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ABSTRACT

In the continuing scaling of the CMOS (Complementary Metal Oxide Semiconductor) 

transistors to achieve higher circuit performance, density and functional complexity, the device 

physicists and process technologists are faced with the challenges of the high field phenomena in 

these devices due to the shear reduction in device dimensions, both laterally and vertically. The 

shorter channel length in an MOS device causes the device to be susceptible to subthreshold 

leakage, or in the extreme case, punch-through, if the device structure is not designed properly by 

increasing the doping concentration in the channel to suppress the bulk and surface conduction 

paths. At the same time, the source and drain junction depths must be reduced. The higher 

concentration of the doping impurity in the channel will lead to mobility degradation in the 

inversion layer, lower junction breakdown, and increased hot carrier generation. The hot carrier 

generation in MOSFET transistors can cause degradation in performance due to interface states 

built-up at the drain and a reduction in transconductance and a shift in threshold voltage. The 

trapped charge in the gate oxide can lead to permanent oxide breakdown and drain junction 

leakage.

This dissertation aims at the detailed treatments of device and process design for submicron 

CMOS structures, with a strong emphasis on hot-carrier effects. The process and device 

modeling using numerical simulators is used to analyze and optimize device structures before the 

fabrication process. The devices are fabricated with a state-of-the-art processing technology. 

Experimental results from submicron devices are presented to verify the analysis and modeling. 

The gate oxide thickness of the devices is in the range of 125 A to 210 A, and the effective 

channel length is in the range of 0.4 to 1.0 |im. A comprehensive device and process 

characterization methodology is presented. New phenomena in small devices, such as reverse 

subthreshold swing and reverse short channel effects, are reported. An experimental procedure to 

determine the optimum off current with respect to channel length and leakage requirements at 

different temperatures is presented.
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For hot carrier considerations, the NMOS LDD drain was designed with an optimized dose 

and a spacer width, and verified with substrate current and aging results. The work on the hot 

carrier generation process in the MOS device leads to an improved model to predict substrate 

current as a function of the applied drain voltage. Therefore, the lifetime prediction is improved 

for a MOS device, which operates at a lower drain voltage than the accelerated stress voltage. 

The physical understanding of the interface state built-up during device aging is analyzed using 

the method, based on the physics of subthreshold conduction and the extension of drain depiction 

region, to extract the spatial distribution of interface state density along the channel from the 

drain end. The distribution of interface states as a function of time and space uncovers the 

dynamics of charges built-up during device stressing. This method can be implemented to 

routinely monitor device aging during development and in manufacturing. Predicting device 

lifetime using substrate current extrapolation for different channel length devices can lead to 

errors. The device lifetime prediction using substrate current for the same channel length devices 

is recommended for a more consistent in channel electric field of the devices. A new model to 

relate peak substrate current to the drain voltage can also be used to predict the device lifetime at 

operating voltage, using an inverse of the square-root of the drain voltage. The substrate current 

measured at operating voltage is also used to detect process variation conditions in etching the 

gate sidewall spacer in manufacturing. However, the ultimate objective of the study of device 

degradation is to apply these predictions to actual circuits. In this light, a simple analysis of 

substrate current generated during switching in an CMOS inverter is used to predict the lifetime.

The uniqueness of this work is in the treatments of device design, process integration, 

device reliability and circuit design techniques as an integral system, in which, each area is 

interrelated to each other. A combined solution from the above specialized areas for the high 

field effects in small devices should be explored for submicron technologies. The work in this 

dissertation also serves to bridge the gap between device physics theory and its use in the design 

and characterization of the CMOS devices in the semiconductor industry.
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Chapter 1

INTRODUCTION

With the rapid progress in the Silicon VLSI and ULSI (Very and Ultra Large Scale 

Integration) technology and its applications in the past 3 decades, it is instructive to review 

several key breakthroughs during this period in the areas of device invention, technology 

advancements, and the circuit and system applications. This chapter starts with a review of the 

historical events which have led to the present progress in silicon integrated circuits. Special 

emphasis is devoted to modem CMOS technology since it is the driving force behind device 

scaling to achieve higher level of circuit performance, density, and more complex functions. 

However, the emerging BiCMOS technology in which bipolar and CMOS devices are integrated 

on the same silicon wafer promises to be the trend for the future.

1.1 HISTORICAL REVIEW

Let us first review the major scientific inventions in the areas of semiconductor device 

physics, material and processing techniques, and apply this silicon technology to the development 

of complex integrated circuits. We shall divide the semiconductor revolution into three periods: 

The first period spanned the early discoveries and inventions in device structures, basic material 

processes, and the fundamental device physics theory. The second period began with the 

invention of the integrated circuit in which active devices (transistors) and passive components 

(resistors and capacitors) are integrated on a monolithic semiconductor substrate. It was in this 

period that the thrust for miniaturization or scaling to smaller devices and interconnect 

dimensions became prominent. This period included many processing breakthroughs and 

characterization techniques that overcame earlier difficulty in device fabrication. The third period 

focused on applications, and started with the development of the 1 -transistor DRAM (Dynamic 

Random Access Memory) integrated circuits, followed by the 256-bit SRAM (Static RAM) and a 

4-bit microprocessor at Intel Corp.. We are now over 2 decades into this period, and the thrust for 

scaling feature sizes is continuing at a very rapid pace. This trend in silicon technology will take 

us well into the information age of the 21'* century, and may only be supplanted by fields such as 
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bioelectronics, artificial intelligence, and neural networks.

Let’s step back and see how all this began.

1.1.1 Major Inventions And Breakthroughs in Device Structures and Theory

The major inventions that led to the present state-of-the-art in MOS technology can be 

traced back to 1928 with the patent disclosure by Lilienfeld*^* of the field-effect modulation of the 

conductance of Copper Sulfide (CuS) by an A1 plate on top of an A12O3 insulator. This is now 

considered the first field effect device or Field Effect Transistor (FET). The idea was not 

implemented until I960, when D. Kahng and M. Atalla of Bell Telephone Laboratories (BTL) 

demonstrated the enhancement-mode inversion-layer Metal Oxide Semiconductor Field Effect 

Transistor (MOSFET) using Sit?2 as the insulator and Si as the semiconductor material.*2* 

Between these two events, several other important inventions took place in areas of device 

physics, processing technology and materials that all contributed to the MOS and bipolar 

integrated circuit evolution.

1.1.1.1 The Bipolar Transistor

The most famous invention that revolutionized the electronic industry, the modem style of 

living, and the information age, is the discovery of the transistor (transfer-resistor) at Bell 

Laboratories in December 1947 by Bardeen and Brattain.*31 The first transistor was in the form of 

a point-contact. This structure was built from a plate of n-type germanium and two line-contacts 

of gold supported on a mylar wedge. The n-type Ge material is referred to as "base" in this 

structure, and the emitter and collector are referred to as the emitting and collecting functions of 

their respective terminals. According to W. Shockley,141 the birth of the transistor has been 

accepted as the day before Christmas Eve (December 23) of 1947, within the Bell Labs research 

community, although the rest of the world did not know until the announcement and first public 

demonstration of the discovery on June 30, 1948. Shockley felt some frustration by not being 

one of the inventors despite the efforts he had started eight years earlier. This motivated 

Shockley to produce more than 90 patents related to the transistor. Among these works was the 

concept of the junction transistor recorded on January 23, 1948 in Shockley’s notebook, for 

which the patent was filed in June, 1948J5* 1948 was an important year in device physics and 
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structure for the junction transistor. Shockley introduced many concepts that are still being used. 

These concepts and physical understanding include IMREF (or quasi-Fermi level), 

heterojunctions with wide energy band gap to increase emitter efficiency, and multi-layer 

structures for modulation. These last two important concepts are now employed in GaAs 

technology for HBT (Heterojunction Bipolar Transistor) and HEMT (High Electron Mobility 

Transistor) devices. The idea of minority carrier injection was a major milestone in 

understanding the physics of transistor action. The theory of p-n junctions and transistors was 

published in a classic paper in 1949/0 During the early part of the 1950’s, when the discrete 

transistor technology was licensed to the industry, more device concepts and theory were 

developed at Bell Labs. In 1952, Shockley, Read and Hall developed the recombination theory 

which greatly helped in understanding the generation-recombination processes of electron-hole 

pairs in semiconductor bulk and surface. This theory has had a direct effect in understanding the 

defect centers and the processes which control the reverse junction leakage current in p-n 

junction, bipolar and MOS devices.

1.1.1.2 The Field Effect Transistor Concepts

With the advancement in theory and technology know-how during the early days of 

transistor, the 1953 JFET (Junction FET) was built at Bell Laboratories by Daccy and Ross/^ 

The JFET operates on the principle of bulk conduction modulation by varying the depletion width 

of the 2 junctions biased in the reverse mode. The application of this device is limited to 

operational ampliers and other analog circuits. In this same year, Brown181 at Bell Labs studied 

the inversion layer, or channel, which conducts the leakage current in the base surface of a 

germanium npn transistor. This work served as the basic foundation for understanding the MOS 

device operation. It was noted that the conductance between the emitter and collector of an n-p-n 

bipolar device was much larger than expected with the floating base. Brown181 proposed a model 

and experimentally verified the existence of a channel layer bridging the 2 p-n junctions of the 

emitter and collector. More important to the inversion layer observation, Ross191 in 1955 

proposed that the inversion layer can be induced electrostatically by a control electrode placed in 

the vicinity of the channel region. Ferroelectric material was used to separate the electrode and 
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the floating base. Ross further proposed the channel could be controllably turned on and off as 

the potential on the gate electrode is applied or removed. An impedance meter connected 

between collector (or drain) and emitter (or source) can monitor whether the channel is formed. 

This is the first form of Road Only Memory (ROM) cell. The use of a ferroelectric as a gate 

dielectric material, which proved impractical at the time, was not pursued.

In 1959, Atalla1101 suggested that thermally grown SiO2 on Si single crystal substrate be 

used as the gate insulator. This concept led to the first successful fabrication of modern Metal 

Oxide Semiconductor Field Effect Transistor (MOSFET) as shown in cross-section in Fig. 1-1.1111 

It was this work and the outgrowth of the SiO 2 works headed by Atalla 1123 at Bell Labs that 

paved the way for further studies in silicon dioxide for MOS device applications.
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Figure 1-1. Cross-Section of a MOS Transistor

1.1.13 Integrated Circuits Inventions

All of the inventions and developments described above took place at Bell Laboratories. 

However, the IC industry did not take off until the late 1950’s with two major inventions that 

took place at Texas Instruments by Kilby (1958)3^3 and Noyce at Fairchild Semiconductor 

(1959)J^3 (Incidentally, Fairchild was spun off by Noyce, Moore and others from Shockley 

Transistor, Inc. founded by Shockley after his leaving the Bell Labs in 1957).
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The initial motivation was to integrate active and passive discrete components together on a 

ceramic substrate when Kilby was with the CentraLab.^' It was not until Kilby joined Texas 

Instruments in 1958 that the idea of integrating components on a single semiconductor material 

was invented. In Kilby’s invention, the passive components were realized using the doped 

portion of semiconductor bulk for the resistors and p-n junctions for capacitors. The idea was 

first demonstrated by assembling the separate silicon components together. Subsequently, a 

phase-shift oscillator was integrated on a 0.4-in-square germanium wafer. A Digital flip-flop was 

also built using the same techniques. One year later, a planar silicon bipolar transistor technology 

was developed by Noyce at Fairchild, using similar integrated techniques. Although the inventor 

of integrated circuits often is a subject for controversial debate, both Kilby and Noyce are 

generally considered the forefathers of ICs for their discoveries.

To summarize this period, the three major inventions were the bipolar junction transistor, 

the demonstration of the silicon MOS transistor, and the integrated circuits. Although these are 

considered the major milestones, other basic processing technologies were developed along the 

way. Without these developments, the semiconductor technology would not have been in its 

present state.

1.1.2 Technological Breakthroughs

The late 1940’s and early 1950’s was also a period of advancement in crystal growth and 

doping techniques, techniques needed to realize practical transistors. In 1950, a good p-n junction 

was formed by Teal, Sparks, and Buchler[l5] by changing the doping of a melt as a crystal was 

grown. In 1952, Teal, Theuerer and Pfann developed the zone melting and crystal refining 

technique J161 which was essential for growing a purified and low intrinsic defect density

material. Along with his other inventions, Shockley also pioneered the idea of using ion 

implantation to selectively dope a region of a semiconductor wafcr.[18) This technique has become 

the standard doping method for fabricating VLSI circuits.

As mentioned earlier, the efforts in silicon dioxide growth led to the fabrication of the 

MOSFET transistor. The use of silicon dioxide as a diffusion mask by Frosch and Derrick,1191 in 

1957 was also considered a technological breakthrough. This technique has been used to 
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selectively dope a silicon area by a patterned oxide layer, which blocks the dopant where it is not 

needed and allows the dopant to enter areas in which a diffused dopant is desired. The Epitaxial 

Layer used for bipolar junction transistor was proposed in 1959 by Theuerer.1201 The epitaxial 

layer, used as part of the collector, is grown on a patterned highly doped buried layer.1211 The 

buried layer reduces the collector scries resistance, improving the transistor speed.

In order to understand the property of the Si-SiO2 interface which was very difficult to 

control in the early days of MOS device fabrication, Term an 1221 at Stanford Uninversity 

developed the Capacitance-Voltage (C-V) Technique in 1961. (This work was suggested and 

guided by J. Moll.)1231 This method has aided in the understanding of the charges present in a 

MOS system. This technique, and its derivatives, together with silicon oxidation techniques*241 

have resulted in the Si-SiO2 system being the most extensively studied interface in solid-state 

science. Another problem associated with silicon dioxide is contamination with sodium ions 

which drift in the oxide bulk and cause a shift in the flat-band voltage of an MOS capacitor and 

translates into a threshold voltage shift in the MOS transistor. This problem was studied by Snow 

et al.1251 at Fairchild. Kerr1261 at IBM in 1964 used a phosphorus-silicate-glass to stabilize the 

sodium drift in the oxide and to getter heavy impurities in silicon material, reducing junction 

leakage.

Kooi*271 at Philips contributed to the understanding of interface traps and most importantly 

the Local Oxidation (LOCOS) technique for device isolation, in which a layer of silicon nitride is 

used as an oxidation mask during the growth of field oxide. The invention of the poly-silicon 

gate by Kerwin ct al 1281 at Bell Labs led to the self-aligned gatc-to-sourcc-drain MOSFET 

structure. This structure reduces the overlap capacitance and avoids the stringent alignment 

requirements of an aluminum gate MOS transistor. The LOCOS isolation technique and 

polysilicon gate structures have remained the mainstream technology for fabricating MOS 

devices.

On the technology integration side, in 1963 Wanlass and Sah*291 of Fairchild 

Semiconductor were the first who suggested the use of n and p channel MOSFET devices in low 

power logic circuits such as inverter, NOR gate, and flip-flop. However, the NMOS and PMOS 
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devices were fabricated on two different types (p and n respectively) of silicon wafers by a planar 

diffusion process. White and Cricchi were the first who successfully fabricated CMOS devices 

on a single substrate epitaxial wafer.1301 Kahng and Szet31] in 1967 proposed MNOS (Metal 

Nitride Oxide Semiconductor) device structures that can change the threshold voltage of an MOS 

device upon applying high enough potential onto the gate to induce charge injection. This 

structure has led to the field of non-volatile memory, presently known as EPROM (Electrically 

Programmable Read Only Memory), and EEPROM (Electrically Erasable PROM). The present 

mainstream applications in integrated circuits stemmed from the 2 circuits developments in late 

1960’s, which will be discussed in the next section.

1.1.3 Circuit and System Applications Driven Technology

From the invention of integrated circuits until late 1960’s, most applications focused on 

linear applications such as operational amplifiers, oscillators, comparators. During this period, 

digital applications included logic gates, flip-flops, counters, decoders , adders, etc.. This period 

constitutes an era known as SSI (Small Scale Integration) and MSI (Medium Scale Integration), 

when the transistor count on a given chip was in the range of tens to hundreds.

The two circuit concepts that fueled the drive for device scaling are the 1-Transistor DRAM 

(Dynamic Random Access Memory) cell proposed by Dennard1321 of IBM, and the 6-Transistor 

(or 4-T with resistor load) SRAM cell. The DRAM cell is comprised of one MOS transistor 

serving as an access device to a storage capacitor used as a memory element. This basic circuit 

configuration is a foundation for the modem day high density DRAM chip. The LSI era dawned 

with products like the 16K DRAM, the 8-bit microprocessors and gate array where the transistor 

count was in the range of few thousand to 100 thousand. Since the early days of integrated 

circuits application, the growth of the semiconductor industry has been astronomical. From the 

Small Scale level of integration (SSI) of TTL logic gates with dozens of transistors and features 

sizes greater than 10 pm in the early 1960’s, *33* the level of integration has reached the level at 

this writing of integrating more than 36 million device components on a 16 megabit DRAM chip 

with minimum feature sizes of 0.5 micrometer.|34] An experimental 64Mb DRAM chip designed 

with 0.3pm feature size using e-beam lithography, operating at 1.5 V supply voltage has been 
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successfully demonstrated.*35^

The progress of down scaling in device geometry and minimum feature size can be 

monitored by the introduction of high density DRAM’s and SRAM’s. Memory is usually the 

first product to benefit from device scaling. It is estimated that DRAM density quadruples every 

2.5 years (Figure 1-2).
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Figure 1-2. DRAM and SRAM density vs the year of introduction.

The trend is the same for Static Random Access Memory (SRAM) but the memory 

capacity of a state of the art SRAM is typically one fourth of the DRAM capacity. Memory 

products are considered technology drivers because circuit regularity and ease of failure mode 

analysis help the technologist ‘fine-tune’ the fabrication process.
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Other applications, such as microprocessors and custom digital circuits, typically follow the 

lead of memory technology, even though DRAM technology is not directly compatible with logic 

circuit applications. Power delay products of logic gates have dropped by more than 6 decades to 

reach 10"1 pl in 1990 as a result of device scaling as shown in Figure 1-3. The design of logic 

custom integrated circuits also drives the active software development for CAD (Computer Aided 

Design) tools that help to integrate millions of transistors on a logic chip.1361
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Figure 1-3. Power-Delay Product per inverter gate versus year.
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in all of these achievements, the MOS technology is the driving force to dominate the high 

density, high functionality circuits in both commercial and special purpose applications. During 

the period from 1959 to 1975 the minimum feature size decreased at a rate of approximately 11% 

a year resulting in a halving every six years.1371 This rate of reduction has continued, reaching a 

production feature size of 0.8 pm in 1990 in state-of-the-art VLSI products (Fig. 1-4). Figure 1-4 

shows the component count per chip, for DRAM MOS memory, is growing at the same time as 

the feature size is shrunk. This trend does not seem to slow as predicted previously by G.
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MooreJ37' However, the delay between matured process development to manufacture tends to be 

longer due to the multitude of technology transfer problems.
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Continuing scaling to submicron features will be faced with several obstacles: process 

difficulties in fabricating submicron geometries, noticeably lithography and etching; the physical 

limitations of devices and materials; and the economic factors in capital investments to fabricate 

the products.

12 DEVELOPMENTS IN MOS LSI

As indicated above, the drive for miniaturization is derived from the circuit and system 

requirements to ever increasing the performance. To this end, device and interconnect scaling is 

inevitable. The art of designing a full integrated circuit technology is known as process 
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integration, whereby many individual process steps are integrated in a logical sequence to 

fabricate the desired device structures and circuit interconnects. CMOS technology is a 

combination of PMOS and NMOS technologies. The following section reviews the development 

of PMOS and NMOS processes and the resulting CMOS technology.

1.2.1 PMOS and NMOS Technologies

In the late 1960’s, PMOS was the dominant technology since control of threshold voltage 

was easier and the surface inversion due to positive fixed oxide charge was not a problem for 

device isolation. PMOS devices, however, suffer from low current drive, because the mobility of 

the holes which carry the current is typically one third of the mobility of electrons which serve as 

the current carrier in NMOS devices.

The NMOS transistor became popular as the mainstream technology from mid 1970’s until 

the first half of 1980’s. Several technology problems were overcome, mainly the ability to 

control the fixed charge at the Si-SiO2 interface of an n-channel device, the use of ion 

implantation to obtain the desirable threshold voltages, (both enhancement and depletion modes), 

and to increase the field threshold voltage for device isolation. NMOS technology remained the 

workhorse for a ten year period, due to its virtues of high speed and simple processing which 

made it a low cost technology. Device scaling laws and problems associated with high fields and 

hot carriers were learned during this period. The high performance products built with this 

technology include a 32-bit Floating-Point Digital Signal Processor (DSP),[381 the HP 

microprocessor391 and most of the 256K DRAM memories. The most serious drawback of 

NMOS technology is the power consumption. The DSP, and HP microprocessor chips dissipated 

3 W and 7W of power, respectively. The device junction temperature at the operating condition 

was as high as 150°C. This was a major problem for reliability, ambient temperature control in 

electronic systems, and packaging considerations. The device scaling for NMOS went to a design 

rule of 1.5pm, with some companies managing to go down to about 1.0pm.

1.2.2 CMOS Technology

CMOS technology was also developed in the 1960’s at Fairchild and in the early 1970’s 

RCA was the first company to fabricate low power CMOS logic families in SSI and MSI 
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integration levels. It was not until the early 1980’s that CMOS emerged from an aerospace 

technology to become a mainstream technology due to the drawbacks of NMOS devices 

described in the previous section. CMOS has changed a great deal in structure and process 

sequence depending on the application. The following is a review of the development in CMOS 

devices.

CMOS technology has become a major driving force for VLSI integrated circuits. The 

advantages for converting to CMOS stem from the availability of n and p channel complementary 

devices, thus, casing circuit design, and eliminating bootstrap circuitry often found in NMOS. In 

digital circuits, only one device type conducts for a given state, hence the dc power dissipation is 

virtually eliminated in the standby mode. CMOS logic circuits are mainly static in nature, 

therefore the time needed for precharge in dynamic NMOS circuits is eliminated and the design 

effort is reduced. A CMOS circuit can achieve higher speed than its NMOS counterpart because 

the operating temperature of CMOS IC’s is significantly lower, hence the current drive penalty 

due to higher temperature, especially in n-channel devices, is less severe.

CMOS technology begins with either a N-well or P-well structure depending on the 

application or prior experience. Parrillo et al.^ were the first to introduce the twin-tub (or twin­

well, as will be used interchangeably throughout the dissertation) approach. CMOS circuits built 

on bulk silicon or epitaxial Si on Si-substrate starting material are often referred to as bulk 

CMOS. CMOS circuits built on Silicon On Saphire (SOS) or, more recently, Silicon On 

Insulator (SOI) substrate constitute a different class of CMOS technology. The new trends in 

CMOS structures include BiCMOS (Bipolar and CMOS) and SOI (Silicon on Insulator) for some 

military applications.

7.2.2 .7 Single Well CMOS

P-well CMOS, historically evolved from early PMOS processes, had been adopted in the 

industry as a main stream technology in the first part of the 1980’s. From the device performance 

stand point, p-well structures generally offer better balance between p-ch and n-ch MOSFETs in 

complementary circuits using design rules greater than 3 pm. In a p-well CMOS technology, 

PMOS devices are built on an n-type starting substrate, whereas NMOS devices are built in a 
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compensated p-well formed using a boron implant. Due to the overcompensation in the channel 

doping for the NMOS device, the electron mobility is lower than that of a non-compensated 

channel. Figure 1-5 shows the effective carrier mobility for electrons and holes for MOS devices 

built in p-well and n-well with respect to channel length. It is observed that for gate lengths 

longer than 3.0 pm, the hole mobility in a p-well structure is larger, thus reducing the differences 

in current drive capability of n-ch over p-ch devices. The speed advantage is further enhanced by 

lower parasitic capacitances in p-well structures since with adequate p-well surface concentration, 

an n-channel ‘channel stop’ implant is not needed.

2000

1000

500

too

50 -

1.0

ELECTRONS

GATE LENGTH km)

P-WELL STRUCTURE

N-WELL STRUCTURE

20

HOLES

10

PUNCH THROUGH
PREVENTION /
LIMITED /

VT ADJUSTMENT 
LIMITED

I
E

Figure 1-5. Electrons and Holes Mobility on n- and p-well CMOS devices.*411

N-well technology, on the other hand, emerged from existing and established NMOS 

processes, where the devices are built on p-type substrates. However, a self-aligned n-well 

process, (with respect to p-well on p-substrate), is also very attractive in incorporating an npn 

bipolar transistor on a CMOS chip (BiCMOS). In this case, the npn transistor is isolated with p- 

type material. For applications that require high sensitivity, such as differential sense amplifiers 

and analog operational amplifiers, the BiCMOS approach is very attractive. Shown in Figure 1-6 
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is a cross section of an n-well BiCMOS structure which employs process steps in CMOS such as 

n+ for emitter and collector, threshold adjust implant for base and p+ for base contact. However, 

a patterned buried layer is needed to reduce collector series resistance if high performance npn 

transistor is desired.
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Figure 1-6. n-well BiCMOS structure for SRAM application  J421

As the progress of CMOS processes moves toward more advanced design rules, the 

arguments of process compatibility and historical reasons are no longer valid. Since both single 

well approaches suffer from overcompensating the substrate background doping, the intrinsic 

mobility of the device placed in the well is severely degraded. Furthermore, the choice of 

substrate type, n- or p-type, depends on circuit applications, e.g. n-well for EPROM related 

products and p-well for SRAM and microprocessors making neither technology suitable for all 

products. An optimal approach is the twin-tub CMOS process which will be described in the 

following section.
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1.2.2.2 Twin-Tub CMOS Technology

The single-mask approach to form twin-tub (or twin-well), which was developed at AT&T 

Bell Laboratories/401 allows the independent tailoring of the individual well profiles without 

having cither device type suffer from excessive counter-doping effects. Since a lightly doped n­

or p-type substrate can be used interchangeably, the twin-tub approach also allows flexibility in 

choosing the optimum type of starting material for a particular circuit application. A cross 

section of twin-tub CMOS structures is shown in Figure 1-7.
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Figure 1-7. Cross section structure of a twin-tub CMOS structure/431

The detailed fabrication sequence of this structure will be described in chapter 4. In this 

technology a surface n-channel and a buried p-ch MOSFET are integrated with n+ doped polycide 

(Ti5<2/polysilicon) gate. The formation of twin-tub is done by a single mask level utilizing the 

LOCOS (Local Oxidation) process.

The process and device considerations for micron and submicron CMOS technology are 
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numerous. The factors that affect circuit packing density, besides the usual scaling of the channel 

length and width, are the device isolation (within tub and across tub boundary), the source/drain 

junction depth, the local interconnection schemes, and multi-level metal technology. The 

isolation of the same device type (or intra-tub), i.e. NMOS to NMOS or PMOS to PMOS, is 

determined by the subthreshold leakage of the parasitic field transistors. In the conventional 

LOCOS isolation, the minimum spacing between 2 adjacent diffusion regions is controlled by the 

surface concentration and field oxide thickness in the isolation area. However, as the spacing is 

reduced, the high-field-induced barrier lowering at the drain of the field device becomes severe, 

thus limiting the allowable minimum spacing. Alternative approaches include trench isolation,11441 

field shield isolation,[45] and selective epitaxial growth of active device areas/461 Some of those 

isolation techniques also aim at latch-up prevention.

Some of the earlier considered disadvantages of CMOS technology, such as higher mask 

count, lower packing density as compared with NMOS, have become accepted as de facto of this 

technology. A CMOS process, with double level metal, requiring 11 masking steps is considered 

normal. Some specific circuit applications such as SRAM and DRAM need as many as 23 

masks. Low packing density due to large isolation between n and p-ch devices has been accepted 

and design cleverness can usually overcome these drawbacks. The latch-up susceptibility caused 

by parasitic npnp structures between the tub boundary are rectified by relaxing layout rules for 

high current handling circuits, retrograde n-tub, BiCMOS structures with an n+ buried layer, and 

in cases trench isolation or selective epi.

13 DEVICE SCALING ASPECTS

As indicated in the previous section on the packing density of integrated circuits, the active 

device scaling constitutes only one aspect of the overall scaling. However, it is the physics and 

technology associated with the fabrication of submicron devices that represents the most 

challenging barrier to be overcome. In this section we will review the traditional device scaling 

theory and approaches, and the practical shortcomings thereof which lead to the motivation for 

this work.

18



13.1 Constant Field Device Scaling

The conventional MOS transistor scaling laws were developed by Dennard et al In this 

approach, to maintain the constant electric field in the device, the voltage and current are scaled 

accordingly to the device geometry. Assuming the scaling factor S (where S>1, e.g. for 0.9pm 

scaled to 0.6pm S=1.5), the device parameters should follow the scaling laws listed in Table 1-1.

TABLE 1-1. Conventional Scaling Law

Parameters Scale (S>1)

L, W 1/S

Doping Concentration S

VOLTAGE 1/S

CURRENT 1/S

Capacitance 1/S

Delay Time 1/S

Power Dissipation 1/S2

Power Delay Product 1/S3

Power Density 1

Note that the voltage and current are scaled by a factor 1/S (<1). This was applicable in 

the early 1970’s when supply voltages of MOS technologies were reduced from 16V, to 12V, to 

8 V and finally 5 V. The 5 V supply voltage for MOS ICs has been used for more than a decade for 

the reason of TTL logic compatibility. Therefore with the design rules of 5pm in the late 1970’s 

to the present 0.7-0.8pm geometry, the voltage has not been scaled. In this case the current drive 

does not scale. In fact, the current increases with device scaling. The subthreshold current, due 

the exponential relationship with the gate voltage, does not scale. The transistor width used in 

circuit is not scaled accordingly, largely because the parasitic capacitances are not scaled very 

well. This creates reliability problems in contacts and metal conductors caused by 

electromigration.
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1.3.2 Practical Scaling of CMOS Devices

The device parameters of 5 generations of CMOS technology are listed in Table 1-2. The 

constant supply voltage and the increase in saturation current drive are highlighted. As noted in 

Table 1-2 both lateral (L^) and vertical (roz and Xj) dimensions are decreased while the voltage 

remained the same. The Gauss’ electric field law, governed by the relationship E=V/d, indicates 

that the field must increase both horizontally and vertically.

