacitors. 

Figure 2-8 Fringing field in different 
patterned MOS structure. 

p-type wafer (nF) 

I Si substrate 

When the A1 electrode area is smaller than the oxide layer area, fringing field 

Tested value 

0.197 

n-type wafer (nF) 

Si substrate 

could be generated [IS], as shown in Figure 2-8, that would lead to an influence on the 

Calculated value 

0.255 

Tested value 

0.217 

(a) Electrode has the same area as oxide (b) Electrode is smaller than oxide 

measured values of capacitors. As the electrode area increases, more fringing fields will 

Calculated value 

0.252 

be generated. This is the reason that MOS capacitor with larger electrode area intends to 



have larger deviation between measured and calculation capacitance than capacitor with 

smaller electrode area. 

2.2.2.2 SiOz breakdown test 

We have assumed that oxide is a perfect insulator. If a high voltage is applied on 

the oxide, breakdown can occur, which can lead to a device failure. Dielectric breakdown 

in insulators is a phenomenon that limits the operation of many electrical components 

[lb]. 

The purpose of breakdown test on dielectric materials is to test its property on the 

application of high voltages with a gate oxide of about 200nm. The breakdown field for 

SiOz is normally 6 MV / cm . 

A breakdown test was performed on the MOS capacitors used for C-V 

measurement using an Agilent 4156C Semiconductor Analyzer, which was controlled by 

computer through GPIB connection. 

Figure 2-9 describes the property of current versus voltage for 1.3x1.3mm2 

dimension MOS capacitor on p-type wafer. The voltage sweeps from OV to 100V. It can 

be seen that the current is almost zero before the voltage reaches 20V. After voltage 

exceeds 20V, the current begins to increase with voltage. When the voltage reaches 92V, 

the current increases exponentially and breakdown occurs. 

The dry oxide was grown in the cleaned thermal furnace tube. From Figure 2-9, 

and the obtained thickness of dry oxide 200nm, the breakdown field for our dry oxide is 

evaluated to 4.6 M V /  cm . This breakdown field is in the reasonable range of breakdown 

field, indicating that the property of the dry oxide is acceptable. 



Figure 2-9 Breakdown curve for Cs 
MOS capacitor (second dry oxide on p- 
type wafer). 

2.3 Growth and characterization of SiN, 

2.3.1 SiN, growth 

In this work, besides Si02, SIN, was also grown and characterized. SIN, was used 

as an interlevel dielectric and was prepared by PECVD. 

PECVD is a process in which one or more gaseous reactants are used to form a 

solid insulating or conducting layer on the surface of a wafer. This process is enhanced 

by the use of a vapor containing electrically charged particles or plasma at lower 

temperatures [17]. Figure 2-10 briefly explains the PECVD process in our cleanroom. 



substrate holder 

gas inlet 

Figure 2-10 Scheme of PECVD. 

Table 2-3 Parameters of low power 
PECVD SiN,. 

gas outlet IS 

Pressure 
Deposition Time 

RF nower 

500 mTorr 
45 min 

1 W 

F l o w  rate 

2.3.2 SiN, characterization 

H2 

2.3.2.1 C-V measurement for SIN, 

C-V measurements for SIN, were also completed on Keithley 590 CV Analyzer. 

Figure 2-1 1 below shows the C-V curve of C1 MOS structure on n-type wafer. 

Si& 
NH3 

100 sccm 

2.7 sccm 
150 sccm 



Figure 2-11 C-V curve for C1 MOS 
capacitor (low power SiN, on n-type 
wafer) 

Table 2-4 Comparison of tested and 
calculated values for SIN, MOS 
capacitors. 

n-type wafer (nF) 

Tested value Calculated value 

C2 2.91 2.96 

From the Figure 2-1 1, the C-V curve for our low power SIN, is consistent with a 

normal MOS C-V curve. The curve bump that existed on the oxide C-V curve did not 

occur for the SIN, C-V curve. Table 2-4 compares the calculated and tested values of 



SiN, MOS capacitors. Thickness of the SIN, is 400nm, which was measured by ~ ~ ~ e r @  

Thin Film Analyzer. 

2.3.2.2 Breakdown test for SiN, 

The breakdown test on SIN, film was implemented on Agilent 4156C 

Semiconductor Analyzer. The breakdown field for SIN, is normally 6  MV Icm . 

Figure 2-12 Breakdown test curve for C, 
MOS capacitor (low power SIN, on p-type 
wafer). 

Figure 2-12 shows the breakdown curve for the SIN,. The current remains almost 

zero before it reaches 59V, at which point the breakdown occurs. The breakdown field 

for the SIN, film is 3 MV 1 cm . This value differs from the standard SIN, breakdown field 

6 M V I c m .  

It is important to note that the SIN, film is not optimized. However, it appears to 

be adequate as an interlevel dielectric from its C-V and breakdown characterization. 



CHAPTER 3 SELF ALIGNED MOSFET 

3.1 Fabrication process for self-aligned MOSFET 

3.1.1 Self-aligned MOSFET 

Defining and doping Source and Drain area is the crucial step during the 

fabrication of MOSFET. Conventional technique for this step is doping by diffusion or 

ion implantation, and then building up gate on top of the active area [18]. When building 

gate after DIS area doping. there should be no overlap between GateIDrain and 

GateISource. But in fabrication, overlap is inevitable and necessary for this technique. As 

u.e know. the Gate should cover all the length of the channel. otherwise. the inversion 

layer under Gate will not connect the Drain and Source together and a conducting 

channel will never exist. For this case. the device could no t  work any more. We call this 

"broken channel" in this ~ / o r k .  Figure 3-1 depicts phenomenon of the capacitance 

parasitics occu1.1-ed in the conventional MOSFET 

Figure 3-1 Pheoomenorl of capacitor 
parasitics in MOSFET. 

Gate 

Misalignment during fabrication is hard to avoid. If the gate length is designed 

exactly as long as the channel and when misalignment occurs, the possibility of broken 

channel increases dramaticully. To prevent this. the length of the Gate is always slightly 

/ Gate oxide 



longer than the channel in design. But the substantial parasitic capacitances that result 

from the gate electrode overlapping both the drain and the source will seriously degrade 

the high frequency characteristics of individual devices and result in slower circuit speeds 

Self-aligned MOSFET structure could solve this problem and yield uniform 

devices over a large area. The idea of self-aligned MOSFET is by using a pre-defined 

Gate as the mask for the step of doping. 

predefined gate 
I 

I I I 1 1 I I d o p r n g  _ field oxide 

gate oxide Si substrate 

Figure 3-2 Idea of self-aligned 
MOSFET. 

As shown in Figure 3-2, the potential overlap between G/D and GIs could be 

eliminated by the predefined Gate during doping process. 

The challenge for self-aligned structure is the Gate material. Following the 

principle idea of self-aligned structure, Gate is formed before Source/Drain doping. There 

are two doping techniques, diffusion and ion implantation. Diffusion requires a 

temperature as high as 1000•‹C in diffusion furnace. Although ion implantation could be 

performed under relatively low temperature (-200•‹C), the crystal damage caused by the 

high-energy ions must be annealed at high temperature (-800•‹C). As the traditional Gate 



material, aluminum will diffuse into gate oxide when the temperature exceeds 500•‹C. 

Another Gate material is thus needed for the implementation of a self-aligned MOSFET. 

3.1.2 Requirements for gate materials in self-aligned MOSFET 

To serve as the gate for self-aligned MOSFET, the candidate material should 

possess the following properties: 

High melting point to withstand the high temperature during the diffusion 

Stable at high temperature and thermal expansion coefficient similar to 

silicon 

Good compatibility with the gate dielectric material, in this work, Si02 

Should prevent diffusion into the gate oxide and do not react with gate 

oxide 

Good electrical and thermal conductivity 

Doped polycrystalline silicon (poly-Si) and molybdenum were the two candidates 

investigated in this work. Doped poly-silicon was found to be a very convenient gate 

material since i t  withstands the high anneal temperature and can be oxidized just like 

silicon. An acceptable electrical conductivity could also be obtained from doped poly- 

silicon. 

Molybdenum is another good gate candidate that is suitable for self-aligned 

process. Its self-aligning gate feature, high melting temperature, high electrical and 

thermal conductivity and good match of thermal expansion with silicon make it an ideal 

material for use in digital ICs. For the different gate material, the fabrication process 



needs to be adjusted accordingly. The following sections give the fabrication processes 

for molybdenum gate and poly-silicon gate self-aligned MOSFETs. 

3.1.3 Fabrication process for molybdenum gate self-aligned MOSFET 

Figure 3-3 describes the fabrication process of molybdenum gate self-aligned 

MOSFET. 

