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INtRoduCtIoN 

Microelectronics has pervaded our lives for the past fifty years. 
Without it, the rich multimedia experience that we have enjoyed 
from the first days of radio and TV right up to today’s world of 
DVDs, the Internet and computer gaming would not have been pos-
sible. Without it, we would not be able to talk to people around the 
world, exchange text messages or share photographs and video clips 
via a personal portable device that fits into our top pocket. Without 
it, our cars would do far fewer kilometres per litre of fuel, heavi-
ly pollute the environment and cause more accidents. This massive 
penetration into consumer, communication and automotive markets 
mean that in 2007 a worldwide 80 billion USD investment in semi-
conductor materials and equipment led to 280 billion USD worth of 
semiconductor sales, which were built into 1.105 billion USD worth 
of electronics equipment, on top of which 6.500 billion USD worth 
of consumer services were delivered.

So, the cornerstone of high-tech economy is semiconductors 
with materials and equipment.

Figure 1. Cornerstone high-tech economy
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The shift from the era of microelectronics, where semiconduc-
tor devices are measured in microns (1 millionth of a metre) to the 
new era of nanoelectronics where they will shrink to dimensions 
measured in nanometres (1 billionth of a metre) will make electro-
nics even more pervasive than it is today. It will allow much more 
intelligence and far greater interactivity to be built into many more 
everyday items around us, with the result that silicon chip technolo-
gy will play a part in virtually every aspect of our lives – in areas 
such as personal healthcare, traffic control, privacy and security. 

As silicon solutions become ever more pervasive, the silicon 
value in products will increase both in terms of hardware and soft-
ware. The epitome of that today is the mobile phone – almost 100 % 
silicon-based content plus one printed circuit board, a battery and a 
plastic case. Mobile telephony is already a success story for Europe.

If the era of microelectronics has achieved all this, the new era 
of nanoelectronics promises much more. It will not only expand the 
pervasiveness of silicon solutions, making them small enough, light 
enough and cheap enough to build into just about anything – even 
disposable products. It will give next-generation products totally new 
capabilities that will elevate the ICT (Information and Communica-
tion Technology) society to unprecedented levels, and it will enable 
Europe to realize its vision of Ambient Intelligence – living environ-
ments that are aware of our presence and responsive to our needs. 

The performance requirements for these intelligence systems 
can be defined in terms of key parameters, the most important ones 
being: computing power (Giga-Operations per second), storage ca-
pacity (Gbits per chip), data rate (Gbits per second), and power dis-
sipation (nano-Watts per transistor). In addition to these quantitative 
measures, there is the increased system functionality that accompa-
nies the growing number of user functions handled by each circuit. 
A central characteristic of Ambient Intelligence is that the environ-
ment in which we live will be aware of our presence and responsive 
to our needs.
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so, differing rates of change for key parameters will lead to 
technology conflicts that must be resolved (Figure 2). 
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Figure 2 Conflict of key parameters 

CMOS technology has dominated in silicon (Si) integrated cir-
cuits (IC) manufacturing for the past 30 years. We and experts from 
ITRS, Europe technology platform ENIAC believe that its dominance 
will continue through at least 2020 for the reasons: ultra large scale 
integration, high performance, low power, supply voltage scalability, and 
circuit flexibility. This technology can to aide for the solutions con-
flict of key parameters of systems. 

In most of the remaining chapters (Chapters 2-8) in this book, we 
will discuss the process technologies used in Si IC manufacturing 
individually. Individual technologies or technological processes (epi-
taxial growth, thermal oxidation, dopant diffusion, ion implantation, 
lithography’s, etching methods, and deposition metallic’s films) are 
clearly most useful when they are combined in a complete process 
flow sequence to produce chips of IC. It is often the case that unit 
process steps are designed the way that they are because of the context 
in which those steps are used. For example, while a dopant may be 
diffused into a semiconductor to a desired final junction depth using 

Figure 2. Conflict of key parameters

CMOS technology has dominated in silicon (Si) integrated 
circuits (IC) manufacturing for the past 30 years. We and experts 
from ITRS, Europe technology platform ENIAC believe that its 
dominance will continue through at least 2020 for the reasons: ultra 
large scale integration, high performance, low power, supply voltage 
scalability, and circuit flexibility. This technology can aide for the 
solutions conflict of key parameters of systems.

In most of the remaining chapters (Chapters 2–8) in this book, 
we will discuss the process technologies used in Si IC manufac-
turing individually. Individual technologies or technological pro-
cesses (epitaxial growth, thermal oxidation, dopant diffusion, ion 
implantation, lithography’s, etching methods, and deposition me-
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tallic’s films) are clearly most useful when they are combined in a 
complete process flow sequence to produce chips of IC. It is often 
the case that unit process steps are designed the way that they are 
because of the context in which those steps are used. For example, 
while a dopant may be diffused into a semiconductor to a desired 
final junction depth using many combinations of times and tempera-
tures, the fact that the junction being formed might be diffused in 
the middle of a complex process flow may greatly restrict the pos-
sible choices of times and temperatures.

7

many combinations of times and temperatures, the fact that the junc-
tion being formed might be diffused in the middle of a complex 
process flow may greatly restrict the possible choices of times and 
temperatures. 

Figure 3 Cross section of the MOSFET of CMOS IC  

In the final Chapter 9 we are described CMOS technology flow 
and MOSFET device simulation to fabricate a structure like shown in 
Figure 3. We will find that well over 100 individual process steps are 
required. The final CMOS IC for intelligence systems mentioned 
above may contain hundreds millions of components like this shown 
in the Figure 3, each of which must work correctly. 
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1. INTRODUCTION TO SILVACO TECHNOLOGY 
COMPUTER-AIDED DESIGN (TCAD) 

SIMULATION TOOLS 

Work objectives 

The objective for this laboratory work is to introduce students to 
the use of Silvaco technology computer-aided design (TCAD) simu-
lation tools and to study the syntax for defining general structure
dimensions silicon substrate (wafer) and material parameters. 

Sequence of laboratory work 

1. Read attentively all the theoretical material and the methodi-
cal guideline of this laboratory work. Before starting the work dis-
cuss all obscure questions with the tutor. 

2. Start the computer and login with the relevant user rights. Run 
the following command sequence: Start→All Programs→ S.EDA 
Tools→ Deckbuild to load the “Deckbuild Application” Window. 

3. Create a new directory (folder) on the drive C for this labora-
tory work and change the “Deckbuild Application” working direc-
tory (Edit→Preferences→ Working Directory) to this new folder. 

4. Simulate the examples defined in the “Methodical guideline” 
section.

5. Answer the questions and perform the tasks defined in the 
“Work assignments” section. 

6. Examine the simulation results, prepare and submit a labora-
tory report. 

Theory

TCAD is used in the computer-aided design and engineering 
semiconductor device design, fabrication process design, technology 
characterisation for circuit design and in other areas. TCAD software 
package used in these laboratory works is created by Silvaco Interna-

Figure 3. Cross section of the MOSFET of CMOS IC 

In the final Chapter 9 we are describing CMOS technology flow 
and MOSFET device simulation to fabricate a structure shown in Fi-
gure 3. We will find that well over 100 individual process steps are re-
quired. The final CMOS IC for intelligence systems mentioned above 
may contain hundreds millions of components like it is shown in the 
Figure 3, each of which must work correctly. 
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1. INtRoduCtIoN to sIlVaCo teChNology 
CoMputeR-aIded desIgN (tCad) sIMulatIoN 

tools

Work objectives

The objective of this laboratory work is to introduce the use of 
Silvaco technology computer-aided design (TCAD) simulation tools 
to the students and to study the syntax for defining general structure 
dimensions silicon substrate (wafer) and material parameters.

sequence of the laboratory work

1. Read attentively all the theoretical material and the methodi-
cal guideline of this laboratory work. Discuss all obscure questions 
with the tutor before starting the work.

2. Start the computer and login with the relevant user rights. 
Run the following command sequence: Start→All Programs→
S.EDA Tools→Deckbuild to load the “Deckbuild Application” win-
dow.

3. Create a new directory (folder) on the drive C for this labora-
tory work and change the “Deckbuild Application” working direc-
tory (Edit→Preferences→Working Directory) to this new folder.

4. Simulate the examples defined in the “Methodical guideline” 
section.

5. Answer the questions and perform the tasks defined in the 
“Work assignments” section.

6. Examine the simulation results, prepare and submit a labora-
tory report.
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theory

TCAD is used in the computer-aided design and engineering semi-
conductor device design, fabrication process design, technology charac-
terisation for circuit design and in other areas. TCAD software package 
used in these laboratory works is created by Silvaco International and 
consists of Athena, Atlas, Deckbuild and TonyPlot programs. 

Athena is a framework program that integrates several smaller 
programs into a more complete process simulation tool. It is a modular 
program that combines simulations into a more complete package al-
lowing for the simulation of a wide range of semiconductor fabrication 
processes: epitaxial growth, thermal oxidation, thermal diffusion and 
ion implantation, photolithography, etching, deposition dielectrics 
films, metallization and others. A one-dimensional (1D) simulator 
treats matter as layers, and the simulation outputs are layer thicknesses 
and dopant distributions in the vertical direction of the wafer (Figure 
1.1). Diffusion, ion implantation, oxidation and epitaxy are treated.
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Figure 1.1 Dopant distributions after the diffusion of phosphorus at-
oms in silicon wafer 

Two-dimensional (2D) simulation is indispensable because 1D 
simulation of more slices cannot predict 2D profiles. The structures 
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above the silicon surface are usually not simulated, but simply drawn 
geometries. They are tools to add realism, like the deposition and 
etching steps in 1D simulators. 

2D simulators are about cross sections of structures, whereas
1D was only about layers. 2D simulation enables topography simula-
tion. In 1D, it is not possible to study the deposition of films over 
other films; neither are cross sections relevant. A step-coverage 
simulator that predicts the metal thickness over a step from the atom 
arrival angle distribution and surface mobility considerations may be 
useful.

Figure 1.2 Simulation results of CVD deposition model 

2D simulation is computation intensive, and 2D simulators usu-
ally have a 1D simulation tool embedded in them, for quick and easy 
initial 1D tests. Saving on the computational time can be in orders of 
magnitude. Grid, or simulation mesh, in a 1D simulator, is regular 
and easy to generate (see Figure 1.4), but in 2D simulators, the mesh 
generation is much more difficult. In order to reduce the computation 
time, a dense grid is used where abrupt changes are expected, and a 

Figure 1.1. Dopant distributions after the diffusion of phosphorus atoms 
in silicon wafer
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2D simulation is computation intensive, and 2D simulators usu-
ally have a 1D simulation tool embedded in them, for quick and 
easy initial 1D tests. Saving on the computational time can be in 
orders of magnitude. Grid, or simulation mesh, in a 1D simulator, is 
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regular and easy to generate (see Figure 1.4), but in 2D simulators, 
the mesh generation is much more difficult. In order to reduce the 
computation time, a dense grid is used where abrupt changes are ex-
pected, and a sparse grid where the gradients are not steep. Instead 
of rectangular grids, triangular grids are often employed. 

Optical photolithography simulation is a self-contained regime 
in process simulation. Its main output is a resist profile. This will be 
discussed in more detail in Chapter 6.

Atlas is a physically-based two and three dimensional (3D) de-
vice simulation tool. This allows for the simulation of a wide varie-
ty of modern semiconductor technologies. It predicts the electrical 
behaviour of different semiconductor structures, and gives insight 
into the internal physical mechanisms associated with the device 
operation. Atlas is often used in conjunction with Athena using the 
physical structures and doping profiles generated by Athena. 

When scaling to smaller and smaller dimensions continues, 3D 
simulation becomes mandatory. A narrow but long transistor can be 
simulated by a 2D simulator, but a narrow and short transistor with 
similar dimensions in both x and y directions really needs 3D treat-
ment. Again, complexity and time of simulation increase drastically 
over the 2D case.

DeckBuild is the graphical user interface (GUI) for Silvaco’s 
TCAD programs that allows user to go transparently from Athena 
process simulation to Atlas device simulation. DeckBuild has nu-
merous simulator specific and general debugger style tools, such 
as powerful extract statements, GUI based process file input, line 
by line runtime execution and intuitive input file syntactical error 
messages. 

TonyPlot is the visualization tool. It provides comprehensive 
capabilities for viewing and analyzing simulator output. The data 
can be plotted as desired by the user either in one or two-dimen-
sional graphs. The overlays feature helps in comparing the multiple 
simulation runs. TonyPlot includes animation features that permit 
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viewing a sequence of plots in a manner showing solutions as a 
function of some parameter. 