TABLE 1-2. Practical Scaling of CMOS Devices

CMOS

Technologies

2.5pm

[48]

1.75pm

[49]

1.25 pm

[50]

0.9pm

[43]

0.6 pm

[51]

Ltf (pm) 1.5 1.3 1.0 .75 0.5
0 

(A) 350 250 200 150 125

Xjn.p (pm) 0.8 0.55 0.3,0.5 0.3,0.4 0.2,0.25

Na (cm~3) 3E16 4E16 5EI6 1E17 1E17

(V) 0.7 0.7 0.65 0.65 0.60

Vdd  (V) 5 5 5 5 3.3—>4.0

C (mA/pm) .180 .230 .280 .380 .340(@3.3V)

Drain Design Conv. n-DDD n-LDD n&p-LDD n-DDD

(From References^48' t4^ '50' '43' *51' ).

1.3.3 High Field Effects

High field occurs in small geometry devices in several ways. As the channel length is 

reduced, short channel effects such as the subthreshold conduction and punch-through current are 

the concerns for device design. This issue can be addressed by increasing the channel doping 

concentration. The high channel doping concentration compounded with the thinner gate oxide 

degrades carrier mobility in the channel as shown in Fig. 1-8. It is noted that the electron 

mobility is degraded by 50% when the gate oxide thickness is scaled from 350 to 100. This is the 

first vertical high field effect.
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Figure 1-8. Electron mobility versus gate oxide thickness for different CMOS Technologies with 
appropriate channel doping, (measured at peak transconductance of long channel 
devices, with VD5=0.1V).

The shallower junction depth together with higher bulk and field isolation doping lower the 

reverse junction breakdown voltage. If the doping concentration is not chosen properly, junction 

avalanche breakdown can occur at low voltage. With thinner gate oxide thickness, the issue of 

time dependent dielectric breakdown (TDDB) is eminent.1521

The oxide conduction due to high vertical field is limited by the Fowler-Nordheim 

conduction process, which will take place at a field of 4-5 MV/cm. This means an oxide of 100A 

can not be used as an insulator with the supply voltage at 5V. The comer effect of the 

source/drain junction and gate oxide (gated diode), combined with the spacer oxide pose major 

reliability problems. However, the most severe high field effects for the constant voltage scaling 

is the generation and injection of hot carriers due to the high electric field in the channel. This 

effect has caused degradation in circuit performance due to a reduction in transconductance and a 

shift in the threshold voltage. An additional reliability consequence of this effect is a weakened 
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gate oxide that may be broken down prematurely. The excessive substrate current, generated by 

impact ionization of hot carriers in a high electric field, causes drain-source breakdown, overloads 

on-chip substrate bias generator, and induces latch-up. The drain to source breakdown caused by 

the hot carrier generation is one of the factors affecting the maximum operating voltage.

Modified drain-structures such as Double Diffused Drain (DDD) and Lightly Doped Drain 

(LDD) have been implemented to alleviate this problem. However, with the device dimension in 

the range of 0.5p.m, the modified drain structure proved not to be effective. A proposal to reduce 

the power supply voltage to 3.3V, has been accepted by some companies, and resisted by others. 

The mechanisms and characterization of hot carrier effects have been studied by several authors 

who mostly dealt with DC stressing of single devices. While this method provides some basic 

understanding of the physical processes involved (oftenly controversial), it is not adequate. Some 

ac aging results on CMOS inverters have been reported. Process and material issues relating to 

scaling have also been published. However, a global view in device scaling that encompasses 

circuit definition, device structures, fabrication processes and material issues has yet to be 

developed.

The issue of hot carrier effects is not only limited by the drain structure and supply voltage, 

but also related to processing conditions and the circuit configurations. How it affects the circuit 

and what the circuit can tolerate in performance are the goals. An integrated approach to deal 

with high field problems in scaling CMOS devices is the prime motivation for this dissertation.

1.4 SCOPE AND ORGANIZATION OF THE DISSERTATION

The focus of this dissertation is on the device scaling issues due to the high electric field 

effects resulting from a constant supply voltage and scaled physical dimensions. Hot carrier 

effects are emphasized based not only on physical understanding but also on what are the realistic 

limitations of hot carrier effects on actual circuit performance. In order to achieve this new level 

of understanding, the overall process integration considerations, starting from circuit design 

requirements, device structures, to process and materials are presented systematically based on 

theory and the experimental data.
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1.4.1 Organization

In this chapter, we have reviewed the historical events that led to the thrust for device 

scaling. The evolution of CMOS technologies have been described. The scope, organization and 

contribution of this work are presented in this section.

Chapter 2 deals with the theory of MOS devices in various operation modes, i.e. 

subthreshold, linear, saturation, and breakdown regimes. The theory is developed to take into 

account submicron device behavior. Charge sharing and interface state density are introduced in 

a straightforward analytical form so that the physical insights can be grasped.

Chapter 3 covers the device design and process integration issues. Circuit design 

expectation is used as a starting point for device parameters. Technology assessments are 

discussed to help integrating individual processing steps (or modules) to fabricate the desired 

device structures. CMOS transistor structures, e.g. gate material, channel profile, and drain­

engineering, are analyzed. The use of numerical process and device simulators is demonstrated to 

design and analyze alternative device structures. Device simulator is found very useful for 

gaining the insights of device behavior and for predicting device performance.

Chapter 4 describes the process sequence to fabricate completed CMOS devices and 

interconnects. The difficulties and tradeoffs for certain approaches are investigated. Where 

possible, alternatives or novel approaches are proposed.

Chapter 5 presents the experimental methods for technology characterization and the 

resulting process and device parameters extracted from these techniques. The device 

characteristics include subthreshold, linear, and saturation modes of operation. The off current, 

the threshold voltage, and the body effect are among the topics to be discussed. New small 

device geometry phenomena, i.e. reverse subthreshold swing and reverse short channel effects 

are reported. Simple correlation with theory will be made where appropriate.

Chapter 6 treats the generation and injection processes of the hot carriers in NMOS and 

PMOS devices. Models for substrate and gate currents are developed to explain the experimental 

results. A new model that accurately relates the peak substrate current and the drain voltage is 
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derived. The effects of drain structures on substrate current and drain-source breakdown voltage 

will be reported. The use of thin p-type epi on p+ substrate to improve the drain-source 

breakdown voltage is presented.

Chapter 7 deals with the experiments and analysis of devices degraded by hot carriers at 

high drain bias. Experimental results verify the proposed models of stressed devices. The 

subthreshold curves are used to extract the interface states generation during the accelerated 

stress. The criteria for predicting device lifetime at operating voltage will be proposed. It is 

shown that the DC aging on individual devices is useful method to compare device structures and 

monitor problems in processing. The ultimate degradation criterion is from circuit performance 

degradation tolerance, and the way the devices are used in circuits. The substrate current during 

device switching in an inverter is used to predict the device lifetime in this circuit.

Chapter 8 covers more advanced device structures for future generations. Topics in 

isolation, the emerging BiCMOS technology, new gate dielectric materials, novel local 

interconnect and drain-engineering structures are discussed. The future trends in CMOS 

technologies can be predicted based on the present understanding of device physics and 

technology know-how.

Chapter 9 concludes the dissertation with a summary of the contributions and new 

understanding and phenomena in submicron CMOS devices. Subjects for future research in 

university-industry cooperation environment are proposed.

1.4.2 Contributions of this Work toward the Art

During the course of this work and prior publications, we have contributed to the art and 

technology of scaled CMOS device design and integration in the following areas:

• A methodology for designing CMOS structures based on the understanding of device 

physics and its limitations, and on circuit application, utilizing existing tools and process 

capacity available to build and verify optimum device structures.

• We have extended device reliability due to high field effects by optimizing LDD structures, 

and compared with other device structures by stressing the devices at high field.
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• We introduce a technique to extract the spatially distributed damaged regions of hot carrier 

aged devices by using subthreshold conduction measurements of well designed devices. 

The measurement set-up and the layout of transistors are well suited for aging multiple 

devices at the same time.

• We use the substrate current not only to predict the device lifetime, but also to detect 

process variations in the LDD spacer formation. This is one of the important parameters to 

monitor in manufacture.

• Reported new phenomena in submicron devices such as reverse subthreshold swing with 

high drain bias or short channel lengths, and reverse short channel effects in surface NMOS 

devices.

• Fabricated device structures to investigate the advantages and limitations of advanced 

techniques for isolation and alternative technologies, e.g. BiCMOS. These topics are 

important for decision making for future technologies.

• We have used the process and device simulators to analyze and optimize device behavior of 

different structures before fabrication, thus reducing the processing time.

• We have employed an integrated approach toward the device scaling: the interrelationship 

of process technology, device physics, circuit design and system applications. This is an 

important concept for realizing VLSI circuits and systems.
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Chapter 2

SUBMICRON CMOS DEVICE THEORY

2.1 Introduction And Convention

In this chapter, the basic MOS device theory is developed taking into account such effects 

as mobility degradation due to high vertical field, short channel effects, in particular subthreshold 

conduction. The conventional scaling theory is reviewed and a practical approach will be 

proposed based on circuit application requirements, process capability and device reliability. We 

will derive basic equations that govern the device operations for a surface channel NMOS device. 

The equations should be applicable to surface PMOS with appropriate sign changes.

The basic structure of n and p-channel MOSFETs are shown in cross-section in Fig. 2-1, 

where the gate insulator is thermally grown SiO 2, the gate is polycide (silicided polysilicon), and 

the source and drain doped with the same type as the conduction channel, is self-aligned with the 

patterned gate. The structure and operation of a modem submicron MOSFET is highly 3­

dimensional in nature. Short channel effects, drain induced barrier lowering (DIBL), bulk 

conduction, and drain/source breakdown voltage are generally considered two-dimensional 

effects. The third dimension effects include narrow width effect, edge conduction along the bird’s 

beak, and comer effect in the generation of hot carriers.

For an enhancement mode device, the channel is normally off when there is no applied 

potential to the gate. When sufficient voltage is applied to the gate, an inversion layer is formed 

on the surface of the channel (hence the name surface device). To simplify the physical 

understanding, we shall first examine the device behavior with 2-dimensional the device 

equations. The 3-dimensional effects are discussed where necessary. Considering an NMOS 

device with non-uniform doping channel, graded source/drain junctions, the device operations are 

analyzed in 3 regimes: subthreshold, strong inversion in linear mode, and saturation. The x 

direction is pointing toward the bulk, with its origin at the surface at the source junction. The y 

direction is along the horizontal surface, pointing from source to drain (see Fig. 2-1). All the 

terminal voltages reference to the source, which is grounded, unless otherwise noted. A drain
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Figure 2-1. Cross-Sections of n and p-channel MOS Transistors

current Iq  is a total current measured at the drain, whereas IDS indicates a drain-to-source (or 

channel) current. For most treatments in this chapter, IDS = IDS = ls, assuming no substrate, gate, 

or drain-to-bulk leakage currents exist. A band bending downward assumes a positive sign in 

potential, and negative for an upward band bending.

2.2 Subthreshold Conduction in a Long Channel MOSFET

We first construct the energy band diagram of an MOS capacitor with an n+ doped 

polysilicon gate. In the band diagram of Fig. 2-2, the Fermi level of an n+ doped gate is assumed 

constant, and should be very close to the conduction band $FnC -0.45 to 0.55eV above mid-gap). 

At zero gate bias, the Fermi levels in the silicon bulk, Epp and in the gate electrode, EFnG line up 

(Fig. 2-2). The work function difference between the gate and the bulk is

^GB = ^FnG -$FP = - — ln(—^-) - — ln(—) (2.1)
? % q

where Ng is an assumed constant bulk doping density over a depletion width of the device. For an 

n-ch device NB=NA, and NB = No for a p-ch device. Due to the work function difference of the 

gate material, the surface potential can be bent at zero gate bias and the majority carriers at the 

surface may be depleted. If this band bending is greater than
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at a given gate voltage Vqs , then the channel is in ‘weak inversion’, and the conduction takes 

place for a finite drain voltage applied with respect to the source. This conduction current is 

referred to as the ‘subthreshold’ current. In a more specific case, off-current, 7^, is defined as the 

drain current with Vcs = OV, and VDS = maximum operating voltage (i.e., 5.5V for 5.0V and 3.6V 

for 3.3V supply, respectively). In order to address the first high field effect in short channel 

devices, in this case, punch-through current, we shall develop the off-current relationship with 

respect to device structure. Once the log is controlled, punch-through problems are eliminated. 

The subthreshold current is also important in such circuits as high density DRAM and SRAM, 

and in low-power, battery-back up circuits.

The surface potential, which is defined as the band bending at the surface compared with 

the neutral bulk, using either the conduction band or the intrinsic level at mid-gap as the reference 

is expressed as
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E—EIS
= —— = V, + VSB (2.3)

and the surface potential at the onset of weak inversion becomes

§s(weak inv.) = $F + VSB (2.4)

In weak inversion, the channel conduction is diffusion dominated, similar to the n-p-n 

bipolar collector current, with the channel equivalent to the base. In Eq. (2.3), % is the surface 

potential with respect to the source. With the back gate bias, VSB, applied to the bulk, we use the 

notation + VSB for a more generalized case. The channel current, with a bias VDS at the 

drain, is the sum of the drift and diffusion currents and is given by

Ids  =qP-nnE + (2.5)

The lateral electric field, E, is defined as the change in surface potential with respect to distance y 

from the source, i.e.

where A is the cross section of the current flow, can be a spread in the electron flux depending on 

the doping profile of the channel region. Dn is the electron diffusion constant and related to the 

electron mobility, p.„, by the Einstein relation

kTD« = ^ (2.7)

If a short channel device is designed so that its behavior is in the same manner as the long 

channel device, then the subthreshold current is independent of the channel length and the drain 

voltage. In practice, the submicron device is designed so that the Ioff current is lower than a 

certain limit at a given minimum channel length. The subthreshold current of a submicron device 

is, in general, a function of both channel length and drain voltage.

From the drain current equation (2.5) we will develop a first order expression for the 

subthreshold current as a function of the channel length and drain voltage. In Eq. (2.5), the 

electron density n at point (x,y) is expressed, for a general 2-dimensional case, in terms of the 

electrostatic potential, <j)(x,y), as
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(2.8)
f 1

= —exp [[<Xx,y)-(!/(y)+24)f + VSB)VVT\

where V(y ) is the local potential at point y in the channel as a function of distance from the source 

to the drain, i.e. at the source V(O)"="O and at the drain V(L) = VDS. To simplify the analysis, we 

rewrite Eq. (2.8) in terms of surface concentration, ns, and potential, and treat the problem in 

1-dimension along the y direction. At the surface, i.e. x=0, 0(0) = 0,, the surface concentrations 

of the electrons and holes are derived as:

n‘
ns(y) = T7-exp[05-(V(y)+20F + VSB^IVT (2.9)

™ A

and

Ps<y) = NAe^‘‘Vr (2.10)

Taking the derivative of ns with respect to y we have,

dns _ ns 30, 3V(v) _

VivlvTr] ( ’
Substitute equations (2.6) and (2.11) into equation (2.5), the channel current density is written as

A(y) = ?^^
801 ns 80i _ 3V(y) 

dy 3y
(2.12)

From Eq. (2.7), substitute Dn = ^7? into Eq. (2.12) the channel current equation reduces to

Jn(y) = -q
«y

(2.13)

From the band diagram of Fig. 2-2, V(y) is the difference in the band bending along the channel 

length. We integrate Eq. (2.13) in the x direction from the surface to the depletion width Xd and 

multiply the current density by the transistor width W to obtain the total drain current.

x. 
Ids  = -W \jn(y)dx 

0
(2.14)

For electrons moving in an inversion layer along the surface of an MOS transistor, the general 

mobility term p„, is replaced with the effective electron mobility, Equation (2.14) is written 

as,
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(2.15)lDS = W\keff^p- j qnsdx 
°y o

The integral of the electron density over the depletion width is the inversion charge in the 

channel, Qn. Then Eq. (2.15) is reduced to

(2.16)

The effective electron mobility is the combination of surface and bulk mobility over the 

depletion width, affected by both vertical and lateral electric field, and can be expressed in terms 

of the intrinsic electron mobility, po, the inversion and bulk charges, Qn and QB, and the effective 

channel length, Le, as1531 (refer to Fig. 2-3 for L and Le):

where

and

( + ^^ + 2^ + 8^-^ 
Cox L -J dy

Le — L — ws —wd

= L — a-^Vsg + <j) - a^VSB + VDS + <j>

V Qn a

(2.17)

(2.18)

(2.19)

(2.20)

is the depletion width coefficient. For the long channel case, we can assume that the depletion 

widths associated with the source and drain, tv, and wd «c L, then Le = L. (A treatment of the 

short channel case is found in Section 2.3).

We substitute Eq. (2.17) into (2.16), and the drain current becomes,

Ids  = e, r 1
1 + — Qn + 2Qb + L J

dV(y) 
dy

(2.21)

In Eq. (2.21) Qn is a function of F(y), VSB and VGS, and
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= % 
^'^axU'crl.

(2.22)

is the ‘normal field’ surface roughness parameter, with tox the gate oxide thickness and EcrL the

critical normal field for mobility degradation.

(2.23)

is the lateral field degradation parameter associated with the saturation velocity

= Modern (2.24)

where Ecr^ is the critical parallel (lateral) field for velocity saturation. We assume that the 

channel current is constant over the channel length, Eq. (2.21) can be integrated to yield:

Ids  =

4

KoW QndV 
___________0___________________

es L;
-^-]kQn + 2QB)dy + QcVDS

(2.25)

For a long channel device we have the gradual channel approximation and the voltage drops

linearly along the channel, i.e.

V=UVds (2.26)

We integrate the second term of the denominator of Eq. (2.25) using Eq. (2.26),

9, 7 9, T
ry-M+ 2(2tidy = 77-^ J <Qn + 2QB)dV
ox^e 0 vDS^ox 0

(2.27)

Substitute Eq. (2.27) into Eq. (2.25), the channel current equation becomes,

Ids  =

vM
Iio w\QndV 

0

Lt
9, 7

1 + 77-^ J (Qn + 2QB)dV + 9CVDS 
'-'ox * DS 0

(2.28)

We now derive the channel charge Qn as a function of the gate voltage which controls the
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surface potential 0s at the silicon surface. In the subthrcshold regime, the MOSFET behaves 

similar to the bipolar transistor, whereby the source acts as an "emitter", the channel can be 

considered as an "indirect base", and the drain is equivalent to the "collector". The surface 

potential in the channel, which is equivalent to VBE in the bipolar bias configuration, is the 

resultant of the capacitive coupling from the gate voltage VGS, the body bias VSD, and the drain 

bias VDS.

The one-dimensional Poisson’s equation in the channel position y, may be written as

TT =-^- = "^VNa -ND + n-p"\ 
OX &F

(2.29)

Using Eqs. (2.9) and (2.10) for n and p. Eq. (2.29) becomes:

1 + exp (0 — 20F — V$B — V (y))/Vj — exp(—0/Uy) (2.30)

In Eq. (2.29) 0 is a function of % at position y, 0 = 0(x) | We solve Eq. (2.29) with the

following boundary conditions:

0(^=0) = 0j

^-(^=O) = -E^ 
dx

0(x=oo) = 0

(2.31)

(2.32)

(2.33)

Integrating both sides of Eq. (2.30) with respect to 0, and using conditions Eqs. (2.31) and (2.32), 

and using V=V(y), the surface charge as function of electric field E, is expressed by Gauss’s law 

as

= -EfEy

Qs

(2.34)

^+VT -1 + exp[(0y-20F-USfl-V)/I/r] + exp(-0y/Vr) + exp[(-20y-V5fl-V)/Vr] "(2.35)

In weak inversion conditions, i.e. 0F<0y<20F, Eq. (2.35) can be reduced to
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^-l+eW'(2.36)

The surface charge can be expressed in terms of the bulk charge as a function ।of surface

potential and the mid-point of weak inversion, referred to as "mid-inversion", when 0

i.e.

j = 1.50F.

Qs Qb^s ) - CM 1-5(^7 + VSB) + (^ l.5^ VSB) । (!.5<>,+v„) (2.37)

= ^(l.5^+^) - CD-(Qs-1.5<bf—VsB) (2.38)

We define the average bulk charge at mid-inversion is QB = ^(l.5^+^), Eq. i(2.38) can

be rewritten as

where

Qb —Qb ~ Cq  1 [«ta  - (I.S^f +^+^ss )] (2.39)

The interface trapped charge Qit is considered responding to the surface band bending about mid-

inversion surface potential, 1.50f . Similarly, we define QÛ = ^/(LS^f +^+^sb ). 

interface trap charge as a function of surface potential can be written as

then the

Qit = Qu ~ - (1.50f +V+IM)] (2.40)

potential and the charges at interface an in the bulk,

qD^t — Cü (2.41)

is the measured interface trap capacitance. We now relate the applied gate voltage to itic surface

We use Eqs. (2.39) and (2.40) for QB and Qit, VGB is expressed as

VGB ~ ^GS + VSB = VFB + 0s r
OX

(2.43)

Deriving an expression for VGS from Eq. (2.44), we obtain

vca =
. ^ox J '-'ox ^ox

(2.44)
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Vqs  = VFB + 1-5$f  —@B

ox

(Cd  + Cà)

(Cd  + C„) ^(Cp + CJ 

Cox
(2.45)

Wc define the ‘mid-inversion threshold voltage’, V*„ as

- VFB + 1.50/r -
(Qb + Qit) 

Cox
(2.46)

and we further define

Cd  + Ch

Cox
(2.47)

and

(2.48)

~ VSB 1 +

n = 1 +

m = 1

Equation (2.45) reduces to:

^cs = ^zn - 1.5<i>/rn + - V(/i - m) (2.49)

Solve Eq. (2.49) for :

- v* w
=------------ + 1.5^ + VSB + V( 1 - —) (2.50)

az  n

For a small drain voltage, the potential along the channel V(y) is small, therefore the last term of 

Eq. (2.49) can be neglected. From Eqs. (2.47) and (2.48) the interface trap capacitance, C^, and 

then the interface trap density, Du, can be calculated. (The techniques to measure and extract n 

and m will be described in details in chapter 6, to obtain interface state density.) The space 

charge equation (2.38) can be rewritten, using the body effect term:

(2.51) 
'•'OX

then
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Qs — Qn + Qb — + Vt [—\ + exp(^ — 2^ — Vgg — V(y)/Vj)]

At the onset of weak inversion, = typ +VSB + V(y), Qs - QB at any point along the channel.

Rearrange Eq. (2.52), using V = V(y), we obtain,

(2.52)

Qs = xcox^s - VT^ 1 +
VT

— —-exp((§s-2§p-VSB-V')/ Vp)
<Pj  - Vp

= Qb 1 +
V7

— 77— expC(4>j—2<p/r—VSB-V)/ VT)
AP, - vt )

(2.53)

(2.54)

= Q„ + Qb (2.55)

where

Qb - XCoxy]$s + VSB + V (2.56)

Solve for Qn :

1 QbVt
Qn = yrr rTr-expf^^^f—^fl-V)/ V7] 

2. (% - Vt ) (2.57)

from Eq. (2.57), the inversion charge is only significant to the bulk charge QB when the surface 

band-bending is greater than 2^p. We substitute Eq. (2.57) into the drain current equation 

(2.28) and integrate to obtain the subthreshold conduction current for the n-ch device,

1ds  = rcxp [(Vcs - V'^/nVp}
Lsg m x j

■expH)F12VTy [1 - exp(-mVDS/nVr)] (2.58)

In Eq (2.58) n and m are defined as in Eqs. (2.47) and (2.48), i.e. n and m are evaluated at the 

mid-inversion, where the surface potential = 1.5^ + VSB.

For PMOS devices, we follow a similar analysis where the surface potential, bulk Fermi 

level, and applied voltages are negative with respect to ground. We can derive a similar 

expression for the subthreshold current in a p-ch device,
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Ids  - v-V'rexp -(VGS - Vtp)/nVT 
Li* FU L .

•ex^FpllV-f) 1-exp (mVDS/nVT) (2.59)

23 Charge Sharing and Subthreshold Conduction in a Short Channel MOS Device

in the previous section, the subthreshold conduction equations were derived for the long 

channel case, where the underlying fundamental physics can be examined with a simple 1-D 

analysis. In this section we shall formulate a similar analysis for the short channel case. The 

definition of short channel behavior depends on the transistor design, but in our context of good 

device structure, we will informally define a short channel device as when the sum of the source 

and drain junction depth approaches the channel length, i.e. 2X, - L. In this case the charge 

sharing from the depletion layers on both source and drain ends becomes significant in 

comparison with the bulk charge under the gate.

ST
vxy 

n+ /S 
A

Figure 2-3. Cross Section of a short channel MOS device with charge sharing boundary

Consider a short channel NMOS transistor with source/drain junction depth of X, and 

metallurgical channel length L and the device cross section as shown in Fig. 2-3. Although the 
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LDD drain structure is used extensively for hot carrier suppression, we can assume that the 

doping concentration of the lightly doped region is much higher than the channel doping (by a 

factor of -25 times at the surface for practical devices), and, therefore, a one sided junction 

approximation can be used for the purpose of this analysis.

In this section, the subthreshold conduction in a short channel device is analyzed with a 

physically based model of charge sharing. A two-dimensional device simulator is used to 

determine the field line boundary in a short channel using a practical doping profile of an NMOS 

transistor in a submicron twin-tub CMOS technology. Figure 2-3a shows a family of equi­

potential contours of a 0.5|xm gate length NMOS device with VDS = 0.01 V, Vs = VB = 0V. The 

oxide thickness of the device is 125A, with the channel doping of - 8.0E16 cm~3 extended over 

0.4pm into the bulk (The simulated doping profile is shown in Fig. 3-4b). In Fig. 2-3, we have 

defined Lg as the gate electrode length, L as the physical channel length between the 2 

metallurgical junctions at the source and drain, and Le as the effective (or electrical) channel 

defined between the edge of the 2 depletion boundaries at the source and drain ends. As such, Le 

is a function of drain bias and channel doping concentration. Let us first analyze the case with 

small drain voltage and note the charge sharing boundaries, as shown by the 2-D numerical 

simulation, are not straight lines. For a circular junction, with a junction depth Xj, the charge 

sharing boundaries satisfy the loci y(x) with the condition

(2.60)

where w, and wd are bias dependent depletion widths at source and drain junctions.

ws = a^(x,y)

and

wd = a-^Cr,y) + VD$

(2.61)

(2.62)

where a is given by Eq. (2.20), and 0(x,y) is the two dimensional potential depending on the 

location of the charge sharing boundary along the contour of the junction (see Fig. 2-3). At the 

surface <^(^,y) is equal to the surface potential, In the bulk, i.e. under the sourcc/drain 

junctions outside the channel region, 0(x,y) is replaced with the junction built-in potential
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(b)

Figure 2-4. Simulated equi-potential contours of a 0.5gm channel length, VGS= 0.3V, and 
Vs=VM=0V, (a)VDS= 10mV (b)VDS=3.6V.
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and is given by,

_ kT
= —In 

q

NAND
(2.63)

The locus of Eq. (2.60) can be approximated as a straight line, therefore a straight forward 

geometrical analysis of the structure can be carried out. We will derive the expression for lateral 

position yi and y2, so that the gradual channel approximation can be applied within these 

boundaries. Gradual channel approximation means:

dEy dEx 
dy * dx (2.64)

(i.e. normal field variation is much larger than the lateral field variation, such that Ey varies 

gradually with distance). Refer to Fig. 2-3, at triangle I, we can write:

(X)+yif+x/=(Xy + w,f (2.65)

Solve for y ; we obtain

y 1 = ^(Xj+ws}2 -x^ - Xj (2.66)

Similarly, at the drain end, we can write:

(Xj+L2)2+x22 = (XJ + wd)2 (2.67)

Solve for L2 measured from the drain end

E2= y[(Xj+~Wd)^~-x2^ -Xj (2.68)

y2 with respect to the origin of the coordinates at the source end is simply:

y2=Ee-L2 (2.69)

= Le — (Xj + w^)2 — x22 — Xjj (2.70)

The effective bulk charge in the trapezoid area is the sum of 3 components:

0<y<yi : QBi-XCox(VSB + + Vi)y'— (2.71)
71

71^2 : 2s 2 = XCox(VSB + + VÇyV* (2.72)
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£ — y 
y2<y<Lt :Qb3= ^Cox (Vsb  + ----- (2.73)

L-y2

where X is the body effect coefficient, and is given by Eq. (2.51).

Integrate the charge over the channel length using gradual channel length approximation, 

noted that this approximation is only valid in the range of L„ and for small VDS:

Integrate QB1 over length y, and using Eq. (2.74)

/ yr-dy = — (VSB + + V] Jydy (2.75)
o Lox y i o

X , / V i Le
= y (^sb  + 02 + ^t )X —— (2.76)

2 VDS

Similarly, for QB2, we evaluate:

y, v,
(2.77)

XL
= —— J (y^B + 0j  + vy*dv

VDS v,
(2.78)

73 r r ■
- qr, (^SB + 0J + V2) - (V5fl + + V])

Wds  l  -
(2.79)

And for 2b  3 at the drain end between y 2 and L,,

V&3 . WsB+b + v2yL;
) r dy= J(L,-y)^

X(vsfl+0j + v2y
= 2 72)

(2.80)

(2.81)

XL, v
- q., (^SB + + ^2) (^DS ~ ^2)

2 DS
(2.82)

From Eqs. (2.76), (2.79) and (2.82), we can solve for V] and V2 by using the gradual 

channel length approximation, Eq. (2.74):
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Vos Ej Vd S 
i = ------- A, + -----------
' L. [' qNAL,

M1' A

(Xj +
^DS 2 
qNALe }

(2.83)

Similarly, for V^, we have,

v 2l 2

= Le + Xj (Xy + wd)2 — X22

(2.84)

(2.85)

Solve for V2> we obtain,

2X = 1 + ^L^' ^DS Le qNALt

Xj _ 

. 4 ^L2

2X. 2e, J1'2
+ + ^ds )]1 2 (2.86)

Lg 4^ A

Under very small VDS condition, we let VDS -> 0, Eqs. (2.83) and (2.86) become:

V1 =VDSfs

(1 + ^)"2-

L XJ
1 (2.87)

(2.88)

where

A Xi 2w„ . _
fs = ~ (1 

Le .
+ —)"2 - 1

XJ
(2.89)

and

F2 , %; F[ 2wd 1/2
-----  = 1 — ---

Vds  Lt
rd

— 1 (2.90)

V2 = Vds -{\- fd) (2.91)

where

a Xj r 2 wd 1/2"xj (2.92)

fs and fd are referred to as short channel charge sharing factors at source and drain ends, 

respectively. To simplify the analysis, one can assume the average charge sharing at both ends by
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the factor, / = + f^. The total charge in the channel is simply expressed as:

Qb =/Qao (2.93)

where QB0 is the long channel bulk charge. We will now use the charge-sharing concepts to 

derive the subthreshold current formulation for a short channel device.