3.1.4 Fabrication process for silicon gate self-aligned MOSFET 

In our process, when using silicon as the gate for MOSFET, the silicon is initially 

in the amorphous state. It could be doped during PECVD deposition, or during the 

SourceiDrain diffusion. Because the temperature for diffusion is set to 1000•‹C for 40 min 

and there is an additional drive-in process for diffusion at 1000•‹C for 30 min, the 

amorphous silicon is crystallized during the period in high temperature furnace. 

For silicon gate process, the difference occurs during the silicon gate patterning. 

KOH solution is used to pattern amorphous silicon, which also attacks the positive 

photoresist that protects the desired area. 

This problem is solved by growing a layer of SIN, on top of the amorphous 

silicon layer. The SIN, layer is patterned first by the photoresist. Because SIN, can stand 

well in KOH solution, it performs as mask to protect silicon during silicon patterning. An 

additional layer of SIN, requires several more treatment during the fabrication process. 

Figure 3-4 describes the process for silicon gate self-aligned MOSFET. Table 3-1 

summaries the steps required by the two processes. 







Table 3-1 Summary of Mo-gate and Si- 
gate process. 

-1 Mo-gate process 1 Si-gate process I 
Oxidation 
Diffusion 
PECVD 

3.2 Mask design for self-aligned MOSFET 

Although difference exists between the fabrication processes for Mo gate and Si 

gate, requirement of masks for these two processes is the same. There are four masks 

2 
1 

1 (SIN,) 1 2 (SiN, and a-Si) 
Metal sputtering 
Photolithography 

needed in total during the whole fabrication process, which are for the steps of field oxide 

2 
1 

patterning, gate material (Mo or Si) patterning, via holes opening and G/D/S electrodes 

patterning. 

2 (Mo and Al) 
4 

3.2.1 Mask design rules 

There are two types of photoresist: positive and negative. A positive photoresist 

1 (A]) 
4 

responds to UV light in such a way as to make the exposed regions soluble and a positive 

image is thereby stored. A negative photoresist acts in the opposite way. 

Positive photoresist MICROPOSIT@ S 1813@ was used in this work. Based on the 

fabrication process described in previous sections with consideration of the positive 

photoresist, the four masks employed in the process could be as followings: 

P Mask 1 Dark field (to create the active windows) 

P Mask 2 Clear field (to form molybdenum or silicon gate) 



P Mask 3 Dark field (to open the contact holes) 

> Mask 4 Clear field (to form aluminum contact) 

The minimum feature size of a technology is typically denoted by the narrowest 

width of a wire that it can produce. Design rules are developed for each separate 

fabrication sequence. Essentially, the rules contain the minimum feature size, and more 

important, the minimum overlap between two mask layers to ensure that the two features 

will be coincident when fabricated. Suitable gaps between features are also stated in the 

rules to ensure the features should not touch each other when fabricated. Design rules 

depend upon the expected alignment error that will be introduced during fabrication [20]. 

Masks for self-aligned MOSFET in this work are designed in CAD (Computer 

Aided Design) tool with the name of cadenceB. Cadence always comes with DRC 

(Design Rule Checker) for different fabrication technique (e.g. 0.35pm or 0.18pm), 

which could automatically check the design against the rules. While, in this work, the 

minimum feature is 10pm and much larger than the range of DRC, which means it 

requires the designer to follow the rules during designing and manually check the design 

after it is done. 

There are 4 design layers in total for self-aligned MOSFET; usually it needs 4 

different mask plates for fabrication. The idea of 4-in-1 mask is to integrate 4 different 

layer designs into a single mask plate, on which a layer occupies a quarter of the plate. 

Figure 3-5 explains the idea for the 4-in-1 self-aligned MOSFET mask design. In the 

figure, each quarter was splitted into 9 parts and one part was called one die in this work. 

The arrows in the four quarters indicate the direction of the structure in each quarter. 

After the alignment of the first layer, user can rotate the mask 90 degrees clockwise and 



the second layer will be in the right position to be aligned. It is the same when aligning 

the third and fourth layers. By this means, the mask plates are saved by sacrificing the 

available area on the wafer. 

Figure 3-5 illustration of 4-in-1 self- 
aligned MOSFET mask set (arrows are 
the directions of the structures in each 
quarter). 

Figure 3-6 Layers definition in Cadence. 

30 



The design rules for self-aligned MOSFET are stated below. 

1. Layers in the designing environment (from bottom to top, shown in Figure 3- 

6): background, active, mo (gate layer), sin (passivation layer), a1 (top pad), 

text (technology file is given in Appendix 3) 

2. Feature size: 10 ,m ; 

3. Minimum overlap: 2 ,m ; 

4. Minimum bond-pad dimension: l5Ox 1 5 0 p 2 .  

3.2.2 Structures on masks 

The basic structures on mask are composed of MOSFETs, APS & PPS pixels and 

arrays, capacitors, diodes, continuity test structures and TLM (Transfer Length Method). 

MOSFET 

To test the effect of different gate length L on the MOSFET, a series of gate 

lengths, from 20pm to 1280pm in order of double increases, were employed during the 

design. For a fixed gate length, the width of active area, which determines the gate width 

W ,  also step increases from 20pm to 1280pm. Figure 3-7 shows the MOSFET array 

when gate length L = 20pm. 

APS & PPS pixel and arrays 

Figure 3-8 explains the circuit schematic for a single PPS pixel and the 

application in PPS array. PPS pixel is composed of a transistor and a photodiode. Figure 

3-9 describes an APS pixel circuit schematic and the corresponding pixel layout. APS 

pixel consists of four transistors and a photodiode (not shown in the figure). APS and 

PPS pixel will be studied in future work. 



Cupucirol-s and diocles 

Capacitors can be used to test the property of gate oxide, which directly 

determines the performance of MOSFET. Diodes may be employed by PPS and APS 

pixel, test of a single diode could help to analyze the performance of a circuit pixel. 

Figure 3-7 MOSFET test structures 
(L=20, W= 20,40,80,160,320,640 and 
1280). unit: pm. 



TLM 

TLM (Transfer Length Method) test structure, proposed originally by Shockley 

[ S ] ,  was used to determine both the contact resistance R, and sheet resistance R, of 

silicon film in this study. Figure 3-8 describes the idea of TLM. 

Figure 3-8 A transfer length method test 
structure. 

A current-voltage (I-V) measurement will be taken to measure the resistance 

R, between two neighboring pads by applying a series of voltage. The components for 

R, can be expressed by the formula below. 

In which, R, is contact resistance and R, is sheet resistance. 

Through this way five different R, will be measured for the five different 

distances in the structures. Figure 3-9 is the plot of R, versus distanced, which is linear 

and has intercepts with x- and y-axis. 



Figure 3-9 Total resistance as a function 
of contact spacing in TLM test structure. 

In the plot, L, is the so-called transfer length, the distance required for current to 

flow into or out of the ohmic contact. From the plot, the slope leads to the sheet 

resistance R, with the contact width Z independently measured. The intercept at d = 0 is 

R, = 2Rc giving the contact resistance. The transfer length method gives a complete 

characterization of the contact by providing the sheet resistance and the contact resistance 

[SI. 

Continuity/lsolation test structure 

Due to the error tolerance of fabrication process, unwanted short or open 

structures might exist if improperly designed. Probable explanations include incomplete 

etching, overetch or material breakage. Purpose of the continuity/isolation structure test 

structure is to test the reliability and possible minimum structure of the cleanroom 

fabrication process. During the design, the width of wire and the distance between wires 



could be the basic variables to test the process tolerance. Figure 3-10 and 3-11 show the 

typical defects during fabrication process and the continuity/isolation structures of the 

mask design in this work. 

iz 
coating extension bridging 

clear extension break 

spots 

Figure 3-10 Typical defects during 
fabrication process. 

pin holes 

w e  mdth = l0pm wire wdth = l o p  
wire &stance = IOpm w e  distance = 2 0 p  

(a) continuity test 

w e  width= lOpm wire mdth= I O p  

wire distance = l o p  wire distance = 2 0 p  

@) isolahon test 

Figure 3-11 Continuitynsolation test 
structures used in this work. 



3.2.3 Formation of 4-in-1 mask 

As shown in Figure 3-5, each quarter of the wafer was split into 9 parts and one 

part was called one die. Figure 3-1 2 shows one die on the mask in this work. 

b t .  i 
- 

Figure 3-12 Layout of a single die. 

3.3 Fabrication Process 

3.3.1 Fieldlgate oxide growth 

In this work, wet oxidation was used for field oxide growth and dry oxidation for 

gate oxide. The relations between temperature and time for wet/dry oxidation are based 

on the growth charts [?I]. 