Methodical guideline

The first step is to start the Deckbuild application: “Start→All 
Programs→S.EDA Tools→Deckbuild”. After a short delay, a win-
dow, similar to the one in Figure 1.3, will appear (except for the 
code). The top half of the Deckbuild window is the command input. 
The bottom half of the Deckbuild window is where program exe-
cution and “extract” information is listed as the program runs. To 
execute a program, the user must hit the Run button and the exe-
cution / results will be generated in the bottom half of the Deckbuild 
window.
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Figure 1.3. Example of the Deckbuild environment
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The first line, go athena, invokes the Silvaco Athena process 
simulator:

go athena

The first step in simulating a semiconductor structure is defi-
ning a mesh. This is a very important step because it will determine 
the accuracy and time of the simulation. The simulation of semicon-
ductor devices is based on a finite element method, where the device 
geometry is divided into a fine mesh. Numerical iteration is then per-
formed for each mesh point in order to determine the solution to the 
differential equations. So, where mesh lines intersect, calculations oc-
cur. Important plots are based on hundreds and sometimes thousands 
of these intersecting lines. When using Athena for simulation of the 
fabrication process, the user needs to specify an initial mesh density. 

13

accuracy and time of the simulation.  The simulation of semiconduc-
tor devices is based on a finite element method, where the device 
geometry is divided into a fine mesh. Numerical iteration is then 
performed for each mesh point in order to determine the solution to 
the differential equations. So, where mesh lines intersect, calcula-
tions occur. Important plots are based on hundreds and sometimes 
thousands of these intersecting lines. When using Athena for simula-
tion of the fabrication process, the user needs to specify an initial 
mesh density.  

#the x dimension definition
line x loc = 0.0 spacing=0.02
line x loc = 2.0 spacing=0.25
#the vertical definition
line y loc = 0 spacing = 0.02 
line y loc = 4 spacing = 0.25 

Figure 1.4 The mesh definition 

From Figure 1.4, the mesh statements are specified. For exam-
ple, the x starting at 0.0 microns has spacing of 0.02 microns. That 
means it is relatively densely. The x becomes finer between 0.0 and 
2.0 microns with a spacing of 0.25 microns. The y is similarly de-
fined. For example, at y of 0.0 microns, the spacing is 0.02 microns. 
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Then at location y of 4 microns, the spacing changes to 0.25 microns. 
The code displayed for this example is shown below: 

line x loc = 0.0 spacing=0.02 

line x loc = 2.0 spacing=0.25 

line y loc = 0.0 spacing = 0.02

line y loc = 4.0 spacing = 0.25

As already mentioned, the mesh density is important because 
setting too many mesh points can create long calculation times, and 
setting too few can cause gaps in analysis. Typically, more mesh 
points occur in the critical areas of the simulation structure (where 
ion implantation will occur, where p-n junction or the transistor 
channel region will be formed). The other points are then graduated 
to a lesser mesh density. Whenever a new layer is deposited using 
Athena, a new mesh density must be added.  

The next step is to initialize (init command) the mesh. Defin-
ing the mesh also sets the substrate (wafer) region by specifying the 
material (silicon or other), the background doping (e.g. silicon is 
doped with phosphorus at a concentration of 3×1015 atom/cm3), the 
orientation and some other additional parameters (see Table 1.1). 
The argument two.d specifies the 2-D plot. The initialize code looks 
like this: 

init silicon orientation=100 c.phos=3e15 two.d 

The general command to save results into a file that can be 
opened in a spreadsheet program as well as directly from TonyPlot 
is: struct outfile=silicon.str. The direct command to start 
TonyPlot with current simulation results is simply: tonyplot. Com-
bining these two commands in a program will both export the results 
to a file than can be opened directly from TonyPlot and opens the 
result immediately in TonyPlot. The saving and displaying code 
looks like this:  

struct outfile=silicon.str 

tonyplot –st silicon.str 

Figure 1.4. The mesh definition
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is doped with phosphorus at a concentration of 3 × 1015 atom/cm3), 
the orientation and some other additional parameters (see Table 1.1). 
The argument two.d specifies the 2-D plot. The initialize code looks 
like this:

init silicon orientation=100 c.phos=3e15 two.d

The general command to save results into a file that can be 
opened in a spreadsheet program as well as directly from TonyPlot 
is: struct outfile=silicon.str. The direct command to start 
TonyPlot with current simulation results is simply: tonyplot. Com-
bining these two commands in a program will both export the re-
sults to a file then can be opened directly from TonyPlot and opens 
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the result immediately in TonyPlot. The saving and displaying code 
looks like this: 

struct outfile=silicon.str

tonyplot –st silicon.str

quit

The direct command to terminate Athena simulator is simply: 
quit. The quit statement may be placed anywhere in the program 
code. Athena will stop execution upon encountering the quit state-
ment. All input lines after the occurrence of the quit statement will 
be ignored for that execution of Athena.

table 1.1 Wafer specifications for CMOS

Specification 100 mm 125 mm 150 mm 200 m 300 mm
Thickness, μm 525 ± 20 625 ± 20 675 ± 20 725 ± 20 775 ± 20

TTV, μm 3 3 2 1.5 1

Warp, μm 20–30 18–35 20–30 10–30 10–20

Flatness, μm < 3 < 2 < 1 0.5–1 0.5–0.8
Oxygen,

ppma
20 17 15 14 12

OISF, cm−2 100–200 100 <10 none none

Particles,
per wafer

10 @ 0.3 μm 10 @ 0.3 
μm

5–10 @ 0.3 
μm

100 @ 0.2 
μm

10–100 
@0.16 μm

20–30 @ 0.2 
μm

50–100 
@0.12 μm
10–20 @ 
0.16 μm
5–10 @ 
0.20 μm

Metals, atoms/
cm2

1012 1011 1011 5 × 1010 109

Note: The tightening wafer specifications go hand in hand with wafer size via linewidth: 
300 mm wafer specs are tighter because 0.13 μm and less linewidths are made on 300mm 
wafers, whereas 0.5 μm to 0.8 μm is typical of 150 mm wafers, and 100mm wafers are for 
linewidths above 1 μm.
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Figure 1.5 shows the simple structure of the silicon wafer plot-
ted by TonyPlot. 
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quit

The direct command to terminate Athena simulator is simply: 
quit. The quit statement may be placed anywhere in the program 
code. Athena will stop execution upon encountering the quit state-
ment. All input lines after the occurrence of the quit statement will 
be ignored for that execution of Athena. 

Table 1.1 Wafer specifications for CMOS 
Specification 100mm 125mm 150 mm 200 m 300 mm 
Thickness, 

μm
525 ± 20 625 ± 20 675 ± 20 725 ± 20 775 ± 20 

TTV, μm 3 3 2 1.5 1 
Warp, μm 20–30 18-35 20–30 10–30 10–20 

Flatness, μm < 3 < 2 < 1 0.5-1 0.5-0.8 
Oxygen, 

ppma 
20 17 15 14 12 

OISF, cm−2 100-200 100 <10 none none 

Particles,
per wafer 

10 @ 
0.3μm

10 @ 
0.3μm

5–10 @ 
0.3μm
100 @ 
0.2μm

10–100 
@0.16μm
20–30 @ 

0.2μm

50–100 
@0.12μm
10–20 @ 
0.16μm
5–10 @ 
0.20μm

Metals, at-
oms/cm2

1012 1011 1011 5×1010 109

Note: The tightening wafer specifications go hand in hand with wafer size 
via linewidth: 300 mm wafer specs are tighter because 0.13 μm and less 
linewidths are made on 300mm wafers, whereas 0.5 μm to 0.8 μm is typical 
of 150 mm wafers, and 100mm wafers are for linewidths above 1 μm. 

Figure 1.5 shows the simple structure of the silicon wafer plotted 
by TonyPlot.  
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Figure 1.5 The simple structure of the silicon wafer 

Work assignments 

1. Clearly and briefly define the purpose of Silvaco TCAD simu-
lation tools. 

2. What is the difference between n-doped and p-doped semi-
conductor? Give some examples of n-dopants and p-dopants for sili-
con.  

3. What type semiconductor (n-type or p-type) is produced by 
doping silicon with gallium? With arsenic? 

4. The silicon wafer is doped with phosphorus at a concentration 
of 2.5×1015 cm-3. Is the material p-type or n-type and why? What is 
the majority carrier? What is the minority carrier? 

5. Define the n-type (100) silicon wafer of the size 2×5 μm2 with 
doping of 5.3×1015 cm-3. Set the mesh spacing to 0.02 μm. 

6. Define the p-type (111) silicon wafer of the size 2×2 μm2 with 
doping of 6×1015 cm-3. The horizontal spacing of mesh lines must be 
0.1 μm. The vertical spacing of the mesh lines must be 0.04 μm. 

Figure 1.5. The simple structure of the silicon wafer

Work assignments

1. Clearly and briefly define the purpose of Silvaco TCAD 
simulation tools.

2. What is the difference between n-doped and p-doped semi-
conductor? Give some examples of n-dopants and p-dopants for sili-
con. 

3. What type semiconductor (n-type or p-type) is produced by 
doping silicon with gallium? With arsenic?
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4. The silicon wafer is doped with phosphorus at a concentra-
tion of 2.5 × 1015 cm-3. Is the material p-type or n-type and why? 
What is the majority carrier? What is the minority carrier?

5. Define the n-type (100) silicon wafer of the size 2 × 5 μm2 
with doping of 5.3 × 1015 cm-3. Set the mesh spacing to 0.02 μm.

6. Define the p-type (111) silicon wafer of the size 2 × 2 μm2 
with doping of 6 × 1015 cm-3. The horizontal spacing of mesh lines 
must be 0.1 μm. The vertical spacing of the mesh lines must be 0.04 
μm.

7. Define the n-type (100) silicon wafer of the size 5 × 3 μm2 
with doping of 4.3 × 1015 cm-3. The horizontal spacing of mesh lines 
must be 0.25 μm, but near locations 2 μm and 3 μm set grid ap-
proximately 0.1 μm. The vertical spacing of the mesh lines must be 
0.1 μm, but near location 0.5 μm set grid approximately 0.01 μm.

Content of the report

Each student must write and submit a separate, independent 
laboratory report. The report must be submitted within ten days 
from the date of the laboratory work. The laboratory report should 
include the following components:

1. Title of the laboratory report with the contact information.
2. Objective, which includes a few sentences, defining the goal 

of this laboratory work.
3. Introduction, which includes the background information on 

Silvaco TCAD simulation tools.
4. Simulation Results and Discussions, which include the an-

swers to the questions and the simulation results, analysis and eva-
luations, with simulation codes and neat graphs / images.

5. Conclusions, which include a conclusion on the simulations 
results.

6. List of References, which includes all the technical referen-
ces cited throughout the entire laboratory report. 
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2. epItaxIal gRoWth

Work objectives

The objective of this laboratory work is to use the Athena 
semiconductor process simulator to study the epitaxial growth pro-
cesses.

sequence of the laboratory work

1. Read attentively all the theoretical material and the methodi-
cal guideline of this laboratory work. Discuss all obscure questions 
with the tutor before starting the work.

2. Start the computer and login with the relevant user rights. 
Run the following command sequence: Start→All Programs→
S.EDA Tools→Deckbuild to load the “Deckbuild Application” win-
dow.

3. Create a new directory (folder) on the drive C for this labora-
tory work and change the “Deckbuild Application” working direc-
tory (Edit→Preferences→Working Directory) to this new folder.

4. Simulate the examples defined in the “Methodical guideline” 
section.

5. Answer the questions and perform the tasks defined in the 
“Work assignments” section.

6. Examine the simulation results, prepare and submit a labora-
tory report.

theory

The term “epitaxial” is applied to a film grown on top of the 
crystalline substrate in ordered fashion that atomic arrangement of 
the film accepts crystallographic structure of the wafer. There are 
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two main types of the epitaxial growth: homoepitaxy and heteroepi-
taxy. When a material is grown epitaxially upon a wafer of the same 
material, the process is called homoepitaxy. The silicon process in 
which silicon is grown on silicon wafer is an example of homoepi-
taxy. The epitaxial layer may be either n-doped, p-doped or un-
doped. The polarity and the concentration of the dopant to be used 
are not determined by the foundation layer. In general for p-type 
doping diborane (B2h6) and for n-type doping phosphine (PH3) and 
arsine (AsH3) are used with the stream of silicon tetrachloride and 
hydrogen gas. Dopant concentration can be varied over 7 orders of 
magnitude (1013–1020 cm-3). Silicon wafers and / or epitaxial layers 
resistivity versus dopant concentration is shown in Figure 2.1.
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determined by the foundation layer. In general for p-type doping 
diborane (B2H6) and for n-type doping phosphine (PH3) and arsine 
(AsH3) are used with the stream of silicon tetrachloride and hydrogen 
gas. Dopant concentration can be varied over 7 orders of magnitude 
(1013–1020 cm-3). Silicon wafers and/ or epitaxial layers resistivity 
versus dopant concentration is shown in Figure 2.1. 

Figure 2.1 Silicon wafer resistivity versus dopant concentration 

The homoepitaxial growth of the pure silicon can be represented 
by chemical reaction of a silicon chloride compound with hydrogen: 

 SiCl4 + 2H2 ↔ Si↓ + 4HCl↑, (2.1) 

or by either decomposing silane via the reaction:  

 SiH4 → Si↓ + 2H2↑. (2.2) 

Relatively high deposition temperatures of 1000-1250 °C are 
used for conventional epitaxial growth, the lower temperature for 
silane and the higher for SiCl4. Conventional Si epitaxial deposi-
tion is done either at atmospheric pressure, or at somewhat reduced 
pressures of 80-200 torr. 
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Recently for low-temperature Si and SiGe films epitaxy in the 
500-800 °C range is used Molecular Beam Epitaxy (MBE). This is a 
variant of evaporation. Instead of an open crucible, the source mate-
rial is heated in an equilibrium source known as the Knudsen cell. 
An atomic beam (in the molecular flow regime, therefore the name 
MBE) exits the cell through an orifice that is small compared to the 
source size. Such equilibrium sources are much more stable than 
open sources, be they heated resistively or by an electron beam. 