$avcDvTC16'-U6^^
Le o

Using surface scattering coefficient, 0j, Eq. (2.94) is evaluated as:

_______ ________________2nvr . ’ nVT
14-2X9^1.5^ + ^ 5 (2.95)

PoCpVr2 n_ ^Va-Vj/nVr

1 + 2X9^^ E5(^^ + ^sb m

Or r mV os - 
"VT

(2.96)

In Eq. (2.96), the channel length shortening is included in p0 by the expression:

n Ho COXW
Po = 7--------------

L — Wy — Wj
(2.97)

where m and n are defined with charge sharing factor as

. (1 - f)^D + Ctt
M = 1 4--------------- ---------------- (2.98)

and

Cox
(2.99)

where

% +fd) 
2 2 Le

(I + ^L)i/2 + (1 + ^.)i/2_2
(2.100)

The drain voltage effect on short channel device is contained in the expressions of fd, wd. 

Therefore n and m are also affected by drain voltage. If VDS is increased, then fd increases 

according to Eq. (2.92), n is decreased (Eq. 2.98), i.e. the subthreshold swing is smaller.
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For an optimized device, V*n is about midway between VGS = 0 and the strong inversion 

threshold voltage Vtn, loff can be derived , by substituting VGS = 0 into Eq. (2.96).

Pq Cd v t 2 n_ (-v;)/nvr

1 + 2X8^^/ 1.5(j)/r + V$B m
2nVr

(2.101)1 - e

At high drain bias, the effective channel L, is dependent on VDS. The experimental results of 

these new short channel effects, referred to as reverse subthreshold swing, will be reported in 

chapter 5. If the gate voltage is further increased then the device will enter the threshold of strong 

inversion, which will be described in the next section.

2.4 Threshold Voltage

The threshold voltage is one of the most important parameters in the design of MOS 

transistor. As discussed in the previous section, the choice of threshold voltage for a given 

subthreshold slope affects the off current, and therefore the punch-through prevention in a short 

channel device. On the other hand, the device performance in the active region depends on the 

difference between the gate voltage and the threshold voltage, VGS-Vt for a drive current. When 

the gate voltage is larger than threshold voltage, the device is in strong inversion, the vertical field 

from the gate to channel affects the mobility, and therefore the conduction current of the device. 

In this section we will develop a theory, similar to that developed by Krutsick, White, Wong and 

Booth.1541

The classical threshold voltage is defined when the surface potential, 0,, is bent 2^, based 

on the band bending at the surface and with the consideration of interface state traps. The gate 

voltage as a function of surface potential can be derived from the charge conservation in an MOS 

structure as:

Qg  + Qox + Qm. = 0 (2.102)

Where QG is the charge on the gate, Qox is the total charge in the bulk oxide and at the 

interface, Qinv is the inversion charge, and Qb is the bulk charge in the depletion layer. Equation 

2.102 can be expressed in terms of the voltage by dividing the charge by associated capacitance, 

we obtain
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GS ~ Vfb +^s-
Qb^s ) QM

OX COx
(2.103)

where VFB is the flat-band voltage, expressed as

VFB =
2/
Cox

&(0)
(2.104)

OX

where 0^ is the work function difference between the gate material and semiconductor intrinsic 

Fermi level. For an n+ doped gate, with a acceptor bulk concentration of NA = 8

is in the range of -0.85 to -0.95 eV, depending on the gate dopants (arsenic or phosphorus 

implant) and the anneal temperature,1551 and Qf is the positive fixed charge. By the classical 

definition, the threshold voltage is the gate voltage that induces the the strong inversion on the 

channel region, at that point, the surface potential = 2^. Equation (2.103) becomes:

Vtn - V^(^-2^) - VFB+ 2§p+——^2tsqNaÇ2§f  + VSB + V(y)) +
OX ox

(no;)

The interface state density above surface potential of 2^ is typically very difficult to determine, 

and normally assumed to have an effective value, Dit. In the above equation we assume that the 

surface potential is bent 2^ at strong inversion. However, Krutsick et al.^ have introduced an

improved model in which the band bending in strong inversion can be over 20^, by the factor y, 

where

Y = Tyln - VlnXVGS ~ ^in + 2X^^ - VT)] (2.106)

kT
where VT = — is a Boltzmann Thermal voltage.

The threshold voltage extrapolated from the maximum slope of a linear g curve, is in fact 

above the strong inversion threshold voltage,1541 and expressed by

Vgs  = V,„+Y+Vz>5(1 + 5)/2

where

X6 =
2\% - Vt

(2.107)

(2.108)

and X is the body effect coefficient as given by Eq. (2.51)
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2.5 Linear Drain Current

The drain current model in strong inversion at low drain bias is expressed as the integral of 

inversion charge multiplied by the effective mobility under the influence of the drain bias.

W V
/ds  = 7~ J VefjQndV (2.109)

0

The effective mobility, is derived by Mathiessen’s rule, with the inclusion of surface 

roughness term, 6^, is expressed as

Mo
—9,---------------

1 + _—(Qn +2 Qb ) 
ox

(2.110)

where 0j is the mobility degradation term due to surface roughness and the vertical critical field, 

^cril-L •

The critical field in an n-ch device is typically in the range of l-2xl05 MV/cm. In the linear 

regime, the drain bias is assumed to be small, so that the channel shortening effect is negligible. 

Therefore, the second order drain voltage effects can be ignored in a well designed short channel 

transistor. Evaluating Eq. (2.109) using the effective mobility term of Eq. (2.110), and taking the 

source-drain series resistance into account ( assuming Rs = RD ), we obtain,

I/nc
Pol^GS - Vm---- 2~(1 +

1 + (@r + 20o /?j )[VGs  — Vln + 2^^ — VT — Vy5(l + 5)/2]

If the drain voltage is maintained small, i.e VDS < VT (25.8 mV at room temperature), then Eq.

(2.112) can be further simplified as

______ Pot^GS ~ vmWps________

1 + (0, + 2^)^ - Vln + 2^^
(2.113)

It is clear that in short channel devices, the effect of series source-drain resistance is very 

important for linear transconductance gain, and therefore can not be neglected. In the above 
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equation, 0, is the surface band bending, for small VDS, over 2^ by the term y defined by Eq. 

(2.108).

= + Y + Vsg (2.114)

To simplify the equation, we use as an effective electron mobility. For the long channel case, 

the series resistance is assumed to be small compared with the channel resistance, we obtain the 

simplified expression for linear current:

W Vds  _
Ids  = V-eg-^CoxIVcs ~ Vln---- —(1 + 0))F^ (2.115)

The accurate modeling of linear region for long channel device physical parameters such as 

channel doping, vertical field induced mobility degradation can be obtained.

2.6 Saturation Regime

When the drain voltage is increased greater than the gate voltage minus threshold voltage, 

VGs ~ Vf at strong inversion, the device is biased in saturation regime. Figure 2-5 depicts the 

device cross section of electron density of an n-ch device operates in saturation mode. It is shown 

that in the saturation mode, the electrons are steered away from the surface due to the field 

reversal in the pinch-off region. In the long channel length case it is well known that the drain 

saturation voltage is

VDsal = (2.116)

Substitute Eq. (2.116) into Eq. (2.115), we can obtain the conventional long channel saturation 

current:

Ids ,. = - Vm)2 (2.117)
2( 1 + o) Le

When the drain voltage is increased over VDsol, the channel length modulation occurs. As shown 

in Fig. (2-5), the pinch-off region, AL, increases with increasing drain voltage. AL is expressed 

as:
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Figure 2-5. MOS device operates in saturation mode.

(Yds  - Vd $<u ) (2.118)

In a long channel device AL is negligible compared with L, therefore the drain current remains 

constant after saturation, i.e., I ds  =lDsat- However, in a short channel case, the drain current is 

expressed as: 

IDsWDS>VDs<u) = iDsat
L

L -AL
(2.119)

vDsat for short channel device is also differed from the long channel, and can be derived assuming 

that the linear drain current Eq. (2.115) is valid when when VDS = VDsat is the onset of saturation 

and the channel electric field, Esat = is the critical parallel field along the channel length of 

the device, i.e.
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VDsal~LeEsai (2.120)

Substitute Eq. (2.120) for VDS in Eq. (2.115), we can equate:

iDsat = ^VGS-Vtn-^-WDsat (2.121)

= P [VGS-Vln-VDM]LeEsat (2.122)

Neglect the term
VDsat2

2
and solve for VDsal, we obtain:

(Vgs ~Vtn)EtEsat 

(VGS-Vln)+LeEsal
(2.123)

where Esal is the saturation field, experimentally determined in the range of 4-5x104 V/cm. Le is 

a function of drain voltage as described by Eqs. (2.18) and (2.19). This result is consistent with 

the empirical results obtained by Sodini, et al.^

In obtaining Eq. (2,123), we assume that the term —— is negligible. A more rigorous 

treatment, taking into account the drain-induced barrier lowering effect 5, leads to the 

expression:1571

Vpsat _ Ee Esat
(1+8)4^,

-1 (2.124)

where 8 is given by Eq. (1.108).

When the drain voltage is increased several volts higher that VD$on the channel electric field 

increasing due to (VDS - VDsaty&L term, (since AL is pinched), transistor breakdown can occur. 

The break-down regime in an MOS device is attributed to the generated hot carriers in the bulk 

when the device is biased into the high saturation regime. The channel to source is forward 

biased and the device is turned into a bipolar transistor. The drain-source breakdown voltage due 

to substrate current generation is one of the critical parameters affecting device scaling and the 

maximum power supply for sub-half-micron (<0.5pm in Le) CMOS devices. A full treatment of 

this subject is found in chapter 6.
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Chapter 3

DEVICE DESIGN and PROCESS INTEGRATION

3.1 INTRODUCTION

With the background in MOSFET theory as described in the previous chapter, the transistor 

is designed based on several input factors. The device design is a part of process integration. 

Process integration is a multi-discipline field in which individual processes are integrated to 

fabricate desirable device structures and interconnects and to meet certain circuit performance 

requirements. Transistor design, process flow and fabrication, technology characterization, and 

design rules verification are all parts of the integration process. In this chapter, we will 

concentrate on the transistor design aspects of the integration process.

The process of designing an integrated circuit is rather complex. A device designer is a 

device physicist who understands the device structures, their operations and limitations. The 

device designer should also be knowledgeable of processing steps, such as oxidation, lithography, 

etching etc., and how processing conditions can affect the device performance. An understanding 

in circuit design is useful to determine how the devices should be used. A good material science 

background is very helpful in all phases of device and process design.

3.2 APPLICATIONS DRIVEN DEVICE DESIGN

In designing submicron device structures, several factors must be taken into consideration. 

We will examine the design issues from the circuit applications point of view and working toward 

the central point of the device design process.

3.2.1 Define the Circuit/System Applications of The Technology

There are generally two approaches to the device design. The first approach is a general­

purpose technology where the device performance is adequate for most applications. One 

example of this category is technology developed for general purpose use, e.g. Application 

Specific IC’s (ASIC) and logic oriented products. This approach is appropriate for the diversified 

products in low to moderate volume. The second approach is to develop a technology for a 
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particular product where the device design and technology features are tailored to a certain circuit 

applications. The notorious example of this category is dynamic RAM, which requires a different 

device structure for the memory cells as compared with other circuit applications. The transistor 

for DRAM applications often requires low junction and subthreshold leakage, and low body 

effect for the access device. Similar leakage considerations are used for designing high- 

performance low stand-by current Static RAM circuits.

3.2.2 Subthreshold Leakage Requirements

Once the circuit requirement is determined, the threshold voltage of a given device can be 

determined by the Ioff limitation and current drive expectation, since the subthreshold slope of the 

device is not scalable as described in section 2.1. Therefore, the off current and saturation current 

always work against each other, because to lower the off current, the channel doping has to be 

higher for a given channel length. This high channel doping leads to lower the mobility due to 

surface scattering and increase the threshold voltage. The higher threshold voltage leads to lower 

active current drive, thus, degrading circuit performance. However, the analysis of the off current 

for the device has another advantage in that punch-through prevention in short channel devices 

can be accomplished by controlling log, since punch-through is simply an excessive conduction in 

the off state.

The off current depends strongly on circuit applications. For example, in a DRAM circuit, 

the access transistor leakage determines the charge hold time in the cell, and as a consequence, 

the refreshing time of the whole circuit. In SRAM design, the subthreshold leakage of pull-down 

and access devices affect the standby current in the chip with high density, e.g. greater than IM 

bits. However, in logic chips such as microprocessors, or Digital Signal Processors (DSP’s), 

where the active cycles are dominant, the Iog requirement is less stringent, leading to higher 

current drive. In some applications, multiple threshold voltages are preferred to ease in the circuit 

design. The use of the devices in circuits, whether the product is a memory (Static or Dynamic), 

a complex microprocessor chip, a gate array, or an ASIC chip, dictates the device design. 

Moreover, the way the chip is operated also affects the device design constraints. For example, 

the standby current of a static memory operated by battery highly influences the off current and 
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junction leakage of the device. At the other extreme, processor chips that constantly operate at 

high frequency clock rate are more tolerable to the leakage current, and hence current drive 

performance is more important than the off state limits. A typical specification is I nA/pm 

width of transistor, at 125°C junction temperature. However, the high operating temperature due 

to high clock rate of the processor chips often affect circuit performance and reliability. Finally, 

the cost/performance expectations from the technology necessitate the decision whether circuit 

design using the existing technology is sufficient or a new, higher performance technology has to 

be developed.

3.3 PROCESSING TECHNOLOGY ASSESSMENT

Once aware of the design objective, the next crucial step is to assess the processing 

capabilities. To realize the submicron MOS device structures, the most important processing 

steps are the pattern definition (lithography), pattern transfer (etching), source-drain junction 

formation, low temperature and RTF (Rapid Thermal Processing), gate oxide growth, and 

interconnect materials. Except for the interconnect which is highly structural and material 

oriented, we will discuss the factors that directly influence the submicron transistor design.

3.3.1 Lithography Capability

The pattern definition or lithography is the process in which the circuit layout features are 

printed on the wafers in the form of photoresist Photoresist is a photo-sensitive organic material, 

which is polymerized when exposed to the short wave length light source. The exposed area is 

then developed by a solvent leaving an opening for pattern etching and/or implantation. The 

minimum resolution, or the smallest reproducible, of the defined feature is dependent on both 

photoresist property and the wave length of the exposure source. At the present time, the optical 

lithography stepper using g-line (k=456nm) and i-line (X=365nm) light source and lenses, are 

capable of defining 0.8 and 0.5pm features, respectively, in the manufacture of the devices. More 

advanced systems such as deep UV (using excimer laser), direct electron beam writing, and X-ray 

are popular in research laboratories. The deep UV source with the wavelength of 248 nm is 

capable of producing feature sizes with resolution in the 0.3-0.4pm range and is expected to be 
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used for the next generation of technologies. Mine optical lithography is expected to reach a 

0.35pm resolution with a more advanced resist.

3.3.2 Pattern Transfer

The pattern transfer or etching processes essentially create the permanent features on the 

wafers from the defined photoresist patterns. In a typical CMOS process (described in more 

details in Chapter 4), several etching steps are required. Among them, the critical pattern transfer 

in a submicron device is in etching the transistor gate which the MOS transistor characteristics 

strongly depend upon. Other etching steps which define the active areas, contact windows, and 

metal conductors, are no less important. Dry etch processes, using reactive ion plasma 

techniques, are used almost exclusively to define features at half a micrometer reliably and 

control! ably in production.

in the literature, MOSFETS with lengths as short as 0.1pm have been fabricated using 

direct E-beam writing on photoresist.^ However, these fabricated devices are discrete in nature 

and not integrated into a full functional circuit form. The high performance circuit and systems 

require small dimension in every design rule: from transistor gate length to contact window size, 

from isolation of active device areas to metal line/spacing, etc. The final pitch of the transistor, 

i.e. how close the two transistors can be placed together, is often used as a figure of merit for a 

particular set of design rules.

3.3.3 Isolation processes

Device isolation affects packing density of regular arrays like memory cell or cell array 

circuits. As discussed earlier, the most common scheme for intra-tub isolation is the conventional 

LOCOS (Local Oxidation), where a sandwich layer of pad oxide and nitride serves as an 

oxidation mask during field oxide growth. As the device dimension is reduced to submicron, the 

lateral encroachment of the "bird’s beak", the gradual transition region from active area to field 

oxide, is comparable to the the active device geometry. Therefore, more advanced isolation 

schemes, include shallow trench for intra-tub isolation and variations of poly buffered LOCOS, 

have been proposed for smaller design rule technologies. More details of isolation techniques 

will be covered in chapter 8. For the conventional LOCOS and Poly-Buffer LOCOS, the 
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availability of high pressure oxidation furnace would help in alleviating the segregation effect of 

the boron doping in p-well during the field oxidation. The lateral diffusion of boron and 

phosphorus across the well-boundary during the long atmospheric field oxidation is also greatly 

reduced with the use of high pressure oxidation, hence the inter-tub isolation design rules can be 

optimized.

3.3.4 Other Processing Capabilities

Other processing capabilities should be considered such as refractive metal deposition (e.g. 

Titanium, Tantalum, Cobalt) for self-aligned silicided source- drain-gate, rapid thermal 

processing (RTP) for dopant activation, high energy implants (>200KeV) for well formation or 

field implant, and selective epitaxial deposition for isolated well formation and/or raised source­

drain MOS structure. Some of these processing steps can introduce unwanted defects. Faceting 

and dislocation in selective epi, lattice slipping in high temperature RTA, and bulk defects by 

MeV implants are a few examples. Therefore, careful considerations must be made before a 

process step is committed to the manufacturing of integrated circuits.

3.3.5 Local and Global Interconnect

Moderate resistivity material such as silicide, Titanium Nitride (TiN), or heavily doped 

polysilicon can be used as local interconnect. A typical scheme for local interconnect is used to 

strap adjacent source/drain regions of the same or different type by a conductive material. The 

contact window to the metal conductor can be placed on the local interconnect layer over the field 

oxide, hence further reducing source/drain area of the active device. A local interconnect layer is 

very effective in reducing SRAM cell layout size.

The commonly used global interconnect material is aluminum, with a very small 

percentage of Cu and Si for electromigration considerations. A multilevel (up to 4 layers) metal 

system is the norm in present-day CMOS technologies. In some CMOS technologies below 

0.8pm, with smaller contact window sizes, the sputtered aluminum step coverage on the window 

wall is poor, therefore, tungsten or polysilicon plugs can be used to fill the contact windows and 

improve the integrity of the metal system. Tungsten, with higher resistivity compared with 

aluminum, is being considered for use as the first level interconnect material J59* J60^ CVD 
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(Chemical Vapor Deposition) aluminum1611 and copper are considered as local and global 

interconnect materials for future technologies.

3.4 DEVICE STRUCTURE DETERMINATION

When all the available processing tools and materials are assessed, the device specifications 

are established with strong emphasis on reliability. The following is the sequence of 

considerations to be made when designing devices:

3.4.1 Gate Dielectric Material

The next important physical device parameter is the gate oxide thickness. In practice, the 

gate oxide can be grown controllably to a thickness as thin as 40 A. However, the oxide quality, 

high field breakdown, and charge trapping are the major concerns. The gate oxide thickness, 

together with the channel length and and threshold voltage constitute the current drive per unit 

width of the device as described in Eq. (2.117).

The time-dependent dielectric breakdown (TDDB) is mainly governed by the processing 

conditions of not only the gate oxide growth but also the prior and subsequent processes. The 

pre-gate oxidation processes include the surface cleanliness and sacrificial oxide growth to 

remove defects introduced by the field oxidation. During the gate oxidation, the temperature, 

oxidation ambient and chemicals affect the oxide quality and the charge trapping characteristics. 

The post-gate processing effects include ion implant charging, comer effects of the patterned 

gates, the mechanical stress due to material mismatch, and radiation from the plasma etching. All 

of these processes and effects take part in degrading gate oxide quality. The gate oxide attributes 

can be examined by several ways. Dielectric breakdown at low field (infant mortality), defect 

density in a TDDB (Time Dependent Temperature Biased) stress, interface state density, oxide 

fixed and bulk charges etc. are some measures of gate oxide quality. The problems of hot carrier 

generation and degradation depend on the drain structure and the gate dielectric quality. For a 

device with 0.4-0.6iim design rules, the gate oxide thickness is typically in the range of 100-120 
0

A. Gate oxide quality is a key issue to ensure extended reliability of the devices in operation. 

Several works1621 ,l6^ have been done to improve gate dielectrics quality, in conjunction with 

improved drain structures, and these subjects will be discussed in chapter 8.
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3.4.2 Gate Electrode Material Considerations

n-type-doped polysilicon, so far, is the most commonly used gate material due to its ease 

of processing and good natural interface with the silicon dioxide. However, the gate to 

semiconductor work function difference of the n+ doped poly gate requires a high acceptor 

doping concentration in the channel of NMOS transistor, thereby, lowering the effective electron 

channel mobility. The availability of tungsten (W) or molybdenum (Mo) would be an improved 

alternative for a desirable mid-gap, (i.e. of the gate is close to EJq on Si), work function gate 

material. However, process instabilities and poor gate-to-oxide interface property of these 

materials limit their widespread use in practice. For half-micron geometry, p+ doped polysilicon 

is required as gate material for PMOS devices. We will limit our discussion to the n+ and p+ 

poly gate in Section 3.2.4.I.

3.4.3 S/D Junction Formation

The ability to form shallow source/drain junctions is crucial in device scaling. It is the 

junction depth that affect the bulk conduction during the off state, channel doping concentration, 

the overlap capacitance between the drain and the gate that can slow down switching speed due to 

the Miller effect. For the leakage and punch-through control, shallow junctions are more 

desirable. However, the shallow junctions increase the channel electric field and enhance the hot 

carrier generation in the bulk and injection into the gate oxide. Therefore drain engineering to 

suppress the hot carrier degradation is an important part of device design.

3.5 PRACTICAL DEVICE DESIGN CONSIDERATIONS

We will now concentrate qualitatively on the trade-offs of different device structures, 

assuming the twin-well foundation is generally accepted as an optimum choice for submicron 

CMOS technology.

The fundamental question to be answered before designing the deep submicron ( less than 

0.6pm) device is the maximum operating voltage the MOS devices will withstand. Most of the 

circuits still operate at 5V power supply down to the channel length of 0.6 pm. In some cases, 

on-chip voltage regulator has been used to reduce supplying voltage for internal devices of the 
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circuits. When the operating voltage is determined, (or to be determined when a flexible voltage 

regulator is used), the device parameters can be specified and predicted, before the fabrication 

begins. Process and device simulators have been found to be useful in aiding the device design 

and integration process.

The followings are device parameters chosen for an illustrational 0.5pm CMOS technology 

using a supply voltage of 4V.

3.5.1 Polysilicon Gate Doping

For the device dimension of >0.8pm in channel, the use of N+ doped polysilicon gate for 

both N and PMOS is the most popular. Figure 3-1 shows the band diagram of n+ polysilicon gate 

on p and n type substrates.

DEPLETION

HOLES

Ec 

Em

EV

n+-poly SlOa p-type8J n*-poiy SIO2 n-type Si p* poly SIO2 n-typeSI

(C)

Figure 3-1. Band bending of n+ Polysilicon gate on p- and n-type Si.

Due to the Fermi level of a heavily doped n-type polysilicon being close to the conduction band 

edge, the work function difference to the p-type substrate (NMOS device) is approximately close 
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to Eg/2 + ^Fp or —0.9 to -0.95 eV. The band bending when there is no applied gate voltage to 

line up the Fermi level at the gate and Epp causes the p-type silicon surface to be depleted (Fig. 

3-la). For an NMOS device an adequate surface concentration is required to obtain reasonable 

threshold voltage and off current. On the other hand, the PMOS device surface is normally in 

accumulation at zero gate voltage (Fig. 3-lb), more applied gate voltage is needed to bring the 

device into inversion, i.e. undesirably high threshold voltage. To rectify this problem, a surface 

counter doping is needed to compensate for the work function difference, compounded to the 

positive fixed charge Qf at Si-SiO2 interface which also accumulates electrons in n-tub, in order 

to bring the p-ch threshold voltage to a reasonable value. A single threshold adjust implant, using 

boron or BF2, can be used to increase Vm and decreases Vlp. This implant causes the donor 

concentration at the surface of the p-ch device to be depleted or even type-converted into p-type. 

The PMOS device, for that reason, is called a buried channel device. The disadvantage of a 

buried channel device is excessive Ioff at short channel length, therefore the threshold voltage has 

to be adjusted to allow for the worst case short channel. This effect will be presented in Section 

5.3.4.

For that reason devices with channel lengths under 0.6pm design rules often use N+/P+ 

poly as gate electrodes for NMOS and PMOS devices respectively. With the P+ poly gate used 

for p-channel device, the work function difference is shifted by almost +1V, (- Eg/q\ Vlp is 

reduced accordingly, in this case by 0^ rather than the use of a BF2 implant, which cause a 

buried channel behavior. The donor concentration at the surface of n-tub tends to pile up (see 

Fig. 3-4a), and as indicated above, the positive fixed charge accumulates electrons. With an 

appropriate concentration of the n-tub, the PMOS transistor can be an enhancement device with a 

surface channel, without requiring a threshold adjust implant of either type. The use of N+/P+ 

doped polysilicon gates requires, however, at least an extra masking step to selectively implant 

the respective gate areas. The implanted gate MOS structures, however, suffer from reliability 

issues. It is well known that the phosphorus and/or arsenic doped poly gate is a good gettering 

source for sodium. With boron doped gate, sodium instability in the gate oxide has been 

observed.*64^ The diffusion of boron through thin gate oxide at high temperatures is another 

problem. Composite gate dielectric material such as Oxide-Nitride-Oxide (ONO) can be used as 
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an effective boron diffusion barrier.BF2 implant has been proposed to reduce the boron 

penetration range in the poly and subsequently diffused to the poly-oxide by an anneal step. 

However, the presence of fluorine in the device causing the threshold voltage instabilities as 

reported by several authors.[66] J671 ,[68] Therefore low energy (20-25 KeV) boron implant is 

preferred for p+ gate doping. The gate oxide quality suffers from the charging effects of 

implantation, and results will be presented in chapter 8.

3.5.2 Minimum and Nominal Gate Length

Assuming the minimum resolution lithography capability is 0.40pm, and nominal gate 

length can be patterned at 0.5pm. The line width control, or variation, is typically 20% of 

nominal feature, i.e. 0.10pm (at 3a), then in the worst case, the minimum channel length to be 

designed with is 0.4pm. This is the device geometry that we have to insure proper performance 

and reliability.

3.5.3 Gate Oxide Thickness

For proper control of subthreshold characteristics and proper current drive, the gate oxide 

must be scaled. Based on published literature of previous CMOS generations, gate oxide 
o

thickness of 100A is chosen. However, this oxide thickness is constrained by reliability issues 

such gate oxide breakdown, time dependent dielectric breakdown, and hot carrier effects, and can 

be relaxed or modified to meet the reliability qualification criteria. This parameter is yield and 

reliability dominated.

3.5.4 Off Current

From Eq. (2.101), the off current, 7# = 7p I Vo=o is a function of temperature, channel 

length, and drain voltage. The log at high operating temperature, 125°C, is typically specified at 

InA/pm width of the device. From the theory developed in chapter 2, 7^ is an exponential 

function of small VD (- < 4kT ), but this dependence diminishes rapidly as VD gets larger. For a 

well designed device, 7^ is a weak function of drain voltage, as it will be shown experimentally 

in the characterization section of Chapter 5, and that reduction in operating voltage does not 

alleviate the 7^ constraint significantly.
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35.5 Threshold Voltages

Once the Iog is specified at a high temperature and translated to the room temperature 

value, the subthreshold swing, S, can be determined using the oxide thickness and the known 

interface state density, Nit. Typically, S is in the range of 80-90 mV/decade for a well designed 

device. Using Eq. (2.101), the threshold voltage at can be calculated. When the

operating voltage is reduced, a smallest possible V, is desired, since the current drive is 

proportional to VGS - Vlnp.

In the 0.5pm geometry CMOS devices, the p-channel MOSFET is a surface device in order 

to control the off current more effectively. Therefore, it is also beneficial from the circuit design 

standpoints to have Vln = Vtp for a symmetrical CMOS design. The inverter transfer 

characteristics is more centered at VDD/2, and the overlapping current, when both n and p devices 

conduct, is reduced. A value of Vln = I 1 = 0.5V is chosen.

3.5.6 Channel Doping and Body Effect Considerations

Some circuits applications require low body effect coefficient, X as defined by Eq. (2.51), 

for use as access gate in DRAM and SRAM cells, or in a dynamic shift registers. However, in 

order to control and punch-through, the channel doping concentration must be sufficiently 

high. Unfortunately, high doping concentration leads to higher body effects (refer to Eq. (2.51). 