The desired thickness for wet oxide and dry oxide are 500nm and 200nm, 

respectively. Temperature for the thermal oxidation is set at 1100•‹C. Table 3-2 depicts 

the parameters used during the wetldry oxidation. 

Table 3-2 Parameters for wetldry 
oxidation. 

Thickness desired 

I 0 7  flowrate I I 4 scfh I 

Temperature 
Time needed 

Wet oxidation 
500 nm 

The actual oxide thickness is measured both by ~ ~ ~ e r @  Thin Film Analyzer after 

growth and ~enco r@ Profilometer during later fabrication steps. We can see the thickness 

is in an acceptable range to be used in device fabrication. 

Dry oxidation 
200 nm 

1100•‹C 
50 min 

N2 flowrate 
Thickness grown 

Mask 1 is used to pattern the field oxide. MICROPOS~T@ S1813 photoresist and 

MICROPOSIT@ MF-319 developer were used during the alignment and development 

process. Figure 3-13 describes the process flow and the windows opened for dry 

oxidation. Figure 3-14 shows the opened window in field oxide for the growth of gate 

oxide. 

1100•‹C 
145 min 

Experimental etch rate is 120 ndmin  and 75 ndmin  for wet oxide and dry oxide, 

respectively . 

4 scfh 
430 nm 170 nm 



Spin photoresist 
30 sec, 3800 rpm 

Figure 3-13 Flowchart for mask 
alignment and development. 

r * 

Figure 3-14 Opened windows for dry 
oxidation. 

20 min soft bake 
at 100•‹C 

Etching 

3.3.2 Gate material pattern and self-aligned diffusion 

Two types of gate materials were used in this study - molybdenum and silicon. 

For the different fabrication processes of these two gate materials, the growth and pattern 

of them were discussed separately. 

3.3.2.1 Molybdenum gate pattern 

The basic features of molybdenum (Mo) are its high melting temperature, good 

match of thermal expansion with silicon and high electrical and thermal conductivity. To 

serve as gate of MOSFET, Mo not only reduces the threshold voltage, but also improves 

the speed of MOS devices. With its high melting temperature, Mo is suitable to be 

employed as gate material for self-aligned MOSFET. 

* 

20 min hard bake 
at 1 20•‹C 

Alignment, 12.5 
sec UV exposure 

50sec photoresist 
development 



100nm-thick molybdenum is deposited on the wafer by sputtering. Patterning Mo 

to form the device gates and expose draidsource area is achieved by the Mo etchant 

(PAN). PAN is the abbreviation for the three components of the solution - Phosphoric 

acid, Acetic acid and Nitric acid. The three acids are mixed together with water according 

to the following recipe [22]: 

456 ml Phosphoric acid (H3P04) 

36 ml Acetic acid (CH3COOH) 

18 ml Nitric acid (HN03) 

90 ml DI water 

Mo coated wafers are stirred in this solution until the unprotected Mo is 

completely removed. For the best etching result, the solution was heated and kept at 

50•‹C. The etching rate for Mo in PAN solution at 50•‹C is approximately 100ksec. 

3.3.2.2 Solid-solid diffusion process 

The diffusion process can be grouped into two categories: p-type (boron) 

diffusion and n-type (phosphorous) diffusion [33]. The p- or n-well region is defined by 

the pre-defined gate to form self-aligned doped drainlsource. The surface concentration 

during such a solid source diffusion is usually limited by the solid solubility of the dopant 

in silicon. 

Boron diffusion 

Source for boron diffusion (pf diffusion) is a ceramic wafer of boron nitride (BN), 

which has been oxidized at 1000•‹C, 25% oxygen atmosphere, resulting in a surface layer 

of B203 glass. During the diffusion, this glass slowly evaporates from the BN wafer and 



deposits on the silicon wafer. The thin layer of B2O3 provides elemental boron for the 

deposition into the silicon via the reaction [21]: 

This is the so-called "infinite-source diffusion" step because the source is always 

there during the deposition. 

After the desired amount of boron is deposited on the silicon wafer, the BN 

source is removed, and the boron is diffused deeper into the silicon wafer during a high- 

temperature limited-source diffusion (or "drive-in") step. 

Phosphorous diffusion 

The process for phosphorous diffusion (n' diffusion) is similar to the boron 

diffusion, except the source for phosphorous diffusion is a ceramic wafer of SiP207. P2O5 

is generated according to the following reaction: 

The thin layer of P205 provides elemental phosphorus for the diffusion into the 

silicon via the reaction [ Z l ] :  

From experiments, the Mo gate was destroyed completely after diffusion process. 

One possible explanation for the destruction of Mo gate is due to the stresses 

accumulated in the thin film during the high temperature diffusion process. The 

temperature of diffusion was 1000•‹C for 1 hour and the resulting wafer had its Mo gates 

peeled off. 



3.3.2.3 Silicon gate pattern and DIS windows opening 

As stated in previous section, the fabrication process will be modified if the gate 

material switches to silicon. Because the KOH etchant used for silicon patterning attacks 

the photoresist, an additional layer of SIN, is needed to protect silicon during the etching 

process. 

Table 3-3 Parameters for amorphous 
Si and SiN, PECVD deposition. 

SiH4 

pH3 

Pressure (mTorr) 1 375 1 400 1 480 1 500 

Flowrate 
(seem) 

Time (min) 1 30 1 30 1 30 1 45 

SiN, 

2.8 

- 

Amorphous silicon 

B2H6 

Hz 

Substrate temperature ("C) 

intrinsic 

20 

- 

- 

- 

I I I I 

150 

RF power (Watt) 

A SIN, layer was deposited on top of an amorphous silicon layer by PECVD. The 

n+ 

20 

1 

Measured thickness (nm) 

parameters for these two continuous depositions are listed in Table 3-3. Mask 2 was used 

P+ 

20 

- 

- 

- 

150 

I I I I 

1 

to align and pattern the silicon gates. In the table, the measured thickness is obtained 

- 

from ~enco r@ Profilometer during the fabrication. 

3.5 

- 

150 

1 

- 

100 

250 

230 

1 1 

- 340 



The silicon material deposited by PECVD in this work is initially amorphous. 

After diffusion and drive-in process, the amorphous silicon will be doped and 

crystallized, this can lead to a higher conductivity for the silicon gates. 

Intrinsic, p+ and n+ amorphous silicon were deposited and studied. Although it has 

been known to cause potassium contamination in MOSFETs, we used KOH in the c-Si 

MOSFET fabrication process because it was an in-house etching solution that we had 

previously developed for our PECVD a-Si film. KOH has been used in the past1241 as a 

wet etchant for a-Si films in transistor fabrication. The reaction for the silicon etching is 

as following at 35OC: 

Si+ H,O+ KOH + K,SiO, + H ,  1' (3-5) 

The crucial problem for silicon pattern is the uneven etching result. The first 

several silicon etching tests in this study all got uneven results and some silicon gates are 

even missing. The possible reason is the hydrogen generated in the process. During the 

etching, the KOH will etch the very surface of the silicon film, which could generate 

hydrogen in the form of bubbles. These hydrogen bubbles accumulate in the film surface 

and insulate the KOH from silicon. 

There are two methods to solve this problem. The first is adding P A  (Iso-propyl 

alcohol). The purpose of IPA is to make the etching more uniform by removing the 

bubbles near the film surface. The etchant for silicon etching in this study follows the 

mixture below: 

800 ml DI water 

240 g KOH 



230 ml propanol 

The second method to improve etching is agitation. Agitating the silicon wafer or 

the solution during etching will promote the final etching result significantly by removing 

the hydrogen soon after its generation. 

For 230nm silicon film, it took about 7-8 minutes to complete the etching. The Si 

gates and test structures were patterned clearly. Etch rate for amorphous Si (intrinsic and 

nf) was measured to be 30 nmlmin. 

Intrinsic and n' amorphous Si are successfully patterned by KOH solution; while, 

this is not applicable for p' a-Si. Boron is introduced into Si during the PECVD 

deposition to produce p'-type film. Literature [25] shows that high levels of boron in 

silicon will reduce the rate at which it is etched in KOH by several orders of magnitude, 

effectively stopping the etching of the boron rich silicon. For this reason, p+ a-Si was not 

chosen as the gate material for MOSFET in this study. 

Figure 3-15 Structures after open DIS 
windows. 



After Si has been patterned, drainlsource windows should be opened for the next 

step - diffusion. Buffered HF solution was used to etch the oxide and SiN,. Figure 3-15 

shows the structures after DIS windows have been opened. The etch rate for SIN, is much 

faster than oxide and Si gates will be exposed after the windows are completely opened. 