When the epitaxial layer and the wafer on which the epitaxial 
layer is to be formed are not of identical material, then the process is 
termed heteroepitaxy. Epitaxy on dissimilar materials with examples 
such as AlAs on GaAs, GaN on SiC or SiGe on Si. In practice, het-
eroepitaxy is the most general form of the epitaxial growth in various 
technological applications.  

Heteroepitaxy for silicon materials is difficult because no good 
lattice matching materials can be found. The most important applica-
tion is the growth of Si(1−x)Gex on silicon. The lattice constant of sili-
con is 5.43Å and that of germanium is 5.66 Å.  

So, the inputs for the epitaxy simulator are the following: orien-
tation; dopant type and concentration of wafer; growth temperature; 
growth rate and time; dopant type and concentration in the flow. 

Methodical guideline 

The Athena code fragment to simulate the homoepitaxial growth 
is shown below in bold: 

go athena 

line x loc=0.0 spacing=0.1

line x loc=1.0 spacing=0.1 

line y loc=0.0 spacing=0.05

line y loc=1.0 spacing=0.05 

# Initialize the mesh 

init silicon orient=100 c.boron=5e14 one.d 

Figure 2.1. Silicon wafer resistivity versus dopant concentration

The homoepitaxial growth of the pure silicon can be repre-
sented by chemical reaction of a silicon chloride compound with 
hydrogen:
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                          SiCl4 + 2h2 ↔ Si↓ + 4HCl↑, (2.1)

or by either decomposing silane via the reaction: 

                        sih4 → Si↓ + 2H2↑. (2.2)

Relatively high deposition temperatures of 1000–1250 °C are 
used for conventional epitaxial growth, the lower temperature for 
silane and the higher for SiCl4. Conventional Si epitaxial deposi-
tion is done either at atmospheric pressure, or at somewhat re-
duced pressures of 80–200 torr.

Recently for the low-temperature Si and SiGe films epitaxy 
in the 500–800 °C range is used Molecular Beam Epitaxy (MBE). 
This is a variant of evaporation. Instead of an open crucible, the 
source material is heated in an equilibrium source known as the 
Knudsen cell. An atomic beam (in the molecular flow regime, there-
fore the name MBE) exits the cell through an orifice that is small 
compared to the source size. Such equilibrium sources are much 
more stable than open sources, be they heated resistively or by an 
electron beam.

When the epitaxial layer and the wafer on which the epitaxial 
layer is to be formed are not of identical material, then the process 
is termed heteroepitaxy. Epitaxy on dissimilar materials with exam-
ples such as AlAs on GaAs, GaN on SiC or SiGe on Si. In practice, 
heteroepitaxy is the most general form of the epitaxial growth in 
various technological applications. 

Heteroepitaxy for silicon materials is difficult because no good 
lattice matching materials can be found. The most important appli-
cation is the growth of Si(1−x)Gex on silicon. The lattice constant of 
silicon is 5.43Å and that of germanium is 5.66 Å. 

So, the inputs for the epitaxy simulator are following: orienta-
tion; dopant type and concentration of wafer; growth temperature; 
growth rate and time; dopant type and concentration in the flow.
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Methodical guideline

the Athena code fragment to simulate the homoepitaxial 
growth is shown below in bold:

go athena

line x loc=0.0 spacing=0.1 

line x loc=1.0 spacing=0.1

line y loc=0.0 spacing=0.05 

line y loc=1.0 spacing=0.05

# Initialize the mesh

init silicon orient=100 c.boron=5e14 one.d

# Perform a epitaxial growth step

epitaxy temperature=1050 time=4 growth.rate=.4 

c.arsenic=5.e15 division=40

# Saving the created structure

structure outfile=epitaxy.str

# Plotting the final structure

tonyplot -st epitaxy.str

quit 
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# Perform a epitaxial growth step 

epitaxy temperature=1050 time=4 growth.rate=.4 
c.arsenic=5.e15 division=40 

# Saving the created structure 

structure outfile=epitaxy.str 

# Plotting the final structure 

tonyplot -st epitaxy.str 

quit

ND

NA

Xj

silicon waferepitaxial layer

Figure 2.2 1D simulated doping profile of the epitaxial growth as a function 
of depth  

From the command above, the growth of arsenic doped silicon 
on top of the p-type silicon wafer at a rate of 0.4 µm per minute is 
simulated. The epitaxial thickness is equal to 1.6 µm, because it is a 

22

product of the time and growth rate. The number of mesh points in 
the y-direction of the completed epitaxial layer is set with the divi-
sion parameter. The completed epitaxial layer is divided into 40 
sublayers. 

The simulated doping profile as a function of depth as shown in 
Figure 2.2, indicates the simulated epitaxial layer doping concentra-
tion is ND=5×1015 cm-3. The doping concentration of the p-type wafer 
is NA=5×1014 cm-3. The epitaxial layer nominally 1.6 µm thick is 
growth. The point where the epitaxial layer doping concentration ND

profiles intersects the silicon wafer concentration NA is the junction 
depth, Xj, where the net doping (|NA – ND|) concentration is zero. A 
heavily doped epitaxial layer dopes the wafer, and the junction depth 
Xj is deeper than the nominal thickness of the epitaxial layer. The 
measured junction depth Xj is about 1.63 µm. 

Figure 2.3 2D simulation results of the p-type silicon wafer with the arsenic 
epitaxial layer 

Figure 2.2. 1D simulated doping profile of the epitaxial growth as a 
function of depth 
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From the command above, the growth of arsenic doped silicon 
on top of the p-type silicon wafer at a rate of 0.4 µm per minute is 
simulated. The epitaxial thickness is equal to 1.6 µm, because it is 
a product of the time and growth rate. The number of mesh points 
in the y-direction of the completed epitaxial layer is set with the 
division parameter. The completed epitaxial layer is divided into 40 
sublayers.

The simulated doping profile as a function of depth as shown 
in Figure 2.2, indicates the simulated epitaxial layer doping con-
centration is Nd = 5 × 1015 cm-3. The doping concentration of the 
p-type wafer is NA = 5 × 1014 cm-3. The epitaxial layer nominally 
1.6 µm thick is growth. The point where the epitaxial layer doping 
concentration Nd profiles intersects the silicon wafer concentration 
NA is the junction depth, Xj, where the net doping (|NA – Nd|) con-
centration is zero. A heavily doped epitaxial layer dopes the wafer, 
and the junction depth Xj is deeper than the nominal thickness of the 
epitaxial layer. The measured junction depth Xj is about 1.63 µm.
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# Perform a epitaxial growth step 

epitaxy temperature=1050 time=4 growth.rate=.4 
c.arsenic=5.e15 division=40 

# Saving the created structure 

structure outfile=epitaxy.str 

# Plotting the final structure 

tonyplot -st epitaxy.str 

quit

ND

NA

Xj

silicon waferepitaxial layer

Figure 2.2 1D simulated doping profile of the epitaxial growth as a function 
of depth  

From the command above, the growth of arsenic doped silicon 
on top of the p-type silicon wafer at a rate of 0.4 µm per minute is 
simulated. The epitaxial thickness is equal to 1.6 µm, because it is a 
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product of the time and growth rate. The number of mesh points in 
the y-direction of the completed epitaxial layer is set with the divi-
sion parameter. The completed epitaxial layer is divided into 40 
sublayers. 

The simulated doping profile as a function of depth as shown in 
Figure 2.2, indicates the simulated epitaxial layer doping concentra-
tion is ND=5×1015 cm-3. The doping concentration of the p-type wafer 
is NA=5×1014 cm-3. The epitaxial layer nominally 1.6 µm thick is 
growth. The point where the epitaxial layer doping concentration ND

profiles intersects the silicon wafer concentration NA is the junction 
depth, Xj, where the net doping (|NA – ND|) concentration is zero. A 
heavily doped epitaxial layer dopes the wafer, and the junction depth 
Xj is deeper than the nominal thickness of the epitaxial layer. The 
measured junction depth Xj is about 1.63 µm. 

Figure 2.3 2D simulation results of the p-type silicon wafer with the arsenic 
epitaxial layer 

Figure 2.3. 2D simulation results of the p-type silicon wafer with the 
arsenic epitaxial layer
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The preceding program can be changed to a 2D program by 
adding the argument two.d to the initialization command in the pro-
gram. The extract results remain the same, however the TonyPlot 
window indicates a 2D result as shown in Figure 2.3. The doping 
profile is not shown by default in this 2D result. To show the doping 
profile, the user must select Display item from the Plot pull down 
menu (Plot→Display) and on “TonyPlot: Display (2D Mesh)” win-
dow select Contours graphical icon. The Junctions graphical icon 
specifies the position of the junction depth Xj. The different colours 
in the silicon structure represent the specific doping concentration.

Work assignments

1. What is meant by epitaxial growth?
2. Clearly and briefly define and compare the homoepitaxial 

and heteroepitaxial growth.
3. Simulate and explain the doping profile of the epitaxial 

growth for an n+/n- structure (wafer n+ = 4.5 × 1018 cm-3, epitaxial 
layer n- = 2 × 1015 cm-3), when the epitaxial layer is 4 µm thick and 
the growth temperature is 1100 °C.

4. The starting silicon wafer doping level is 2 × 1017 cm-

3 phosphorus. The epitaxial layer is dopes with boron doped at 
4.5 × 1015 cm-3 concentration. The epitaxial growth is carried out on 
(100)-oriented silicon wafer in an ambient for 12 minutes at a tem-
perature of 1050 °C, at a growth rate of 0.5 µm/min. Simulate and 
explains the doping profile of the epitaxial growth.

5. Deposit a layer of SiGe (1.3 × 1020 cm-3 Ge, 30 min, 0.2 µm 
thick) on top of the silicon wafer: (orientation (100), doped with 
2 × 1016 cm-3 boron, 4 µm thickness) at 1200 °C. Simulate and ex-
plains the doping profile of the epitaxial growth.
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Content of the report

Each student must write and submit a separate, independent 
laboratory report. The report must be submitted within ten days 
from the date of the laboratory work. The laboratory report should 
include the following components:

1. Title of the laboratory report with contact information.
2. Objective, which includes a few sentences, defining the goal 

of this laboratory work.
3. Introduction, which includes the background information on 

the epitaxial growth process.
4. Simulation Results and Discussions, which include the an-

swers to the questions and the simulation results, analysis and eva-
luations, with simulation codes and neat graphs / images.

5. Conclusions, which include a conclusion on the simulation 
results.

6. List of References, which includes all the technical referen-
ces cited throughout the entire laboratory report. 
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3. theRMal oxIdatIoN

Work objectives

The objective of this laboratory work is to use the Athena semi-
conductor process simulator to study the concept of the thermal 
oxidation and to investigate how the variation of different influent 
factors on thermal oxidation affects the silicon dioxide (SiO2) thick-
ness.

sequence of the laboratory work

1. Read attentively all the theoretical material and the methodi-
cal guideline of this laboratory work. Discuss all obscure questions 
with the tutor before starting the work.

2. Start the computer and login with the relevant user rights. 
Run the following command sequence: Start→All Programs→
S.EDA Tools→Deckbuild to load the “Deckbuild Application” win-
dow.

3. Create a new directory (folder) on the drive C for this labora-
tory work and change the “Deckbuild Application” working direc-
tory (Edit→Preferences→Working Directory) to this new folder.

4. Simulate the examples defined in the “Methodical guideline” 
section.

5. Answer the questions and perform the tasks defined in the 
“Work assignments” section.

6. Examine the simulation results, prepare and submit a labora-
tory report.
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theory

Thermal silicon dioxide serves a number of important func-
tions in IC fabrication and performance: the isolation of devices in 
the circuit or isolation different areas in the same device; the mask 
to prevent thermal diffusion or ion implantation of dopants into sili-
con; the pad layer under Si3n4 for LOCOS process and the gate oxi-
de in MOS structures. So, thickness of thermal SiO2 used from 1–2 
nm upto 1–2 µm?! The formation of SiO2 on a silicon surface is ac-
complished through the process called the thermal oxidation, which 
is a technique that uses high temperatures, usually between 700 to  
1300 °C, to promote the growth rate of oxide layers. During the 
thermal oxidation process, the silicon wafer is exposed to a high 
purity oxidizing species like oxygen gas (dry oxidation) or water 
vapour (wet oxidation). For thin oxides with low charge density at 
interface, the oxides are grown in dry oxygen. This is also called the 
dry oxidation explained by the reaction given below:

                           si + O2 → SiO2. (3.1)

For thick layers of oxides, water vapour is used at high pres-
sure for oxidation. The chemical reaction for wet oxidation is as 
follows:

                    si + 2h2O → SiO2 + 2h2. (3.2)

Thermal oxidation is well understood, and can be accurately 
modelled. Now many of the models have been implemented in 
thermal oxidation process simulation programs. The first general 
models dale back to the work of Deal and Grove in the early 1960s. 
This work resulted in the linear parabolic model that is still used 
today to model the planar oxidation of silicon. The Deal–Grove 
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model is the default model for wet oxidation, and for thick oxides in 
general (see Figure 3.1).