There are some techniques to lower total channel doping concentration, and yet maintain a good 

subthreshold characteristic. One of them is called "halo" drain structure, where a higher dose of 

channel dopant (boron for n-ch, and phosphorus for p-ch) is implanted at higher energy over the 

source/drain regions after the gate electrode has been defined. The lateral channel electric field is 

controlled by the halo tip of the deep implant and yet leaving the channel region at a moderate 

doping (refer to Fig. 3-7).

35.7 Source & Drain Structure

As mentioned before, the junction depth is critical in controlling the off current in short 

channel devices, and yet it also creates high field effects at the drain region. With the inclusion of 

salicide (self-aligned silicide) process, fabrication of shallow junctions with low leakage is more 
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crucial. From the scaling theory derived in chapter 2, for a device with minimum gate length of 

0.4pm, a junction depth of 0.15-0.2pm is adequate. Figure 3-2 depicts the proposed device 

geometry for a 0.4 pm MOS device.

For the proposed structure in this work, we choose a junction depth of 0.2pm from the 

silicon-gate oxide interface, and the optimum lightly doped drain structures for both n&p 

channels are used. The oxide sidewall spacers are used to form LDD drain and to avoid the 

undesirable short effective channel length. Given the minimum gate length of 0.4pm, the lateral 

diffusion distance of the LDD source-drain is less than 0.05pm per side. Therefore, the effective 

channel length from metallurgical junctions for a minimum device is only 0.3pm for our 

example. Shown in Fig. 3-2 is the summary of device dimensions of a minimum 0.4pm MOS 

device.

on P+-SUBSTRATE

tox = 100Â 

DRAIN

Xj = 0.15 pm

0.1pm SPACER 

SOURCE

N CHANNEL MOSFET

Figure 3-2. Dimensions of a 0.4pm MOS device.

The choice of junction depth and profile must take into considerations of the hot carrier 

effects. This leads to the subject of drain engineering, which is one of the crucial part of device 

design
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3.6 DRAIN ENGINEERING

In this section we will analyze qualitatively the characteristics of different types of drain 

structures, with emphasis on n-channel for hot carrier effects. These structures include 

Conventional, Double Diffused (DDD), Lightly Doped (LDD), Double Implant (or halo), and are 

shown in Figure 3-3.
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Figure 3-3. Drain Structures for Hot Carriers Analysis.
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3.6.1 Conventional Drain

The conventional shallow drain is formed by implanting arsenic with high dose (7E15- 

1E16 cm~3) for NMOS and boron di-fluoride (BF2) for PMOS, after the polysilicon gate is 

etched. Due to the low diffusion coefficient of arsenic, NMOS arsenic source-drain junction 

profile is typically very steep and shallow, thus creating very high electric field at the drain when 

the device is operated in saturation mode. The conventional drain was used for devices with 

channel lengths of 2.0pm or longer. Although, performance degradation in NMOS DRAM 

circuits was observed at channel lengths >2.Opm using conventional drain structures.1691

3.6.2 Double Diffused Drain (DDD)

When the channel length was reduced below 2.0pm, the conventional drain structure could 

no longer tolerate hot carrier drift. A moderate dose (- 1E14 cm~3) of phosphorus is implanted in 

addition to arsenic to obtain a more gradual junction profile. Since the phosphorus is diffused 

much faster than arsenic, the channel region is adjoined with the drain by a more gentle profile of 

the phosphorus. Although DDD device is simple to fabricate, the more lateral diffusion of 

phosphorus severes the short channel effect, forcing the poly gate length to be increased. The 

gate-to-drain overlap capacitance is large, thus degrading ac perfotmance due to Miller coupling 

effect. The phosphorus diffusion under the field oxide also compromises the isolation distance 

between adjacent active regions, therefore packing density is compromised. The hot carrier 

suppression of DDD devices is generally effective for channel lengths in the range of 1.2 to 2.0 

pm, as will be shown in chapter 7. However, for submicron channel length device, the LDD 

device is proved to be more robust.

3.6.3 Lightly Doped Drain (LDD)

LDD CMOS devices was first proposed by Ogura 1701 and their derivatives, namely 

MOD,^ BLDD,1721 are the subjects for more extensive research and engineering for submicron 

geometries.

The basic structure of an LDD NMOS is shown in Fig. 3-3c. The lightly doped portion of 

the drain is formed by a phosphorus implant after gate etch. A low temperature oxide (TEOS) 
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layer is then deposited and anisotropically etched back to form the spacer of the thickness from 

0.2 to 0.35pm. The N+ implant with arsenic is subsequently followed.

The choice of the phosphorus dose, and the spacer thickness affect the device in both active 

performance and high field effects. We have determined that150* for the channel length of 0.7 to 

1.0pm the phosphorus dose of 4E13cm~2, resulting in a surface concentration of 2E18cm-3, and 

the spacer width of 0.3pm are optimum. The substrate and gate currents of LDD and DDD 

devices will be presented in chapter 6.

In the active mode performance, the lightly doped source-drain added the series resistance 

components to the channel current. The on current is reduced by 15% with optimized n - dose, 

compared with conventional device with the same effective channel length. However, the reduce 

gate-drain overlap and smaller coded channel length result in better overall ac performance of the 

circuit and improve layout density.

3.6.4 Variations of LDD

Other variations of the LDD include BLDD^% (Fig. 3-3e), where a arsenic is implanted to 

form a buried layer underneath of phosphorus. However, we have experimented that insignificant 

improvement in device aging was gained with the BLDD structure. Another form of LDD is an 

n-ch buried device with p+ poly gate (Fig. 3-3f). The principle advantage of this structure is the 

conducting channel is below the surface, the generation center is therefore located deeper in the 

bulk. The hot electron injection mean free path is longer, thus, less damaging to the interface due 

to hot carriers. This structure is not scaled well as far as subthreshold conduction control, and the 

problems associated with the p+ gate as discussed earlier.

In addition to the process complexity to form the spacer for an LDD device, during the 

RSE etch of the deposited TEOS there is no etch stop between the oxide spacer and the field 

oxide. 50% overetch is usually used to ensure source-drain areas are cleared of oxdie. This 

TEOS overetch will thin the open field oxide (not protected by gate) and thus creating problems 

in device isolation and dielectric voidings. Modifications of the oxide spacer has been proposed 

using a disposable polysilicon spacer,[73] nitride spacer,^ and L-shape nitride as etch stop for 

oxide spacer etc.. All of these alternatives have advantages and disadvantages in device 
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fabrication and performance.

In the next section, we will use process and device simulators to evaluate different device 

structures.

3.7 PROCESS AND DEVICE SIMULATION

For a complex set of variables and constraints for device design as outlined above, 

analytical tools are not sufficient to design an optimal structure. The problems of submicron 

semiconductor devices are highly 2-dimensional, and even 3-dimensional. Therefore, numerical 

solutions of the device structures in 2D (or 3D, if available) are necessary. With the advents in 

supercomputer, numerical methods, and knowledge in process and device modeling, the use of 

numerical simulators is indispensable in the process design and integration. The process 

modeling is by far the most important and most difficult The device modeling’s accuracy 

depends on the input of doping profiles and geometry from the output of the process simulator. 

The physics of semiconductor device is well understood for reliable device modeling. However, 

in the area of hot carrier generation and injection into gate oxide requires more understanding in 

energy transport. 1751

We shall investigate the use of process and device simulation tools to design the submicron 

device geometry based on the conventional knowledge developed in the previous chapter. The 

active device operations will be investigated in this chapter.

The process simulator BICEPS (Bell IC Engineering Process Simulator) developed by 

PcnumelliJ7^ is primarily used for process modeling in this dissertation. Other process 

simulators include SUPREM III and IV,*77* PREDICT*78* are commonly used. Medusa, a 

device/circuit simulator developed at Univ, of Aachen, is used for basic device parameters, i.e. V,, 

Ion, loff. The device simulator Galene 2,*79* which has energy transport equations,*80* is used for 

hot carrier analysis and substrate current prediction. PISCES IIB*81* is a device simulator using 

triangular grid structures, capable of handling non-planar structures in bipolar and/or CMOS, can 

be used for bipolar and latch-up analysis.
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3.7.1 BICEPS Process Simulator

BICEPS, originally developed by Penumellit76] is a two dimensional process simulator, 

using finite difference discretization method for the grid structures. The program capabilities 

include:

1. Diffusion and Oxidation with dry, wet, HC1 oxidant ambient, and partial, atmospheric, and 

high pressure.

2. Implantation: with arsenic, phosphorus, boron, BF2, and antimony species.

3. Deposition and Etching of various materials: Oxide, nitride, poly, photoresist

4. Epitaxial Growth of silicon layers.

All of the above features can be used to simulate 2-dimensional structures of CMOS and bipolar 

devices. The doping profile of the process simulator can be used for device simulation, or just 

simply verify some processing steps.

CMOS devices, isolated by a fairly large distance (- 4pm) across the tub boundaries can be 

simulated in smaller sections, and then merged together by a device simulator. The n- and p-ch 

devices are simulated in 2-D and 1-D doping profiles at the middle of the channel and source­

drain junction are plotted, Figs. 3-4 and 3-5 for n- and p-ch, respectively. The 2-D tub profiles 

across tub boundaries is shown in Fig. 3-6, indicating that no lateral diffusion of either dopants 

into the adjacent tub.

3.7.2 Device Simulation

To predict device characteristics from the process integration stand point, the use of 

numerical simulator is unavoidable. Although analytical expressions are important in the 

understanding of device physics, and first order prediction of simple parameters such as threshold 

voltage and transconductance of large geometry devices. For smaller devices, which are highly 2- 

and 3- dimensional in nature during processing and operation, a detailed knowledge of doping 

profiles, lateral diffusion, non-planar structures etc. is needed to provide as a input for a numerical 

solution to predict device performance.
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Figure 3-4. NMOS doping profiles: (a) 2-D profile of s/d and channel; (b) 1-D profile in the 
channel; (c) 1-D s/d junction profile.
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Figure 3-6. 2-D Profile of dopant concentrations at the tub boundary for an advanced twin-tub 
CMOS using high pressure oxidation for field isolation.

The basic principle of device simulator is to accept input doping profile and geometrical 

infonnation from process simulator such as BICEPS. The device structure is then discretized into 

grid points of localized potential, impurity concentration. The boundary conditions are the 

external applied potential, the known charge distribution, i.e. fixed charge or interface states.

The device simulators solve for the solutions of Poisson and current continuity equations of 

the forms:

Vf = - V20= -2- (3.1)

A = + qDnVn (3.2)

4 = - QDp^P (3.3)

where p the total space charge, assuming total ionization of dopant impurities, given by
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p = q(n-p +Nd -Na ) (3.4)

and and pLp are the electron and hole mobilities and Dn and Dp are the corresponding diffusion 

coefficients. It is further noted that both mobilities and diffusion coefficients depend on 

temperature, doping level, and electric field. The use of notation 0 is to be consistent with our 

definition of the potential with respect to the bulk, as .defined in Eq. (2.3). In most of device 

simulators, y is often used for electrostatic potential. The electron and hole concentrations, n and 

p, in Eqs. (3.2) and (3.3) can be written in terms of the electrostatic potential, and the quasi­

Fermi levels, and §p, using Boltzmann statistics, as:

n =n^exp

p = /lie exp

9(4» - 0*)
kT

kT

(3.5)

(3.6)
q^p - 0)

is the effective intrinsic carrier concentration, is a function of bandgap narrowing in a 

heavily doped semiconductor, and is expressed empirically as:

nie = "^exp(—) (3.7)

For low to moderate impurity doping level, n* approaches the intrinsic carrier concentration, n, = 

1.45ElOcm"3 at room temperature.

Using the Einstein relation for diffusion coefficients, D = p.—, we can rewrite the 
q

continuity equations, (3.2) and (3.3), using Eqs. (3.5) and (3.6), as

Jn=-q^nnV^n (3.8)

Jp=-qV-PP^p (3.9)

The continuity equations for electrons and holes can be expressed as:

VJn=-q(G-R-^) (3.10)

VJp=q(G-R-&) (3.11)

where G and R are the generation and recombination terms respectively.

The total continuity current equation couples the change in electric field vs time to the 

73



current densities of electrons and holes according to the equation:

VVr = V(E^-+J„+Jp) = 0 (3.12)

The total current JT is the sum of conduction currents Jn and Jp and the displacement current 

édE/dt.

Solving Eq. (3.12) analytically for time and 2- or 3-dimensional space is almost impossible. 

The use of supercomputers for numerical solution is becoming more practical for more 

complicated device structures such as bipolar, CMOS, and even latch-up (equivalent to a 

thyristor) structure. The details of software implementation and numerical techniques are beyond 

the scope of this dissertation. However, the use of process and device modeling to design 

different device structures will be described in the following sections. One caveat: the numerical 

simulation can be used to analyze the trends of changes in process and device parameters, and 

therefore should be used as a guide during technology development. Characterization of 

fabricated devices should be used to calibrate the simulators, since the models used in these 

programs may not reflect the existing process conditions.

3.8 DEVICE DESIGN USING PROCESS AND DEVICE SIMULATORS

In this section, we will report the results of different proposed submicron CMOS device 

structures and their trade-offs using numerical process and device simulators. Hot carrier effects 

will be considered for n-channel devices using energy transport in Galene 2 simulator.1801

3.8.1 Low Body Effect NMOS Using Halo Drain

In short channel device, controlling punch-through can be accomplished by either using 

higher doping concentration in the channel or a deep implant of the same type as the bulk dopant 

(boron for n-ch) at the source and drain, also called halo drain. The high channel doping leads to 

higher body effect coefficient, X, described in Eq. (2.51), which is undesirable in circuit 

applications such as access transistor in DRAM and SRAM cell or transfer gate. The halo drain 

with deep boron implant after the gate etch allows the channel doping to be low in the bulk and 

therefore low body effect A cross section of the halo device structure is shown in Fig. 3-7 and 

the simulated channel doping profile (Fig. 3-8) shows a steep decrease from a surface
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concentration of - 8E16cm^ to the background concentration (2E15 cm~3 in the bulk. The front 

end fabrication sequence of the device include a background well concentration with the doping 

level of l-2E15cm”3. The field isolation channel stop implant is needed using an additional 

masking step, since the p-well concentration is not sufficient for field device isolation purpose. 

After the gate oxide is grown and gate electrode is defined, the boron is implanted with 70KeV in 

energy and moderate dose of 7.0E12cm"2. The shallower implant for the N-LDD is done at this 

step followed by the spacer formation and the N+ s/d implant.

From the device performance, the n-ch halo device has the following advantages:

• Low body effect coefficient: as seen evident from channel doping profile in Fig. 3-8, where 

the background concentration of 2E15 is used at depth of - 0.3pm. The change in Vln 

when back gate bias varies from 0 to -4.5V is 0.29V (0.47V to 0.76V), while the loff 

leakage is 7.21E-10A/pm width at 125°C. The experimental results show in chapter 5 are 

consistent with the predicted results.

* Coded gate length can be shorter, if lithography allows.

• The effective source/drain junction capacitance (integrated over the operating range) is 

lower, since the background p-tub concentration is significantly low.

and the disadvantages are:

• Higher channel electric field at the drain, due to the halo implant.

• Higher substrate current and lower drain-source breakdown voltage.

• Lower s/d to tub junction breakdown, due to higher acceptor concentration on the p-tub.

• The control of the device due to the halo-implant shadowing effect

The hot carrier effects was analyzed using the Galene 2 simulator, which employs the energy 

transport equations in its implementation. The results show that the hot carrier generation center 

is pushed close to the surface. Figure 3-9 shows this center is 462A to the surface, as compared 
0

with 486A in a conventional LDD structure. The peak substrate current is - 2 times higher than 

the conventional LDD structure for the same channel length. This higher substrate current 

translates into a shorter transconductance degradation lifetime by about an order of magnitude
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(T«2^). The drain-source breakdown voltage is experimentally verified to be 6.9V for the halo 

and 8.9V for the convention device, with lower current drive, as shown in Fig. 3-10. Therefore, 

the scalability of this structure is limited. From the simulated and experimental results shown, 

the n-ch halo device is not recommended for half-micron NMOS devices operated at 5V supply 

voltage, when hot carrier degradation is a constraint.

3.8.2 P-Channel Halo-Drain

As discussed earlier, the use of N+/P+ poly gate material for device sizes of 0.5gm or 

below results in a more scalable structure in terms of control. However, the use of single N+ 

gate for both device types is still preferred for devices in the range of 0.6 to 0.7pm, for process 

simplicity and to avoid problems associated with P+ gate. We have proposed a modified P- 

channel with halo drain that uses N+ gate and appropriate off current control at short channel 

length down to 0.5p.m. This structure is attractive for supply voltage at 5.0V since the current 

drive capability is comparable to that of the surface p-ch device in spite of higher threshold 

voltage.

The fabrication process requires a protecting layer of nitride or oxide on top of the 

polysilicon gate. After the nitride/poly sandwich is etched, a deep phosphorus implant at 180KeV 

is carried out to form a punch-through protection at the source-and-drain. P-ch LDD is implanted 

with moderate dose of BF2. Then, the P+ source-drain is formed either by the conventional 

structure or with salicide. The and Vtp vs Ltg plots are shown in Figs. 3-11 and 3-12. It is 

noted that the off current is suppressed 4 orders of magnitude compared with conventional 

structure at the same coded channel length (i.e. 0.7pm), therefore allowing the coded length to 

reduce to 0.5pm and satisfy the leakage specification of InA/pm. The predicted lm is plotted vs 

coded gate length as shown in Fig. 3-13, indicating that for a nominal gate length device of 

0.6pm, lm is 290pA/pm width. The coded length of the p-channel halo is the same as that of the 

n-ch device, easing the circuit layout and improving circuit speed.

The p-ch halo drain structure is an attractive alternative to maintain the n+ doped gate, and 

allowing the same n and p-ch gate lengths to be used. The threshold voltage, Vlp, however, is 

rather high, - -1.0V, therefore a existing 5V supply voltage is desired for not suffering the current
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drive. In conclusion, the p-ch halo drain structure is a temporary approach for device geometry > 

0.6pm. Further scaling requires the n+/p+ poly or a closer-to-midgap material to be used as gate, 

for reduced supply voltage technology.

3.9 SUMMARY

In this chapter, we have considered practical approaches to define CMOS device structures 

to meet desirable circuit and device specifications, and suitable for a given set of processing 

constraints. The use of process and device simulators have been demonstrated to evaluate 

alternative structures for n- and p-ch halo drain devices. The performance advantages and draw­

backs of each approach can be simulated and analyzed. Proper decision can be made in a timely 

manner without embarking on expensive and lengthy fabrication processes. We have 

recommended that the gate material for subhalf micron devices is n+/p+ doped polysilicon for the 

near future until an established midgap work-function-material is developed.
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Chapter 4

CMOS FABRICATION PROCESS

4.1 INTRODUCTION

As discussed in section 1.2, the CMOS (Complementary Metal Oxide Semiconductor) 

technology has evolved from the early 1970’s when it served as a low-power, low-speed 

alternative for bipolar TTL SSI logic applications to the modem high-density, high-speed 

technology found in dynamic and static RAM’s(Random Access Memory), microprocessors and 

application specific integrated circuits (ASIC). To accomplish this, the process technology 

evolved from a p-well process, which was derived from NMOS technology for the reasons of 

process compatibility, to n-well for improved device balance, and finally emerged as the 

optimized twin-tub structure.1821

The driving force for the popularity of CMOS technology stemmed from the major 

drawback of NMOS technology, high power consumption. The high power consumption limited 

circuit speed and taxed the heat dissipation ability of the operating environment Moreover, 

circuits designed in CMOS are less sensitive to process variations and more tolerant to junction 

leakage than those designed in dynamic NMOS. The objective of this chapter is to describe the 

twin-tub CMOS process sequence used to fabricate the devices reported in this dissertation.

4.2 TWIN-TUB CMOS FABRICATION SEQUENCE

The self-aligned twin-tub approach, developed at AT&T Bell Laboratories,1821 allows 

independent tailoring of the individual tub profiles without having either device type suffer from 

excessive counter-doping effects. The twin-tub approach also allows flexibility in choosing the 

optimum type of starting material for a particular circuit application because either a lightly 

doped n- or p-type substrate can be used.

A cross section of twin-tub CMOS structures is shown in Figure 1-8. In this technology a 

surface n-channel and a buried p-ch MOSFET are integrated with n+ doped polycide (TiSi 2 on 

polysilicon) gate.
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The process and device considerations for submicron CMOS technology are numerous.1831 

The factors that affect circuit packing density for a given gate length are the device isolation, 

contact and metalization, and latch-up prevention measures. The isolation of the same device type 

(intra-tub), i.e. NMOS to NMOS or PMOS to PMOS, is determined by the subthreshold leakage 

of the parasitic field transistors. In the conventional LOCOS isolation, the minimum spacing 

between 2 adjacent diffusion regions is controlled by the surface concentration and field oxide 

thickness in the chanstop (channel stop: the area underneath field oxide and between channel 

regions of active device) area. However, as the spacing is reduced the barrier lowering at the drain 

of the field device becomes severe, thus limiting the allowable minimum spacing. Alternative 

approaches include trench isolation,1841 buried oxide (BOX) isolation,1851 and selective epitaxial 

growth of active device areas.1861 These techniques also aim at latch-up prevention, but are more 

prone to the material defects and will not be covered in in the context of this work.

4.3 FABRICATION PROCESS

The process steps to fabricate twin-tub CMOS devices were originally described in ref.1821. 

Through evolution and improvements, the modem twin-tub process is slightly different from the 

original scheme but the basic philosophy remains the same. The process that is described in this 

section, resembles state-of-the art processing technology and materials characteristic of 0.9 and 

0.6jim CMOS technologies.1431 1511 Where applicable, we will attempt to justify the choice of 

certain processing steps and suggest alternatives that may be a common practice in other 

technologies.

4.3.1 Starting Material and Tub Formation

The starting material is of lightly doped p-type layer, with the resistivity in the range of 

10-20 Q-cm, epitaxially grown on a p+ substrate wafer. The choice of p+ substrate is to reduce 

the substrate resistance and thus increasing the source-drain breakdown voltage caused by hot 

carrier generation, as will be shown in Chapter 6. For DRAM applications, the use of low 

resistivity p+ layer is known to be effective in collecting a-particles generated from cosmic 

rays.1871 However, in applications such as SRAMs, an n-type substrate is more effective in 

reducing single event upsets due to radiation.

83



Boron.

N-Tub Oxide:

Pad Oxide N4Ub

Pad Oxide

p-opl

p* tuba.

Figure 4-3. N-tub Oxidation and self-aligned P-tub implant.

Bare" Silicon

P aube

MUb

AUC106»eMK007 Back ot wafer ("Baro" Silicon)

Figure 4-4. Wafer topography after tub formation.

84



The wafer is first cleaned and etched in a diluted hydrofluoric (HF) acid solution to remove 

any native oxide on the surface. The initial tub pad oxide is thermally grown to a thickness of 

350 A followed by a chemically vapor deposited (LPCVD) nitride layer of 1200 A thickness. 

The nitride layer is used as an oxidation mask for the n-tub oxide, whereas the fairly thick pad 

oxide is used for stress relief during the local oxidation over n-tub areas. The n-tub regions are 

defined by a photolithography step, using an optical source for for photoresist exposure in a step 

and repeat machine. The photoresist is developed leaving the opening in photoresist as shown in 

Fig. 4-1. The nitride layer is then etched using the pad oxide as an etch stop with some overetch 

to insure the complete removal of nitride. While the photoresist is still on, Phosphorus and 

arsenic are implanted into the opening areas (Fig. 4-2).

The photoresist is then removed by an oxygen plasma, followed by wet chemical cleaning 

steps. 6500 A of silicon dioxide is grown in a pyrogenic (H2 and 0 2) ambient in n-tub regions 

which are unprotected by the nitride layer. The main purpose of the n-tub oxide is to be used as 

blocking oxide for the subsequent self-aligned p-tub implant. With the thickness of 6500A, this 

oxide is sufficient to prevent Boron implant energy up to 130 KeV (with range and 3 time 

standard deviation (o)) from penetrating to the n-tub silicon surface. This step is also to activate 

and partially diffuse-in the implanted phosphorus and arsenic impurities (Fig. 4-3). The 

remaining nitride is removed and the p-tub is implanted with boron whose dose is adjusted to 

serve as a background concentration to the n-channel device. With the tub oxide still on, both 

tubs are driven by a high temperature (normally between 1050 to 1150°C) drive-in step resulted 

in a tub depth of -2 pm. The final 2-D tub doping profile is shown in Fig. 3-6 from the BICEPS 

process simulation^88* An optional second p-tub boron implant is employed to increase the 

surface and bulk concentration of the active and field isolation of the n-channel device. This step 

may not be needed if the threshold adjust implant is sufficient to adjust the threshold voltage, and 

a separate chanstop (or field) implant is used. All of the oxide is removed from the wafer 

yielding a silicon surface with patterned n and p-tubs separated by a gradual step at the tub 

boundary (Fig. 4-4). This step is essential for subsequent lithography alignment.
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4.3.2 Active Area Definition

The transistors are built on active areas (also known as diffusion, island or thin-ox areas) 

that are isolated from each other by the field regions. The conventional method to define the 

active area is by Local Oxidation (LOCOS). It is very similar to that of N-tub formation sequence 

described in section 4.3.1. A 200 A pad oxide is grown, followed by an LPCVD nitride film of 
o

1200 A. A lithography step creates patterns whereby the intended active areas are covered by 

islands of photoresist (Fig. 4-5). The nitride layer is reactive-ion-etched in NF3 gas to expose the 

field oxide-to-be regions. The pad oxide is again used as etch stop layer. It is important to protect 

the silicon surface from being damaged by the reactive-ion etch. The remaining photoresist is 

now removed. For the conventional atmospheric field oxidation approach an extra mask would be 

required to selectively implant the n-chanstop region.

The field oxide is grown by pyrogenic oxidation in high pressure ambient. The advantage 

of high pressure oxidation is that there is less segregation of the boron into the field oxide and 

less redistribution of the dopants than during an atmospheric oxidation resulting in the same 

oxide thickness. Using high pressure oxidation (HiPox) a chanstop masking step can be saved as 

indicated above. The cross section of the wafer is shown in Fig, 4-6.

4.3.3 Gate Oxide Process

The silicon nitride islands remaining in active area are now removed in hot phosphoric 

acid. It is well known that the LOCOS process produces a compound of oxynitride of unknown 

proportion (SixNy)189' at the edges of the active areas (bird’s beak) which will result in a region of 

thinner oxide in a subsequent oxidation. A sacrificial oxide is grown in wet atmosphere, after the 

pad oxide is stripped, to remove the SixNy composite. The thickness of this oxide needs to be 
o

between 500-800 A to be effective. The sacrificial oxide is then etched away and a threshold 

adjust screening oxide is grown to a thickness of 150 in dry ambient. The thickness control of 

this oxide is critical for the threshold voltage consistency.

A blanket boron implanted is done to adjust the threshold voltage of both n and p devices. 

The p-channel device is therefore of the buried channel device, as discussed in chapter 3. For a 

device with channel length less than 0.6pm, the buried device is not effective in controlling
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subthreshold leakage. In this case a surface p-channel device with p-type doped gate is more 

appropriate (Section 3.3). In this case the threshold adjust step is optional.

The screen oxide is removed by a diluted hydrofluoric acid solution. The gate oxide is 

grown in a dry oxygen ambient. Chlorine or Fluorine may be added to the oxygen to improve the 

quality of the oxide.

4.3.4 Gate Patterning

A 3500 A polysilicon film is immediately deposited by LPCVD (Low Pressure Chemical 

Vapor Deposition) at 600°C by pyrolysis of silane (SiH4). The polysilicon is subsequently doped 

with phosphorus using PBr3 in a furnace. This approach will produce an n-type gate for both n 

and p-ch devices. For subhalf-micron structures with n+/p+ gates, the polysilicon need not be 

doped before etching since it can be doped by the source/drain implants.

There are two approaches that are commonly used to reduce the sheet resistivity of the 

polysilicon runners (used for interconnect). The conventional approach is to deposit a layer of 

refractive material such as tantalum, molybdenum, or tungsten. The gate is then defined by 

etching the sandwich layer to form the gate. This approach has a major disadvantage in channel 

length control due to the difficulty in etching the dual layers.

A more elegant technique is the self-aligned silicide (salicide) process in which the 

polysilicon gate is etched (Fig. 4-7), the lightly doped source/drain implants are done, spacer are 

formed on the edges of the polysilicon, and a selective silicide is formed on the gate and 

source/drain.

4.3.5 Source and Drain Formation

There are several approaches to form source/drain depending on the desired drain 

structures. We will describe the two sequences to fabricate LDD and DDD respectively for n and 

p MOS (Fig. 4-8). After the polysilicon gate is etched and PR is removed:

1. For LDD: a light dose of phophorus (- 4E13 cm-2) is implanted nonselectively. An short 

oxidation step is done to drive in phosphorus into the channel to insure the channel 

continuity under the gate edges. This consideration is due to the implant shadowing and
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undercut in gate profile. The oxidation step also grows a sidewall thermal oxide on the 

sides of the poly gate. An implant mask is used to expose the p-ch area, where a moderate 

dose (1E14) of BF^ species is used for PLDD implant. A low temperature oxide is 
. . 0

deposited to the thickness of 3500 A. An anisotropic RSE etch is performed to form the 

sidewall oxide spacer. The final width at the foot of this spacer is 25OO-3OOOA for a 5V 

technology. N+ S/D implant using arsenic is done with a lithography step. One more 

masking step is needed for P+S/D using BF2 implant.

2. For DDD: A sidewall spacer is first formed by thermal oxidation to a thickness of 200A, 

followed by an RSE etch back of 1000A deposited TEOS, resulting in a spacer width of 
0

-800A. A lithography step is used to open the n-channel device active areas. A moderate 

dose of phosphorus (IE 15) and arsenic are implanted into n-channel device to form DDD 

structure. Another masking step for the P+s/d implant, where BF2 is implanted to p-ch 

devices.