Thickness measurement by ~enco r@ Profilometer was used to determine the end point of 

etching during Si pattern and DIS windows opening. By measuring the thickness profile, 

Figure 3-16 shows the structure of MOSFET after DIS windows opening. 

The 340nm SIN, can be removed completely in about 80 seconds. The etch rate 

for low power PECVD SIN, is 250 ndmin .  

Figure 3-16 Profile of MOSFET after DIS 
windows opening. 

3.3.2.4 Boron/phosphorous diffusion and drive-in 

After Si pattern and DIS window opening, the wafer was ready for diffusion 

process. 

Boron diffusion was done on n-type wafer for p-channel MOSFET (diffusion 

source BN975, made by Saint-Gobain Advanced Ceramics Corp.). The wafer had been 



cleaned by standard RCA before went into the diffusion furnace. Because p+-doped a-Si 

can not be patterned by KOH etchant used in this study, intrinsic a-Si was employed as 

the gate for the p-channel MOSFET. 

Phosphorous diffusion was performed on p-type wafer for n-channel MOSFET ( 

diffusion source PHIOOON, made by Saint-Gobain Advanced Ceramics Corp.). We chose 

n+ a-Si as the gate material for its higher conductivity, although intrinsic and n+ a-Si both 

can be used for n-channel MOSFET. 

A drive-in process was performed immediately after the diffusion had been done. 

The purpose of drive-in is to act as "limited-source diffusion", which can increase the 

diffusion depth of the previous "infinite-source diffusion". 

Table 3-4 shows the parameters for the steps. The diffusion and drive-in steps are 

both performed under high temperature, which also can anneal the a-Si at the same time. 

The annealing was done well on the small area of Si; while, for an area of 80x80,um2 or 

larger, the Si film cracked after the high temperature annealing because of thermal stress. 

The different thermal coefficient between Si and oxide might be the reason for the 

cracks. When temperature was ramped up and down, the film will expand and shrink 

correspondingly. With different thermal coefficient, the Si and oxide will not expand and 

shrink simultaneously, which leads to a stress in between. The stress is dependent on the 

thickness and area of the film. When the film area is large enough, the stress will increase 

beyond the tolerance of the film and cracks occur. Figure 3-17 shows the Si after 

phosphorous diffusion and drive-in. We can see from the graphs that small area Si is in 

good shape while large area Si cracks. 



Table 3-4 Parameters and functions of 
diffusion and drive-in process. 

Boron (pf) 

I 1. Deposit a layer of glass containing the I 1. Increase the diffusion depth I 

Temperature ("C) 

Time (mirz) 

N2 flowrate (SCPZ) 

I impurity wanted on the surface of the Step function 1 by driving the impurity into 
doping area: the doped area; 

Phosphorous (nf) 

1 2. Anneal the a-Si. 1 2. Anneal the a-Si. I 

Drive-in 

1000 

40 

4 

field oxide field oxide 

1000 

40 

4 

(g#rL)' and elsoff ' 

1000 

3 0 

4 

(a) gate and connection wire in APS array (b) large area Si gate cracks and peels off 

Figure 3-17 Structures after phosphorous 
diffusion and drive-in. 

3.3.3 Passivation layer, contact via holes and aluminum patterning 

After boron/phosphorous diffusion and drive-in, an additional layer of SIN, was 

needed on top of the wafer to serve as passivation layer. Contact via holes will be opened 

on this SIN, layer using Mask 3. 

The SiN, layer was deposited by PECVD using the same parameter mentioned in 

Table 3-3. The etchant for pattern SiN, is Buffered HF. 90 seconds was used to open the 

contact via holes completely and a little of overetch. 



With its high electrical conductivity, Al is a popular material for electrodes and 

wire connections in semiconductor devices and circuits. A1 was used as the electrodes for 

the devices and circuits in this study. llm-thick A1 was deposited by sputtering as the 

electrodes and interconnects for the devices. 

Mask 4 was used for A1 patterning, which was the final step during the fabrication 

process. Bottled aluminum etchant was used for the etching and the etch rate is 100hsec 

at 50•‹C as stated on the bottle of the etchant. The components for aluminum etchant are 

phosphoric acid, acetic acid and nitric acid and are similar to the PAN etchant for Mo 

etching. For llm-thick Al 100 seconds were used for completely pattern. Figure 3-18 

shows the structures after A1 patterning was done. 

. . .  . . , .  . ~ . . , . 
Figure 3-18 Structures after Al 
patterning. 

The fabrication process was complete after A1 patterning. To get a better contact 

between the A1 electrode and Gate/Source/Drain, the fabricated device was annealed for 

another 3 hours in air at the temperature of 150•‹C. 



3.3.4 Discussion on fabrication process for self-aligned MOSFET 

After the operation of whole fabrication, some problems about the mask and 

fabrication were discovered and expccted to be improved during the subsequent research. 

Si etching 

Constant agitation is the key issue for uniform Si etching. Iso-propanol and 

frequently manual stirring were used as agitation in this work. For better pattern results, 

mechanical agitation source is desired to replace manual stirring. 

Owrlups betweeil strwturC.s 

The tolerance for fabrication process depends on the possible alignment errors, 

feature size, etc. Overlap between different structures indicates the process tolerance for 

alignment errors. Enough space for overlap should be included in design to ensure 

fabsication validity. If there is no enough overlaps between structures, when 

misalignment happens and the structures shift from the supposed position. the devices 

would lose its original properties. In this work, limited overlaps were designed between 

part of MOSFET gates and contact via holes. The gate and via holes will shift to each 

other when misalignment occurs. Figure 3-19 shows this error on an n-channel MOSFET. 

Figure 3-19 Insufficient overlaps between 
gate and contact via hoIe. 



CHAPTER 4 DEVICE ANALYSIS 

After the design and fabrication process, n-channel MOSFET devices on p-type 

wafer and p-channel MOSFET devices on n-type wafer were fabricated. In this chapter, 

properties of the devices and test structures on the silicon wafers were measured and 

discussed. 

For convenience, we name the n-channel MOSFET devices on p-type wafer as 

"nMOS sample", and the counterpart, "pMOS sample". 

4.1 Continuitylisolation test 

During the fabrication process, an imperfect etch, like overetch or incomplete 

etch, is possible. This imperfection can lead to unwanted broken wires or the connection 

of wires among different devices. To check the integrity of the connection wire during 

fabrication process, continuity/isolation tests were performed prior to the testing of 

material and device properties. The structures used in this test are shown in Figure 3-14. 

I-V measurements were performed for both Si and A1 wires. For non-error 

fabrication, the result of the continuity test should be a straight line exhibiting the 

property of a resistor. The Figure 4-1 shows the I-V curve for the continuity structures 

with different material. 

For the isolation test, the two pads need to be open under correct operation, due to 

which a high resistance is obtained, and the I-V curve for the test superimposes with the 

X-axis. Figure 4-2 depicts the I-V curve for the isolation structures on A1 structure. 
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(a) Contmuity test  on A1 s h c t u r e  

Figure 4-1 Continuity test on Al and Si 
test structures. 
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Figure 4-2 Isolation test on Al test 
structure. 

4.2 Capacitance-voltage measurement on MOS capacitor structures 

4.2.1 Interface state density 

The energy-band diagram of a semiconductor at the oxide-semiconductor 

interface is shown in Figure 4-3 1261. The periodic property of the semiconductor is 

abruptly terminated at the interface so as to allow the existence of electronic energy 

levels exists within the forbidden bandgap. These allowed energy states are referred to as 

interface states. 

Charge density of the inversion layer in MOS structure can be changed by two 

types of mechanisms: diffused minority carriers across the space charge region from the 

substrate and thermal generation of electron-hole pairs within the space charge region. 

Both these processes generate charges at a particular rate. The charge concentration at the 

inversion layer can not change simultaneously. At low frequency bias, the charges have 

sufficient time to respond and saturate. If the voltage frequency across the MOS capacitor 



is too high, the minority carrier response in inversion does not saturate, and thus the 

capacitance in this bias region will not evaluate to the saturated value [27]. When the 

frequency is high enough, the minority carriers do not respond. This property leads to the 

difference of C-V curves low and high frequency. In general, the range for low frequency 

of MOS capacitor is from 5 to 100 Hz, and the value for high frequency is 1 MHz. 
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Figure 4-3 Interface states of oxide- 
semiconductor interface. 

Oxide-semiconductor interface state density can be determined through HLCV 

(high-frequency and low-frequency C-V) measurement. This combined high-low 

frequency capacitance method was first proposed by Castagnk and Vapaille [28], and can 

eliminate the device's need for measurement of its doping profile. Figure 4-4 shows the 

measured QSCV (Quasi-static CV) curve. 