It is not, however, applicable to thin dry oxides. A power-law 
model from Nicollian and Reisman can be used for this regime (see 
Figure 3.2).

The speed of growth layers in the thermal oxidation processes 
depends on the oxidation time, oxidation temperature, or oxidation 
pressure. The thermal oxidation is a slow process: 2 h of the dry 
oxidation at 1000 ˚C produces SiO2 about 70 nm thick and 2 h of the 
wet oxidation about 600 nm (Figure 3.1–3.2). The linear parabolic 
model predicts that the oxide growth rate should be directly propor-
tional to oxidant pressure.

Other factors that affect the thermal oxidation growth rate for 
siO2 include: the crystallographic orientation and doping level of 
the silicon wafer; the percent of hydrochloric acid (HCl) or chlorine 
(Cl2). HCl or Cl2 is often used in the thermal oxidation in order to 
prevent metallic contamination and to help avoiding defects in the 
oxidation layer. 
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Figure 3.1. Results of the calculations for Si (100) in H2O based on the 
linear parabolic Deal Grove model
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Figure 3.1 Results of calculations for Si (100) in H2O based on the linear 
parabolic Deal–Grove model 
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Figure 3.2 Comparison of tree models of the thermal oxidation: dry oxida-
tion, temperature=1000C, pressure=1 
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silicon wafer; the percent of hydrochloric acid (HCl) or chlorine
(Cl2). HCl or Cl2 is often used in the thermal oxidation in order to 
prevent metallic contamination and to help avoiding defects in the 
oxidation layer. 

Highly doped substrates oxidize more rapidly than do lightly 
doped wafers. The effect is particularly important at lower tempera-
tures and for thinner oxides: the difference in oxidation rates between 
heavily doped and lightly doped regions can be three to four times. 
The difference is more pronounced for n+ regions than for p+ re-
gions and is more pronounced for low-temperature compared to 
high-temperature oxidations. 

The crystallographic orientation: oxidation rates in H2O are 
faster on (111) surfaces then on (100) surfaces. The (110) rate be-
comes fastest for very thin oxides grown at very low pressures in 
dry O2 and at very high pressures and low temperatures in H2O.  

Shaped silicon structures oxidize differently than simple flat sur-
faces.  

Methodical guideline 

Oxidation simulation requires as input: wafer orientation (100) 
or (111) and doping level; temperature; time; oxidizing ambient 
wet/dry; pressure and HCl or Cl2 percent concentration.

The Athena code fragment to simulate the thermal growth of 
SiO2 on the semiconductor surface is shown below in bold: 

go athena 

# The x dimension definition 

line x loc = 0.0 spacing=0.02 

line x loc = 2.0 spacing=0.25 

# The y dimension definition 

line y loc = 0.0 spacing = 0.02

line y loc = 4.0 spacing = 0.25

# Initialize the mesh 

Figure 3.2. Comparison of tree models of the thermal oxidation: dry 
oxidation, temperature = 1000˚C, pressure = 1

Highly doped substrates oxidize more rapidly than do lightly 
doped wafers. The effect is particularly important at lower tempera-
tures and for thinner oxides: the difference in oxidation rates be-
tween heavily doped and lightly doped regions can be three to four 
times. The difference is more pronounced for n+ regions than for p+ 
regions and is more pronounced for low-temperature compared to 
high-temperature oxidations.

the crystallographic orientation: oxidation rates in H2O are 
faster on (111) surfaces than on (100) surfaces. The (110) rate be-
comes fastest for very thin oxides grown at very low pressures in 
dry O2 and at very high pressures and low temperatures in H2O. 

Shaped silicon structures oxidize differently than simple flat sur-
faces. 



30

Methodical guideline

Oxidation simulation requires as input: wafer orientation (100) 
or (111) and doping level; temperature; time; oxidizing ambient wet 
/ dry; pressure and HCl or Cl2 percent concentration.

the Athena code fragment to simulate the thermal growth of 
siO2 on the semiconductor surface is shown below in bold:

go athena

# The x dimension definition

line x loc = 0.0 spacing=0.02

line x loc = 2.0 spacing=0.25

# The y dimension definition

line y loc = 0.0 spacing = 0.02 

line y loc = 4.0 spacing = 0.25 

# Initialize the mesh

init silicon orientation=100 c.phos=3e15 two.d

# Perform a oxidation step

diffuse time=90 temperature=900 wetO2 press=2 hcl=3

# Saving the created structure

struct outfile=oxidation.str

# Plotting the final structure

tonyplot –st oxidation.str

The oxidation process is simulated by the diffusion command, 
abbreviated diffuse. Parameters that can be specified with the dif-
fuse statement include the gas present in the furnace (e. g. weto2 
or dryo2), the percentage of HCl (hydrochloric acid) in the oxidant 
stream (hcl), the pressure (press) of the process gas, the tempera-
ture of the furnace (temperature) and the amount of time spent at 
the furnace (time).

The general command to save the created structure into a file is 
struct outfile=oxidation.str. the tonyplot command is used 
to display the results of the simulation (Figure 3.3).
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When oxidation.str file is displayed in TonyPlot, the user 
can zoom in the view of the structure. The user can depress the 
left mouse button anywhere on the displayed structure, and drag 
it to another location, defining a rectangle between the two points. 
Upon releasing the mouse button, only the selected area is displayed 
(zoom).

the siO2 thickness can be defined from the Ruler tool. To use 
the Ruler facility of TonyPlot, the user must select the plots in which 
measurements are to be taken, and choose Ruler from the Tools 
menu (Tools→Ruler). The Ruler position is defined by dragging the 
pointer across the plot to define a box and line. The Ruler shows 
useful data such as length, gradient, intercepts, and so on, of an 
arbitrary line defined by the user.
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init silicon orientation=100 c.phos=3e15 two.d 
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button anywhere on the displayed structure, and drag it to another 
location, defining a rectangle between the two points. Upon releasing 
the mouse button, only the selected area is displayed (zoom). 

The SiO2 thickness can be defined from the Ruler tool. To use 
the Ruler facility of Tonyplot, the user must select the plots in which 
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menu (Tools→Ruler). The ruler position is defined by dragging the 
pointer across the plot to define a box and line. The ruler shows use-
ful data such as length, gradient, intercepts, and so on, of an arbitrary 
line defined by the user. 
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Figure 3.3 The thermal oxidation for (100) Si wafer: wet oxidation, 
time=90 min, temperature=900C, pressure=2 atm., HCl=3%

Figure 3.4 The zoomed view of the thermal oxidation for (100) Si wafer: 
wet oxidation, time=90 min, temperature=900C, pressure=2 atm, HCl=3%

Figure 3.3. The thermal oxidation for (100) Si wafer: wet oxidation, 
time = 90 min, temperature = 900˚C, pressure = 2 atm., HCl = 3 %
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Figure 3.3 The thermal oxidation for (100) Si wafer: wet oxidation, 
time=90 min, temperature=900C, pressure=2 atm., HCl=3%

Figure 3.4 The zoomed view of the thermal oxidation for (100) Si wafer: 
wet oxidation, time=90 min, temperature=900C, pressure=2 atm, HCl=3%
Figure 3.4. The zoomed view of the thermal oxidation for (100) Si wafer: 

wet oxidation, time = 90 min, temperature = 900 ˚C, pressure = 2 atm, 
HCl = 3 %

Figure 3.4 that is invoked from TonyPlot shows a wet oxidation 
being carried out on the (100)-oriented Si wafer. Results actually 
proved that the SiO2 grown is approximately 54 % (0.20 µm) above 
the original surface of the silicon and 46 % (0.17 µm) below the orig-
inal surface. The total SiO2 thickness is approximately 0.37 µm.

 The oxide thickness can also be extracted directly using the 
extract statement. The full extraction statement for the SiO2 thick-
ness is shown below:

extract name=”Oxide thickness” thickness 

material=”SiO~2” mat.occno=1 x.val=0.5

quit
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This extraction will calculate the thickness of the top (first) oc-
currence of the silicon oxide (the silicon oxide can be substituted for 
the material = “SiO~2”) for a 1D cutline taken where x.val=0.5.

The results from the extract statements are printed in a bottom 
half of the Deckbuild window:

EXTRACT> extract name=”Oxide thickness” thickness 

material=”SiO~2” mat.occno=1 x.val=0.5

Oxide thickness=3729.08 angstroms (0.372908um) 

X.val=0.5

The extracted SiO2 thickness is 3729 Å, and approximately 
equal to the measured value (0.37 µm).

Work assignments

1. What is the purpose of the thermal oxidation?
2. What is the difference between dry oxidation and wet oxida-

tion? Which method is used for growing gate oxide? Why?
3. Use the Athena process modelling software to determine the 

siO2 thickness obtained: after 6 hours of dry oxidation of (100) Si 
at 1100 °C.

4. The (100) Si wafer has a 2000 Å oxide on its surface. How 
long did it take to grow this oxide at 1100 °C in dry oxygen?

5. The (100) Si wafer is put back in the furnace in wet oxygen at 
1000 °C. How long will it take to grow an additional 3000 Å of oxide?

6. The Si wafer is covered by an SiO2 film 0.4 μm thick. What is 
the time required to increase the thickness by 0.3 μm by oxidation in 
h2O at 1200 °C? Repeat for oxidation in dry O2 at 1200 °C.

7. The bare and undoped (100) Si wafer is oxidized for 1 hour at 
1100 °C in dry O2. It is then covered and has the oxide removed over 
half the (100) Si wafer. Next, it is re-oxidized in wet O2 at 1000 °C 
for 30 minutes. Use the Athena process modelling software to deter-
mine the thickness in the two regions. How high is the step on the 
surface and the step in the wafer?
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8. Investigate the difference between wet and dry oxidation for 
the (100) Si wafer at 1100 °C. Fill in the respective cells of the Table 
3.1 and plot the graph of simulation results.

table 3.1. The difference between wet and dry oxidation for the 
(100) Si wafer at 1100 °C

Oxidation 
time (min)

Wet oxide thickness (μm) Dry oxide thickness (μm)

60
120
180
240
300

9. Investigate how the different pressures for dry oxidation 
would affect SiO2 thickness. The dry oxidation for the (100) Si wafer 
is performed in a furnace with a 2 % concentration of HCl during 
1 h. Fill in the respective cells of the Table 3.2 and plot the graph of 
simulation results.

table 3.2. The effect of increasing pressure on oxidation ambient

Oxidation 
temperature 

(°C)

Oxide thick-
ness (μm) at 

1 atm.

Oxide thick-
ness (μm) at 

5 atm.

Oxide thick-
ness (μm) at 

10 atm.

Oxide thick-
ness (μm) at 

20 atm.
800
900
1000
1100
1200
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10. Investigate how the different concentrations of HCl for dry 
oxidation would affect SiO2 thickness. The dry oxidation for the 
(100) Si wafer is performed in a furnace under a 2 atm. pressure 
during 1 h. Fill in the respective cells of the Table 3.3 and plot the 
graph of simulation results.

table 3.3. The effect of increasing HCl concentration on oxidation 
ambient

Oxidation 
temperature 

(°C)

Oxide thick-
ness (μm) at 
HCl = 0 %

Oxide thick-
ness (μm) at 
HCl = 1 %

Oxide thick-
ness (μm) at 
HCl = 5 %

Oxide thick-
ness (μm) at 
HCl = 10 %

800
900
1000
1100
1200

Content of the report

Each student must write and submit a separate, independent 
laboratory report. The report must be submitted within ten days 
from the date of the laboratory work. The laboratory report should 
include the following components:

1. Title of the laboratory report with contact information.
2. Objective, which includes a few sentences, defining the goal 

of this laboratory work.
3. Introduction, which includes the background information on 

the thermal oxidation process.
4. Simulation Results and Discussions, which include the an-

swers of the questions and the simulation results, analysis and eva-
luations, with simulation codes and neat graphs / images.
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5. Conclusions, which include a conclusion on the simulation 
results.

6. List of References, which includes all the technical referen-
ces cited throughout the entire laboratory report. 

literature

Chue San Yoo. (2008). Semiconductor manufacturing technolo-
gy. World Scientific. 470 p.

Franssila, S. (2010). Introduction to Microfabrication. John Wi-
ley and Sons. 534.

May, G. S.; Spanos, C. J. (2006). Fundamentals of semiconduc-
tor manufacturing and process control. John Wiley & Sons. 463 p.

Plummer, J. D. (2001). Silicon VLSI Technology: Fundamen-
tals, Practice, and Modeling. Prentice Hall. 817 p.

SILVACO International. (2010). ATHENA User’s Manual. 
Vol. 1–2. 