The width of the spacer, particular in the case of LDD devices, is critical in optimizing the hot 

carrier generation as described in ref.™ and in detail in chapter 6. During the spacer etch, the 

source and drain silicon surface is exposed. The n-channel source/drain is implanted with a high 

arsenic dose of 5.0x10^ at low energy (80 KeV) using a selective mask. P source/drain is 

implanted using BF; at high dosage (3.0E15) and low energy (50 KeV) to form shallow 

junctions. The ability to form shallow junction is one of the most critical processing step to 

realize scaled devices as was discussed in chapter 3. The source/drain junctions are driven-in by 

an anneal step using nitrogen as the major carrier gas. The wafer is cleaned in a diluted HF 

solution to remove any grown oxide before the refractive metal deposition (Fig. 4-9).

4.3.6 Self-Align Silicide (Salicide)

The choice of refractive metal depends on many factors: sheet resistance, reactions to 

certain chemicals, interaction with dopants, and most importantly the adhesion to silicon and 

polysilicon. For example, titanium is known to react with hydrofluoric acid, while cobalt is not. 

Cobalt has another advantage that it can be used as a source for out-diffusion (similar to that of 

polysilicon) to form a very shallow junction. However, cobalt is a magnetic material, and
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equipment contamination is the serious drawback for its use in practice. In this work, we will 

describe a salicide process using titanium to form TiSi2. It is observed from Fig. 4-9 that the 

source/drain silicon and gate polysilicon surface are cleaned to remove any native oxide. A layer 

of Titanium is sputtered to the thickness of -800 A. Silicon atoms are implanted for ion mixing 

of Ti and Si. This step is to facilitate the silicidation process (Fig. 4-10).

A low temperature (600-700°C) Rapid Thermal Anneal (RTA) is done to react Ti and Si to 

form Ti-mono-silicide. This reaction converts Ti into TiSi only in areas where Ti is in contact 

with Si or polysilicon. Titanium on field oxide and the sidewall spacer slopes is not reacted. A 

wet chemical solution containing HF is used to selectively etch the unreacted Ti. Another RTA 

step is done at higher temperature (900°C) for a short time to convert TiSi (Ti mono-silicide) into 

TiSi2 (Ti disilicide) which is a more stable compound (Fig. 4-10). At this point the basic 

transistor is formed.

4.3.7 First Level Dielectric and Metal

The first dielectric layer is to separate the active device terminals (drain gate source) to the 

first level of metal. A layer of 2000A undoped TEOS is deposited, followed by 4000A BPSG 

(Boron Phospho-Silicate Glass) or BPTEOS deposition (Fig. 4-11). The incorporation of Boron 

and phosphosilicate is to reduce the flow temperature to smooth the glass topography. This is 

crucial for a shallow junction, since the thermal cycles for shallow junction formation are strictly 

limited. With the proper glass concentration, the flow temperature can be reduced to 8OO°CJ901 A 

more advance approach is to planarize the intermetal dielectric by photoresist etch back or 

mechanical grinding.^ The planarized dielectric surface would greatly improve the metal 

coverage over the underlying topography and avoid notching over dielectric steps therefore 

improve the electromigration. The difficulties associated with a planarized dielectric is the 

different depths of contact windows opened to gate and source/drain (- 3500A in height 

difference). This poses a challenge for window etching since there is no good etch stop on 

polycide gate. Moreover, the window need to be filled (plugged) with material such as tungsten or 

polysilicon, since step coverage of Al in high aspect ratio windows is very poor. For the purpose 

of obtaining active devices for study, we adopt a simple approach to make contact with the
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device. Contact windows to active device are etched after a lithography step. The window size 

and its alignment to the gate and the source/drain periphery constitute a major penalty for an 

MOSFET size with respect to the gate size. Typically the extension of drain (or source) beyond 

the gate edge is more than 2 times larger than the minimum gate size. The large source and drain 

area not only increases the pitch and thus reducing the packing density in the layout of circuits 

but also increases the junction capacitance of the drain (source), degrading the circuit speed. 

More advanced structures employing elevated Source/Drain and shared contacts to reduce device 

size will be discussed in chapter 8.

Aluminum with a small percentage (0.5-1%) of Cu and (- 1%) silicon is deposited and 

patterned to define interconnect wiring. The multi-level (up to 3) metal interconnects are the 

standard of modem CMOS integrated circuits technology for improve packing density and ease in 

circuit layout. The process technology to form multi-level metal systems include depositing a 

second layer of dielectric (D2), window 2 lithography and etch, window plug processes, metal 2 

deposition, lithography and etch. The details of multi-level metal processes are beyond the scope 

of this dissertation.

The final capping material, such as plasma enhanced silicon nitride (SiN), or a sandwich 

cap (Oxide/Nitride), is deposited at low temperature and pressure. The pad openings are etched 

for wire-bonding. A low temperature (350-375°C) sinter step is done in H2 ambient. As with 

most of the plasma enhanced CVD process, hydrogen is incorporated into the film and trapped 

there. The hydrogen contents will have a direct impact on the hot carrier aging in MOS devices as 

will be reported in chapter 7. The final device cross section obtained by SEM is shown in Fig. 4­

12. The next chapter covers the analysis and characterization of the fabricated devices.
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Chapter 5

TECHNOLOGY CHARACTERIZATION

5.1 INTRODUCTION

After the desired device structures and circuits have been fabricated by the integrated 

processes, the technology is characterized by different methods. The ultimate purpose of 

integrated circuit processing is to built functional circuits with high yield. For the device 

physicist, achieving the good and reliable device characteristics is the goal. The device and 

process monitor structures, for most practical purposes, will detect any potential problems which 

occurred during device fabrication, due to the processed material, and the device characteristics 

themselves. Following is a list of structures that are essential in process and device 

characterization:

1. Contact resistance: to gate, source/drain, intermetal contacts, local interconnect to active 

areas.

2. Sheet resistivity: for n-tub (or buried layer in the case of BiCMOS), polysilicon gate, active 

n+ and p+ source-drain diffusion areas, and the interconnect levels.

3. Capacitances: Junctions (n+/p-tub, p+/n-tub, n-tub to p-tub), MOS (gate, field oxide), 

dielectric layers and their composites.

4. Transistors: n and p-ch MOS devices, parasitic field devices, active and parasitic bipolars. 

The device layouts should include different lengths, widths and electrical design rule 

variations.

5. Isolation: active areas within the same (intra) tub and between (inter) tub.

6. Design Rule checking structures: variations in design size and placement to verify the 

misalignments and size variations duing photolithography steps.

7. Reliability Features: gate oxide, electromigration testers, latch-up, ESD (Electrostatic 

Discharge).
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8. Physical Analysis: Special Structures for SEM and TEM cross-sections; combinations of 

dopings with areas sufficient for SIMS (Secondary Ion Mass Spectroscopy) analysis.

To cover all aspects of the above structures is beyond the scope of this dissertation. We 

will focus mainly on electrical characteristics of active devices in order to gain insight 

understanding the physics of short channel devices. The physical analyses of processing 

materials will be described where appropriate to explain the device behavior.

Although it is difficult to separate the process and device characterization, we can loosely 

consider process parameters are those related to physical quantities affected by the many 

processing conditions. The device parameters on the other hand can affect the circuit 

performance due to the active transistor behavior. Contact and sheet resistance, and capacitance 

components of various structures can be used as process monitor tools. Variations in parasitic 

resistance and capacitance can also affect device and circuit performance.

5.2 PROCESS CHARACTERIZATION

There are many techniques to characterize process related parameters such as doping 

profiles, oxide charges and quality, and resistance of contacts and various doped layers. These 

methods can use physical, chemical, mechanical, and electrical principles. We will discuss some 

practical techniques used in VLSI process analysis.

5.2.1 Doping Profiles

In CMOS device structures, the doping profiles of the tub (well) concentration, the channel 

and the source/drain doping profile are critical for active and parasitic device operations. From 

the MOS transistor theory developed in section 2.1, the channel doping profile affects the 

threshold voltage, the body effect, and the subthreshold conduction current. The source-drain 

junction profile, including depth, gradient and peak concentration, is the dominant factor in the 

short channel device behavior and hot carrier generation. The source/drain junction doping 

profiles determine the junction depth and the sheet resistivity of the diffusion areas. The drain- 

to-tub junction concentrations will affect the parasitic capacitance and therefore speed of the 

circuits.
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For a CMOS technology built on a p-type substrate, the n-tub profiles in the vertical 

direction not only affect the active devices, but also the vertical punch through of a parasitic pnp 

device (formed by p+ s/d, n-tub and p-substrate). If the n-tub depth is too shallow, the vertical 

pnp bipolar gain is high, and collector-emitter punch-through may occur. Under the field oxide, 

the tub-concentrations and the field oxide thickness determine the field threshold voltage and the 

drain induced barrier lowering between 2 source-drain regions on the two sides of the field. The 

interaction of the n- and p-tub at the tub boundary is critical for inter-tub isolation. The inter­

diffusion of boron and phosphorus from n&p-tub implants and channel-stop implants during 

subsequent heat treatments is a severe case for n+ to p+ isolation in a twin-tub process using 

atmospheric wet field oxidation (finger effect).t92] In this case, a 2-dimensional process simulator 

can be used to analyze the 2 dimensional characteristics of the lateral doping profile. For the 

above cited reasons, the knowledge of doping profiles during or after processing is critical in 

characterizing the processes and devices.

SIMS (Secondary-Ion Mass Spectrometry) is by far the most popular technique in VLSI 

material analysis. Its particular usefulness is in determining of dopant distribution in silicon of a 

variety of impurities. Boron, phosphorus, arsenic, antimony are among the species that SIMS can 

detect. The SIMS technique employs energetic ion beams to bombard the material. As the 

primary ion beam energy is increased, the ion penetration depth increases till the onset of 

sputtering. In this process, the secondary ions are emitted. The detection of these emitted ions is 

used to analyze the material distribution vs depth, the channel doping profile. Both C-V and 

spreading resistance methods profile the electrically active species, while the SIMS technique 

analyzes all the chemical species in the sample.

Spreading resistance measurement is a mechanical and electrical technique to extract the 

profile of electrically active dopants. This method requires an angled lapping of the sample. Two 

point probes are used to measure sheet resistivity of a particular position on the angled surface. 

The accuracy of this technique is limited by the spatial resolution of the mechanical stepping 

distance of the probes and the angle of the lapping, and therefore usually is useful for deeper 

junctions.
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Figures 5-la shows a shallow n+ source/drain junction profile formed by an arsenic implant 

with a dose of 3el5cm~2, and an energy of 70KeV. Figure 5-lb shows profiles of a deep (3pm) 

antimony buried layer and an n+ arsenic doped emitter of an npn bipolar transistor. SIMS is a 

very useful technique for dopant profile in VLSI processing, in particular for concentration 

greater than

5.2.2 Analytical Tools for Material and Structural Analysis

SEM and TEM (Scanning and Transmission Electron Microscopy) are used extensively to 

analysis the microscopic structures of the devices, and to detect the defects introduced by 

processes. For the case of submicron device geometry, SEM and TEM have been used as a 

metrology for line width control of patterned photoresist lines and etched features of submicron 

structures. TEM and SEM results are shown along with the discussions of device structures in 

this dissertation.

Other physical and chemical methods useful for analyzing contamination impurities such as 

carbon, iron and other metallic contaminants, include Auger spectroscopy, X-ray, Rutherford 

Back-scattering (RBS), Infared Spectroscopy etc..

We will concentrate on electrical measurement techniques to analyze devices and to detect 

any processing problems. The following parameters, although affected by processing, have 

profound effects on device performance as discussed in chapter 2 and in the remaining pf this 

chapter.

5.2.3 C-V Techniques for MOS Structure Characterization

The gate oxide quality is the most fundamental requirement for the reliable operation of 

MOSFETs. The gate oxide quality attributes include the control of charges in the oxide and 

interfaces, the integrity of the oxide with respect to breakdowns and defects, and the control of 

thickness uniformity. The control of charges at the Si-SiO^ interface has been a subject of 

extensive research since the conception of MOS transistor until the present time. The three 

charge components in the SiO 2 are the fixed charge, Qf, the interface trap charge, Qa, and the 

bulk oxide charge, Qox. Capacitance-Voltage (C-V) measurements on an MOS capacitors,
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including high-low frequency and quasi-static methods, have been used extensively, not only to 

study charges at the Si-Si O2 interface, but also to investigate the semiconductor bulk properties 

such as impurity doping profiles, minority carrier recombination lifetimes, and electrically active 

impurity trap densities and energy levels within the silicon forbidden bandgap.[93) The quasi-static 

method measures the displacement current in an MOS capacitor when a linear voltage ramp is 

applied. The displacement current is proportional to the low frequency capacitance of the device. 

The key element of either C-V technique is that the ramp rate has to be sufficiently slow so that 

the device is maintained in thermal equilibrium. The slow ramp rate also allows the interface 

state, also referred to as slow states, to respond to the changes in surface potential changes. For 

the modem silicon material quality needed for advanced CMOS devices, the minority carrier 

lifetime is excessively long on the orders of minutes. Therefore the voltage ramp rate is kept 

slow to maintain the device in equilibrium when an MOS capacitor is biased in depletion and 

inversion regimes. However, if the linear voltage is applied at a higher rate, deviations from 

thermal equilibrium can allow bulk information to be extracted.

From the CV curve of an MOS capacitor on p-substrate shown in Fig. 5-2, the oxide 

thickness is calculated from the accumulation capacitance, Cacc = Cm, by:

Eox
'ox = 77- (5.1)

The fixed charge, Qf, can be calculated from the flat-band voltage by the relation:

Qf = COx(yFB-^m3) (5.2)

From the minimum high frequency capacitance, C^, measured in inversion as shown in Fig. 5­

2, an effective doping concentration, NA, in the silicon bulk can be obtained by equation:

min 1
—— =---------------— — (5.3)
c°x 1 + 2c°x

+ qi, V Na

The interface state density, D^, can be determined from the difference in the high frequency 

and quasi-static CV curves as the depletion region is formed. The quasi-static method was 

developed by Castagne and Vapaille,*94* and has been modified and improved by several 
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researchers. A good treatment on this subject can be found in the book, MOS Physics and 

Technology, by Nicollian and Brews.1951 The interface state density as a function of energy 

extracted from the MOS capacitor is shown in Fig. 5-3, the midgap density is about 2E10 

cm~2eV~l.

In addition to the oxide parameters extraction described above, the quasi-static C-V 

technique is also very useful in detecting the activation of the implanted dopants in a polysilicon 

gate. This method is particularly important in sub-half micron CMOS devices where polysilicon 

gates are implanted with arsenic/phosphorus or boron impurities separately. The C-V curves of a 

PBr3 doped gate, which is fully activated, MOS capacitor is shown in Fig. 5-2. Figure 5-4 shows 

similar C-V curves for an arsenic implanted gate . In the strong inversion region, which 

corresponds to the positive gate voltage, the inversion capacitance of the fullly activated gate 

device shown in Fig. 5-2 is approaching C^ = C„. On the other hand, the inversion 

capacitance of the partially activated arsenic gate device shown in Fig. 5-4 is about 85% of the 

maximum capacitance. The equivalent gate capacitance is now comprised of a depleted poly gate 

capacitance in series with the gate oxide capacitance. Therefore the total capacitance is less than 

the oxide capacitance.

In half-micron and below CMOS structures, the CMOS gates are implanted with arsenic 

and boron for n+ and p+ poly respectively. Low temperature heat treatments are used in the later 

stages of processing to preserve the shallow junction depth. RTA (Rapid Thermal Annealing) is 

often used to activate implanted dopants. Therefore, the quasi-static measurement, in addition to 

the conventional interface state density extraction capacity, is a very powerful method to ensure 

the dopants are fully activated. If the dopants at the polysilicon- oxide interface are not fully 

activated or lightly doped, the threshold voltage of the device is shifted due to the change in fermi 

level in the poly. This results in a lower transconductance, i.e. proportional to the linear gain, 

because the gate oxide capacitance is lower (refer to Eq. (2.86)).

Other applications of the CV techniques include the bias temperature stress to monitor the 

sodium drift in oxide. In an extension of this method, called TVS (Triangle Voltage Sweep),11961 

a large magnitude peak-to-peak ramp is applied to an MOM (Metal-Oxide-Metal) structure heated
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to temperature of about 300°C. Any sodium presence will result in a peak of displacement 

current of the I-V curves. This is a very simple and powerful method for detecting sodium 

incorporated into insulator, e.g. photoresist contamination, during process development

5.2.4 Resistivity

Sheet and Contact resistance are important for submicron device performance. For an 

MOS transistor the series resistances at source and drain caused by the contact to the source/drain 

and the diffusion sheet resistance degrade device performance, both in linear and saturation 

modes. Therefore efforts have been made to reduce the parasitic resistances. The silicide or 

salicide processes have been used to alleviate this problem. However, with the silicide layer on 

top of the source-drain-gate areas, silicide-to-silicon interfacial resistance can be inadvertently 

introduced, if the silicidation process is not done properly. MOS transistor structures have been 

proposed to characterize this interface by Lynch and Ng.^
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For metal-to-silicon or gate contacts, the Kelvin contact structure has been used extensively 

to monitor the contact resistance. The sheet resistivity is normally measured from a Van der 

Pauw structure. The following table lists typical values of contact and sheet resistances of 

various structures.

TABLE 5-1. Typical resistance values for different types of material.

Structures No Silicide With Silicide

n+ s/d sheet (Q/b) 25-30 1-3

p+ s/d sheet (Q/b) 100-200 1-3

n+ poly gate (Q/b) 40-80 2-5

metal to n+s/d (12) 5-10 < 1

metal to p+s/d (Q) 5-100 < 1

metal to poly (12) 1-10 < 1

It is clear from the Table 5-1 that with the addition of silicide layer cladding over silicon, 

the sheet and contact resistance reduce significantly. However, the added source-drain series 

resistance due to silicide-silicon interface, and the Lightly doped drain structure would degrade 

the device performance as will be addressed in section 5.3.

53 DEVICE INTEGRITY IN SUBTHRESHOLD

Transistor characterization deals with device parameters which ultimately effect device and 

circuit performance. These parameters are directly related to device structure, processing 

conditions and process variations. Assuming all the process related structures have been 

characterized, i.e. good oxide properties, correct gate oxide thickness, good contact resistance, 

low junction leakage, good silicide formation etc., the next step is to analyze the device 

characteristics.

5.3.1 Subthreshold Conduction: The g Curves

A set of drain current versus gate voltage (ZD vs VG\ referred to as g curves with 2 different 

drain voltages, Vq  = 0.1 and VD max = 3.6 V for a 3.3 V technology, are measured using a low 
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leakage, low noise set-up. Shown in Figures 5-5 and 5-6 are the g curves for N and PMOS 

transistors with effective channel lengths of 0.45pm and 0.43pm, respectively.

Device integrity and many important parameters can be obtained from this simple 

measurement:

• The subthreshold swing, Sn, of the device, is the inverse slope of logID vs VG, from which 

the effective interface trap density can be derived. From Eq. (2.96), S„ is defined as:

kT
S„ = 2.3ny (5.4)

where a calculation of interface density can be carried out by measuring n and using Eqs. 

(2.98) and (2.99). (A more detail extraction of interface states is treated in chapter 7 for 

device aging experiments). Typical subthreshold swing is in the range of 80-90 mV/dec. 

An unusually high subthreshold swing indicates a high density of states, or other 

processing related problems.

• The Ioff current measured at VD = 3.6V and VG= OV can also be readily obtained, yielding 

an Ioff of -24 pA at room temperature for both n- and p- ch devices. The punch-through 

is not detected in these devices at VD = 3.6 V. However, in a 0.35pm channel length 

device fabricated by the same technology, the subthreshold conduction is excessive as can 

be seen from Fig. 5-7. In these curves, the subthreshold swing gradually increases with 

increasing showing the device structure is not designed properly for this geometry.

• Junction Integrity: with a low noise, low leakage measurement set-up, the drain junction 

leakage can be detected by measuring the drain current at high drain voltage A

significant higher drain current, which is gate voltage independent, compared with the 

current measured at the source indicates a leaky drain-to-substrate (or tub) junction. (Refer 

to Fig. 7-9 for a leaky drain junction after hot carrier stressing).

• Drain Induced Barrier Lowering: A shift in 2 g curves at VD=QAV and VDmax at a 

constant drain current is a measure of drain-induced barrier lowering, AVG. AVG is very 

small for long channel devices, and becomes larger at shorter channel devices. At the 

current level of 10 nA, AVG is measured to be ~ 70m V for both devices (refer to Figs. 5-5
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S = 159mV/dec

Figure 5-7, Subthreshold ^-curves of a 0.3p.m channel length NMOSFET operates near punch­
through.

and 5-6), which is quite acceptable.

• Surface potential band bending, %, can be extracted as a function of gate voltage, from the 

point of weak inversion to strong inversion. Therefore, the charges associated with an 

MOS system can be studied.

Using the g-curves approach, we have observed that the subthreshold swing in a well designed 

short channel device is indeed decreased with increasing drain voltage within a reasonable range, 

as will be analyzed in the next section.

53.2 Reverse Subthreshold Swing

As we have observed from Figs. 5-5 and 5-6, the subthreshold swings of the short channel 

CMOS devices at VD = 3.6V is smaller than that of the same device measured at VD = 0.1V, (84.4 

vs 88.8 and 88.7 vs 92 mV/dec for N and PMOS, respectively). This phenomena is referred to as 

reverse subthreshold swing, and is first reported here in this work. We have measured subV, 
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swing S of a series of short channel devices as a function of drain bias. The results plotted in Fig. 

5-8, show a rather interesting behavior of well designed short channel devices. The drain voltage 

is increased over almost 3 decades, from lOmV to 7V. S initially decreases with increasing VD 

until the device enters into the punch-through regime, where S is rapidly increases. The punch­

through effect is most apparent for the 0.3pm device in which S increases abruptly at VD= 3V. 

An analytical model was derived to explain the phenomena in Chapter 2 (Eq. 2.98). A similar 

device behavior has been reported in our previous work/501 where S decreases with shortening 

channel length for surface NMOS devices before punch-through, whereas S monotonically 

increases as the channel length of buried-channel PMOS devices decreases (Fig. 5-9).

53.3 Ioff Optimization

The object of most MOS technologies is to obtain the highest performance devices without 

suffering excessive short channel length effects. The fall-off of either linear or saturation 

threshold voltage as the effective channel decreasing has often been used to characterize short 

channel effects (see Fig. 5-16 in the next section). However, this does not describe the increase in 

leakage at short channel lengths, we have dealt with the short channel effects based on the off 

current (Ioff) as the criteria, normally specified at IO"10 A/pm width at 90°C, or InA/pm width at 

125 °C, as described in ref^50'.

Circuit considerations define a maximum Ioff per unit pm of channel width, where Ioff is 

defined as lD at VD = VD max, and VGS = OV. The device can be designed such that for the shortest 

allowable channel length and the lowest possible threshold voltage, the off current still conforms 

to the leakage specifications. Shown in Fig. 5-10 is a plot of log vs Leff curves, measured at 

125°C for the worst case drain voltage of 6V. The linear threshold voltages, Vln and Vtp are 

measured at room temperature from the nominal channel length devices. As can be seen in Fig. 

5-10, the subthreshold behavior is well preserved, with Iog « InA/pm at 125°C, for channel 

length of 0.6pm for this 1.0pm CMOS technology.1501 Figure 5-11 depicts the experimental 

procedure to obtain a minimum Leg for a range of Vln p’s to meet an Ioff < 0.1 nA/pm width at 

different temperatures. It is noted that the NMOS devices are more sensitive to temperature 

variation as compared with PMOS devices. From this plot, a pair of Vt and Leg can be obtained
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for an specification.

5.4 ACTIVE DEVICE PARAMETERS

5.4.1 Threshold Voltage

The g-curves of Figs. 5-5 and 5-6 are re-plotted on a linear scale with their derivatives 

(which is the transconductance gm = d/D/dVG) for the drain bias of 0.1V, in Figs. 5-12 and 5-13. 

In linear mode, the channel is strongly inverted when VG is higher than threshold voltage. The 

linear threshold voltage can be derived from this plot by extrapolating the slope of the linear 

curve at peak transconductance, gm>max. and extrapolate to the VG axis. The linear 

threshold voltage, is calculated by subtracting VDI2 from the intercept point This method is 

reasonably accurate for most devices. However, with a device damaged by hot carriers or 

radiation, the band bending is a complex function of gate voltage. The point of inflection method 

is prone to errors. Wong et al.195* have developed a method, in which the peak of the derivative of 

the transconductance is used to determine the 2^ point. This extraction will be described in 

chapter 7.

The saturation threshold voltage is a measure of short channel effects at maximum 

operating voltage on the drain. Shown in Figs. 5-14 and 5-15 are vs VG plots, where the 

intersect of the maximum slope of versus VG onto the VG axis is the saturation threshold 

voltage. Several devices with different channel lengths are measured. The conventional 

threshold voltages versus the effective channel can be plotted as shown in Figs. 5-16t50] for both 

types of devices. The usual Vt falloff at short LtS can be observed. As we indicated earlier, the 

I off approach to characterizing short channel effects is more robust for verifying the device 

integrity, and optimizing the active mode performance.

5.4.2 Reverse Short Channel Effects in Threshold Voltage

Figure 5-17 shows the threshold voltage of an NMOS device as the function of effective 

channel lengths. The channel doping profile of the 0.5pm device is shown in Fig. 3-4, where a 

boron concentration at the surface is lower than in the bulk. This depletion of dopants at the 

surface is due to the boron segregation into the silicon dioxide during the sacrificial and threshold
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adjust oxide growths. The lack of a threshold adjust implant in a symmetrical CMOS technology 

is to avoid over-compensating the n-tub, on which the surface PMOS device is desired. From 

Fig. 5-17, it is noted that the threshold voltage increases - 68m V higher than the longer channel 

device. This phenomena is called the reverse short channel effects. The reverse short channel 

effect was attributed by several factors. The enhanced lateral diffusion in a short channel from an 

OED (oxidation enhanced Diffusion) during the source-drain reoxidation, or an LDD push 

oxidation, resulting in dopants (boron in the NMOS case) piling up in the middle of the channel, 

increasing threshold voltage.t961 TiSi2 encroachment has also been attributed to the reverse short 

channel effects. We have tried a mild threshold implant to fill up the surface depletion, and 

hence reducing the lateral gradient for diffusion. The effect is reduced, although the difference in 

threshold voltage is still - 40m V. The reverse short channel effect may not be a severe problem, 

however controlling the threshold difference is an added burden for Vt control and circuit design 

modeling in submicron CMOS.

5.4.3 Transconductance and Linear Gain

Transconductance is an important parameter to determine the performance of an MOS 

device. It is defined as the rate of change in channel current with respect to the change in the gate 

voltage, the transconductance is derived by taking the derivative of Eq. (2.113) to obtain:

_ dip _ PoWpsEl + ZMsr^VsB + 20F 1
8m GS ~ Mgs  “ [1 + Wgs  - + 2WVW207)]2 '

where 0^ includes the series resistance and mobility reduction due to interface states:

0jr = 6/0)+ 2^30 (5.6)

and

W 
Wij X-^Cox

Po =-------- (5.7)
(1 + O-itDit)

The maximum transconductance, gmimûX is determined by taking the second derivative of Eq.

(5.5), and find a Vq $ at which the second derivative is equal to 0. We obtain:
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gm.max^DS is referred to as linear gain and is an important parameter for the device operates in 

linear region. From Figs. 5-10 and 5-11, the transconductance as a function of gate voltage is 

calculated from the measure g-curves of n- and p-ch devices. In short channel length devices, a 

transconductance overshoot with back gate bias is observed. This is attributed to the charge 

sharing in short channel devices which causes the effective channel length to be shorter, 

increasing Pq  as governed by Eq. (5.7). This effect is more dominant than the mobility reduction 

due to high vertical field (VGB is higher for negative back gate bias VBSY The transconductance 

overshoot observed in this work should be modeled correctly for circuit analysis.

5.4.4 Effective Channel Length And Source-Drain Series Resistance

The difference between the coded channel and the final electrical channel length measured 

from the fabricated devices can be extracted using the transconductance method described below. 

The difference between the coded and effective lengths is a combination of the lateral diffusion of
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Figure 5-17. Reverse short channel effect in NMOS Devices with lower surface concentration, 

the source-drain junction, and the line width variation during the gate lithography and etching,

The maximum transconductance is directly related to the linear gain of the device by Eq. 

(5.8), and can be used to calculate the effective channel length of a device if a set of different 

coded lengths devices are available. In strong inversion, the maximum transconductance is 

inversely proportional to channel resistance.

In short channel device, the channel resistance is becoming smaller, and therefore the series 

source and drain resistance can not be ignored. A series resistance model can be developed using 

the linear current equation with 6, and series resistance. We rewrite Eq. (2.113) with the 5L term 

accounting for the change in coded mask length Lm due to lateral diffusion and variations in 

processing, assuming the series resistance and AL are the same for adjacent devices with different 

channel length:
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(5.9)

We define

Vo = Vos - + 2W \ Vsb  \ + (5.10)

and

^0 ~^mPo (5.11)

Equation (5.9) can be reduced to:

VDS
Kq CVgs  - V^)-— = Lm( 1 +0JV'O)-6L(1 + 0,VO) + 2RsKq Vq  

‘DS

. VDS
Plotting K0(Vgs  - -— vs different Lm*s, the intersect, x0, on the x-axis is:

Ids

(5.12)

or

Xq  = SL -
2RSKOVO 

(l + BjVo)
(5.13)

5L = xq  +
2RsK0V0

d + e,v0) (5.14)

The slope of this curve is (1+0j Vo ), from which the surface scattering term 0, can be 

extracted.*54^ Equation (5.14) shows that the series resistance and the surface scattering term 0, 

affect the 5L determination.

