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Historical Trends
Silicon Wafer Size

• Early Wafers - 1, 1.5, 2 
Inch Diameters

• Wafer Size has Increased 
Steadily

• 200 mm (8”) Wafers in 
Production

• 300 mm (12”) Coming on 
Line Now (> 3B$/Fab)

• 450 mm Planned
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Larger Wafers
Lower Die Cost

• Cost to Process a Wafer is 

Relatively Fixed for a Given 

Process

• Larger Wafer →Lower Cost/Die
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Historical Trends
Memory Density (Bits/Chip)

• Moore’s Law - Exponential 

Increase in Chip Complexity 

• ISSCC Research Benchmarks

•1967 - 64 bit Memory

•1984 - 1Mb Memory

•1995 - First 1 Gb Memory
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Historical Trends
Microprocessor Complexity (Trans./Chip)

• ISSCC Benchmarks

•1971 - 2000 Transistors

•1988 - 1M Transistors

•1998 - 100M Transistors
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Semiconductor Industry

Roadmap - ITRS

Each new process generation doubles chip density by scaling feature size by 0.7.
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Semiconductor

• Six types of charges

Dopant ion

(not mobile)

Lattice atom

(not mobile)

- Intrinsic electrons

Intrinsic holes

- Dopant electrons

Dopant holes+

+
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N-MOS Transistor
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N-MOS Transistor
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MOS vs. BJT

• BJT

– High speed, high gain, low output resistance

– Ideal for high frequency amplifier

• CMOS

– High input impedance

– Low power logic gate
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Diode Logic

OR Gate AND Gate
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Transistor-Transistor Logic

(TTL)

NAND Gate
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Digital Circuit Elements 

Boolean Algebra
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Digital Computing

Adder

Counter

Latch Flip-flop
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NMOS Transistor

Top View and Cross-Section

• N-Channel Metal-Oxide 

Semiconductor Transistor

• n- and p-type 

semiconductor regions

• Thick and thin oxides

• Etching Openings

• Polysilicon gate

• Metal (Al) 

Interconnections 

Conducting 

Channel Region
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Basic NMOS Process
Key Steps

•Oxidation

•Photolithography

•Implantation

•Diffusion

•Etching

•Film Deposition
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CMOS Technology
N-Well Technology Cross-Section

• Complementary Metal-
Oxide Semiconductor 
Technology

• Dominant Technology in 
Integrated Circuits Today!

• Requires both NMOS and 
PMOS Transistors

Oxidation

Photolithography

Implantation

Diffusion

Etching

Film Deposition
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Bipolar Transistor
Top View and Cross-Section

• Bipolar Junction Transistor 
(BJT)

• Standard Buried Collector 
Process (SBC)

• n- and p-type semiconductor 
regions

• Thick and thin oxides

• Etching Openings

• Metal (Al) Interconnections

Active 

Transistor 

Region
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SBC Process
Key Steps

•Oxidation

•Photolithography

•Implantation

•Diffusion

•Etching

•Film Deposition
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MOS Process Integration 
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NMOS Transistors
Structure and Model

ID = Kn

' W

L

 

 
 

 

 
 VGS −VTN −

VDS

2

 

 
 

 

 
 VDS      Kn

' = µnCO = µn

εOX

XO

VGS > VTN           VTN = threshold voltage
Figure 9.1
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NMOS Transistors
Threshold Voltage

VTN = ΦM − χ −
EG

2q
+ φF +

2KSεoqNB 2φF + VSB( )
CO

−
Qtot

CO

VTP = ΦM − χ −
EG

2q
− φF −

2KSεoqNB 2φF + VSB( )
CO

−
Qtot

CO

φF =
kT

q
ln

NB

ni

 

 
 

 

 
 

     

ΦM = metal - semiconductor work function

χ = electron affinity

ΦM − χ = −0.11 V for aluminum gates

ΦM − χ = −0 V for an n+ polysilicon gate

ΦM − χ = +1.12 V (EG) for a p+ polysilicon gate

Q tot = total oxide charge
Figure 9.2

Threshold voltage vs. substate doping
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NMOS Transistors
Shallow Trench Isolation

• Depletion layers from 

adjacent devices must not 

merge

• Shallow trench isolation 

reduces separation 

required between devices

Figure 9.7

Isolation Techniques (a) Intrinsic (b) Shallow trench
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NMOS Transistors
Depletion Layer Widths

• NMOS transistors are 

“self isolating”

• However, depletion layer 

widths limit minimum 

device separation

• Light doping reduces 

junction capacitances

Figure 9.4

Depletion-layer width of a one-sided step junction as a 

function of doping and applied voltage
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NMOS Transistors
Junction Breakdown

• Substrate doping must be selected 
to support required drain-substrate 
voltage

• Light doping increases breakdown 
voltage

• Cylindrical and spherical 
curvatures reduce the  breakdown 
voltage
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NMOS Transistors
Lightly Doped Drains (LDD)

• Heavy doping in drain near edge of channel reduces 

breakdown voltage of the device and reduces reliability

• LDD structure reduce drain doping at edge of channel

Figure 9.8 

Self-aligned polysilicon-gate transistor with lightly doped source/drain regions
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MOS Transistor Layout
Alignment Errors

• Levels must overlap by 

at least one alignment 

tolerance to ensure 

coverage and proper 

device operation

• Figure shows various 

possible misalignments 

between two levelsFigure 9.9
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MOS Transistor Layout
λ-Based Design Rules

• Design rules for previous alignment 

sequence

• Minimum Feature Size F = 2λ

• Alignment Tolerance T = λ

Figure 9.11
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CMOS Technology
Silicon-on-Insulator (SOI)

• Two wafers can be bonded 
together to form silicon on 
insulator material

• Deep oxygen implantation 
can be used to create a 
buried oxide layer 
(SIMOX)
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CMOS Technology
Silicon-on-Insulator (SOI)

• Figure 9.20 - Trench isolated SOI

• Silicon on insulator
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Bipolar Process Integration 
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Npn Bipolar Transistors
Standard Buried Collector (SBC) Process

Emitter

Base

Collector

Isolation Isolation
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Npn Bipolar Transistors
SBC Process
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Npn Bipolar Transistors
Current Gain & Unity Gain Frequency

Current Gain β

β =
IC

IB

β−1 =
GB

GE

+
WB

2

ηLB

2

WB = base width

LB = diffusion length in the base

GB and GE = base and emitter Gummel numbers

GB =
N x( )
DB x( )base

∫ dx        GE =
N x( )
DE x( )emitter

∫ dx

Unity Gain Frequency fT

fT =
1

2πτ

τ = rECBE +
WB

2

ηDB

+ CJC + Csub( )rC +
XC

2VS

τ = transit time
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SBC Transistor Layout
Design Rules

Figure 10.17

SBC transistor layout using the design rules in Table 10.1
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Advanced Bipolar Devices
Oxide Isolation
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Advanced Bipolar Devices
Oxide Isolation
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Advanced Bipolar Devices
Trench Isolation
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BiCMOS Processes
CMOS + Bipolar
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BiCMOS Processes
CMOS + Bipolar
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