Interface state density can be calculated from the formula (4-1) [28]. 
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Figure 4-4 QSCV curve for MOS 
capacitor on p-type wafer. 

In the formula, A is the area of MOS capacitor, D, is interface state density, 

C, is the capacitor of MOS structure, CLF is the lowest point on the LF C-V curve, and 

CHF is the point on the HF C-V curve that corresponds to the voltage where CLF occurs. 

HLCV measurement can be realized through simultaneous or sequential- 

measuring method [28]. Simultaneous-measuring method is to measure the C-V relation 

under high frequency and low frequency at the same time. Sequential-measuring method, 

on the contrary, will measure the high frequency and low frequency C-V curves step by 

step. In this work, sequential-measuring method was used by using the available 

equipment. 

In our measurement, C, = 0.6477nF , CLF = 0.6356nF and the corresponding 

CHF = 0.2897nF . The designed capacitor area A = (0.18 x 0.1 8)cm2 and electronic 



charge q = 1.6O~lO- '~  c . Interface state density can be calculated from Formula (4-1) that 

gives D, = 6.4539x1012[ev .cm2]-' . 

By comparison we can see that the interface state density for the sample is one or 

two orders of magnitude higher than the value recorded in existing literature [29. 301 that 

are in the range of 10'' - 10ll[eV .cm2]-' . The contaminated furnace tube is the primary 

reason for the higher interface state density. The curve was affected by noise too. A high 

state density in oxide-semiconductor interface indicates the presence of high intrinsic 

defects in the near-interfacial oxide layer [3 I,  321. These defects will degrade the carrier 

mobility in the channel, thus negatively influencing the speed of MOS devices. H~gh  

interface state density can also create states in the fundamental band gap effectively 

reducing the band gap of the insulator. These states can be occupied under thermal 

excitations, and hence cause conduction [33]. Combination of interface states and charges 

in oxide are the main elements that lead to the leakage current in the MOS devices. The 

high interface state density between oxide-Si in this work may cause inferiority for the 

device fabricated. Influences of interface states and oxide charges will be discussed in the 

next section. 

4.2.2 Capacitance-voltage measurement and analysis 

C-V measurements are a valuable diagnostic tool to characterize a MOS device. 

In this work, C-V measurements were performed to check the property of oxide used for 

the gate dielectric in the MOSFET. 

A C-V measurement was initially done on the PMOS sample (n-type wafer). 

Figure 4-5 compares the sample C-V plot with the more perfect C-V curve obtained from 



previously grown oxide. The oxide thickness and capacitor area of the two MOS 

capacitors for the measurements were the same to provide a comparable result. 
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Figure 4-5 Comparison of C-V curves 
for PMOS sample (n-type wafer) and 
"ideal" curve. 

We can see that the C-V curve on PMOS sample is influenced by noise, gets 

leveled and shifts from the original place. 

The oxide used in the MOS structure was grown right after a thorough clean of 

the thermal oxide growth tube. The process of dopant drive-in also performed in the same 

thermal oxide tube, which may lead to degradation of oxide growth, on possible 

contaminants in the tube. 

The non-ideal effects in MOS capacitors could be the reason for the leveled curve 

and curve shift. Non-ideal effects in MOS capacitors include fixed charge, mobile charge 

and surface states charge. When interface states are present, the amount and direction of 

the shift changes as we sweep through the gate voltage; this change is due to the change 

in the amount and sign of the interface trapped charge [26]. Interface states lead to the 



leveling of the C-V curve. The interface states cause the transition in the capacitance 

measurement to be less abrupt, as shown in Figure 4-5. As stated in previous section, the 

amount of curve level-up can be used to determine the density of interface states through 

the combination of low and high frequency measurements of the capacitance. 

The positive fixed oxide charges result in the negative-direction shift of the C-V 

curve. The fixed oxide charges are likely caused by ions introduced during the growth. 

Therefore, device fabrication should be kept at a certain level of impurities. A positive 

fixed charge at the oxide-semiconductor interface shifts the flat-band voltage by an 

amount that equals to the ratio of the charge and oxide capacitance. 

Different from the one-direction C-V shift caused by fixed oxide charge, the C-V 

shift caused by mobile charge changes direction according to the positivelnegative gate 

voltage. A positive gate voltage attracts negative mobile charge towards the gate 

electrode, while a negative voltage repels the charge away from the gate. This movement 

causes the curve to shift towards the applied voltage. The hysteresis on C-V curve occurs 

due to the back-and-forth sweeping of the gate voltage. The mobile charge is likely due to 

the sodium or potassium ions incorporated in the oxide during the fabrication. The 

industry carefully controls the purity of the water and the chemicals used [34], which is 

because of the high sensitivity of MOS structures to a variety of impurities. Ion-drift type 

hysteresis may have occurred on device C-V characterization [35-371 because of the 

KOH etchant we used during fabrication. Figure 4-6 shows the C-V hysteresis in this 

study. The C-V curve was measured on the MOS capacitor fabricated and tested, details 

of which have been discussed in Chapter 2. 
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Figure 4-6 Mobile charge induced C-V 
curve hysteresis on p-type wafer. 

The C-V curve on nMOS device (p-type wafer) is shown in the Figure 4-7. The 

curve is still affected by noise and exhibits a leveling effect. Gate oxide with inferior 

property might cast a negative influence on the MOS devices. Some of these influences 

could be device leakage current, threshold voltage ( V ,  ), and Current-Voltage (I-V) 

curve. 

Figure 4-7 C-V curve on nMOS sample 
(p-type wafer). 



4.3 TLM test structure 

TLM test structure can be used to test the contact resistance Rc and sheet 

resistance R.c . Figure 4-8 shows the lateral current flow of the TLM structure. 

metal contact 
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contact resistance 
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Figure 4-8 Lateral view of current flow 
in TLM structure. 

From the figure, we can see that the total resistance R, between two metal contacts 

can be expressed by the formula below. 

Contact resistance exists between the test probe and aluminum pad and between 

the aluminum pad and silicon. We will ignore the contact resistance between the probe 

and the pad, and concentrate on the resistance between the pad and the silicon. Contact 

resistance is determined by 

> Size and shape of the contact 

P Silicon type and doping concentration 

P Annealing condition 

P Direction of the current flow [38] 

The basic TLM structure used in this work is shown in Figure 4-9. The test 

dimensions are listed in Table 4-1. 



Figure 4-9 TLM structure in this work. 

Table 4-1 Dimensions of TLM test 
(unit: pm). 

During I-V measurement, two probes were used to touch the neighboring contacts 

and apply a sweeping voltage. ~ ~ i l e n t @  4 156C Semiconductor Parameter Analyzer was 

employed to test the current, as the voltage sweeps. The I-V curve for each measurement 

is a straight line with a slope that characterizes the resistance between the two contacts. 

Four corresponding total resistances were obtained, which can be plotted as a function of 

contact distances, as shown in Figure 4-10. 

As labeled in Figure 3-1 1, after calculation, we can get the resistances: 

The n+ Si film was doped during PECVD deposition and thermal diffusion. In 

thermal diffusion and annealing process, the Si film could also be partly crystallized. 

These processes can reduce the sheet resistance of the Si film. This sheet resistance is 

acceptable by comparison with [39], which has similar deposition and annealing 



conditions as used in this work. The low sheet resistance and contact resistance provide a 

low R ohmic contact for the MOS devices. 

Figure 4-10 Plot of total resistance as a 
function of contact distance. 

4.4 Current-voltage characteristics of MOSFET 

The current in MOSFET is due to the charge flow in the inversion layer (channel) 

adjacent to the oxide-semiconductor interface. The MOS devices can be classified into 

two categories depending on the charges in the channel: enhancement-mode and 

depletion-mode. Inversion layer will not be created unless gate voltage is applied in 

enhancement-mode devices. For depletion-mode MOS devices, the conducting channel 

between drain and source already exists at zero gate voltage. High interface state density 

could be the reason for the presence of conducting channel at zero gate voltage. 



Appendix 1 describes the operation theory and current-voltage characteristics of 

MOSFET. Current-voltage (I-V) measurement on MOSFET helps to characterize the 

MOS devices fabricated in this work. 

I-V measurement on a packaged MOS device (made by ON@ Semiconductor) was 

performed to get a standard plot. The measurement was realized by ~ ~ i l e n t @  4156C 

Semiconductor Parameter Analyzer and SIGNATONE@ probe station, which are 

controlled by computer through the connection of GPIB. Figure 4-1 1 is the plot for drain 

current versus drain voltage of the packaged nMOSFET under gate voltage V, = 1.5V . 