5.4.5 Saturation Mode, and 1^

The theory of devices operate in saturation mode was developed in section 2.6. The current 

drive of the device, Ion, is defined as the drain current at normal power supply voltage applied to 

the gate and the drain. For instance, VG = VD = 5V, for a 5V voltage supply. Therefore at this 

bias, the device is in saturation mode. The Ion is found to be a strong function of effective 

channel length and gate oxide thickness. From Eq. (2.117) in chapter 2, Ion is expressed as:
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°"" 2(L,-AL) (5.15)

where n can take a value of 1.8-2.5, Vpp is the operating voltage, and Vl sal is the saturation 

threshold voltage as was defined using plots of Figs. 5-14 and 5-15. A plot of 4, vs Leff is shown 

in Fig. 5-18 for n and p-ch devices for a 5V power supply technology.
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1.0 1.2
Left (*m)

ox = 202 Â 
T o

1.5

Figure 5-18. Ion vs LtR of n- and buried p-ch MOSFETs.

From this plot the current drive variation with the 2 processing related parameters, tox and Lt, can 

be determined. Statistical data accumulated in a mature technology is used to refined the 

variation limits used in the circuit design process.

5.4.6 Body Effects and Channel Doping Profile

When the back gate bias is applied with respect to the source, Vg$, the threshold voltage 

changes according to the equation (2.94). Assuming the flat band voltage and the interface state 
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density do not change with back gate bias, the change in threshold voltage AV, with respect to 

is then derived directly from Eq. (2.105):

^tn — VtntVsB) — [V^SB + 2(|)/• — ^2^ j (5.16)

where X is the body effect coefficient, For a channel doping concentration, NB, the body effect 

coefficient is expressed as (Eq. 2.97): ’

^2EsqNB(x)
X=----- 7-------- (5.17)

^OX

X is the slope of the curve AV„ vs ^VSB + 2^ - ^2^) as shown plotted in Fig. 5-19 for a 

square (20x20pm2) NMOS device with gate oxide thickness of 150A. In most practical devices, 

the channel doping varies with depth toward the bulk. Therefore, X is not a constant when the 

space charge region is extended by increasing the back gate voltage. The bulk charge is 

expressed in term of depletion width, Xd, as:

x,
Qb = ~ jqNB(x)dx (5.18)

0

where Xd is a function of bulk voltage, VSB, as:

Xd = œVVja + 2^ (5.19)

a is defined by Eq. (2.20).

The channel doping profile can be extracted from this method, assuming within the 

incremental depletion layer for each back gate bias, the concentration NB(Xd) is constant. A large 

geometry device is used to obtain NB from X as shown in Fig. 5-19. As seen from the curve, X is 

fairly constant, - 0.759V1/2 for the depletion width extended to 0.4pm from the surface. For 

shorter channel devices, the body effect is lower due to the charge sharing effects as discussed in 

chapter 2, where the effect of bulk bias is lessened due to the 2-dimensional field lines from the 

source and drain.

One circuit which is sensitive to body effects is the source follower circuit. This circuit is 

in fact the same as the access transistor in DRAM and SRAM memory cells, or the transfer gate 

in dynamic shift register circuit. The halo drain structure, as discussed in section 2.3.4, is to
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Figure 5-19. Change in threshold voltage vs ^VSg + 2(|>f - ^2^.

reduce the body effect by engineering the channel profile low enough for the X term to be small, 

and yet the bulk punch-through is controlled by the boron implant at the source-drain junction. 

Figures 5-20 and 5-21 show the shift in linear voltage with back gate bias for the conventional 

device structure and the halo drain. The conventional device with a Vm(0) =0.65V shows a much 

larger shift in Vt than the halo device, V,(0)=0.8V when VBS varies from 0 to -4V. One measure 

of the body effect in terms of circuit design is how much the source voltage of a device drops if a 

full supply voltage is applied to the gate and drain. Shown in Fig. 5-22 are the source voltages of 

the conventional and halo devices connected in the source follower configuration. As indicated, 

the halo structure has 0.5 V higher Vs at Vc=5V than the conventional device, although the h(O) 

is higher for the halo structure compared with the conventional (0.8V vs 0.65V). The body effect 

is important when the power supply voltage is scaled, thus affecting the storage high node in 

DRAM and SRAM memory cells.
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Figure 5-20. Shift in threshold voltage for conventional as a function of back gate voltages.
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Figure 5-21. Shift in threshold voltage for halo drain device with VM(0)=0.8V, as a function of 
back gate voltages.
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Figure 5-22. Source Voltage of a source follower transistor (or transfer gate),shows the different 
in V5 for the conventional and halo-drain device.

5.5 PARASITIC CHARACTERIZATION

5.5.1 Junction Leakage

Diode leakage is a severe problem in the fonnation of shallow source-drain junctions. This 

is particularly true, with silicided source-drains and metalization processes, such as tungsten plug 

and the use of barrier layers. Characterizing reverse-bias junction leakage is, therefore, an 

integral part of process development, but this will not be discussed in detailed in this dissertation.

Within the scope of this dissertation is the other cause for junction leakage from the device 

stand point, hot carrier induced drain junction leakage which will be reported in Chapter 7.

5.5.2 Junction Capacitance

In addition to the active device driving capability, circuit speed is limited by the presence 

of parasitic resistances and capacitances. Junction capacitance is one of the components slowing 
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down circuit speed, since the drain (or source) of a device is tagged with a capacitor that is to be 

charged or discharged every time the device in a circuit switches. A drain-to-tub junction 

capacitance is comprised of 2 components: the area, Cm and perimeter, CJP terms. The area term 

is determined by the vertical direction of the junction to the substrate (or tub), the perimeter term 

is the capacitance per unit length of the junction and the channel stop field isolation. A test 

structure with 3 different combined areas and perimeters is used to extract Cm and CJP. Shown 

in Fig. 5-22 and 5-23 are the junction capacitances of 3 different pair of diodes (n+/p and p+/n). 

The parameters are extracted by solving a set of 3 linear equations.

The junction capacitance is a function of both doping concentration (of substrate and 

channel stop) and the reverse applied voltage, V, and is expressed by (assuming one sided 

junction and nonuni form substrate doping NB(x) ):

E, I qt'No
W) = = V %.+Wr (5.20)Wd X 2

where Vbl is the junction built-in voltage, and n is the factor depending on the doping profile, 

ranging from 0.3 to 0.7. We define the figure of merit of a junction capacitance, the charge Qjc, 

by integrating Eq. (5.20) over the operating voltage range:

Qjc = J CjWdV (5.21)
0

The charge Qjc is essentially the shaded area of Figs. 5-23 and 5-24. For a graded substrate 

profile, such as in the halo transistor, the capacitance C/o at V=O may be larger, but when the 

depletion width is extended into the lower doping substrate, Cj decreases rapidly, resulting in a 

lower integrated charge. Therefore, the total charge that a transistor has to move at a given 

junction node affects circuit speed more than the junction capacitance itself. This is one 

important aspect of device design with circuit performance considerations.

5.5.3 Isolation Leakage

The isolation between devices is a critical issue in CMOS structure integration. The intra­

tub isolation is defined as the distance between adjacent devices within one tub separated by the 

field oxide. The isolation is characterized by a parasitic transistor with field oxide as the
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dielectric. The conduction through the field device is caused by a channel formation by a poly 

line acting as the gate over field oxide, or by a drain-induced-barrier lowering if the two 

source/drain junctions are close together. The field transistor threshold voltage, V1F, is designed 

to be higher than the operating voltage. It is typically chosen at least 2 times VDD. Excessive 

channel-stop doping, to obtain high VlF, can cause high junction capacitance, lower source-drain 

reverse breakdown voltage, and higher junction reverse leakage. These parameters should be 

optimized in the integration process.

In a CMOS technology using polysilicon gate and an LDD source/drain, the isolation width 

between the 2 active areas is affected by the poly gate etch and the oxide spacer etch. These 

etches can cause field oxide thinning in the open field areas not protected by the poly gate (or 

runners). This field oxide thinning will bring isolated source-drain features closer together, and 

drain-induced barrier lowering can cause leakage without a poly gate to help tum-on the device.

The inter-tub isolation is the distance across the n+ s/d and p+ s/d between the tub 

boundary. For leakage considerations, the inter-tub isolation distances can be considered two 

field devices, an n device formed between n+, p-tub and n-tub and a p device formed between p+ 

in n-tub and p-tub. A more severe effect of inter-tub isolation is latch-up, caused by transient 

current during circuit switching, or by inadvertently forward biased junction in either tub. Circuit 

layouts with more spacing between n+ and p+ active areas, and proper guard rings to collect 

minority carriers are effective ways to alleviate this problem.

5.6 SUMMARY

We have reported results of electrical device characteristics ranging from the subthreshold 

conduction regime, using g curves, to active mode characteristics in linear and under saturation 

bias conditions. The technology characterization verifies if the devices behave properly as 

predicted during the design phase, and the process parameters are well controlled. Analytical 

methods to detect process problems have also been introduced. Doping profiles in the MOS 

channel region and under source/drain junction are characterized, using back gate bias methods 

and Qc figure of merit. Technology characterization is very important, not only to understand 

device physics and operations, but also to relate the interactions between processing conditions 
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and device performance.

In the next 2 chapters, we will focus on the high field effects that generate the substrate and 

gate currents which in turn may cause the drain-source breakdown and degradation in MOS 

devices.
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Chapter 6

HOT CARRIER GENERATION

IN SHORT CHANNEL MOS TRANSISTORS

6.1 INTRODUCTION

As we have discussed at several occasions in this dissertation that hot carrier effects in the 

submicron CMOS devices are the most severe high field phenomena affecting the device scaling. 

The long term reliability and circuit performance can be degraded due to charge injection into the 

gate oxide and the spacer oxide over the drain region.

In this chapter, we will formally treat the various aspects of hot carrier generation process 

by means of characterizing substrate and gate currents. The roles of drain structures such as LDD 

and DDD in submicron devices are analyzed in terms of channel electric field reduction and 

device performance tradeoffs. The substrate current is a function of the device geometry, i.e. 

channel length, gate oxide thickness, drain structures; and bias conditions. The drain-source 

breakdown voltage, due to source injection, is a function of substrate current, effective bulk 

resistance and the placement of the tub tie contact. This parameter is preferred to be as high as 

possible to provide safe operating voltage margin and high reliability bum-in voltages.

We have found that the relationship between the peak substrate current and the applied 

drain voltage is exponentially proportional to the inverse of the square root of VDS. This 

relationship is important in order to predict the lifetime of the device operated at nominal drain 

voltages from acceleration experiment. Comparison with the Double Diffused Drain (DDD) 

devices showed an order of magnitude improvement in device lifetime in favor of the LDD 

structure at shorter channel length.

6.2 HOT CARRIER GENERATION AND INJECTION MECHANISMS

It has been established that hot carrier effects in MOS transistors can lead to degradation in 

performance and long term reliability, especially when device geometry is scaled down to 

submicron dimension in channel lengths as in the 1.0 pm and below CMOS technologies. The 
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nominal gate oxide thickness used in these technologies are typically in the range of 125 to 210 

A, and the corresponding minimum effective channel length in NMOSFETs is in the range of 

0.40 to 1.0 pm for technologies with design rules of 0.5pm to 1.0pm respectively. In order to 

alleviate hot carrier aging problems in the n-channel device we have incorporated an LDD 

(Lightly Doped Drain) structure to reduce the high channel electric field that causes carrier 

injection. The experimental optimization of the LDD structure for 1.0pm NMOS transistor has 

been described.1501 The n- phosphorus dose is chosen to be 4.0E13 ions/cm2 (2.0E18 cm-3 on the 

surface) and the spacer width is 0.3 pm. The experimental results will be reported as an empirical 

formulation for predicting the device lifetime at different operating voltages. Comparisons 

among drain structures in different technologies will be made.

The hot carrier effects in short channel NMOSFETs have been well documented in the 

literature. Although hot carrier effects in submicron PMOSFET has been gaining much attention, 

the dominant effects are in the n-channel. We use NMOS transistor for the purpose of analysis of 

device degradation. The high channel electric field is the result of scaling both vertical and lateral 

device dimensions. This high channel electric field is in turn causing impact ionization of carriers 

and lattice near the drain region of the transistor. In this process hot electrons and holes are 

generated. The hot holes are collected by lower potential at the substrate contact or tub-tie 

constituting substrate current (Fig. 6-1). Hot electrons are collected at the drain causing the drain 

current to increase from its saturation value. If excessive substrate current is generated and not 

being collected effectively, the local potential in the channel close to the source junction can 

become positive with respect to the source potential. When this positive bias is greater than 0.7 

V, the channel to source junction becomes forward bias and more electrons are generated into the 

channel. The MOSFET is now acting As a bipolar transistor where the channel bulk acts as the 

base, the source as emitter and drain as collector. Most of the electrons are collected at the drain 

because the lower electron potential. However, very small fraction of hot electrons gains high 

enough energy to surpass the silicon dioxide barrier causing conduction through gate oxide. This 

is the gate current

128



G

SPACER

S

P TUB

P-EPI/pi SUBSTRATE

PINCH OFF 
REGION

DEPLETION 
LAYER

INVERSION 
LAYER

Figure 6-1. The processes of hot carrier generation, injection and drain-source breakdown 
conditions.

We will now formulate the analytical equations to model the channel electric field, the 

substrate current, gate current and drain-source breakdown due to hot carrier generation.

6.2.1 Channel Electric Field

When the channel electric field exceeds the critical field for surface electron mobility to 

saturate, the hot carrier effects become significant. This critical field is in the range of 4-5xlO4 

V/cm. Maximum channel electric field is given by:11011

where

Em =
2

AL2 (6.1)

~^(VDS-VDîat) (6.2)
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and

dsat —

(V'-Vù L'Em
(6.3)

Esat is the critical field, 4-5xlO4V/cm, and Leff is the effective channel length. Along the channel 

from the source to drain, the channel electric field is increased exponentially toward the drain-end 

and reaching Em as shown in Fig. 6-2, from device simulation of a 0.5pm NMOS device.

Figure 6-2. 3-D channel electric field for a DDD drain structure with Vn=5V and Vr-1N E is 
calculated to be 2E6V/cm. ’ m

6.2.2 Substrate Current

The substrate current generated by impact ionization process when the device is biased in 

saturation regime can be derived as the following. The impact ionization coefficient, i.e. the 

events produced by one carrier per unit length, is expressed as a function of electric field as;(1021

M = Aiexp-8*^ (6.4)
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Substrate current, for a given saturated channel current ls (measured at the source end), is the sum 

of disub at a interval dy in the pinch-off region (Fig. 6-1):

hub= j BJE{y}dy

L-àL
(6.5)

Substitute dy with (dy!dE}dE and using Eq. (6.1), we can derive

Aj

hub = — %-FzWWxp

where A/#, = 1.2 V-1 and S, = 1.7 - 2.0 xlO6 V/cm.

—ALB, 

. Vd -Ydsm  „
(6.6)

Another form to express the substrate current empirically is in terms of the pinch-off region

AL and the impact ionization coefficient M:

Ib=1sMAL (6.7)
where /$ is the channel current measured at the source, M is impact ionization coefficient, and AL 

Length of pinch-off region.

The multiplication factor M=IB/Is is often used as a figure of merit in terms of substrate 

current generation. The source, or channel, current is used since in the heavy saturation regime, 

the drain and source currents are not the same, as can be verified experimentally, the drain current 

is the sum of channel, substrate, and gate currents.

Id  - h + h + (6.8)

Typically, the gate current at high field is measurable, but insignificant compared with the 

channel current and can be ignored.

Figures 6-3 and 6-4 show measured substrate and gate currents vs VG for different drain 

biases of a 0.5pm NMOS and PMOS devices. These devices use a spacer Double Diffused 

Drain.

It is observed that at the drain bias of 6V, the peak substrate current of the p-ch device is 

about 2 orders of magnitude lower than the n-ch device’s IB,max- However, the p-ch gate current 

not only occurs at lower gate voltage, but also is slightly higher in magnitude compared with its 

n-ch counterpart.
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It is well known that the devices are aged most severely if the drain and gate are biased in a 

condition that generates maximum substrate current. The maximum, or peak, substrate current in 

a short channel device extends over a wide range of gate voltage at high drain bias. The 

relationship of lB max and VDS is important in analyzing the aging results. The substrate current 

peaks at different gate voltages for different drain biases. We have found experimentally that for 

the range of applied voltage of interest (i.e. 3-6V or 3-8V for a 3.3V and 5V devices 

respectively), the gate voltage at which the substrate current peaks in a n-ch device is found to 

be:

Vgs =0A-Vds  (6.9)

This result is fairly consistent for devices fabricated in different technologies and drain structures. 

We will use this result to determine our maximum aging conditions presented in chapter 7.

The relationship between the maximum substrate current to the applied drain voltage is 

important to extrapolate the aging lifetime of a stressed device to the predicted lifetime at the 

operating voltage. Using Eq. (6.2) for the pinch-off length AL in the substrate current Eq. (6.6) at 

maximum field, we have found that the maximum substrate current, 7g is exponentially 

proportional to the inverse square root of the VDS for an n-ch device, i.e.

^.^^•expC-p/Vv^r) (6.10)

In arriving at Eq. (6.10), we have assumed that the saturation voltage VDsal is small as compared 

with the drain voltage at maximum field. Equation (6.10) can be experimentally verified, with a 

plot of log IB max vs 1 Nv ds  for 3 different channel lengths showing the straight lines fit (Fig. 6- 

5)J 1 The same fit can be obtained for the 0.45pm NMOS device, with the substrate current as a 

function of gate and drain voltages as shown in Fig. 6-3. This device is fabricated with a different 

technology. This new relationship is different from that reported by Takeda and Suzuki.11041 In 

their paper, they reported a linear relation between log Ig and l/V^ which is not the case for the 

devices under consideration, as shown evidently in Fig. 6-6.

Other authors report a l/(Vp - V^) relationship, which shows a better fit with 

experimental data.11051 With their approach, VDsat has to be extracted for every drain and gate
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bias.

6.2.3 Analytical Model for Gate Current

In this section, the analytical expression of gate current is derived using lucky-electron 

model approach, similar to that of ref.[106] The lucky-electron concept was actually conceived by 

Shockley*107* to analyze the p-n junctions.

As we stated earlier in this chapter, the gate current is a small faction of substrate current, 

and starts conducting when the gate voltage is increased to high drain voltage as shown in Fig. 6­

3. In the case of NMOS, the gate current is comprised of electrons, whereas for PMOS, holes are 

injected through the gate dielectrics. We will concentrate our analysis on the NMOS electron 

gate current.

Examining Figure 6-3, we observe that the measurable gate current appears at the gate 

voltage slightly lower than drain voltage, i.e. against the vertical field. Therefore, these hot- 

electrons must gain sufficient kinetic energy from channel carrier impact ionization in order to 

suipass the SiO2 barrier. The process can be explained by the simulated contours of an NMOS 

device operated at a drain bias of 5.5V and a gate voltage of 2.2V, as shown in Fig. 6-7. From the 

generation center, the hot electrons acquire enough momentum by the favorable gate potential to 

reach the gate. The distance from the generation center to the Si-SiO2 interface, d, so the carrier 

is accelerated by a vertical electric field Ex and surmount the in interfacial barrier 4>h. This 

distance d is equal to ^bfEx. Within this distance the probability of a traveling electron without 

any lattice collision is where a hot electron can surmount the barrier height without loosing 

energy and momentum. Therefore, the probability for a redirected electron to reach to <I>6 at the 

surface is:

f = f-<^ (611)

The probability of an electron possessing energy 0=0^ + A4> to surmount the interfacial barrier is 

approximated by;*108*

2 
2

A<D 
@6 + A4» 4 4>b

(6.12)

The approximation is valid for A<D<4^. For a small increment of d(A0), the probability of an
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electron to have this kinetic infinitesimal energy above O6 + AO is derived from Eq. (6.10) 

dH _ + -[(<»»+ AO)/E,X]
---------=--------------------------------ËÂ-------(6' ")

Integrate the product of Eqs. (6.11) and (6.12) over all solid angle AO of redirected electrons 

toward the interface.

^AO e^ + W£Al 

ËÂ d(AO)

= a.25.^.e^.» 

^6
(6.14)

After being redirected, the probability Px for a hot electron to reach the surface without a 

collision different depths from the interface. At a y position along the channel close to the drain
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region, the electron concentration at distance x from the surface is n(x), then ? i can be expressed 

as:

/ n^e^^dx

J n(x)dx

(6.15)

Solving the 2-D Poisson equation, we can obtain the electrostatic potential y(x) at a given 

position y:

dEx 3 Ey q
(6.16)

By assuming the channel is inverted ( i.e. VG > VD for gate current ) and the gradual channel 

approximation, i.e. (dExldx) » (dEJdy), Eq. (6.16) can be solved for n(x) and substitute into 

Eq. (6.14) to obtain:

f i = 1 - az i(a) (6.17)

where

6kTt„
qX(VG — Vq ) (6.18)

Once the hot electron is injected over the oxide barrier, it has to survive the scattering in the 

oxide image-potential well before reaching the gate. Here, the probability for the carrier to reach 

the gate without being trapped or scattered, P2, can be written as:ll08)

P2 = e (6.19)

where

q
16k (Vg  - VD)COX (6.20)

and Xox is the scatter-free mean free path in the bulk of oxide, and 

Young.11091

was found to be 32 A by

Substitute all the constants, we obtain a simple expression:
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(621)

= (6.22)

where Eox is the oxide electric field between gate and drain.

The product of P x and P2 is the probability of a hot electron to surpass the barrier peak and 

arrive at the gate without collision:

p^ox) = P\P2 (6.23)

= [1 -ag^EKa)](6.24)

The gate current is then expressed in terms of the probability factors P^ and P(EOX) 

integrated over the channel length:

L 
fG=hjP^PCEox)^ (6.25)

Assuming the peak field occurs at the drain end in the pinch-off region AL, Eq. (6.22) is 

approximated as:

}G = Is^-VP ^P^Eox^mix (6.26)

Evaluate Eq. (6.23) for the case VG > VD, and normalized to channel current, using substrate 

current Eq. (6.6), the relationship between gate, substrate and channel currents can be 

obtained:^'!

^=K^e-XP<.E„> (6.27)
is [Is J

The above derivations serves as a first order understanding of substrate and gate currents 

generation process. Inaccuracy caused by the many assumptions often leads to poor correlation 

with experimental results. Another approach to calculate the substrate and gate currents is to use 

numerical analysis, as described below.

6.2.4 Numerical Simulation of Substrate and Gate Currents

The modeling of the substrate and gate current as a function of gate voltage has been a great 

challenge for the device simulator developers. The one approach has shown good correlation
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with measure data using the energy transport and lucky electron concept by Meinerzhagcn.^ 

The simulation using GALENE 2 device simulator,1791 with the energy transport, is compared 

with measured result for an LDD NMOS transistor with channel length of 0.88 |im, using 

threshold energy for impact ionization of 1.7V, and the distance from the center of impact 

ionization to the Si-Sz'O2 was found in the range of 90-100 A, as shown in Fig. 6-7. Although 

numerical simulation is useful to compare different drain structures, as reported in Chapter 3, a 

close agreement with experimental results is still desirable. In general, the simulated substrate 

current is within a factor of 2-3 as compared with measured data. We, therefore, use the device 

simulator for comparison and device analysis purposes only, but not in an absolute treatment of 

hot carrier problem, particularly in the areas of breakdown and device aging. We will resolve to 

experimental measurements to characterize the substrate current and breakdown, before 

subjecting the devices to hot carrier aging.

6.3 SUBSTRATE AND GATE CURRENTS OF LDD AND DDD NMOS TRANSISTORS

In this section we will present the substrate and gate current of LDD devices fabricated 

with different spacer widths and LDD phosphorus doses. The characterization of the fabricated 

devices as shown in Fig. 6-1 has been published in ref.[501. The optimization of LDD doping and 

spacer width led to an improvement over the early concept of LDD devices, as published by other 

authors.1701,[110] The substrate and gate currents of an NMOS device with 2 different LDD 

implants are shown in Fig. 6-8. The normalized peak substrate current with respect to source 

current is shown in Fig. 6-9. It is observed that the higher NLDD dose (2E18cm3) device 

produces less substrate current and that the multiplication factor is also lower as compared with 

device with lower LDD dose (IE 18cm3), The double humps in substrate current associated with 

lighter LDD dose, reported by Hui et al.,11101 was not observed here (Fig. 6-8). A moderate 

NLDD dose has an additional advantage on the active current drive, since the source-drain series 

resistance is lower. Further development of the moderate LDD and its variations have been 

published. 1721
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6.4 DRAIN-SOURCE BREAKDOWN VOLTAGE

As we mentioned earlier, the electron-hole pairs generated by impact ionization are 

collected at the drain (electrons) and the substrate (holes). As the holes move toward the negative 

potential of the substrate (or tub tic), they can create a local positive potential near the source of 

the device. When this potential is greater than - 0.6 V, the source-substrate junction is forward 

biased. The device now behaves as a bipolar transistor being turned on. The electrons emitted 

from the source (emitter) into the base (channel bulk) get collected at the drain (collector) (refer to 

Fig. 6-1). When this situation occurs, the drain current increases abruptly as shown in Fig. 6-10 

and the voltage at the knee of I-V curve is defined as drain-source breakdown voltage, VDSB. The 

breakdown voltage occurs at different gate voltages, as shown plotted in Fig. 6-11. This contour 

is in agreement with the bell shape curves of substrate current shown in Fig. 6-3, i.e. VDSB is at 

minimum when IB is at its peak.

In Figure 6-12, the VDSB measured at = 3 V is plotted against the effective channel 

length for 1.0 pm and 1.5 pm CMOS technologies. The VDSB as a function of Ltg is expressed 

as:

Vdsb  a W" (6.28)

where m is - 0.27.

The effect of the bulk resistance, by varying the p-type epitaxial layer thickness on a p+ 

substrate, on the drain-source breakdown voltage is shown in Fig. 6-13. As the epi thickness is 

reduced the effective bulk resistance from the channel region to the p+ substrate decreases. 

Therefore a higher drain voltage is needed to produce the substrate current necessary to forward 

bias the bulk-to-source junction. As seen in Fig. 6-13, at Leg = 1 pm, an improvement of - 3 V 

and I V in Vdsb  *s obtained for 7 pm and 10 pm epi devices respectively as compared with the 

control devices (16 pm epi). The differences in Vdsb  for other epi thicknesses (13 and 22 pm) are 

not obvious.

From the operating voltage margin stand point, one would like to have as high a VDSB as 

possible. This can be achieved by decreasing IB, using an alternative drain structure such as the

141



on

10

! VGS =

| VGS = 4

Vqs  =

VGS =

Vqsb to

V) 
Q

Leff, n = 1.0gm
W = 30^ m Vqs  = 5 

■ — — — — . o —"

Figure 6-10. A typical Ids  vs  VDs illustrates the measured breakdown voltage, VDSB.

VDS (VOLTS) 

NMOS

12

VQS (VOLTS)

Figure 6-11. Breakdown voltage as a function of gate voltage for an NMOS device.

142



V)

10

oo

O
200 À

o 
O

O 
O

oœ°

CONV. tox

°o 

O O O

> 9 n
II 
w 
o

1.0,-m CMOS 
(LDD) 

tox - 210 A

1.5Mm CMOS 
(DDD) 

tox = 250 A

1.0 1.2
Leo (Mm)

-I____ I____!___ I___ !___ I__
1.4 1.6 1.8 2.0

6 C- 
0.6 0.8

Figure 6-12. VDSB at VG=3V as a function of effective channel length for different NMOS device 
structures, 1.0 gm (LDD); 1.5 gm (DDD) devices.

8 

a 
>

11

10

12

13

14

0.6 0.6

A

+O

A

+o

1.6

A

4A^

7^m 
10/im 
13 Mm 
10 Mm 
22 Mm

1.0 1.2

Left (pm)

Figure 6-13. Effects of epi thickness (effective bulk resistance) on breakdown voltages.

143



LDD, or by reducing the effective bulk resistance by using a thinner epi thickness (Fig. 6-13). 

The choice of starting substrate material and epi thickness has an important impact on device 

integration, p-epi on p+ substrate is preferred for high break down voltage in an NMOS device. 

For a given drain structure, the VDSB and maximum substrate current lsubjnûX are inversely related 

as shown in the experimental data in Fig. 6-14.

10

p

Q

100 200

•bopk  (mA)
300 400

W = 30^m

Vos = 7V

Figure 6-14. Correlation between drain-source breakdown voltage and peak substrate current, 
‘B.max- Substrate current measured at V^s = 7 V. Channel lengths are varied.

6.5 SUMMARY

In this chapter, we have determined that the hot carrier generated substrate currents lead to 

charge injection through the gate oxide at high gate bias. A more severe affect on the maximum 

operating voltage is the source-drain breakdown due to the bipolar action in the channel. This 

effect has been characterized and the use of different drain structures to reduce the substrate 

current, and the thinner epi thickness to reduce the effective bulk (or equivalent to a base 

resistance) resistance can gain higher breakdown voltages. Once the maximum operating voltage 

limitation is overcome, the hot carrier aging affects on the devices operated at lower than Vq  max  

can cause severe device degradation. This subject will be treated in the next chapter.
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Chapter 7

CMOS DEVICE AGING BY HOT CARRIER INJECTION

7.1 INTRODUCTION

In this chapter, the aging experiments and analysis of the results will be described in 

details. The hot carrier aging measurements at accelerated biases under dc stress of LDD n- 

channel MOSFETs with channel lengths from 0.4 to 0.8 pm will be reported and analyzed using 

the subthreshold conduction of MOS device to characterize the interface trap distribution and 

relate to a degraded transconductance Agm/gm0 model.

In the aging stress experiments, it was observed that the transconductance, gm, degradation 

is the most sensitive parameter when the device was aged initially. After that the interface state is 

built up at the drain-end of the device and spread out toward the source end. The fixed negative 

charge is also increases resulting in a positive threshold shift when &gm/gmo changed by more 

than 10 %. Post-stress output conductance increases in forward mode indicating channel 

shortening effect. However, in the reverse mode the reduction in saturation was observed. The 

lifetime of the device and the substrate current during aging are found to be governed by an 

inverse power law relationship. The lifetime prediction at normal operating voltage will be 

presented.