SILVACO International. Product examples. May 26, 2011. Ac-
cess through the internet: http://www.silvaco.com/examples/tcad/
index.html.
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4. dopaNt dIFFusIoN

Work objectives

The objective of this laboratory work is to use Athena semicon-
ductor process simulator to study the thermal dopant diffusion in 
the Si wafer.

sequence of the laboratory work

1. Read attentively all the theoretical material and the methodi-
cal guideline of this laboratory work. Discuss all obscure questions 
with the tutor before starting the work.

2. Start the computer and login with the relevant user rights. 
Run the following command sequence: Start→All Programs→
S.EDA Tools→Deckbuild to load the “Deckbuild Application” win-
dow.

3. Create a new directory (folder) on the drive C for this labora-
tory work and change the “Deckbuild Application” working direc-
tory (Edit→Preferences→Working Directory) to this new folder.

4. Simulate the examples defined in the “Methodical guideline” 
section.

5. Answer the questions and perform the tasks defined in the 
“Work assignments” section.

6. Examine the simulation results, prepare and submit a labora-
tory report.

theory

Doping is a process of adding various atoms into a Si wafer to 
alter its resistivity and type. Adding three-valance atoms, such as 
boron B or gallium Ga, results in a p-type Si; adding five-valence 
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atoms, such as phosphorous P, antimony Sb or arsenic As, results 
in an n-type Si. The two most common methods for doping are: the 
dopant diffusion (see below in this Chapter) and the ion implanta-
tion (see next Chapter 5).

Thermal dopant diffusion is the dominant method for high do-
ping level and / or deep diffusion applications. The dopant diffusion 
process is divided into two stages.

First, the deposition stage (sometimes referred to as pre-depo-
sition or “pre-dep” for short), the dopant atoms are introduced into 
a Si wafer. Diffusivity increases with temperature, so high tempera-
ture diffusion ovens speed the movement of dopant atoms.

Second, the drive-in stage is performed without a dopant source 
material, but is otherwise identical to the deposition stage. The pri-
mary function of drive-in is to distribute the dopant atoms deeper 
into a Si wafer. A secondary process during drive-in is the oxidation 
of the Si wafer surface. This oxidation layer prevents the escape of 
impurity through the surface and the number of impurity atoms re-
mains constant during the drive-in step. 

the sheet resistance of doped layers is given by

methods for doping are: the dopant diffusion (see below in this 
Chapter) and the ion implantation (see next Chapter 5). 

Thermal dopant diffusion is the dominant method for high 
doping level and / or deep diffusion applications. The dopant
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where q is the elementary charge,  is the mobility, n(x) is the 
dopant concentration, NB is the background concentration and 
Xj is the junction depth. The mobilities µ of n-type and p-type 
Si are 1400 cm2/Vs and 500 cm2/Vs respectively, at low con-
centrations (<1015/cm3) and 50 cm2/Vs at high concentrations 
(>1019/cm3), irrespective of dopant. For a box concentration 
profile eq. 4.1 is approximated: 

s j1 / ( )R q X N x . (4.2) 
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Concentration profile of the dopant in Si for constant surface dopant 
concentration is given by the complementary error function (erfc): 

                      j
0( , ) erfc

2
X

N x t N
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, (4.3)

where No is the dopant concentration (1/cm3) in the surface layer, Xj 
is the depth (cm), t is the time (sec) and D is the diffusion coefficient 
at a given temperature (cm2/s).

The limited dopant supply case describes the case of pre-depo-
sition: the dopants are definitely in limited supply because no new 
ones are introduced. The concentration profile is Gaussian:
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deposition: the dopants are definitely in limited supply because 
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where Qo is the total amount of dopant on the surface (1/cm2).
The maximum surface dopant concentration is termed solid

solubility and its for different dopants is shown in Figure 4.1. 
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where Qo is the total amount of dopant on the surface (1/cm2). 
The maximum surface dopant concentration is termed solid 

solubility and for different dopants it is shown in Figure 4.1.
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Figure 4.1. Solid solubility curves dopants in Si
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The diffusion coefficients of common impurities in Si are found 
to depend exponentially on temperature by Arrhenius

                     0 Aexp ED D
kT
− =  

 
, (4.5)

where k is the Boltzmann constant and T is the temperature in de-
grees Kelvin. The activation energy EA has units of eV, and is typi-
cally 3.5–4.5 eV for impurity diffusion in Si. Plots of the intrinsic 
diffusion coefficient of common dopants in silicon are shown in 
Figure 4.2, corresponding to the prefactors and activation energies 
in Table 4.1. 
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of common dopants in silicon

table 4.1. Intrinsic diffusivity and activation energy EA

si B In as sb p units
d0 560 1.0 1.2 9.17 4.58 4.7 cm2/s
ea 4.76 3.5 3.5 3.99 3.68 3.68 eV
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A standard simulator requires the following as inputs for dif-
fusion simulation: wafer orientation (100) or (111); wafer doping 
level / resistivity; dopant type; concentration of dopant (gas phase / 
solid phase); temperature; ambient (oxidizing / inert / reducing).

The key parameters in simulation of a diffused layer are the 
sheet resistance, junction depth and the surface concentration. 
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The key parameters in simulation of a diffused layer are the
sheet resistance, junction depth and the surface concentration.
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Figure 4.3 Irvin's curves for p-type Gaussian profiles in n-type bacground 
of concentration NB

These three parameters are interdependent and any two of them 
fully define a simple erfc or Gaussian profile. There are useful de-
sign curves known as Irvin's curves which have numerically inte-
grated Eq. (4.1) for the sheet resistance of simple Gaussian and erfc 
profiles and plotted the average conductivity of these layers ver-
sus the surface concentration. An example of these curves is 
shown in Figure 4.3 for p-type Gaussian diffusions. The tutor has 
additional curves in laboratory. 

Methodical guideline 

The Athena code fragment to simulate the phosphorus pre-
deposition at 950 °C for 30 minutes is shown below in bold: 

go athena 

line x loc=0.0 spac=0.01 
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line x loc=1.0 spac=0.01 

line y loc=0.0 spac=0.01 

line y loc=1.0 spac=0.01 

initialize silicon orient=100 c.boron=1e15 one.d 

diffusion time=30 temperature=950 pressure=1.0 
hcl.pc=0 c.phos=1.0e20 

structure outfile=predepsition.str 

tonyplot predepsition.str 

Xj

Figure 4.4 Dopant distributions after the pre-deposition diffusion of phos-
phorus atoms 

Figure 4.4 shows dopant distributions after the pre-deposition
diffusion of phosphorus 1×1020 cm-3 into a Si wafer of 1×1015 cm-3 of 
boron dopants carried out at 950 °C. In such a process, the p-n junc-
tion occurs in the plane in which the concentration of the diffused 
dopants, phosphorus in this case, decreases to the value that is equal 
to the concentration of the p-type dopants in the Si wafer. The point 

Figure 4.3. Irvin’s curves for p-type Gaussian profiles in n-type 
bacground of concentration NB

These three parameters are interdependent and any two of 
them fully define a simple erfc or Gaussian profile. There are use-
ful design curves known as Irvin’s curves which have numerically 
integrated Eq. (4.1) for the sheet resistance of simple Gaussian and 
erfc profiles and plotted the average conductivity of these layers 
versus the surface concentration. An example of these curves is 
shown in Figure 4.3 for p-type Gaussian diffusions. The tutor has 
additional curves in laboratory.
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Methodical guideline

the Athena code fragment to simulate the phosphorus pre-depo-
sition at 950 °C for 30 minutes is shown below in bold:

go athena

line x loc=0.0 spac=0.01

line x loc=1.0 spac=0.01

line y loc=0.0 spac=0.01

line y loc=1.0 spac=0.01

initialize silicon orient=100 c.boron=1e15 one.d

diffusion time=30 temperature=950 pressure=1.0 hcl.

pc=0 c.phos=1.0e20

structure outfile=predeposition.str

tonyplot predeposition.str
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Figure 4.4 Dopant distributions after the pre-deposition diffusion of phos-
phorus atoms 

Figure 4.4 shows dopant distributions after the pre-deposition
diffusion of phosphorus 1×1020 cm-3 into a Si wafer of 1×1015 cm-3 of 
boron dopants carried out at 950 °C. In such a process, the p-n junc-
tion occurs in the plane in which the concentration of the diffused 
dopants, phosphorus in this case, decreases to the value that is equal 
to the concentration of the p-type dopants in the Si wafer. The point 

Figure 4.4. Dopant distributions after the pre-deposition diffusion of 
phosphorus atoms
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Figure 4.4 shows dopant distributions after the pre-deposition 
diffusion of phosphorus 1 × 1020 cm-3 into a Si wafer of 1 × 1015 cm-3 
of boron dopants carried out at 950 °C. In such a process, the p-n 
junction occurs in the plane in which the concentration of the dif-
fused dopants, phosphorus in this case, decreases to the value that 
is equal to the concentration of the p-type dopants in the Si wafer. 
The point at which this happens is known as the junction depth Xj, 
which approximates 0.2 μm shown in Figure 4.4.

Athena can also extract parameter values from the simulation. 
In this case, the parameters of interest are the junction depth Xj, the 
sheet resistance ρs and the surface concentration N0. The extract 
statement of the junction depth Xj is shown below:

extract name=”Junction Depth” xj material=”Silicon” 

mat.occno=1 x.val=0 junc.occno=1

The extract statement of the sheet resistance ρs is shown be-
low:

extract name=”Sheet Resistance” sheet.res 

material=”Silicon” mat.occno=1 x.val=0 region.occno=1

For surface concentration N0, specify surf.conc as the extrac-
tion target, and specify the name of the impurity: impurity=”Net 
Doping”. A point within the semiconductor structure is given using 
x.val=0.0. The full extraction statement for the surface concentra-
tion N0 is shown below:

extract name=”Surface concentration” surf.conc 

impurity=”Net Doping” material=”Silicon” mat.occno=1 

x.val=0.0

The results from the extract statements are printed in a bottom 
half of the Deckbuild window:

EXTRACT> extract name=”Junction Depth” xj 

material=”Silicon” mat.occno=1 x.val=0 junc.occno=1

Junction Depth=0.199918 um from top of first Silicon 

layer  X.val=0
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EXTRACT> extract name=”Sheet Resistance” sheet.res 

material=”Silicon” mat.occno=1 x.val=0 region.occno=1

Sheet Resistance=97.4889 ohm/square X.val=0

EXTRACT> extract name=”Surface Concentration” surf.

conc impurity=”Net Doping” material=”Silicon” mat.occ-

no=1 x.val=0

Surface Concentration=9.99999e+019 atoms/cm3 X.val=0

The extracted junction depth Xj is 0.199918 μm, sheet resistan-
ce ρs is 97.4889 Ω/□, surface concentration N0 is 1 × 1020 cm-3.

As previously mentioned the drive-in diffusion, which drives 
the dopants deeper into the Si wafer to a desired depth, follows after 
pre-deposition. The Athena code to simulate this drive-in stage is 
shown below in bold:

go athena

line x loc=0.0 spac=0.2

line x loc=8.0 spac=0.2

line y loc=0.0 spac=0.2

line y loc=8.0 spac=0.2

initialize silicon orient=100 c.boron=1e15 one.d

# Pre-deposition diffusion of phosphorus dopants

diffusion time=30 temp=950 press=1.0 hcl.pc=0 

c.phos=1.0e20

# Saving structure

structure outfile=predepsition.str

# Phosphorus drive-in: 60 minutes, 1175 ºC

diffusion time=60 temp=1175 dryo2 press=1.0 hcl.pc=3

# extract X
j, 
ρ
s
, N

0

extract name=”xj” xj material=”Silicon” mat.occno=1 

x.val=0 junc.occno=1

extract name=”rho” sheet.res material=”Silicon” mat.

occno=1 x.val=0 region.occno=1

extract name=”Ns” surf.conc impurity=”Phosphorus” 

material=”Silicon” mat.occno=1 x.val=0



45

# Saving the structure of drive-in for 60 minutes

structure outfile=drive _ in _ 60min.str

# Phosphorus drive-in: 90 minutes, 1175 ºC

diffusion time=30 temp=1175 dryo2 press=1.0 hcl.pc=3

# extract X
j, 
ρ
s
, N

0

extract name=”xj” xj material=”Silicon” mat.occno=1 

x.val=0 junc.occno=1

extract name=”rho” sheet.res material=”Silicon” mat.

occno=1 x.val=0 region.occno=1

extract name=”Ns” surf.conc impurity=”Phosphorus” 

material=”Silicon” mat.occno=1 x.val=0

# Saving the structure of drive-in for 90 minutes

structure outfile=drive _ in _ 90min.str

# Phosphorus drive-in: 120 minutes, 1175 ºC

diffusion time=30 temp=1175 dryo2 press=1.0 hcl.pc=3

# extract X
j, 
ρ
s
, N

0

extract name=”xj” xj material=”Silicon” mat.occno=1 

x.val=0 junc.occno=1

extract name=”rho” sheet.res material=”Silicon” mat.