From the plot, we can see that the nMOS is initially in linear region. Once the 

drain voltage reaches VD = 1.8V , nMOS goes into saturation region. The ID -VD plot 

reveals favorable characteristics of the packaged MOSFET 

Figure 4-11 Drain current as a function 
of drain voltage for packaged nMOSFET. 



4.4.1 NMOSFET and PMOSFET characteristics 

N-channel MOSFETs were fabricated on p-type Si wafer. Drain current I, 

versus gate voltage V, were measured, keeping the drain voltage V, constant. Figure 4- 

12 shows I, - V, curve for nMOSFET and pMOSFET, when V, = 0 3 ,  V, sweeps 

from -3V - OV . 

Figure 4-12 ID as a function of VG for 
nMOSFET and pMOSFET (VD=0.5V). 

In the plot, when V, = O  , if a V,  is applied on the drain contact, a small I, 

continue to exist. This phenomenon indicates that the nMOS device is in depletion mode. 

This mode may have originated from the high interface states between the oxide and 

semiconductor. The interface state density used for nMOS devices is around 

6x10" - 8 ~ 1 0 ' ~ [ c r n ~  -v]- ' ,  which is one or two orders of magnitude higher than the 

requirement of the enhancement-mode device. A very high interface state density will 



lead to extra carriers in the oxide-semiconductor interface, thus conducting a channel 

without the application of gate voltage. If there is a voltage between drain and source, 

corresponding current will be generated. 

Leakage current also exists during the operation of MOSFET. In theory, there 

should be no inversion layer charge below the threshold voltage. Zero current is expected 

below the threshold voltage. But the actual subthreshold-voltage current is not zero and 

can be expressed in the following formula: 

In the formula, VT is the threshold voltage of MOSFET, and V,  = 0.0259V is the 

thermal voltage. 

Leakage current measured in this work is in the range of pA - nA , with a typical 

value of 1OpA. 

Oxide charges inside the dielectric film can act as electron traps and hence create 

conduction pathways, while a high interface state density creates states in the 

fundamental band gap effectively reducing the band gap of the insulator. These states can 

be occupied under thermal excitations and hence can cause conduction. Other reasons 

accounting for leakage current include junction leakage, gate oxide tunneling, and hot- 

carrier injection. 

ID versus V, curves for NMOSFET and PMOSFET are shown in Figure 4-13. In 

the plot, curves for nMOSFET are in the linear region. If V, increases beyond 3V,  I, 

will increase accordingly and the curve maintains a linear shape until it reaches the upper 



current range of the ~ ~ i l e n t @  4156C. This phenomenon indicates that the MOSFBT can 

not be saturated with the ramping up of drain voltage. The PMOS devices are in 

enhancement mode and contain a conducting channel when no gate voltage is applied. 

Leakage current for PMOS is in the range of pA and the typical value is 2 0 p A .  From the 

curves for pMOSFET, we can see that the curves could reach saturation but influenced by 

saturation modulation effect. 

Figure 4-13 ID as a function of VD for 
nMOSFET and pMOSFET. 

Non-saturation phenomenon can occur when the resistance between GIs and G/D 

are very large [40]. Self-aligned MOSFBT can avoid the error by the unique self-aligned 

structure. The reason for the non-saturation MOSFBT might result from misalignment 

during fabrication. The unwanted shift of contact via holes, originating from 

misalignment in fabrication, could also cause problem for the MOS devices. When 

misalignment happens for the third mask step, large contact via hole shift may not only 

expose the supposed gate area, but also part of the drain or source area. This error is 

camed forward to the next step. After the patterning of top contacts, the aluminum 



contacts for gate touch the gate as well as the drain or source doped area. Figure 4-14 

explains the error by showing a section view of the structure. 

Figure 4-14 Contact via hole shift 
because of misalignment. 

When contact via hole shift happens the gale electrode can contact gate and 

drain/source doped area at the same time. 

V,  = V, = 0 when gate and source are shorted in MOSFET. Thus there is no gate 

voltage applied on the MOSFET. For the depletion-mode MOSFET, a conducting 

channel already exists when gate voltage is zero. Once the drain voltage is applied, I, 

can be created in the channel. A non-saturation region in the I, - V,  curve can be 

observed in the measurement. Measurements on this unwanted shift have been done, both 

for gate-drain short and gate-source short. 

For shorted gate and drian, V,; = V,. As the nMOSFET is in depletion mode, and 

V, < 0 ,  there always exist 

In this case, MOSFET is always in linear region and cannot reach saturation. 



4.5 Uniformity of devices 

4.5.1 Threshold voltage measurement 

The uniformity of the devices fabricated in this work can be checked by 

comparing the measurement results. 

Due to uneven Si etching for PMOS sample, part of the gates were destroyed, 

which leads to characterization of only devices on the dies around the wafer edge. The 

device uniformity on wafer was mainly performed on nMOS sample. 

As shown in Figure 4-15, the dies on the wafer were numbered from 1 to 8. 

The threshold voltages of the nMOS sample on each die were measured and are 

listed in Table 4-2. Because of errors during the fabrication, gates in the center dies (die 1 

to die 4) on PMOS sample were missing. The available threshold voltages on PMOS 

sample were measured and listed in Table 4-3. 

The errors are predictable and are due to the fabrication because of imperfect 

alignment and layer pattern. To minimize the fabrication errors using the available 

facilities, promotion of mask design, mastery of the properties and processes in every 

steps, great patience and carefulness are the crucial elements. 

Figure 4-15 Numbers of dies on wafer. 



Table 4-2 Threshold voltage on 
depletion-mode nMOS sample. 

Table 4-3 Threshold voltage on PMOS 
sample. 

Die 

1 

Threshold voltage VT (V ) 

-1.21 

4.5.2 Interface state density calculated by threshold voltage 

The formula for threshold voltage is 1261 

Die 

5 

where VT is threshold voltage, QsD is surface charge density per unit area of 

depletion region, Q:, is oxide interface charge density, t ,  is gate oxide thickness, E, is 

oxide permittivity, am, is work function between metal and semiconductor, fp is the 

difference between EFi and EF . 

Threshold voltage VT (V ) 

-0.98 

Surface state density can be calculated from the formula (4-6) 



where electronic charge e = 1.60 x 10-l9 C . 

Take die 7 of PMOS sample for example, where threshold voltage V, = -1.03V, 

doping level of p-type silicon wafer N ,  = 3 ~ 1 0 ' ~ c m - ~ ,  oxide thickness t ,  = 200nm . 

Oxide interface charge density can be calculated from Formula (4-5), where 

Q,;, = 3 . 0 4 ~ 1 0 - ~ ~ l c m ~ .  Thus, interface state density can be obtained from Formula (4- 

6), where D, = 1 . 9 0 ~ 1 0 ' ~ [ e ~ . c m ~ ] - ' .  Compare this value with the value we obtained 

from HLCV measurement, which is Dl, = 6.4539x1012[ev .cmY1-' , we can get the 

conclusion that the characterizations of MOSFETs in this chapter reflected the device 

properties properly. 



CHAPTER 5 SUMMARY 

5.1 Overview 

The general goal of this work was to design and develop an in-house fabrication 

process for self-aligned MOSFET on silicon substrates at SFU. 

The entire process includes dielectric material growth and test, photo mask 

design, device fabrication, and characterization. Two materials were grown and tested. 

Silicon dioxide, as gate dielectric, was grown by thermal oxidation on silicon substrate. 

Silicon nitride was deposited by PECVD to serve as interlevel dielectric. C-V and 

breakdown measurements are employed to check the availability of the two dielectrics. 

Mask set was designed by cadenceo. Entire fabrication steps were performed at SFU 

IMMR fabrication facility. After the completion of fabrication, characterizations on the 

devices and test structures were carried out to check the material and device properties. 

5.2 Summary of contributions 

The oxide was grown thermally under llOO•‹C, by both wet oxidation and dry 

oxidation, which are for field oxide and gate oxide, respectively. The function of field 

oxide is to insulate different devices on the wafer. 

C-V and breakdown measurements were done to check the availability of gate 

oxide and SiN,. Computer console was controlled by the ICS software. 

From the C-V measurement, the oxide and SIN, show smooth curves, except for a 

little bump in the oxide C-V curve. This bump results from the abnormality of the surface 



states in the oxide. Impurity introduced during the thermal growth may lead to the high 

surface states in the oxide. After the thermal tube was cleaned thoroughly, the oxide was 

grown again. This oxide showed acceptable C-V curves. During the breakdown 

measurements, both oxide and SIN, show favorable characteristics and are sufficient to 

be gate dielectric and interlevel dielectric. 

Mask set was completed using cadence' design kit. Based on the structure of 

self-aligned MOSFET, a total of four mask-layers were required. A 4-in-1 mask set was 

proposed and implemented during the design. 