7.2 DEVICE AGING EXPERIMENTS AND OBSERVATIONS

The channel lengths of the devices aged are in the range of 0.4- 1.0pm, with oxide thickness 
o

in the range of 125 to 210 A. Most devices used had passivation layer of SiN or Nitride/Oxide 

caps, and aged at room temperature unless otherwise noted. The transistor widths varied from 10, 

15, 20 and 30 pm. The substrate current is normalized to the transistor width to ease in the 

analysis and comparison.

7.2.1 Experimental Set-up

An array of 3 transistors of the same coded length with separate drains and gates, and 

common source were aged at different drain and gate voltages. This technique allows transistors 
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of about the same channel lengths to be stressed at different fields in order to extrapolate the 

lifetime at operating voltage more rapidly. The layout of the transistors are shown in Fig. 7-1 for 

the coded channel lengths of 0.5pm and 0.6pm for both n and p-ch devices.

The measurement set-up is shown in Fig. 7-2, where a computer controlled Semiconductor 

Analyzer, HP 4145A, was used to analyze the initial device characteristics; to apply the bias 

during the timed stress, and to measure the device characteristics at time intervals. The terminal 

connections are shown in Fig. 7-2, where the 3 drains are connected to SMU1, 2, and 3. The 

substrate, or well, is connected to SMU4 for substrate current measurements. The gate of 

transistor 1 is connected to source voltage Vsl, and the gates of transistors 2 and 3 are connected 

to Vs2. For the more sensitive current measurements used for detail analysis, one transistor is 

aged at a time, and shielded coaxial probes were used for low current measurements.

The devices to be stressed were screened for any defects, such as junction leakage or 

abnormal characteristics. Since the 3 devices of the same coded length are in the vicinity of each 

other, the effective channel lengths were in general matched, thus allowing the similar field 

distribution for the same device geometry.

Initial device parameters such as threshold voltage, Vt, transconductance, gm, current drive 

Un-1 off- and the substrate current, IB, at operating voltage are first measured. Then the voltages 

are applied to device terminals for stressing. During aging, the terminal currents are measured at 

time intervals, typically on logarithmic scale. The subthreshold slopes at different drain biases at 

constant subthreshold current are measured for the spatial interface trap density calculation, as 

will be discussed in the next section. The all results were recorded and subsequently analyzed 

using graphics software tools for data analysis.

7.2.2 Observations

The recorded terminal currents show that the gate current is not measurable for drain and 

gate bias at peak substrate current condition, i.e. VG = QAVD. Therefore we can neglect the 

charge conduction through oxide that could fill the bulk trap in the oxide. The substrate currents 

measured at stress and operating voltages changed very little and they will not be analyzed. We 

will concentrate on linear drain current for transconductance calculation. We have observed that
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Figure 7-2. Aging Stress Measurement System with a shielded probe station.

the maximum transconductance, gm, degrades most noticeably under stress whereas the threshold 

voltage shift is small initially and then becomes more pronounced as gm degradation surpasses 

10%.The criteria of 10 % change in transconductance has been chosen for device lifetime 

analysis. This choice will be proved conservative later. The I-V characteristics of a 0.71 pm 

effective channel length device before and after 1310 minute stress at VD = 8 V and VG = 3 V are 

shown in Figs. 7-3 and 7-4 and will be explained in the following sections.
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7.2.3 gm and Vt Changes

The gm degradation with respect to stress time is governed by an empirical expression: 

where A is the proportional constant depending on the technology, t is the stress time, and n is in 

the range of 0.5 to 0.7. Equation (7.1) is generally valid for Agm/gm0 of less than 15 %. Figure 

7-6 shows the percentage of change in gm and Vln vs stress time. For longer stress times, the 

degradation tends to saturate. The threshold voltage, on the other hand, shifts in the negative 

direction initially (= -2mV) then changes to a positive shift as àgm/gmQ degrades more than 10 % 

as seen in Fig. 7-6. This positive shift in V, can be explained by the trapping of negative 

interfacial charge at the Si-SiO? interface.

7.2.4 Changes in Saturation Characteristics

In addition to drifts in gm and Vln, the saturation current drive Ion also decreases slightly in 

the forward mode (The drain and source are in the same order as during stress). The output 

conductance (5lDS/àVDS), i. e. the slope of the saturation I-V curves, increases after stress (Fig. 

7-6). This is an indication of short channel effects due to channel shortening by a net negative 

trapped charges at the drain, serving as a drain extension. This degradation mechanism should be 

modeled properly for circuit applications such as access transistor or bilateral switch.

The reverse characteristics (i.e. the drain-source interchanged), on the other hand, show 

significant reduction in saturation current especially for low gate voltages (Fig. 7-7). The triode 

region of forward and reverse curves after stress are essentially the same indicating at low field 

the mobility reduction is independent of the mode of the drain and source are interchanged. 

However, at high drain bias, the reverse mode produces less channel current. The parallel slopes 

of the reverse I-V curves in saturation regime (dotted lines in Fig. 7-6) indicate the output 

conductance is unchanged. Figure 7-7 shows the channel and substrate currents at VGS = 3 V 

after stressing in forward and reverse modes. The substrate current in the reverse mode is lower 

due to a reduction in channel current due to increasing threshold voltage. The drain-to-source 

breakdown voltage is therefore higher in reverse mode as shown in Fig. 7-7, although the
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multiplication factor M = Ifl/I5 at breakdown is about the same in both modes.

Figure 7-8 is an example of substrate current vs VGS curves for a 0.73 jun device after 

1200 minutes stress at VD=7.5 V and VG=3 V. The fa curves are higher in forward mode and 

lower in reverse mode as compared with the initial curves. This is a direct consequence of 

saturation channel current being different in the two modes of operation as discussed above.

7.2.5 Hot Carrier Induced Drain Junction Leakage

For the devices with very short channel length, i.e. smaller than the minimum allowable 

f-min for a given technology, subjected to aging at accelerated voltage close to breakdown, drain 

junction leakage after stress was observed. Figure 7-9 shows the subthreshold I-V curves of a 

0.61 jim device (for a nominal l.Ogm channel technology) stressed at VD = 8V and VG = 3V for 

170 minutes. The current is measured at Vp = 6V and VG = 0V indicating a substantial 

increase, in the |1A range. However, this current is not observed at the source end (dotted line), 

indicating that the leakage is from the damaged drain junction. This phenomena was also
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confirmed by other authors.11081 This drain leakage mechanism, although less emphasis in the 

literature, is a very severe reliability problem for DRAM and high value resistor load SRAMs. 

Since it would degrade the charge retention in a DRAM and affect the cell balance in an SRAM 

circuit.

From the observations from our published results, we will concentrate on the analysis of 

interface state built-up that causes device degradation.

7.3 THE ANALYSIS AND MODELING OF HOT CARRIER AGING MECHANISMS

In this section, we will describe in details the subthreshold conduction method, used to 

extract the spatial distribution of generated interface states as a result of hot carrier stressing. 

Attempts to determine spatial distribution of interface states had been made by using the 

conductance method/1#) and the charge pumping technique.1110’ In the conductance method, the 

authors had attempted to evaluate the length of the damaged region, AL, without further
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information about the spatial distribution. The charge pumping technique, in principal, allows the 

average interface state distribution over the channel length and trap energy at midgap to be 

obtained, by using ac pulsed gate and measuring generated substrate current.11111 In Ref.1110' the 

authors extracted the spatial distribution by varying the drain voltages. The disadvantage of this 

method is in the charge pumping set-up, where different systems are used for dc stressing and 

charge-pumping (ac) measurements. The data extraction and analysis are also complicated.

Meyer and Fair11121 first observed the spatial dependency of interface states in longer 

channel devices (2.8p.m), using subthreshold I-V curves, but did not analyze the spatial 

distribution.

In this work, the subthreshold I-V technique is used to characterize the device behavior, the 

degradation mechanisms, and the spatial distribution of the interface states. This method offers 

the advantage of simplicity in measurement set-up, and ease of data analysis. Justifications to use 
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the subthreshold conduction method are several-folds:

• As discussed in Chapter 5, the device integrity, particularly at short channel length, can be 

analyzed using the subthreshold characteristics.

• The subthreshold conduction is important in device applications such as DRAM, SRAM 

and transfer gates in dynamic circuits, The use of transistor to obtain information related to 

the way the device is used in circuits.

• The interface trap density, oxide quality, punch-through, drain-induced-barrier-lowering, 

and source/drain junction leakage can be readily observed and analyzed with the 

subthreshold current curves.

• In addition, the distribution of interface state density can be extracted using drain (or bulk) 

bias variation.

We will now present the theoretical background based on the device theory developed in chapter 

2, and introduce a methodology to extract interface and fixed charge density.

7.3.1 Subthreshold Current and Interface Trap Density

From chapter 2, the subthreshold current of an MOS device is expressed in terms of the 

gate and drain voltages as:

hs = y P-r Cd^)—Vjexp f(VGS - V'n)/nVT] 
Le m J

•exp(-1.5(j>F/nVT) 1 - exp(-/nF^/^) (7.2)

At a constant drain bias, the drain current, IDS, is an exponential function of the gate 

voltage, VGs> as formulated by Eq. (7-2). The values of m and n are evaluated at a surface band 

bending of i.e. mid-point in the weak and strong inversion range, as is referred to as "mid­

inversion". The inverse slope of the log(/p) vs VG$, or subthreshold swing, is derived by taking 

partial differentiation of log(/D) vs VGS,

Sn = lnlO
3(logW 

dVGS

-i

= 2.3-nVT (7.3)
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where the thermal voltage Vy = kT/q is -25.8mV at room temperature. In the ideal case, i.e. no 

interface state, subthreshold swing Si is - 60m V, as can be obtained from the Gummel plot of a 

bipolar device (Fig. 8-9, Chapter 8). In an MOS device, S„ typically ranges from 80-90 

mV/decade. n is a function of surface potential, as defined in Eq. (2.98)

... (1 -/KoGk) +
n(k) = 1 +------------ - --------------

^OX

(7.4)

However, when is in the range of to l.S^, n is found to be almost constant (Fig. 7-12).

The ratio — can be determined by differentiating Eq. (7.2) with respect to the drain voltage

at fixed gate voltage, i.e. same surface potential. Equation (7.2) can be simplified as

Ads  — Ids:

—mvpg '

1 - e bVt (7.5)

where

ld,,-^CD2Lv^-w- 
Li* nt

(7.6)

From Eq. (7.5), when VDS is greater than 8Vr, Ids  is approaching 1^ within 0.04%. For a given

VGS’ Idss can be measured (Fig. 7-11). Divide IDS by 1^ and change side, Eq. (7.5) becomes:

~mVDS

l--2- = e (7.7)
•dss

Take inverse and then natural log both sides of Eq. (7.7), we obtain:

Id 1 _ m^DS

Idss. nVf
Rmn (7.8)

where is defined as normalized channel current to aid in calculating the parameter m. From

Eq. (7.8), a plot of log10
Idss

versus small change in VDs can yield mln (Fig. 7-11). For

convenience, we define the inverse slope, Sm, as:
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Sm is measured at VDS at which the drain current is 63.2% of the subthreshold saturation current 

at VD=200 mV (- 8VT).

We make the following assumptions for a well designed device:

• In a small VDS range, 10 mV to 200 mV, the short channel effect is insignificant. Therefore, 

the channel shortening due to increasing VDS in L, term in Eq. (7.2) can be ignored.

• At VDS=200 mV, i.e. - 8-VT at room temperature, 0.5 < mln < 1, the term js

much less than 1. Therefore, the drain current is at a fixed VGS approaches l^.

13.1 Determine Parameters n and m

Parameter n is obtained from lD vs VGS transfer curve at mid-inversion point. First, the 

threshold voltage at = 2^ point is determined using the transconductance change (TC) 

method.11131 In this method, the derivative of transconductance with respect to gate voltage, 

dgm
——, is calculated. The peak of this curve corresponds to the threshold voltage at 2^. From

this point on the I-V curve, any other point in the range < 2^, can be evaluated by the 

drain current expression:

IDs(M = !DsWF)e^^^ (7.10)

At mid-inversion, the drain current is:

W1.5W = W2W^^^ (7.11)

The drain current at mid-inversion is recorded for later reference and the gate voltage at mid­

inversion can be determined from the I-V curve. The parameter n is calculated from the 

subthreshold swing, Sn;

Sn Sn
n = , „ = -TT-r (at room temperature) (7.12)

InlU vy 59.4

Fig. 7-10 shows the 1DS versus Vcs of a 0.5pm device, and its first and second derivatives 

with respect to VGS. The threshold voltage measured by the transconductance change method was
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0.605 V corresponding to a current of 2.009pA. The calculated mid-inversion channel current is 

10.3nA, using Eq. (7.11). The gate voltage at l.5^ is determined to be 0.384V. The calculation 

uses a value of 0.40V, from the effective channel doping of NA of 8E16/cm\ The 

subthreshold swing measured around in this example was 87.0 mV/decade, i.e.

n=1.46, and is fairly constant over the weak inversion range.

To extract parameter m, the channel current is measured at a fixed VGS = VGS(l.5^F) when 

the drain voltage is varied to 200m V (- 8VT). This channel current is defined as and is 

substituted into Eq. (7.8) to plot log(Z^) versus VDS. For a very small change of VDS, the inverse 

slope of this curve at small VDS, i.e. 25mV, is Sm = n-VT/m. We have extracted n=1.46 from the 

subthreshold swing (Fig. 7-10), therefore m can be calculated. Figure 7-11 shows the typical plot 

of 7^, vs VDS. m is calculated to be 1.33. Once m and n are determined, using Eq. (2.47) and 

(2.48), the average interface state density is extracted as:

— C,, Cox
Da = — =----- (n-m) (7.13)

? <7
For the unstressed devices, the average interface state density at ^=1.5 was found to be 

1.98x10*cm-2 for the devices with tox=210A and 2.24x lO11^-1^-2 for devices with 

r^=125A. One should be noted that the inverse slope Sm, is very sensitive to the drain voltage 

variation, as shown in Fig. 7-11 for short channel device, therefore, verification with depletion 

capacitance extraction from the long channel device is needed for consistency checking.

7.3.3 Spatial Distribution of Interface State Density By Hot Carrier Stress

Follow the same procedure, the interface state density of stressed devices is extracted from 

measured data at different time intervals during stress. Several authors have used the charge 

pumping technique1111] with varying drain voltage to profile the lateral distribution of the damage 

region. As discussed earlier, in this dissertation, we use the subthreshold conduction method to 

extract the spatially distributed trap density. Shown in Fig. 7-12 is the g curves of an 0.54pm 

NMOS device, before and after 1000 minutes of stress, with drain bias maintained at WmV. As 

seen from Fig. 7-12, Sn increases from 88 mV/dec initially to 114 mV/dec after the stress. The 

parameter n is plotted using Eq. (7.12), indicating an increase from 1.47 initially to 1.98 after 

stress.
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To obtain the spatial distribution along the channel length, there are two approaches to 

probe the localized interface trap distribution extended from the drain.

• The drain voltage can be increased so that the depletion width extended from the drain 

covers the damaged area. This is a more straight forward approach, assuming the device 

does not have short channel effects, at the channel length under consideration. However, in 

shorter channel length, this method will increase the channel modulation, and then the 

subthreshold slope can be misleading due to the short channel effects.

• In a equivalent way, the back gate bias can be used to extend the depletion region beyond 

the drain and the source, and yet still allowing the drain-to-source potential to be at a small 

value, i.e. < Vy. To accomplish this, we can either maintain the source voltage, Vs, at 

ground, and vary the back gate bias negatively with respect to the source for an NMOS, and 

vice versa for PMOS. Another way to achieve the same effect is to increase both source and 

drain voltages by the same offset, and keeping the bulk bias at ground. We choose the 

grounded source approach, since all the terminal voltages can be easily referenced to the 

source.

One restriction of this method is the source and drain junction leakage must be low enough so 

that the leakage current does not interfere with the channel current during measurements.

7.3.3.1 Varying Back Gate Voltage

Table 7-1 shows the subthreshold swing, Sn, for an aged 0.5pm NMOS devices, with back 

gate bias at -0.015, -0.09, -0.39, -0.89, -1.59, -2.59, and -3.59. The drain voltage was biased at 

0.010 V for all cases. We observed the slope Sn changes according the following table:

TABLE 7-1. Changes in Subthreshold Swing vs. Back Gate Bias.

VBSW 0 -0.015 -0.09 -0.39 -0.89 -1.59 -2.49 -3.59

Sn (mV/dec) 119 116 114 107 95.7 91.9 86.4 84.2

The above results were extracted using the source currents (= channel current + small source-bulk 

leakage current). The analysis of the interface state density is very complicated since the 

depletion width extended from the source and drain along the channel length and the channel 
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charge-sharing effect must be taken into account.

7.33.2 Varying Drain-to-Bulk Bias

For a well-designed device, we prefer the use the drain voltage variation method to extract 

the interface state density. From the channel concentration NA = 8xl016cm~3, and the depletion 

width approximation, we can calculate the depletion width extended from the drain intrinsic 

depletion edge, due to the drain to channel bias.

kLd =

where

, kT, ,NaNd  
^bi = —hi(—— 

q nf

(7.14)

(7.15)

is the built-in potential between the drain junction and the channel surface. For the NLDD 

concentration of 2xl018, and the channel surface concentration of 8xl016, the built-in potential is 

calculated to be 0.87 eV. The depletion distance from the drain for different drain to substrate bias 

is then calculated. The numerical calculation of the surface electron density of the same device 

structure with gate length of 0.5p.m, with the drain bias varied from lOmV to 3.6V is shown in

Fig. 7-14.

The g curves of the aged device are measured at different drain biases. Figure 7-13 shows 

the subthreshold swing is indeed decreasing with increasing drain bias. The parameter n is 

extracted at a constant current. The average interface state density Dit and the distance from the 

drain are calculated using Eqs. (7.13) and (7.14). The results are tabulated in Table 7-2.

TABLE 7-2. Interface State Density as a function of distance &Ld from the drain junction.

Vp 0 -0.025 -0.10 -0.40 -0.90 -1.60 -2.50 -3.60

ALd (nm) 0 1.95 7.66 28.54 58.46 93.97 132.86 173.87

D^(x 1011) 12.3 11.42 10.84 8.81 5.54 4.43 2.8 2.20

The initial average interface state density of the device was found to be 2.24xlOneV lcm
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Figure 7-14. Surface electron density showing a depletion of electrons at the drain when the 
drain bias is increased.

7.3.4 Formulation of the Lateral Interface Trap Density

Assuming the interface trap is distributed along the channel length, i.e. in the y direction. 

And the measured Da is the sum of the interface states in the undamaged region Lo, and that of 

the damage region AL^. The measured interface trap density is an integrated of the density 

spatially distributed along the channel, from the 2 depletion edges of the source and drain.
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— 1 r*
Dit = — J Dit(y)dy (7.16)

L< w.

At stress time t, Dit is a function of both time and location, i.e.

L—Wj

D^M=-f---- ------  J Diitt^dy (7.17)
L-w$-wd

where ALd = wd- wdi, is the extension of drain depletion edge beyond the intrinsic (VD=0) built- 

in junction depletion, wdi, which is a constant. Therefore,

dDa _ dDu 

dALd dwd
(7.18)

Differentiate Eq. (7.17) with respect to ALd, we obtain

^Dg

5 ALd

1
(L-ws-wd)2

L-Wj

J Dg(t,y)dy -
Ditto, MJ

4 (7.19)

In our spatial interface extraction method, the drain (or bulk) is biased to extend the depletion 

layer into the channel. Shown in Fig. 7-14 is the surface electron concentration as a function of 

the drain bias, obtained from the device simulation results. Any damage to the surface has 

occurred in the region above the drain is shielded by the drain electric field, and therefore the 

traps lie in this distance do not respond to the the change in surface potential sweeping during the 

subthreshold measurement. At zero drain bias, the depletion with from the drain is extended by a 

built-in space charge layer from the drain to channel junction. The extension from drain ALd into 

the channel can be calculated using the depletion width approximation (Eq. 7.14),

A4 = Wj - wdi (7.20)

For a given drain bias, the measured average Du is the integrated density of D^y) from w$ to 

L-wd, i.e. to the edge of ALd if measured from drain (refer to Fig. 7-15). Solving Eq. (7.19) for 

Dutt, A4), and neglecting the effect of ws, we obtain,

----------------  dD?t

% A4) = D,(f, A4) - 4 - A4)^-f- (7.21)
dALd

The interface state density vs the distance from the drain, 4,(r, A4), can be evaluated from the 
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measured data, is shown plotted in Fig. 7-16 for the 2 time intervals during stress. The spatial 

distribution of the interface state density extended from the zero-bias drain depletion edge, is 

plotted in Fig. 7-17 for 2 positions of AL/s. This is a very interesting result indicating that the 

interface state density are built-up very slowly initially (toward the channel), but after 100 

minutes, it increases with time by a power law relationship.

ALrf) = K-(t)n (7.22)

O

where n' is calculated to be 0.387 for the channel position ALd= 17 A away from the intrinsic 

drain depletion edge. This result is consistent with the Dit extracted using charge pumping 

method.11141 For the corresponding gm degradation of this device is found plotted in Fig. 7-22, 

where the lifetime of the device is - 43 minutes. During this time the change in the channel 

interface states is insignificant, as seen from the top curve in Fig. 7-17. The charges injection 

during this period take place directly above the drain, which causes the drain series resistance to 

increase, and the gm to decrease. This built-up of interface charges outside of the channel region 

can not be measured by the changes in the slopes of the g curves. The built-up of interface trap 

density is plotted as a function of distance from the drain at different stress time and is shown in 

Fig. 7-18. We have shown that the interface state density built-up by hot carrier injection is more 

severe than the transconductance degradation.

7.4 THE VALIDITY OF TWO-TRANSISTOR EQUIVALENT MODEL FOR A 

DAMAGED DEVICE

For the hot carrier degraded MOS device, the damage region is localized at the drain end 

and extending toward the source as the aging time prolongs. In order to model the degraded 

device, 2-series-transistor transistor models have been proposed by several authors.*1151 [1161 

However, these models assume the fixed charge and constant distribution of interface state, i.e. 

the transition between the undamage and the damaged regions is assumed to be abrupt.

A 2-transistor model that includes the laterally distributed interface states as the function of 

channel length is shown schematically in Fig. 7-19. The channel length portion of the 

undegraded device is labeled Lo, and the damaged length at the drain side is denoted as ALd. 

Therefore
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Figure 7-19. Two-Transistor Model with non-uniformed defect region.

L =La+ &Ld -, (7.23)

In previous section, we have determined that the interface state is locally distributed at the drain 

end of the device. The damaged region ALd can be extracted. The distribution of D„ vs ALd is 

approximated by a 1/ALd relationship. It is difficult to determine the break point between Lo and 

ALd for a short channel device, as the distribution of interface states will extend toward the source 

end, i.e. the entire channel is damaged as shown in Fig. 7-18. Therefore, the 2-transistor 

equivalent circuit is valid only when the device is moderately aged. We have examined this 

situation by interchanging the source and drain terminal of an aged device. The subthreshold
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. swings do not change as the reversed source voltage varies.

curves measured in this reverse mode show no changes in subthreshold slopes when the source 

(formerly drain during stress) voltage varies. The reverse mode g curves are shown in Fig. 7-20.

7.4.1 Transconductance Degradation as a Function of Channel Length

We have stressed devices with different short channel lengths ranging from 0.73jim to 1.22 

gm in Ltg. The devices were aged at the same time with Vq  = 8V and Vq  =3.0V. As shown in 

Fig. 7-21, the gm degradation for the longer device (1.22gm) reach 10% mark slower than the 

shorter devices, as expected. Also, the &gm/gmo saturates with time for the 2 shorter channel 

devices at different levels (18% and 12%). In order to understand this phenomena, we will derive 

the maximum transconductance of the damaged device including the interface state density built- 

up during stressing. From the linear current Eq. (2.113) in chapter 2, we rewrite a simplified 

drain current as:

169



100

T1 - 177.77 MINUTES

t 2 - 485.2 MINUTES

t 3 - 1316.37 MINUTES tQX = 21qA

. LDD DRAIN

20

10

O' 
❖

TIME TO AGE (MINUTES)

_L 
10

J____L- 
50 100

-J____ I_  
500 1000

—I___ L
5000
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Vns
Po [^GS - ---- ^Wd S

Id  —------------------------------------------ ----- ,•----- —------------ (7.24)
1 + + ^Po^)^GS - ym + 2%^ I y sb  I ~ VDs /2]

in which the effect of series resistance R, is included, and

O,=8/O) + 2Po& (7.25)

and 

0/0) = (7-26)

Take the derivative of IDS in Eq. (7.24) with respect to VGS
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% P0Vo[l + 2X6s^VSB + ]
q = . — - . . _ /n ">nx

m dVG 1 + (e, + 2%Rt)[Vcs - Vtn + 2M I VSB I + - VDS/2] "

Po is expressed in terms of low field mobility and device geometry as

W
Po = Ho(^)Qr (7.28)

and

=-- -A (7.29)
— Auj 

1 +

where is intrinsic low field mobility, and a,, can be theoretically calculated or empirically 

measured.^17] The maximum transconductance gm<max is derived from Eq. (7.27) as:

gm,max —

W
P-/,l (~)CmVd

(7.30)

(1 + aM— )) 1 + 2X^2^ + e,(0) + ^^_
1 + CCùDü(—

Let’s define:

A â 1 + 2XV207TVm 0t(o)+_^_
. 1 + ot,,£)„(—

(7.31)

and

8 A 2X%e/OW20f + (7.32)

Then the maximum transconductance, gm<max, can be expressed in terms of A, B and the ideal 

transconductance as:

ideal 
5m,max 

gm,max - —

A+BDÜ(—

(7.33)

When the device is aged, the interface state density is built up to an average density 

corresponding to the transconductance g^. The percentage of change in the transconductance is 

then expressed as,
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= Smf- (7.34)
SmO gm 0

Using Eqs. (7.30)-(7.32), we can simplify the transconductance degradation equation as,

(7 35)

From Eq. (7.35) we can explain the Agm/gm0 saturation for different channel devices as shown in 

Fig. 7-21. This result indicates that using the 10% gm degradation as the criteria for device 

lifetime can be misleading, since for the longer than nominal device, the change in gm-mai may 

never reach the .10% point. The lifetime extrapolation from 3 devices with different lengths also 

results in erroneous prediction as will be discussed in the next section.

7.5 THE LIFETIME ANALYSIS

In this section Figure 7-22 shows the transconductance degradation vs time for 3 devices 

with the same coded channel length, 0.5pm, using the test structure shown in Fig. 7-1. The 

devices are fabricated with spacer DDD drain as discussed in chapters 3 and 4, and intended for 

3.3V supply voltage. The devices are aged at VD of 5.5V, 5V, and 4.5V and VG = QAVD. The 

transconductance degradation curves crossing the 10% line is defined as the lifetime of the device 

for that particular drain voltage and the corresponding substrate current during aging. The 

lifetimes for 3 different stress bias are then plotted versus the substrate current during aging as 

shown in Fig. 7-23. t  is found to be strongly dependent on the substrate current at stress for 

different drain biases and channel lengths. As seen from Fig. 7-23, t  is an inverse power law 

function of I# and can be expressed as:

T=CW (7.36)

where s is calculated in this example to be -2.79, which is in the typical range of -2.5 to -3.0. The 

lifetime expectancy at operating voltage (3.3V) is extrapolated to the maximum substrate currents 

measured at 3.3V and 3.6V (0.15 and 0.36pA/pm respectively) before stressing. The lifetimes at 

3.3V and 3.6V are extrapolated to be 45.86 years and 3.83 years, respectively. These results 

indicates that the device lifetime is very sensitive to operating voltage, and therefore substrate
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current.

In the lifetime extrapolation using substrate current as the reference point, one should be 

careful about the channel length dependent of the aging. As we discussed in the previous section, 

the channel dependent of hot carrier aging can lead to errors in lifetime extrapolation, when a long 

channel device is used in the data set. If we use the data shown in Fig. 7-21 for 3 different 

channel length devices, designed for 5V operation, and extrapolate to the substrate current 

measured at 5.5V, the lifetime is predicted to be 81 years at 5.5V. The same set of 3 devices with 

Leff=0.99pm (same coded lengths of 1.25 pm) on the same wafer aged at different voltages, 7, 7.5 

and 8V. The extrapolation is shown on the same plot in Fig. 7-24, the extrapolation predicts only
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2.7 years at 5.5V. This discrepancy can be explained in light of the analysis in the previous 

section. For longer channel length device the gm degradation reaches to the 10% with different 

acceleration factor. Therefore, the acceleration factor / is calculated to be 3.52 as compared with 

the value of 2.51, if the voltage variation is used. From this result, we should use the same 

channel length and varying the drain/gate voltage to achieve the lifetime vs substrate current 

acceleration factor. The channel field vs drain voltage relationship is consistent for the same Le, 

i.e. the same VD$al (Eq. 6.3). Based on this result, the multiple devices of the same channel 

length, placed in the vicinity of each other (Fig. 7-1) is very test structure for device aging 

experiments.

Another method to extrapolate the device lifetime to the operating voltage is to use Eq. 

(6.10), i.e. la.max is exponentially proportional to 1 /^VDS , and is rewritten here for convenience.

k.max = A-expHi/VVoT) (7.37)

Using Eq. (7.37) and substitute into (7.36) to obtain the lifetime as a function of as:

T = Æexp(-sp/VÿôT) (7.38)

Therefore, if equation (7.38) is valid for all VDS’s then, one ought to plot t in log scale vs I/V^dT 

as shown in Fig. 7-24, to maintain the consistency with equation (7.38). This gives a more 

conservative estimate of device lifetime as compared with the 1 /VDS extrapolation reported by 

Takeda and Suzuki11011 and other. The two extrapolation methods, namely lsub,age and 1 /^VDS, 

are equivalent, as dictated by Eq. (7.37), for devices of the same channel lengths. As an example, 

using the data from wafer 8408-44 in Fig. 7-25, the lifetime extrapolated from 1 /VDS method 

would be 95 years, whereas using 1 I^VDS method the predicted lifetime is only 55 years at 5 V 

operating voltage.