occno=1 x.val=0 region.occno=1

extract name=”Ns” surf.conc impurity=”Phosphorus” 

material=”Silicon” mat.occno=1 x.val=0

# Saving the structure of drive-in for 120 minutes

structure outfile=drive _ in _ 120min.str

# Plot the structures to compare

tonyplot –overlay drive _ in _ 60min.str drive _ in _

90min.str drive _ in _ 120min.str

quit

Figure 4.5 shows a one dimensional dopant profile of the drive-
in diffusion of phosphorus, pre-deposited 1 × 1020 cm-3 at 950 °C for 
30 minutes, into a silicon wafer doped with 1 × 1015 cm-3 of boron 
dopants for increasing drive-in diffusion time. As the diffusion time 
increases, the diffusion front moves deeper into the silicon wafer. 
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This means an increase in Xj. As the junction depth Xj increases, the 
surface concentration N0 must decrease, so that the area under the 
curve can remain constant with time. The various junction depths 
Xj, sheet resistances ρs and surface concentrations N0 are extracted 
and presented in Table 4.2.
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extract name="xj" xj material="Silicon" mat.occno=1 
x.val=0 junc.occno=1 

extract name="rho" sheet.res material="Silicon" 
mat.occno=1 x.val=0 region.occno=1 

extract name="Ns" surf.conc impurity="Phosphorus" ma-
terial="Silicon" mat.occno=1 x.val=0 

# Saving the structure of drive-in for 90 minutes 

structure outfile=drive_in_90min.str 

# Phosphorus drive-in: 120 minutes, 1175 ºC 

diffusion time=30 temp=1175 dryo2 press=1.0 hcl.pc=3 

# extract Xj, ρs, N0

extract name="xj" xj material="Silicon" mat.occno=1 
x.val=0 junc.occno=1 

extract name="rho" sheet.res material="Silicon" 
mat.occno=1 x.val=0 region.occno=1 

extract name="Ns" surf.conc impurity="Phosphorus" ma-
terial="Silicon" mat.occno=1 x.val=0 

# Saving the structure of drive-in for 120 minutes 

structure outfile=drive_in_120min.str 

# Plot the structures to compare

tonyplot –overlay drive_in_60min.str 
drive_in_90min.str drive_in_120min.str 

quit

Figure 4.5 shows a one dimensional dopant profile of the drive-
in diffusion of phosphorus, pre-deposited 1×1020 cm-3 at 950 °C for 
30 minutes, into a silicon wafer doped with 1×1015 cm-3 of boron 
dopants for increasing drive-in diffusion time. As the diffusion time 
increases, the diffusion front moves deeper into the silicon wafer. 
This means an increase in Xj. As the junction depth Xj increases, the 
surface concentration N0 must decrease, so that the area under the 
curve can remain constant with time. The various junction depths Xj,
sheet resistances s and surface concentrations N0 are extracted and 
presented in Table 4.2. 
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Figure 4.5 Dopant distributions of the drive-in diffusion at increasing diffu-
sion time 

Table 4.2 Junction depths, sheet resistances and surface concentrations for 
various drive-in diffusion times 

Drive-in  
diffusion time 

60 min. 90 min. 120 min. 

Xj (microns) 3.26 3.91 4.47 

s (ohms/square) 48.74 46.13 44.20 

N0 (cm-3) 1.06×1019 0.88×1019 0.77×1019

Work assignments 

1. Comment on the pre-deposition step of the dopant diffusion.  
2. Comment on the drive-in step of the dopant diffusion. 
3. Simulate the pre-deposition of phosphorous (the surface con-

centration N0=5×1018 cm-3) into an p-type (100) Si wafer at 850 °C 
for 15 minutes, if the Si wafer is doped with B at a level of 3×1016

Figure 4.5. Dopant distributions of the drive-in diffusion at increasing 
diffusion time

table 4.2. Junction depths, sheet resistances and surface 
concentrations for various drive-in diffusion times

Drive-in 
diffusion time

60 min 90 min 120 min

Xj (microns) 3.26 3.91 4.47
ρs (ohms/square) 48.74 46.13 44.20

N0 (cm-3) 1.06 × 1019 0.88 × 1019 0.77 × 1019



47

Work assignments

1. Comment on the pre-deposition step of the dopant diffusion. 
2. Comment on the drive-in step of the dopant diffusion.
3. Simulate the pre-deposition of phosphorous (the surface 

concentration N0 = 5 × 1018 cm-3) into an p-type (100) Si wafer at 
850 °C for 15 minutes, if the Si wafer is doped with B at a level of 
3 × 1016 cm-3. Use the Athena simulator to determine Si doping pro-
file and the junction depth Xj.

4. The pre-deposition process is carried out for 25 minutes on an n-
type (111) Si wafer with P dopant concentration of 2 ×1017 cm-3 at 950 ºC 
using diborane gas. Determine the junction depth Xj and the sheet resis-
tance ρs, if the B surface concentration is N0 = 3.8 × 1020 cm-3.

5. After the initial pre-deposition process described in (4), the 
sample undergoes a drive-in diffusion for 1 hour at 1250 ºC. What 
are the final junction depth Xj and the sheet resistance ρs? 

6. The pre-deposition is carried out at 1050 ºC on the n-type 
(100) Si wafer with doping Nd = 1016 cm-3. The p-type surface con-
centration is N0 = 4 ×1020 cm-3. Determine the diffusion time neces-
sary to obtain a junction depth Xj of 0.4 µm.

7. A diode was fabricated by a two-stage diffusion B into n-type 
(100) Si wafer. The wafer is uniformly doped P with Nd = 4 × 1015 cm-3. 
In the pre-deposition a total of N0 = 4.3 × 1017 cm-3 was deposited on 
the Si at 1150 °C for a pre-deposition time of 6 minutes. 

table 4.3. Junction depths, sheet resistances and surface 
concentration for various drive-in diffusion temperatures

Drive-in tem-
peratures

1150 °C 1180 °C 1210 °C 1240 °C 1270 °C

Xj (µm)
ρs (Ω/□)
N0 (cm-3)
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In the second stage of the diffusion, the Si wafer was subjected 
to the drive-in diffusion for 3 hours. Calculate junction depths Xj, 
sheet resistances ρs and surface concentrations N0 for various drive-
in diffusion temperatures. Fill in the respective cells of the Table 4.3 
and draw the graph of the simulation results.

Content of the report

Each student must write and submit a separate, independent 
laboratory report. The report must be submitted within ten days 
from the date of the laboratory work. The laboratory report should 
include the following components:

1. Title of the laboratory report with contact information.
2. Objective, which includes a few sentences, defining the goal 

of this laboratory work.
3. Introduction, which includes the background information on 

the dopant diffusion process.
4. Simulation Results and Discussions, which include the an-

swers to the questions and the simulation results, analysis and eva-
luations, with simulation codes and neat graphs / images.

5. Conclusions, which include a conclusion on the simulations 
results.

6. List of References, which includes all the technical referen-
ces cited throughout the entire laboratory report. 

literature

Chue San Yoo. (2008). Semiconductor manufacturing technolo-
gy. World Scientific. 470 p.

Franssila, S. (2010). Introduction to Microfabrication. John Wi-
ley and Sons. 534.

May, G. S.; Spanos, C. J. (2006). Fundamentals of semiconduc-
tor manufacturing and process control. John Wiley & Sons. 463 p.
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Plummer, J. D. 2001. Silicon VLSI Technology: Fundamentals, 
Practice, and Modeling. Prentice Hall. 817 p.

SILVACO International. 2010. ATHENA User’s Manual. Vol. 
1–2.

SILVACO International. Product examples. May 26, 2011. Ac-
cess through the internet:

http://www.silvaco.com/examples/tcad/index.html.
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5. IoN IMplaNtatIoN

Work objectives

The objective of this laboratory work is to use the Athena semi-
conductor process simulator to study the ion implantation and re-
lated thermal processes.

sequence of the laboratory work

1. Read attentively all the theoretical material and the methodi-
cal guideline of this laboratory work. Discuss all obscure questions 
with the tutor before starting the work.

2. Start the computer and login with the relevant user rights. Run 
the following command sequence: Start→All Programs→S.EDA 
Tools→Deckbuild to load the “Deckbuild Application” window.

3. Create a new directory (folder) on the drive C for this labora-
tory work and change the “Deckbuild Application” working direc-
tory (Edit→Preferences→Working Directory) to this new folder.

4. Simulate the examples defined in the “Methodical guideline” 
section.

5. Answer the questions and perform the tasks defined in the 
“Work assignments” section.

6. Examine the simulation results, prepare and submit a labora-
tory report.

theory

The alternative way of doping Si is ion implantation. This low 
temperature process uses ionized dopants which are accelerated 
by electric fields to high energies and are shot into the Si wafer. 
The depth of penetration of the ions is a function of the ion ener-
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gy, which is controlled by electric field. Ion implantation provides a 
very precise mean to introduce a specific dose or number of dopant 
atoms into Si because the electrical charge on the ion allows them to 
be counted by collection in a Faraday cup. Electrical measurements 
are very precise, so numbers of dopant atoms ranging from 1012 
to 1016 cm-2 are routinely introduced during the fabrication of CMOS 
devices, and even lower and higher doses are possible. To increase the 
dose simply requires a longer implant time or a higher beam current.

Ion implantation is a random process, because each ion follows a 
random trajectory, scattering off the lattice Si atoms before losing its 
energy and coming to rest at some location. An average depth for the 
implanted dopants can be calculated because large numbers of ions 
are implanted. The projected range Rp is the mean or the average of 
the stopping depth of all of the ions calculated entering the Si. A se-
cond term ΔRp is the standard deviation of the range of the ions:

     
2

p
p 2

p p

( )1( ) exp
2

x R
R x
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 −
= − 

∆ ∆  
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table 5.1. The projected ranges Rp
 (nm) and the standard deviations 

ΔRp (nm) versus ions types and energies 

E, keV 11B+ 31P+ 75As+ 121sb+

Rp ΔRp Rp ΔRp Rp ΔRp Rp ΔRp

20 78 11 26 9.4 16 3.7 14 2.4
40 161 19 49 16 27 6.2 23 3.8
60 244 27 73 23 38 8.4 31 5.1
80 324 35 98 30 48 10.5 38 6.3
100 398 42 123 35 58 12.5 46 7.4
120 469 48 149 41 68 14.5 53 8.4
140 537 54 175 47 79 16 60 9.5
160 603 60 201 52 89 18 67 10.5
180 665 60 228 57 99 20 74 11.5
200 725 70 254 61 110 22 81 12.5
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The distribution ions is often modelled by symmetric Gaussian 
distribution given by
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peak
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x R
N x N

R

  −
 = −   ∆   

, (5.2)

where Npeak is the peak concentration where Gaussian is centered. 
Npeak = 0,4N/∆Rp and it is localized are not in surface but in the aver-
age of the stopping depth x = Rp.

The total number of ions implanted is defined as the dose and 
is simply for Gaussian 

 

The distribution ions is often modelled by symmetric 
Gaussian distribution given by 

2

p
peak

p

1( ) exp
2

x R
N x N

R

  
        

, (5.2) 

where Npeak is the peak concentration where Gaussian is cen-
tered. Npeak = 0,4N/ Rp and it is localized are not in surface but 
in the average of the stopping depth x = Rp.

The total number of ions implanted is defined as the dose
and is simply for Gaussian  

peak p2Q N R  . (5.3) 

This equation is useful relationship between the dose and the 
peak concentration for energy range up to 100–200 keV. When 
energy is higher, more precision simulation provide with Dual 
Pearson implantation profile.

When implantation is performed in a single crystal Si and 
the direction of the penetrating ion beam is aligned with a ma-
jor crystal orientation, the impurities can penetrate deeper than 
predicted by theory. This effect is called “ion channelling” and 
is due to the regularity of the position of the Si atoms in the 
crystal. To avoid channeling, ions are typically implanted at an 
angle off any major crystal axis of the Si wafer. Usually in 
practice, the ions beam is tilted by 7…10º from the (100) or the 
(111) directions. 

After the implantation process the Si crystal structure is 
damaged by the implanted particles and the dopants are electri-
cally inactive, because in the majority of cases, they are not 
part of the crystal lattice. A subsequent thermal annealing 
process is required to activate the dopants and to eliminate the 
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 (5.3)

This equation is useful relationship between the dose and the 
peak concentration for energy range up to 100–200 keV. When ener-
gy is higher, more precision simulation provide with Dual Pearson 
implantation profile.

When implantation is performed in a single crystal Si and the 
direction of the penetrating ion beam is aligned with a major crys-
tal orientation, the impurities can penetrate deeper than predicted 
by theory. This effect is called “ion channelling” and is due to the 
regularity of the position of the Si atoms in the crystal. To avoid 
channeling, ions are typically implanted at an angle off any major 
crystal axis of the Si wafer. Usually in practice, the ions beam is 
tilted by 7…10º from the (100) or the (111) directions.