The fabrication process was carried out in the 100 class level cleanroom. 

Molybdenum as the gate material was initially selected for its high melting temperature 

and excellent electrical conductivity. When temperature exceeds 500•‹C, Mo may react 

with oxygen. In addition, the internal stress may also cause the Mo film to peel off. 

Alternatively, poly-Si gates were developed by starting with amorphous, doping during 

deposition and thermal annealing during diffusion can alter the a-Si to poly-Si. 

Wet etch was used to open the windows necessary for devices. Etch rates for wet 

oxide, dry oxide, SiN,, a-Si and A1 were tested and recorded. Accurate controls of etch 

time and fabrication parameters (temperature, solution agitation, etc.) are crucial for the 

fabrication. A-Si patterning was one of the most challenging steps in the fabrication. 

KOH solution was selected as the basic a-Si etchant. Si gate has been patterned 

successfully. 

Another fact about silicon gate that should be noticed is the patterning for boron- 

rich (p') amorphous silicon. Experiments showed that the etch rate for boron-riched 



amorphous silicon is several orders of magnitude lower than the etch rate for 

phosphorous-riched (n') or intrinsic amorphous silicon. 

Self-aligned MOSFET and test structures were fabricated successfully after a 

series of steps. C-V and I-V measurements were performed to test the device properties. 

C-V measurements indicated that the oxide property was not as good as the sample 

grown right after the tube clean and could cause device degradation. The n-type 

MOSFET devices have a conducting channel when no gate voltage is applied, which 

indicates they are in depletion mode. The devices can not reach saturation region with 

increasing drain voltage. Short between drain and gate area originated from misalignment 

may account for the absence of saturation region. TLM structures were also tested to get 

the contact resistance and sheet resistance. 

5.3 Conclusion and future directions 

In this section, efforts are made to bring together the results described in the 

previous section and set the roadmap for future research in this area: 

Interface state density, breakdown voltage of thermal grown silicon 

dioxide have been evaluated by C-V and I-V measurements; 

Breakdown voltage of PECVD deposited silicon nitride have been 

evaluated by C-V and I-V measurements; 

Polycrystalline silicon has been obtained through doping and annealing of 

PECVD grown amorphous silicon; poly-Si was used as the gate of 

MOSFET in this research; 



Poly-Si gate self-aligned MOSFET has been fabricated and characterized 

at SFU IMMR fabrication facilities; 

Interface state density of gate oxide was also obtained from calculation by 

measuring the threshold voltage of MOSFET 

In the future work, attentions should be put on the following aspects: 

Gate oxide: get lower interface state; 

Poly-Si gate: prevent cracking and peeling off during crystallization; 

MOSFET: fabricate MOSFET that is enhancement-mode and can reach 

saturation; 

APS and PPS array: fabrication and characterize APS and PPS arrays. 



APPENDIX 1 APS AND PPS SENSORS 

1.1 Parameters determining image sensors 

Image sensors form the core of electronic cameras and detectors. The main reason 

to choose a solid-state camera is to interface it with other machines; in particular, digital 

analysis, recording or transmission systems. These machines are very limited in the type 

and speed of operations they can perform. Two primary image sensors dominate the 

market: CCD (Charge Coupled Device) and CMOS (Complementary MOS) based 

sensors. An area image sensor array consists of nxmpixels, ranging from 320x240 to 

7000x9000 (very high end astronomy sensor). Photodetector devices serve as the 

readout of pixel. The photodetector converts the incidental incoming light to 

photocurrent, which is proportional to the power of radiation. There are several types of 

photodetectors, the most commonly used is the photodiode: a reverse biased p-n junction, 

and the photogate: a MOS capacitor 1411. Figure below shows the generation of 

photocurrent in a reverse biased photodiode. With the development of fabrication 

techniques, the pixel dimension has reduced from 15 x 15p"own to 3x 3 p 2 .  There 

are several elements that determine the operation of an optical sensor. We will discuss 

them in this section. 
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Generation of photocurrent in photodiode. 

Absorption coeficient 

As incident light impinges the semiconductor sample, the electrons in the sample 

will be elevated out of their original sites. If the energy of the photons, E = hf , is greater 

than the bandgap between conduction band E, and valence band E,, electrons will be 

excited to the conduction band, which creates pairs of electron-hole. Figure below is a 

typical energy diagram for this process. 

1 

Band diagram of optical absorption 

If we consider an incremental slice of material, dx, the change of intensity of 

light, d l ,  due to absorption is [42] 



dl = a . Zdx (Appendix- 1) 

a is the absorption coefficient, and I is photons1 (cm2s). 

The relations of wavelength versus absorption coefficient and penetration depth 

are depicted in Figure below. From the curves we can see that a is wavelength 

dependent. 

Relations of absorption coefficient and penetration depth vs. wavelength. 

Quantum efJiciency 

Absorption coefficient describes the percentage of incoming light that can be 

absorbed by semiconductor. Usually, one photon can generate one electron-hole pair. 

While, in the case of high energy photons, the energy is enough to generate more than 

one electron-hole pairs. 

The quantum efficiency of the internal photoelectric effect is defined as the 

number of electron-hole pairs arising from the absorption of one photon [43]. The 

quantum efficiency number depends on the energy of the photons absorbed. The average 

number of electron-hole pairs depends on two major elements. One is the primary photon 

absorption process that generates excited electron and holes. The other is the relaxation 

process that dissipates the excess energy. 

Fill factor 



A sensor pixel is composed by photodetector and other necessary circuitry. The 

percentage of a pixel devoted to collecting light is called the pixel's fill factor, as shown 

in Figure below, which indicates one pixel of the sensor. A high fill factor is desired in 

the pixel to pursue high sensitivity. A longer exposure time is needed if the fill factor of 

pixel is too low. One method to promote the fill factor is to decrease the area of pixel 

circuitry during layout design. 

photodetector I I 

active amplifier I 

Fill factor refers the percentage of pixel that is sensitive to light. 

1.2 APS and PPS 

CMOS image sensors can use the advanced standard CMOS technology for 

fabrication and thus build the fully integrated sensor system on a single chip. This 

technology requires a lower voltage than CCDs [44], and guarantees superior image 

quality. CMOS imaging technologies can support two types of photo elements: the 

photogate and the photodiode. Generally, photodiode sensors are more sensitive, 

especially to blue light, which can be important in malung color cameras. There are two 

basic types of CMOS sensors - PPS (Passive Pixel Sensor) and APS (Active Pixel 

Sensor). 



Passive Pixel Sensor 

A brief illastration of PPS array is shown in Figure below. Each pixel in the PPS 

consists of a photodetector (e.g. photodiode) and a switch. The switch can be a TFT (Thin 

Film Transistor) or a MOSFET. In this work, we adopt MOSFET as the switch for the 

PPS array. In a PPS, the photodetector converts photons to electrical charges. These 

charges are then transferred by the data line and amplified by a series of charge 

amplifiers. The amplified signals are then collected and processed by external electronics. 

cacrnd 
clcctromcs 

Passive pixel sensor. 

There are three modes of operation for the PPS: integration mode, readout mode 

and reset mode. When the light source reaches the pixel, the photons generate electrical 

signal charges by introducing the electron-hole pairs. These charges accumulate in the 

pixel during the integration mode. 

After integration, the charges are transferred to the charge amplifier via column 

data lines, resulting in the simultaneous occurrence of readout and reset modes. During 

the charge transfer, the MOSFET switch should be "ON" to let the charges pass through. 

At the same time, the pixel capacitance is reset to a steady state, value of which is 



determined by the positive input of the charge integration [45]. Then there starts another 

round of integration, readout and reset. 

The main disadvantage of this readout technique is the time required to reset the 

diode fully through the transistor, especially for application in large array. A charge 

amplifier could be introduced to prevent the potential incomplete reset, which would 

reduce the dynamic range of the sensor. Noise is another issue that limits the image 

quality of PPS. While, despite the drawbacks, the fill factor of PPS is maximized because 

there is only one transistor in pixel. 

Active Pixel Sensor 

The typical schematic of APS pixel is provided in Figure below. We can see from 

the figure that the basic form of APS employs the familiar photodiode and a readout 

circuit of three transistors [42]. 

Basic form of APS. 

APS can be designed to have high charge to voltage conversion ratios and low 

read noise, but since high gain requires a small and effective feedback capacitance, it 

often suffers from large gain fixed pattern noise (FPN). This noise is because of the large 

relative variation in the size of small feedback capacitors. 