In order to compare the effectiveness of the LDD devices in suppressing hot carrier aging, 

we plot the device lifetime for the 2 technologies using the same aging conditions, VD=7V and 

Vg =3V (Fig. 7-26). It is apparent that at the minimum allowable effective channel length for 

each respective technology, i.e. 0.75pm vs 1.0pm, the LDD device has an order of magnitude 

longer lifetime that the DDD device used in an earlier generation. For the NMOS devices with
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thinner gate oxide (150A) using similar LDD structure,11431 the device lifetime is also one order of 

magnitude shorter than our 1.0pm NMOS’s lifetime.

In addition to the use of substrate current to extrapolate the lifetime, we also obtain the 

lB,max distribution as a function of the channel lengths. A plot of 1b , mas vs 1 ILeg is constructed 

from data obtained from ‘good’ wafers (Fig. 7-27). Any deviation from the spacer etch that will 

result in high substrate current is detected. The method is a very useful tool to electrically detect 

the consistency of an etching process.

7.6 SUBSTRATE CURRENT IN A CMOS INVERTER AND CIRCUIT AGING

In order to investigate the substrate current in a CMOS inverter during a transient 

switching, and inverter with gate length of 0.5pm and Wn = 10pm and Wp = 20pm. The input­

output transfer characteristics were measured with the channel current, Iss, and substrate current 

generated during the switch. As seen from Fig. 7-28, the n-ch substrate current occurs during the 

output node is being pulled down of the n-ch device, and the p-ch bulk current (generated in n- 

tub), are generated when the out voltage is low. We have made a distinction between substrate 

for n-channel and bulk current for p-channel, since the bulk current generated by the p-channel is 

collected at the n-tub contact, but not at the substrate. The peak p-ch bulk current is about 2 

orders of magnitude lower than that of the n-channel. Two distinct loops of bulk currents are 

observed for the p-ch device. We will concentrate on the substrate current of the NMOS device. 

The average substrate current, during switching is integrated over the transition period, Vin, 

as is shown in Fig. 7-29. Note that the n-ch substrate current increases during the n-ch device 

turns on, but disappears rapidly as the VDS n decreases during switching. I$s, measured at Vss 

node is the channel current when both devices are conducting.

= vDD

^=77— j WinWin (7-39)
VDD ^=o

With the average substrate current at the operating condition, we can use the results presented in 

the previous section to predict lifetime of circuit. From the data shown in Fig. 7-29, the average 

substrate current during switching at a power supply of 4V was integrated to be 0.3pA for a 

10pm device, or equivalent to an lsub,agt of 0.03pA/pm. From the dc aging data shown in Fig.
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7-22, the device lifetime is extrapolated to be almost 4000 years!. This simple assumption is not 

valid in actual circuit since the time the transistor takes to pull down the output node due to 

capacitive load is another factor that affect the ac circuit aging. It should be noted that in the ac 

mode, the hot carriers are generated and injected in a packet of charge, then followed by a 

relaxation time. This relaxation time is another advantage of using circuit for aging.

We have fabricated a 32-bit microprocessor using the optimized LDdJ50' This chip was 

previously manufactured with a previous technology using DDD for n-ch. The chip supply 

voltage was at 7V and the drift in the input low voltage level V1L is monitored. Shown in Fig. 

7-30 are the results of the circuit aging of the devices made with 2 different transistors structures
O o

with the DDD devices having thicker gate oxide than the LDD devices (250A vs 210A). After 

1024 hours, the drift was very insignificant in for the LDD devices (5-10mV), whereas the DDD 

devices show a drift of 20-70mV. This result is consistent with the dc device aging shown in Fig. 

7-18.
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Figure 7-28. n & p-ch substrate (bulk) currents during switching of a CMOS inverter.
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7.7 DISCUSSIONS

In this chapter, we have proved that the 10% gm degradation is a very conservative 

approach to determine the device lifetime. With so many stringent requirements for submicron 

CMOS devices, this criteria may be extremely to meet even though power supply is reduced. The 

change in interface state density is a more severe reliability concern. We have designed boostrap 

circuits in NMOS technology, using 2 transistors connected in series where the high voltage node 

is a concern (Fig. 7-31). The operating principle of this additional device (MI) is rather simple. 

The source follower of transistor M1 limits the drain voltage VD2 to a threshold drop below VREF 

that is tied to the gate of transistor M1. Therefore the drain-to-source voltage of transistor M2 

will never exceed - F^2. This circuit technique was used in the NMOS DSP chip using 

conventional drain structure.[11S1 and in a CMOS 1Mb DRAM memory circuitThe use of 

longer channel length device is also helpful to improve the lifetime in particular, the input/output 

buffers.

With the data obtained, we can explain the hot carrier aging process following:

1. Hot carrier injection at the pinch-off region near the drain creates damage in the oxide that 

leads to the generation of interface states. The damages region is initially created directly 

above the drain region in a form of an effect negative charge that would deplete the drain 

region. This in effect increases the series resistance of the aged device. During this phase, 

the interface states built-up is negligible as measured from the channel region using 

subthreshold conduction method, as seen in Fig. 7-17. During this phase, the gm 

degradation is observed.

2. When the interface states, assumed to be the acceptor type, extended into the channel 

region, as can be measured by the sub^ method, the density increases more rapidly with a 

power law relationship with time. The built-up starts at the drain end, extends over the 

channel, and could reach the source if the stress time is sufficiently long, or the channel 

length is short. During this phase, the mobility is reduced and the threshold voltage is 

shifted toward the positive direction.
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Figure 7-31. Series transistors connected in a cascode configuration to reduce hot carrier aging.
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3. When the device is measured in the saturation mode after stressing, the reverse mode 

produces less channel current due to two reasons: the threshold shift due to negative charge, 

now at the source, and the reduction of the linear gain in the triode region due to the 

interface state built-up.

4. The impact ionization coefficient is the same for both forward and reverse modes at 

breakdown, although the substrate currents generated by both modes are different due to 

changes in the channel current.

Hot carrier effect is "a fact of life" in small geometry devices. And we, as device 

physicists, technologists and circuit designers must learn how to design and use these devices 

intelligently and to lessen the unnecessary burdens for a particular field to resolve the overall 

problem.

7.8 SUMMARY

We have presented and analyzed the experimental results of hot carrier effects on the n- 

channel LDD MOSFETs used in the 1.0 pm CMOS technology and spacer DDD devices with 

0.5pm in channel length for 3.3V power supply. An interface density probing technique has been 

introduced that characterizes the built-up of states during hot carrier stress. Channel length 

dependence of lifetime extrapolation has been discussed. A more accurate expression of peak 

substrate current and applied drain voltage was obtained to accurately extrapolate the device 

lifetime to lower operating voltages.
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Chapter 8

ADVANCED TOPICS and FUTURE WORKS

In this chapter, we will discuss the advanced topics related to device scaling and technology 

integration. Proposals for future works needed to realize sub half-micron technology will be 

described.

The key processing steps to realize the small geometry device is the lithography and pattern 

transfer. Assuming the sub-half micron lithography tools are available, then the issues to be 

resolved by device technologists are numerous. These include:

1. Device isolation to take full advantage of the pattern transfer capability.

2. Latchup prevention: The use of BiCMOS technology with the heavily doped N+ buried 

layer will improve the latch-up immunity. Deep trench isolation and selective epi are other 

alternatives.

3. Local Interconnects to improve packing density and reducing parasitic junction capacitance.

8.1 ISOLATION

With the scaling of CMOS technology down to a submicron geometry, the isolation 

between active devices has become more important to reduce the overall dimension of integrated 

circuits.

8.1.1 Drawbacks of Conventional LOCOS

The conventional Local Oxidation (LOCOS or SORT) pioneered by Kooi and Appels1271 

using pad oxide and nitride has been used extensively in the industry as a standard technique for 

device isolation (refer to section 4.3.1 and 4.3.2 for LOCOS process sequence). The main 

drawback of this technique is the bird’s beak encroachment during the field oxidation. This length 

of the bird’s beak is in the order of 0.3 to 0.4pm per side (see Fig. 8-1).

For an active area feature of 0.7pm wide, a total compensation of ~+O.7^m is needed on 

both sides of the active area. Therefore, for submicron features, LOCOS isolation has its limits.

183



1.7

Figure 8-1. Conventional LOCOS Isolation.

Several techniques have been attempted to either reduce the bird’s beak or to etch a vertical trench 

into the silicon to fonn recessed oxide (ROX) structure. All of these alternatives involve either 

process complexity or stress-induced defects.

A straight forward modification of LOCOS employs a polysilicon layer as the buffer layer 

for stress relief. This technique is called Poly Buffered LOCOS (PBL) or Modified Local 

Oxidation (MLOCOS)

8.1.2 PBL Structure

It is known that the bird’s beak in a LOCOS process can be reduced by thinning the pad 

oxide and thickening the nitride layer. However, this approach leads to the stress induced defects 

at the edges of the active area regions. These defects cause excessive junction leakage and 

transistor conduction along the width edge. In the poly buffer LOCOS process, a thin pad oxide 

is grown to the thickness of 100 to 130 A. An undoped polysilicon of 5OO-70OA is then
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chemically deposited in a low pressure chamber at 600°C. The thicker nitride in the range of 

2000-2400A is deposited. The nitride/poly stack is defined by a photo resist step and reactive ion 

etch to stop on the thin pad oxide. This approach produces more consistent field oxide control 

than the scheme proposed by ref^1201.

The Nitride/Poly stack is etched in a reactive ion etcher using a combination of freon and 

oxygen plasma. The etch selectivity with respect to oxide is important to ensure that breakthrough 

of the thin pad oxide does not occur. The wafer is then cleaned and the field oxide is grown to 

the thickness of 6500A.

8.1.2.1 Field Oxide Thinning in Narrow Space

One problem associated with the poly buffered LOCOS process is the field oxide thinning 

in narrow spaces. Shown in Fig. 8-2a is the SEM photograph of the field oxide at 0.75pm space 

between the nitride/poly edges. The measured thickness using SEM in this space is 4625A. For a 

space of 1.38pm the field oxide (FOX) is grown to 5500A, whereas the same field oxide in the 

wide open field measured 6300A. A reduction of 27% and 13% is observed. Using TEM cross 

section of the structure, no stress at the bird’s beak on the silicon substrate is observed. However, 

the stress is evident from the bright grain spots at the tips of the bird’s beak in the poly layer. The 

final bird’s beak after actual gate oxide and polysilicon gate process is less than 0.1pm as shown 

in Fig. 8-3. As mentioned earlier, the main advantage of PBL is in the device isolation. For the 

lithography and etching capability, the active device spacing of 0.8pm can be realized as seen in 

Fig. 8-2. The nitride/poly stack on the active region is removed by a series of oxynitride etch, 

nitride removal in wet chemical and poly removal by a dry etch. The pad oxide was then 

removed, the wafer was cleaned and the sacrificial oxide was grown to remove the SizNy 

compound at the bird’s beak. In the PBL process, care must be taken in etching back the 

sacrificial oxide, because the bird’s beak is short, oxide over etch can cause a notch at the device 

edge to the field oxide.

Due to the field oxide thinning in narrow field oxide, this isolation scheme is an interim 

solution for a half-micron design rule. A more scalable isolation technology has to be developed. 

Shallow trench for fully recessed isolation is an attractive structure, although silicon etching
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Figure 8-3. The final Bird's Beak at the edge of field oxide and gate oxide, 

causing damage to the active areas sidewall and comers are serious device reliability issues. 

8.2 BiCMOS

Although CMOS is the workhorse technology for VLSI and VLSI applications, its 

limitations have been discussed throughout this dissertation. The current drivability of CMOS is 

compromised when high capacitance load is encountered. The Electro-Static Discharge (ESD) 

protection at the input/output buffers poses a major challenge as the gate oxide is scaled down. 

This effect is compounded with the use of silicide to reduce the sheet resistance of the active area. 

In circuit applications such as sense amplifiers in memory, the small signal handling and 

transistor matching is crucial. The MOS device is less sensitive in this area. Designing 

input/output drivers compatible with ECL logic for fast operation is another drawback for CMOS, 

since the CMOS circuits used to perform the level conversion is very complicated, slow and 

inefficient. The bipolar transistor in a dominantly CMOS IC is an ideal complement for these 

shortcomings.
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The bipolar transistor is known to be relatively insensitive to large capacitance load. The

transconductance to load capacitance ratio 8m

’ c1Md’
remains fairly constant for the bipolar device.

The small signal sensing and transistor matching is excellent for bipolar transistor. ECL 

compatible, analog, I/O buffers and voltage regulators (for step-down power supply for 

submicron CMOS transistors) are naturally well suited with the use of bipolar devices.

The incorporation of bipolar devices into CMOS technology is called BiCMOS. The 

BiCMOS technology combines the best of bipolar and CMOS features, i.e. high packing density 

of CMOS and higher speed in performance. The power consumption for BiCMOS is comparable 

to that of CMOS if I/O circuits use in a totem pole configuration. A typical improvement in 

performance is about a factor of two for the same set of design rules. Therefore, with BiCMOS 

technology, capital equipment such as lithography tools and etching are fully utilized. The 

product offerings in BiCMOS technologies are more versatile, and range from SRAMs, 

microprocessors, to gate arrays. Additional complexity is the price to be paid for BiCMOS 

process. The processing steps to integrate an n-p-n transistor usually range from a simple 1 

masking step for a low performance transistor, to 5 masks to achieve high performance devices 

with features such as poly emitter, buried collector, self-aligned emitter-base etc. In this section, 

we will describe a typical process sequence to realize a high performance bipolar device, with 

cut-off frequency, f, in the order of 10 GHz.

8.2.1 High Performance BiCMOS Fabrication Process

The most fundamental process for high performance bipolar transistor is to form the 

highly-doped buried collector. The collector series resistance is important to the bipolar frequency 

response as is the source-drain series resistance to MOS performance. The buried layer is also use 

as the retrograde n-tub and is very effective in latch-up suppression.

8 2,1.1 Buried Layer

The pad oxide and nitride sandwich layer is first formed in similar fashion as the LOCOS 

process. The buried layer is defined by a lithography and nitride etching step as shown in Fig. 8- 

4a. With the photoresist mask on the wafer, antimony (or arsenic) impurity is implanted into the 
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opening regions. The photo resist is then stripped, the wafer is cleaned and a buried layer 

protection oxide is grown at high temperature (1200-1250°C for Sb, 1000-1050° C for As). This 

oxidation step is to activate and to diffuse the implanted ions into the silicon substrate.

The n-p-n transistors are to be isolated from each other and from the NMOS and PMOS 

device. A buried p-type isolation is needed for this purpose. The nitride layer in between buried 

layers is removed. With the pad oxide serving as a screen, boron is implanted with the buried 

layer protection oxide serves as an implant mask(Fig. 8-4b). An anneal step is carried out to 

activate the boron species. The dosage of the boron implant is determined by the tradeoff 

between the sidewall capacitance of the buried layer and the isolation distance between two 

adjacent buried layers. The oxide is etched from the wafer to create a phobic surface. A lightly 

doped epitaxial layer of 1.3 to 1.5 pm thick is grown on top of the silicon substrate. The epitaxial 

layer is grown in an LPCVD reactor at temperature of 1000-1100°C.

8.2.1.2 Tub Formation

The twin-tub formation is similar in approach to that of standard CMOS process described 

in section 4.3.1, with the exception that the n-tub lithography is now aligned to the buried layer. 

The tub drive-in temperature is reduced so that a fairly shallow tub depth for the collector 

resistance consideration, and to prevent the buried layer antimony impurity from up-diffusing to 

the n-tub’s PMOS devices.

8.2.13 Deep Collector implant

The active area is formed in an identical procedure as described in section 4.3.2. After the 

field oxide is grown and the nitride on the active-device-to- be is removed, a photoresist step is 

done to define the implant mask opening to the collector contact area. Phosphorus is implanted at 

high energy (180 KeV) using the pad oxide as an implant screen (Fig. 8-5). This step is 

intentionally performed immediately after the active device formation to take advantage of 

subsequent thermal heat treatments to diffuse the phosphorus atoms to adjoin the buried layer. 

The purpose of the deep collector implant is to reduce the collector resistance from the contact 

(on the surface) to the buried layer.
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8.2.1.4 CMOS Gate Oxide Process

The CMOS sacrificial oxide is processed in similar manner as prescribed in section 4.3.3. 

The dosage of the threshold adjust implant is different from the CMOS since the resulting tub 

concentrations are different in the BiCMOS structure with a thinner epi-layer and due to bipolar 

collector considerations. The incorporation of the bipolar base is deferred as late in the process as 

possible. There are processes that the base implant is done before the gate oxidation.(121] In this 

work, we will describe a novel method to form the base after the gate oxide growth, referred to as 

Reverse Emitter Window (REW). 11221

8.2.1.5 Base Definition

After the gate oxide is grown, a thin undoped polysilicon layer of 6OOA-8OOA thick is 

deposited to protect the MOS gate oxide integrity. A thin separation oxide is grown to a 
O o

thickness of 50A on the polysilicon surface. A 2000A nitride layer is deposited. The top view 

layout of the transistor and cross sections of processing steps are shown in Fig. 8-6. The 

nitride/oxide/poly stack is etched, the photo resist is removed, similar to the poly buffer LOCOS 

process described in section 8.1. The remaining gate oxide over the bipolar device active area is 

wet-etched and a base oxide is grown to a thickness of 800A (Fig. 8-6d). A self-aligned base­

emitter can be realized with a removable TEOS or nitride spacer. A boron base link-up is implant 

to reduce the base series resistance, and yet separated to the emitter window by the spacer (Fig. 

8-6e). The spacer and the oxidation mask nitride are removed in wet chemicals, leaving 

oxide/poly structure on the wafer except where the base is to be contacted (Fig. 8-7). A photo 

resist mask is used to selectively implant the base area directly underneath the emitter window. 

An optional deep phosphorus implant with moderate dose can be used to increase the doping 

concentration of the collector beneath the base, while at the same time pushing up the boron base 

impurity profile, and reducing the base width. Figure 8-8 shows the doping profile of the 

emitter-base-collector with a local collector implant.
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8.2.2 Emitter Formation

With the base photo resist still on, the oxide/poly in the exposed area is removed by a dry 

etch. The photoresist is then stripped. A wet oxide etch is used to etch the gate oxide over emitter 

area and the poly-oxide. The bare silicon emitter window is now exposed. An undoped 

polysilicon layer with thickness in the range of (2000-2500A) is deposited. This layer of 

polysilicon serves both as the poly emitter and to thicken the MOS gate to the desired thickness. 

The MOS gate and bipolar poly emitter are patterned by a single masking step. Although the 

poly thickness is different by - 600A between MOS gate and emitter, the 500 A final base oxide 

is used as etch stop for the polysilicon etch. Figure 8-7c shows the poly-emitter after gate etch. 

The LDD implants for CMOS devices are carried out as described in section 4.3.5. The spacer is 

formed on the MOSFET gates and emitter sidewalls. The P+ source/drain implant also dopes the 

p+ base contact area. The remaining of the fabrication sequence is compatible with the CMOS 

process as described in Chapter 4.

8.2.3 Bipolar Transistor Characteristics

We have fabricated BiCMOS devices, using 0.9pm design rules. The data presented here 

is for the purpose of explaining the difference between the bipolar transfer curves and MOS 

subthreshold characteristics described in Chapters 2 and 5. Shown in Fig. 8-9 is the Gummel plot 

of the collector and base currents, Ic and lB, versus the base-emitter voltage VBE. The slope of 

the Ic vs VBE curve is obtained from the bipolar current equation:

(8.1)

where the inverse slope is derived by taking logarithm of both sides from Eq. (8.1) as:

% = ln(10)Vr = 2.3Fr (8.2)

As seen from Fig. 8-9, the inverse slope was measured to be 60mV/decade at 300°K, indicating 

that the junction is ideal. If we referred to the MOS subthreshold slopes shown in Fig. 5-5 and 

5-6, the n factor in this case is 1.

The gain, 0 or hFE, is defined as
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and is plotted as a function of collector current lc (Fig. 8-10). The gain is fairly constant over 7 

decades of collector current indicating low recombination current from the base, and the base 

current tail which indicates the "Sah-Noyce-Shockley" recombination current, is not observed 

here (Fig. 8-9). For completeness, the Ic versus VCE curves are shown plotted in Fig. 8-11. The 

collector-emitter breakdown voltage is higher than 7.5V, ensure a safe 5V operation. The Early 

voltage, equivalent to the saturation short channel effect in MOS device, was measured - -60V.
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Figure 8-8. Doping Profile of Emitter-Base-Collector with a local collector implant.

For the submicron BiCMOS technologies, integrating high performance npn bipolar 

devices into a CMOS process is quite challenging. The high field and hot carrier effects observed 

in CMOS devices are also observed in bipolar structures. If a base-emitter junction is biased 

close to reverse junction breakdown, charges can be injected into the base oxide due to soft 

avalanche injection. The trapped charged increases the base surface recombination current, and 

therefore reduce the bipolar gain. This aging phenomena is equivalent to the transconductance
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degradation in an MOS device.

83 GATE DIELECTRIC MATERIAL

We have stated in chapter 3 that the gate oxide quality is crucial for the scaling of MOS 

devices into submicron (or sub-half-micron) geometry. As the required oxide thickness becomes 
o

less than 100A, the defects introduced during pre- and post-gate oxidation processes are 

detrimental to the device reliability. Several alternative gate dielectric materials have been 

proposed. Oxide Nitride Oxide (ONO) sandwich,[65^ J123l fluorinated oxide,11241 J125! and thermal 

oxide-TEOS-thermal oxide1631 have all been proposed to improve the oxide quality of less than 
0

100A gate oxides. All of the proposed schemes aim at improving oxide quality for under 100A 

thick oxide.

The use of implanted gate with arsenic (or phosphorus) and boron to form n+/p+ gate is 

required for sub-half-micron devices. The effect of implanted poly gate on gate oxide quality is a 
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serious concern. We have designed an experiment that uses the large area MOS capacitors as a 

tool to characterize oxide quality.1126* A 125A gate oxide is grown in the active areas after field 

oxidation. The polysilicon gate is deposited, and subsequently doped by phosphorus diffusion or 

arsenic/phosphorus implants. The dielectric breakdown of the oxide is measured by a voltage 

ramp technique, when the irreversible oxide current at breakdown is monitored. The oxide 

breakdown field statistics are collected for each experimental split. The defect density, Do, is 

defined by a yield model that related to the area of the capacitors. The results show that the 

implanted gate MOS capacitors have higher defect densities (D0=4-6 defects/cm2) than Do of the 

oxide with the phosphorus diffused gates (D0 <1). For the p+ (boron doped) gate MOS 

capacitors, a small trace of sodium is detected using the TVS (Triangle Voltage Sweep) as 

described in Chapter 5.

From the experimental results described above, gate oxide quality, in addition to the hot 

carrier aging, is prime concern for submicron devices. Potential dielectric material should 

possess the following properties:

• Ability to withstand the charging effect of ion implantation, plasma processing that can 

cause the microdefects during fabrication.

• Good barrier to sodium diffusion.

• High dielectric breakdown.

• And most importantly, low defect density.

Research in thin dielectric material continues to be an important area for submicron device 

fabrication.

8.4 LOCAL INTERCONNECTS & RAISED SOURCE/DRAIN

The local interconnect is becoming more critical in dense circuits like SRAMs. The local 

interconnect layer ties the adjacent source-drain of devices of the same type and thus eliminates 

the contact windows to metal. An additional advantage of the local interconnect is that the drain 

junction area can be minimized resulting in a reduction in capacitance and an improvement in 

circuit speed.
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Polysilicon has been proposed as the raised source-drain alternative to silicided source­

drain. The source/drain dopants are out-diffused into silicon from the polysilicon source, similar 

to the poly emitter formation in a bipolar structure. Selective silicon epi-layer has also been 

proposed for the elevated source-drain and to reduce hot carrier effects.11271

85 OTHER RELIABILITY ISSUES

The active device reliability problems have been addressed and analyzed extensively 

throughout the course of this dissertation. Other reliability issues related to parasitics and 

materials are discussed briefly here for completeness.

Latch-up: The parasitic pnpn thyristor in CMOS structure can be turned on and latched into 

a high current state that can destruct the device. This phenomenon is called latch-up in CMOS a 

structure. Preventive measures include relaxed layout rules for circuits prone to latch-up, trench 

isolation between tubs to cut down the parasitic bipolar gain, and the use of retrograde tubs or n+ 

buried layer to reduce the gain of the pnp vertical bipolar device.

ESD: Electro-Static Discharge is due to the external charge built-up at Input/Output devices 

of MOS circuits. Some popular circuit prevention schemes for ESD include junction diode or 

MOS device to limit the voltage surge at the I/O terminal. From the device stand point, the gate 

oxide should be able to withstand high field without breakdown before the protection circuit 

activates. One solution to this problem is the use of BiCMOS technology, where bipolar 

transistors are used in the input/output circuits.

Electromigration due to high current density in a small geometry conductor (e.g. 

aluminum) is a serious material and structural reliability problems. Electromigration can result in 

open lines in a circuit or a short in a junction due to metal spiking. The overall circuit scaling is 

affected by the contact size and metal conductor design rules. Aluminum with small percentage 

of Cu-Si to help reducing the electromigration rate is commonly used for global interconnect in 

an integrated circuits. For submicron technology, layers of different conductors (Ti/Al) can 

alleviate the electromigration problem. Material research in this area is crucial for future 

technologies.
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8.6 SUMMARY

In this Chapter, we have described some advanced topics needed to realized future device 

structures. The BiCMOS technology is interesting not only from the device physics and process 

integration stand points but also from the economic side of capital equipment investment.

The poly buffer LOCOS isolation is an alternative for device isolation in the upper-half 

micron technologies, but is limited by the field oxide thinning in narrow spaces, therefore is not 

suitable for sub-half-micron isolation. The shallow trench or selective epitaxial schemes have 

material defect issues to be resolved.

The local interconnect using doped polysilicon, if used in conjunction with raised source­

drain, promises novel device structures. Local interconnect using TiN or TiW as conductors is 

also popular in SRAM applications.
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Chapter 9

CONCLUSIONS And RECOMMENDATIONS

In this dissertation work, we have established a methodology for good submicron device 

design, based on device physics, circuit applications, and processing capabilities. In this process, 

we have contributed to an optimum LDD NMOS structure for a CMOS process, that extends the 

device reliability as compared with other CMOS technologies. During the course of the research, 

we have focused on the understanding of hot carriers degradation mechanisms in submicron 

CMOS devices. We have developed a simple characterization technique, based on the 

subthreshold conduction in an MOS device, to determine the spatial distribution of interface 

states in the damaged area close to the drain of the transistor during accelerated aging stress. The 

analytical model of hot earner generated interface density was developed and using the extracted 

data to relate to the transconductance degradation. The technique can be used to routinely 

monitor the device aging to detect any potential problem in the fabrication process.

We further conclude that the DC aging method where the device is biased at the worst case 

peak substrate current is useful to compare the figure of merit of a given technology. The choice 

of 10% gm degradation as a criterion for device lifetime is arbitrary, as is often found in the 

literature. This method does not reflects the actual circuit degradation due to hot carrier effects. 

Long channel devices are found to saturate in Agm/gm0 at a lower level than the short channel 

devices for the same technology. We determine that the combination of an LDD structure and a 

thin p-type epitaxial layer on a heavily doped pf substrate improves the drain-source breakdown 

voltage, which is one of the limiting factors in device scaling. We have instituted the use of 

substrate current as a means to monitor and detect any variations in the drain processes, in 

particular the spacer etch, in the routine manufacture environment We have presented an 

integrated approach to tackle the hot carrier problems. Expertise in different areas, include device 

structures, e.g. drain-engineering; processing conditions, and circuit design techniques, all 

contribute to the solution of the hot carrier effects. We also employed a circuit design technique 

in a conventional NMOS process to reduce the hot carrier degradation.
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We use the numerical process and device simulators to evaluate the n- and p-ch "halo" 

drain structures and for device design and analysis. We have also studied the new small device 

behaviors, namely the reverse subthreshold swing, reverse short channel effects on threshold 

voltage. We have examined the BiCMOS technology as an alternative for device scaling. The 

combined use of bipolar and CMOS devices leads to the next generation technology’s 

performance while utilizing the existing processing equipment.

The external power supply voltage is still at 5 volts for CMOS circuits designed at 0.6pm 

channel length, although an "on-chip" voltage regulator has been used to reduce the internal 

voltage to 3.5-4.0V range. The next voltage standard will be 3.3V, and currently is intended to be 

used for the 64M DRAM (or 16M SRAM) generation of memory products. Therefore, drain­

engineering is still an important area even with a reduced supply voltage, since ones cannot 

possibly change the supply voltage for every generation of technology.

For future research directions, the process of realizing si bmicron device structures is a 

multidisciplined field. Research on device structures should concentrate on drain structures and 

gate oxide quality. Correlation between de aging on discrete devices with ac aging in an actual 

circuit will lead to an understanding of relaxation in hot carrier injection. New gate dielectric 

material is very important for future MOS devices. Fluorinated oxide and composite dielectrics 

(i.e. oxide/nitride/oxide, oxide/TEOS etc.) are promising candidates. In the area of device 

physics, velocity overshoot, ballistic transport, and energy transport are important areas to 

understand and to model devices smaller than 0.25pm. In the areas of materials research, new 

gate electrode materials (i.e. tungsten or molybdenum) are desirable for mid-gap work function. 

Insulators and conductors for metallization system are crucial for device interconnects.

The scope of microelectronic research is enormous. In the future, no single corporation can 

afford to devote resources to study and investigate all the areas for sub-quarter-micron device 

sizes. Cooperation among corporations, universities, and governments is the key to the success of 

the microelectronic industry.
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