After the implantation process the Si crystal structure is dama-
ged by the implanted particles and the dopants are electrically inac-
tive, because in the majority of cases, they are not part of the crystal 
lattice. A subsequent thermal annealing process is required to acti-
vate the dopants and to eliminate the produced crystal damage. The 
Si wafer is annealed at temperatures high enough to permit the do-
pant atoms to diffuse to substitutional sites and for the Si interstitial 
atoms to recombine with the vacant lattice sites. During the anneal-
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ing process, the dopant atoms diffuse through the Si lattice to form 
the final device profile. Annealing temperatures of 800–1000 °C are 
required to remove extended defects in the implanted region and 
place all of the dopants into substitutional positions (the electrical 
activation process). Annealing is conducted in a neutral environ-
ment, such as in Ar or a N2 atmosphere in a stack furnace or laser, or 
rapid thermal annealing (RTA).

So, input for a semi-analytical ion implantation simulation in-
cludes: wafer type and dopant concentration, ion specie, energy 
and dose.

Methodical guideline

the Athena code fragment to simulate the ion implantation pro-
cess is shown below in bold:

go athena

line x loc = 0.0 spac=0.2

line x loc = 8.0 spac=0.2

line y loc = 0.0 spac=0.01

line y loc = 2.0 spac=0.01

initialize silicon orient=100 c.phosphor=1.0e14 one.d

# Implant boron

implant boron energy=100 dose=6.0e14 pears tilt=7

struct outfile=implant _ 100keV.str

tonyplot implant _ 100keV.str

the implant statement is used modelling the implantation of 
ionized impurities into the Si wafer. The energy statement speci-
fies the implant energy in keV.  The dose statement allows the user 
to specify the dose of the implant. The units are in cm 2. The pears 
statement is a mathematical model (the Dual Pearson Model) used 
to simulate the ion implantation. The tilt statement allows the user 
to specify the angle normal to the wafer that the impurity was im-
planted at.
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The following statements extract the junction depth Xj, which is 
the depth where the silicon wafer doping and the implanted dopants 
cancel each other out:

# Extract X
j

extract name=”Junction Depth” xj silicon mat.occno=1 

x.val=0.0 junc.occno=1

The following statements extract the peak carrier concentra-
tion Npeak, which is the maximum concentration of dopants in the 
implanted region:

# Extract N
peak

extract name=”Peak” max.conc impurity=”boron” 

material=”silicon” x.val=0.0

The extract statement of the projected range Rp is shown be-
low:

# Extract R
p

extract name=”Range” x.val from curve(depth, 

impurity=”boron” material=”silicon” mat.occno=1) where 

y.val=max(curve(depth, impurity=”boron” material=”silicon” 

mat.occno=1))

The ΔRp is sometimes referred to as the range straggle. The 
measurement units are either in angstroms (Å) or microns (μ) (see 
Figure 5.1). The extract statement of the range straggle ΔRp is shown 
below:

# Extract ΔR
p

extract name=”StragglePoint” x.val from curve(depth, 

impurity=”boron” material=”silicon” mat.occno=1) where 

y.val=max(curve(depth, impurity=”boron” material=”silicon” 

mat.occno=1))*0.6

extract name=”Straggle” ($Range - $StragglePoint)

Figure 5.1 shows a simulated Dual Pearson implantation profile 
of boron (100 keV, 6 × 1014 cm-2) for a tilt angle of 7°. From this fi-
gure and extract commands, it can be seen that the junction depth 
Xj of the structure is about 0.88 µm, the peak carrier concentration 
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Npeak is about 2.7 × 1019 cm-3, the projected range Rp is about 0.33 μm, 
and the range straggle ΔRp is about 936 Å.
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# Extract Xj

extract name="Junction Depth" xj silicon mat.occno=1 
x.val=0.0 junc.occno=1 

The following statements extract the peak carrier concentration 
Npeak, which is the maximum concentration of dopants in the im-
planted region: 

# Extract Npeak

extract name="Peak" max.conc impurity="boron" mate-
rial="silicon" x.val=0.0 

The extract statement of the projected range Rp is below:
# Extract Rp

extract name="Range" x.val from curve(depth, impu-
rity="boron" material="silicon" mat.occno=1) where 
y.val=max(curve(depth, impurity="boron" mate-
rial="silicon" mat.occno=1)) 

The ΔRp is sometimes referred to as the range straggle. The 
measurement units are either in angstroms (Å) or microns (μ) (see 
Figure 5.1). The extract statement of the range straggle ΔRp is below:

# Extract ΔRp

extract name="StragglePoint" x.val from curve(depth, 
impurity="boron" material="silicon" mat.occno=1) where 
y.val=max(curve(depth, impurity="boron" mate-
rial="silicon" mat.occno=1))*0.6 

extract name="Straggle" ($Range - $StragglePoint) 

Figure 5.1 shows a simulated Dual Pearson implantation profile 
of boron (100 keV, 6×1014 cm-2) for a tilt angle of 7 °. From this fig-
ure and extract commands, it can be seen that the junction depth Xj

of the structure is about 0.88 µm, the peak carrier concentration Npeak

is about 2.7×1019 cm-3, the projected range Rp is about 0.33 μm, and 
the range straggle ΔRp is about 936 Å. 
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Figure 5.1 The doping profile after the ion implantation process 

The Athena code fragment to simulate the annealing process in a 
neutral environment, N2 atmosphere, is shown below in bold: 

# The annealing process: heating cycle for 30 min 

diff time=30 temp=800 t.final=1000 nitro press=1.0 
hcl.pc=0

# Holding cycle of 90 min

diff time=90 temp=1000 nitro press=1.0 hcl.pc=0 

# Cooling cycle for 30 min 

diff time=30 temp=1000 t.final=800 nitro press=1.0 
hcl.pc=0

# Extract Xj,Nmax, Rp, Rp after annealing process 

extract name="Junction Depth" xj silicon mat.occno=1 
x.val=0.0 junc.occno=1 

extract name="Peak" max.conc impurity="boron" mate-
rial="silicon" x.val=0.0 

Figure 5.1. The doping profile after the ion implantation process

the Athena code fragment to simulate the annealing process in 
a neutral environment, N2 atmosphere, is shown below in bold:

# The annealing process: heating cycle for 30 min

diff time=30 temp=800 t.final=1000 nitro press=1.0 

hcl.pc=0

# Holding cycle of 90 min 

diff time=90 temp=1000 nitro press=1.0 hcl.pc=0

# Cooling cycle for 30 min

diff time=30 temp=1000 t.final=800 nitro press=1.0 

hcl.pc=0

# Extract X
j,
N
max
,
 
Rp, ΔRp after annealing process

extract name=”Junction Depth” xj silicon mat.occno=1 

x.val=0.0 junc.occno=1
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extract name=”Peak” max.conc impurity=”boron” 

material=”silicon” x.val=0.0

extract name=”Range” x.val from curve(depth, 

impurity=”boron” material=”silicon” mat.occno=1) where 

y.val=max(curve(depth, impurity=”boron” material=”silicon” 

mat.occno=1))

extract name=”StragglePoint” x.val from curve(depth, 

impurity=”boron” material=”silicon” mat.occno=1) where 

y.val=max(curve(depth, impurity=”boron” material=”silicon” 

mat.occno=1))*0.6

extract name=”Straggle” ($Range - $StragglePoint)

# Saving structure after the annealing process 

struct outfile=after _ anneal.str

#Plot structures to compare

tonyplot -overlay -st implant _ 100keV.str after _ an-

neal.str

quit

From the command above, the annealing process is a combi-
nation of a ramp heating (from 800 to 1000 °C within 30 min), a 
holding (at 1000 °C for 90 min) and a controlled cooling cycle (from 
1000 to 800 °C within 30 min). These annealing temperatures are 
required to reduce the implantation damage and activate the im-
planted atoms. Figure 5.2 shows a one dimensional dopant profile, 
before and after the annealing process. As annealing temperature 
and time increase, the dopant profile front moves deeper into the Si 
wafer. As the junction depth Xj increases, the peak carrier concentra-
tion Npeak must decrease so that the area under the curve can remain 
constant with time and temperature. The extracted junction depth 
Xj is 1.17 μm, the peak carrier concentration Npeak is 9.9 × 1018 cm-3, 
the projected range Rp is 0.32 μm, and the range straggle ΔRp is 
0.252 μm.

Usually in practice, the ions beam is tilted by 7…10° from the 
(100) or the (111) directions.
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extract name="Range" x.val from curve(depth, impu-
rity="boron" material="silicon" mat.occno=1) where 
y.val=max(curve(depth, impurity="boron" mate-
rial="silicon" mat.occno=1)) 

extract name="StragglePoint" x.val from curve(depth, 
impurity="boron" material="silicon" mat.occno=1) where 
y.val=max(curve(depth, impurity="boron" mate-
rial="silicon" mat.occno=1))*0.6 

extract name="Straggle" ($Range - $StragglePoint) 

# Saving structure after the annealing process

struct outfile=after_anneal.str 

#Plot structures to compare 

tonyplot -overlay -st implant_100keV.str af-
ter_anneal.str

quit

From the command above, the annealing process is a combina-
tion of a ramp heating (from 800 to 1000 °C within 30 min), a hold-
ing (at 1000 °C for 90 min) and a controlled cooling cycle (from 
1000 to 800 °C within 30 min). These annealing temperatures are 
required to reduce the implantation damage and activate the im-
planted atoms. Figure 5.2 shows a one dimensional dopant profile, 
before and after the annealing process. As annealing temperature and 
time increase, the dopant profile front moves deeper into the Si wa-
fer. As the junction depth Xj increases, the peak carrier concentration 
Npeak must decrease so that the area under the curve can remain con-
stant with time and temperature. The extracted junction depth Xj is 
1.17 μm, the peak carrier concentration Npeak is 9.9×1018 cm-3, the 
projected range Rp is 0.32 μm, and the range straggle ΔRp is 0.252 
μm. 

Usually in practice, the ions beam is tilted by 7…10° from the 
(100) or the (111) directions. 
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Figure 5.2 The doping profile before and after the annealing process 

The Athena code to simulate the tilt angle dependence of B ion 
implants into (100) Si is shown below in bold: 

go athena 

line x loc = 0.0 spac=0.2 

line x loc = 8.0 spac=0.2 

line y loc = 0.0 spac= 0.01 

line y loc = 1.0 spac = 0.01 

initialize silicon orient=100 one.d 

#Save results into a file

struct outfile=initialize.str 

#The tilt angle of boron ion implantation is 0°

implant boron energy=35 dose=1e13 pears tilt=0 

struct outfile=tilt_0deg.str 

 

Figure 5.2. The doping profile before and after the annealing process

the Athena code to simulate the tilt angle dependence of B ion 
implants into (100) Si is shown below in bold:

go athena

line x loc = 0.0 spac=0.2

line x loc = 8.0 spac=0.2

line y loc = 0.0 spac= 0.01

line y loc = 1.0 spac = 0.01

initialize silicon orient=100 one.d

#Save results into a file

struct outfile=initialize.str

#The tilt angle of boron ion implantation is 0°

implant boron energy=35 dose=1e13 pears tilt=0

struct outfile=tilt _ 0deg.str

#Re-initialize the silicon substrate and continue 

#process simulation
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init infile=initialize.str

#The tilt angle of boron ion implantation is 2°

implant boron energy=35 dose=1e13 pears tilt=2

struct outfile=tilt _ 2deg.str

#Re-initialize the silicon substrate and continue 

#process simulation

init infile=initialize.str

#The tilt angle of boron ion implantation is 5°

implant boron energy=35 dose=1e13 pears tilt=5

struct outfile=tilt _ 5deg.str

#Re-initialize the silicon substrate and continue 

#process simulation

init infile=initialize.str

#The tilt angle of boron ion implantation is 7°

implant boron energy=35 dose=1e13 pears tilt=7

struct outfile=tilt _ 7deg.str

#Re-initialize the silicon substrate and continue 

#process simulation

init infile=initialize.str

#The tilt angle of boron ion implantation is 10°

implant boron energy=35 dose=1e13 pears tilt=10

struct outfile=tilt _ 10deg.str

#Plot doping profiles to compare

tonyplot -overlay -st tilt _ 0deg.str tilt _ 2deg.str 

tilt _ 5deg.str tilt _ 7deg.str tilt _ 10deg.str

From the command above, the crystallographic (100) orienta-
tion of the Si wafer was initialized and saved in initialize.str. The 
initialize.str file can be reloaded back into Athena using the state-
ment init infile to re-initialize the structure and continue process 
simulation. It allows performing different tilt angle simulations at 
the same time.
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#Re-initialize the silicon substrate and continue 
#process simulation 

init infile=initialize.str 

#The tilt angle of boron ion implantation is 2°

implant boron energy=35 dose=1e13 pears tilt=2 

struct outfile=tilt_2deg.str 

#Re-initialize the silicon substrate and continue 
#process simulation 

init infile=initialize.str 

#The tilt angle of boron ion implantation is 5°

implant boron energy=35 dose=1e13 pears tilt=5 

struct outfile=tilt_5deg.str 

#Re-initialize the silicon substrate and continue 
#process simulation 

init infile=initialize.str 

#The tilt angle of boron ion implantation is 7°

implant boron energy=35 dose=1e13 pears tilt=7 

struct outfile=tilt_7deg.str 

#Re-initialize the silicon substrate and continue 
#process simulation 

init infile=initialize.str 

#The tilt angle of boron ion implantation is 10°

implant boron energy=35 dose=1e13 pears tilt=10 

struct outfile=tilt_10deg.str 

#Plot doping profiles to compare 

tonyplot -overlay -st tilt_0deg.str tilt_2deg.str 
tilt_5deg.str tilt_7deg.str tilt_10deg.str 

From the command above, the crystallographic (100) orientation 
of the Si wafer was initialized and saved in initialize.str. The initial-
ize.str file can be reloaded back into Athena using the statement init
infile to re-initialize the structure and continue process simulation. 
It allows performing different tilt angle simulations at the same time. 
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Channeling

Figure 5.3 The tilt angle dependence of boron implant profiles in (100) Si  

Figure 5.3 shows the tilt angle dependence of B ion implants 
into (100) Si. As can be seen the boron distribution is very sensitive 
even for a small variation in the tilt angle. The channeling effect can 
be clearly seen at angle less than 2° and that channeling is progres-
sively decreased with increasing tilt angle. For a tilt of 7°, channeling 
is reduced significantly.  