APPENDIX 2 MOSFET THEORY 

The FET (Field-Effect-Transistor) is a three terminal electronic device in which 

the cuirent between two terminals, called the "source" and the "drain", is controlled by 

the potential on a third terminal, called the "gate". The basic structure of MOSFET is 

shown in Figure below. A conceptually similar structure was first proposed and patented 

by Lilienfeld and Heil [461 in 1930, but was not successfully demonstrated until 1960. 

The main technological problem was the control and reduction of the surface states at the 

interface between the oxide and the semiconductor. 

i 

Gate oxide 

Basic MOSFET structure. 

Because i t  can be scaled down to an extremely small size, thousands of devices 

can be fabricated in a single integrated circuit. The MOS designation is implicitly used 

only for the metal-silicon dioxide (Si02)-silicon system. The heart of the IMOSFET is a 

MOS capacitor known as a metal-oxide-semiconductor structure. 

The IMOSFET, in conjunction with other components in circuits, is capable of 

signal-power gain and voltage gain. Current between the drain and source flows through 



a conductive layer under the gate dielectrics, called "inversion layer". The carriers in the 

inversion layer are of opposite charge to the substrate, which is caused by the gate 

potential. The gate potential capacitively controls the charge density in the channel, 

which in turn determines the conductivity between the drain and source [47]. 

MOS structure capacitor is the key part of a MOSFET. When a proper voltage is 

applied across the MOS capacitor, the position of the conduction and valence bands 

relative to the Fermi level at the oxide-semiconductor interface is a function of the MOS 

capacitor voltage, so that the characteristics of the semiconductor surface can be inverted 

from p-type to n-type, or vice versa. The operation and characteristics of MOSFET are 

dependent on this inversion and the creation of an inversion charge density at the 

semiconductor surface [48]. 

Based on the inversion layer types, MOSFETs are divided into two major 

categories: n-channel MOSFET (nMOS), which is fabricated on p-type substrate and 

electrons are accumulated in the channel; p-channel MOSFET (PMOS), which is 

fabricated on n-type substrate and holes are accumulated in the channel. 

For nMOS, at the very beginning, a positive bias is applied on the gate. The 

electrons in the substrate will begin to accumulate at the interface of oxide and 

semiconductor, lead to the generation of a depletion region. Keep increasing the gate 

bias, more and more electrons will accumulate under the interface. When the gate bias 

reaches a specific value, called threshold voltage (VT), the inversion layer will dominate a 

thin region at the interface in the substrate, the MOSFET enters inversion mode. 

When increase the bias applied on gate, VG, to a specific value, an inversion layer 

will be created in the interface of oxide and semiconductor. According to VT, we can 



divide the working mode of MOSFET into three regimes: cut-off, linear and saturation 

regimes. The regimes in nMOS will be discussed in this section. 

Cut-ojjf regime 

When V,, < V, ,V,, < V,., the inversion layer can not be created, MOSFET is cut- 

off and there is no electron flow. 

Line~tr rcginze 

When VG increases till V, = V, , the thin layer near oxide-semiconductor interface 

is neutralized by the accumulated electrons. Keep increasing VG to V,, > V, ,V,, > V, , an 

inversion layer is created by the accumulated electrons. If a bias, VDs, is applied between 

drain and source, the electrons in the inversion layer will begin to flow driven by the bias. 

We call this inversion layer "channel". Figure below shows the MOSFET that works 

linear regime. 

field gate oxlde 
oxide S G gate matend D 

I 

Geometry of MOSFET working in linear 
regime. 

S~rlurution r~girne 

After the MOSFET reaches linear regime, IDS increases linearly as the VG 

increases. While, i f  we keep increasing the VD, Lhe voltage between gate and drain, VGD, 

will decrease, which leads the drain-end of the inversion layer becoming thinner and 

thinner. Pinch-off will occur when VD is large enough to make V,, < V,. After pinch-off 

occurs, the MOSFET will become saturated and IDS will keep constant at value of IDsSat. 



Current can only flow in the channel direction, which can be given as 

J ,  = Q,(Y>.V,(Y) (Appendix-2) 

Total channel current: 

I, =W.Q,<y>.v,(y) 

The relation between 1 D - v ~ ~  can be deduced as [34] 

This equation is valid only if V,, - VDs 2 V, . 

From the ID-VDs equation, the relation of channel current and drain-source voltage 

can be shown in the Figure below. 

. . . . . . . . . . . 

: Saturation 

O Drain voltage 

ID versus VDS curves for an nMOSFET. 



APPENDIX 3 TECHNOLOGY FILE FOR MASK DESIGN 

The technology file used in the mask design is listed below. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
; LAYER DEFINITION 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
layerDefinitions( 
techpurposes ( 
; ( PurposeName Purpose# Abbreviation ) 

;User-Defined Purposes: 
;System-Reserved Purposes: 
( warning 234 
( label 2 3 7 
( error 2 3 9 
( annotate 240 
( drawing 252 
( net 2 5 3 
( cell 2 54 
( all 255 
) ;techpurposes 
techlayers ( 
; ( LayerName Layer# 

m g  ) 
lbl ) 

err ) 
ant 1 
drw 1 
net 1 
cel 1 
all ) 

Abbreviation ) 

;User-Defined Layers: 
( sub 1 sub ) 
( active 2 active ) 

( mo 3 mo 1 
( sin 4 sin ) 

( a1 5 a1 ) 
( background 254 backgro ) 
( text 230 text ) 
) ;techLayers 
techLayerPurposePriorities( 
;layers are ordered from lowest to highest priority 
; ( LayerName Purpose ) 
. (  --------- - - - - - - - ) 
( background drawing ) 
( sub net ) 
( active drawing ) 

( mo drawing ) 
( sin drawing ) 

( a1 drawing ) 
( text drawing ) 
) ;techLayerPurposePriorities 
techDisplays ( 
; ( LayerName Purpose Packet 
Valid ) 



( background drawing 
( sub net 
( active drawing 
( mo drawing 
( sin drawing 
( a1 drawing 
( text drawing 
) ;techDisplays 
techLayerProperties( 
; ( PropName 
1 

background 
background 
active 
~ 0 1 ~ 1  
metal2 
metal1 
text 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
; PHYSICAL RULES 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

t nil t nil t ) 
t nil t nil nil ) 
t t t t t )  
t t t t t )  
t t t t t )  
t t t t t )  
t t t t t )  



APPENDIX 4 RCA CLEAN 

Contaminants present on the surface of silicon wafers at the start of processing, or 

accumulated during processing, have to be removed at specific processing steps in order 

to obtain high performance and high reliability semiconductor devices, and to prevent 

contamination of process equipment, especially the high temperature oxidation, diffusion, 

and deposition tubes. The RCA clean is the industry standard for removing contaminants 

from wafers. Werner Kern developed the basic procedure in 1965 while working for 

RCA (Radio Corporation of America) - hence the name [49]. There are three steps in 

sequential for RCA cleaning procedure [SO]. Table Appendix-1 lists the functions and 

solutions needed for standard and modified RCA procedure. 

Details of RCA cleaning procedure. 

I Temprture Solutions ratio I Function 
I 

I Time I Bared 

RCA I 1 remove organic 
(organic clean) residue and film 

10 min Q H20 : H202 : PH,OH 
80 f 5•‹C = 5 : 1 : 1  

HF Dip 
(Oxide strip) 

Oxidized 

remove oxide 
left by RCA 1 

3 0 s e c @  
H 2 0 : H F = 1 0 : 1  

RCA 
(Ionic clean) 

H20 : H202 : HCI 
= 6 :  1 :  1  

Before RCA 1, hydrate wafers in DI water before placing in solution. Heat 

solution near temperature range, add NKOH and then H202. When temperature 

remove ionic 
and heavy metal 

atoms 

10 rnin @ 
80+ 5•‹C 

H20  : H202 : HCl 
= 6 :  1 :  1  



stabilizes in the desired range, put wafers in solution and start timer. The RCA 1 will 

oxidize the silicon wafer and leave a thin layer oxide film which should be removed. 

HF dip is used to strip the thin oxide left by RCA 1. There are two options for this 

step, depends on what surface condition is wanted. Solution with the ratio of H20:HF = 

10:l is used when a pure silicon surface is desired; on the other hand, if the wafer under 

cleaning has been oxidized, this step could be skipped completely or the solution ratio 

should be adjusted to H20:HF = 100: 1 in order to avoid etching of the oxide. 

During RCA 2, the addition of HC1 will raise temperature of the solution 

significantly. Knowing this property would help to control the temperature in range. 

After RCA clean is done, the wafers are ready to go into furnace for fieldlgate 

oxide growth. RCA clean will be repeated several times for additional wafer cleaning in 

the later steps, e.g. before PECVE Si/SiN, growth, before boron/phosphorous diffusion. 
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