Work assignments 

1. Describe the ion implantation process for introducing dopants 
into the Si wafer. 

2. B ions are implanted into an As-doped (ND = 2.3×1015 cm-3)
Si wafer. The implantation energy is 125 keV, and the dose is 
3.2×1015 cm-2. Plot the B concentration as a function of depth. What 
is the projected range and straggle of the implantation? What is the 
peak concentration of B ions? Find the location of the p-n junction? 

Figure 5.3. The tilt angle dependence of boron implant profiles in (100) Si 

Figure 5.3 shows the tilt angle dependence of B ion implants 
into (100) Si. As it can be seen the boron distribution is very sensi-
tive even for a small variation in the tilt angle. The channeling ef-
fect can be clearly seen at angle less than 2° and that channeling is 
progressively decreased with increasing tilt angle. For a tilt of 7°, 
channeling is reduced significantly. 

Work assignments

1. Describe the ion implantation process for introducing do-
pants into the Si wafer.

2. B ions are implanted into an As-doped (Nd = 2.3 × 1015 cm-

3) Si wafer. The implantation energy is 125 keV, and the dose is 
3.2 × 1015 cm-2. Plot the B concentration as a function of depth. What 
is the projected range and straggle of the implantation? What is the 
peak concentration of B ions? Find the location of the p-n junction.
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3. The sample from problem 3 is now annealed at 1150 °C for 
35 minutes. Determine and plot the new profile for the B- ions, and 
find the new location of the junction depth Xj. 

4. Use the Athena process modelling software to simulate the 
process as listed below:
•	 n-type, (100) Si wafer, P doped Nd = 5.7 × 1014 cm-3.
•	 B ion implantation at 100 keV and a dose of 9 × 1012 cm-2. Plot B 

concentration as a function of depth. What is the junction depth 
Xj?

•	 1025 ˚C anneal for 30 min in N2. Plot the B concentration as a 
function of depth, before and after annealing. What is the junc-
tion depth Xj? What is the approximate peak doping concentra-
tion Npeak?

•	 After above two stages, an additional As ion implantation at 
75 keV with a dose of 6.8 × 1012 cm-2 is applied and then annealed 
at 1000 °C for 25 min in N2. Plot the B, P and As concentrations 
as a function of depth on the same set of axis. Are there any p-n 
junction(s)? If yes, how far are they from the surface?

5. Describe the “ion channelling” effect and how will it affect 
the junction depth when dopants are implanted into crystalline Si 
wafer.

Content of the report

Each student must write and submit a separate, independent 
laboratory report. The report must be submitted within ten days 
from the date of the laboratory work. The laboratory report should 
include the following components:

1. Title of the laboratory report with contact information.
2. Objective, which includes a few sentences, defining the goal 

of this laboratory work.
3. Introduction, which includes the background information on 

the ion implantation process.
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4. Simulation Results and Discussions, which include the an-
swers to the questions and the simulations results, analysis and eva-
luations, with simulation codes and neat graphs / images.

5. Conclusions, which include a conclusion on the simulations 
results.

6. List of References, which includes all the technical referen-
ces cited throughout the entire laboratory report. 
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Chue San Yoo. (2008). Semiconductor manufacturing technolo-
gy. World Scientific. 470 p.

Franssila, S. (2010). Introduction to Microfabrication. John Wi-
ley and Sons. 534.

May, G. S.; Spanos, C. J. (2006). Fundamentals of semiconduc-
tor manufacturing and process control. John Wiley & Sons. 463 p.

Plummer, J. D. (2001). Silicon VLSI Technology: Fundamen-
tals, Practice, and Modeling. Prentice Hall. 817 p.

Navickas, R. (2008). Nanotechnologijos elektronikoje: moko-
moji knyga. Vilnius: Technika. 482 p.

SILVACO International. (2010). ATHENA User’s Manual. Vol. 
1–2. 

SILVACO International. Product examples. May 26, 2011. Ac-
cess through the internet: http://www.silvaco.com/examples/tcad/
index.html.
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6. photolIthogRaphy

Work objectives

The objective of this laboratory work is to study the photoli-
thography process, most important process in integrated circuits (IC) 
fabrication, using the Athena semiconductor process simulator.

sequence of the laboratory work

1. Read attentively all the theoretical material and the methodi-
cal guideline of this laboratory work. Discuss all obscure questions 
with the tutor before starting the work.

2. Start the computer and login with the relevant user rights. 
Run the following command sequence: Start→All Programs→
S.EDA Tools→Deckbuild to load the “Deckbuild Application” win-
dow.

3. Create a new directory (folder) on the drive C for this labora-
tory work and change the “Deckbuild Application” working direc-
tory (Edit→Preferences→Working Directory) to this new folder.

4. Simulate the examples defined in the “Methodical guideline” 
section.

5. Answer the questions and perform the tasks defined in the 
“Work assignments” section.

6. Examine the simulation results, prepare and submit a labora-
tory report.

theory

Photolithography all time (about 50 years) from first years of 
microelectronics (1960) and up today, nanoelectronics era, is the 
most important process, cornerstone of IC fabrication. Why? In 
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practice, we have the ability to print patterns with feature size tens 
nanometers and to place those patterns on a Si wafer with better 
than tens nanometers precision! The concept of photolithography 
is simple. First, a light sensitive photoresist is spun onto the wafer 
forming a thin layer on the surface. After the photoresist is then se-
lectively exposed by ultraviolet light through a mask which contains 
the pattern information for the particular layer is being fabricated. 
The resist is then developed which completes the pattern transfer 
from the mask to the wafer. The implementation simple concept 
is very hard: photolithography is the most complicated, expensive 
and critical process in micro and nanoelectronics IC fabrication. So, 
very important problems are resolution, exposure field, placement 
accuracy, defect density and throughput. 

The photolithography system for exposure wafer comprises four 
basic parts: an illumination system, a mask, a projection system, and 
a Si wafer (Figure 6.1). We will focus on optical projection exposure 
systems because these dominate in the industry today. Projection op-
tics is often used for chipwise exposure: one chip is exposed, and the 
wafer is moved to a new position, and another chip is exposed. This 
approach is termed step-and-repeat, and the systems are known as 
steppers. It is certainly slower than full wafer exposure (at the intro-
duction of step-and repeat, throughput was about 30 wafers per hour 
(WPH), compared with 100 WPH of 1X projection optical systems), 
but several advantages are apparent. First of all it is much easier to 
make optical systems for, let us say, 20 × 20 mm2 exposure fields 
than for 200 mm or 300 mm wafers. Second, alignment can be done 
for each chip individually. Third, experimentation is easy: for exam-
ple, all chips can be exposed differently, in order to find the optimum 
exposure dose and focus conditions, and to check process robust-
ness. It is possible to change reticle between exposures, and have 
many different chips on one wafer. Inclusion of test chips is thus flex-
ible. Step-and-repeat photomasks are called reticles, and sometimes 
the word „mask“ is reserved for 1X full wafer masks only.
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The illumination source produces a light wave of certain wave-
length (see Table 6.1) and the light transmitted from the mask is 
imaged onto the Si wafer using a projection optic.

The minimal feature size of IC structures, which can be ob-
tained by the photolithography process, depends on the effects of 
wavelength of the ultraviolet light and the numerical aperture of 
lenses, of interference and diffraction of ultraviolet light waves etc.
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length of the ultraviolet light and the numerical aperture of lenses, of 
interference and diffraction of ultraviolet light waves etc. 

Figure 6.1 The scheme of a typical projection photolithography system for 
wafer exposure  

Table 6.1 Basic relationship of projection optics 

The critical relationship between numerical aperture NA, light 
source wavelength λ, and resolution R for photolithography systems 
is summarized in the extended Rayleigh resolution and deep of focus 
(DoF) equations (see Table 6.1):  

1 1

sin( )
k kR
NA n
 


  , (6.1) 

Lens examples, 
wavelength, nm 

NA k1 R, nm DoF, nm 

i-line= 365 nm 0.62 0.48 280 950 

KrF = 248 nm 0.82 0.36 110 370 
ArF = 193 nm 

ArF immersion (n=1.44) 
0.92 
1.30 

0.31 
0.30 

65 
45 

230 
160 

F2 = 157 nm 0.85 0.31 57 220 
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where k1 is dependent on the optical system and photoresist material, 
traditional k2 = 1.0, n parameter is the diffraction index of the me-
dium (e.g., n = 1 for air, n = 1.44 for immersion fluid, etc.) surround-
ing the lens. The maximum refraction angle  specifies the numerical 
aperture NA. The numerical aperture of the photolithography system 
is defined as NA = nsin( ).

The partial coherence factor sigma ( ) is defined as the ratio of 
the effective source size (s) to full condenser lens size (d) or the ratio 
of condenser lens NAC to projection lens NA. Sigma measure the 
physical extent of the illumination. Larger sigma represents larger 
illumination and lower degree of coherence the light source. 

A typical process flow of photolithography process consists of: 
photoresist coating, soft bake, alignment, exposure, post-exposure 
bake, development and post-development hard bake. Each step is 
discussed at length in the methodical guideline of this laboratory 
work.

Methodical guideline 

Definition of illumination, mask and projection systems parame-
ters. The illumination system is defined using two statements: illu-
mination and illum.filter. The illumination statement defines 
the illuminating wavelength (λ=365 nm (i-line), λ=405 nm (h-line) 
and λ= 436 nm (g-line). The illumination system can be defined by 
executing the code:

go athena

# The illumination system setting 

illumination h.line

The illum.filter statement defines the shape of the illumina-
tion system. The general shapes available are: circle, square, Gaus-
sian and other. The extent of the source is defined by the coherence 

Figure 6.1. The scheme of a typical projection photolithography system 
for wafer exposure 

table 6.1. Basic relationship of projection optics

Lens examples,
wavelength, nm

nA k1 R, nm DoF, nm

i-line = 365 nm 0.62 0.48 280 950

KrF = 248 nm 0.82 0.36 110 370
ArF = 193 nm

ArF immersion (n = 1.44)
0.92
1.30

0.31
0.30

65
45

230
160

F2 = 157 nm 0.85 0.31 57 220
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The critical relationship between numerical aperture NA, light 
source wavelength λ, and resolution R for photolithography systems 
is summarized in the extended Rayleigh resolution and deep of fo-
cus (DoF) equations (see Table 6.1): 

 

The critical relationship between numerical aperture NA, light 
source wavelength , and resolution R for photolithography systems 
is summarized in the extended Rayleigh resolution and deep of focus 
(DoF) equations (see Table 6.1):
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where k1 is dependent on the optical system and photoresist 
material, traditional k2 = 1.0, n parameter is the diffraction in-
dex of the medium (e. g., n = 1 for air, n = 1.44 for immersion 
fluid, etc.) surrounding the lens. The maximum refraction angle 
 specifies the numerical aperture NA. The numerical aperture 

of the photolithography system is defined as NA = nsin( ).
The partial coherence factor sigma ( ) is defined as the ra-

tio of the effective source size (s) to full condenser lens size (d)
or the ratio of condenser lens NAC to projection lens NA. Sigma 
measure the physical extent of the illumination. Larger sigma 
represents larger illumination and lower degree of coherence 
the light source. 

A typical process flow of photolithography process con-
sists of: photoresist coating, soft bake, alignment, exposure, 
post-exposure bake, development and post-development hard 
bake. Each step is discussed at length in the methodical guide-
line of this laboratory work. 

Methodical guideline 

Definition of illumination, mask and projection systems pa-
rameters. The illumination system is defined using two statements: 
illumination and illum.filter. The illumination statement 
defines the illuminating wavelength (  = 365 nm (i-line),  = 
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where k1 is dependent on the optical system and photoresist 
material, traditional k2 = 1.0, n parameter is the diffraction in-
dex of the medium (e. g., n = 1 for air, n = 1.44 for immersion 
fluid, etc.) surrounding the lens. The maximum refraction angle 
 specifies the numerical aperture NA. The numerical aperture 

of the photolithography system is defined as NA = nsin( ).
The partial coherence factor sigma ( ) is defined as the ra-

tio of the effective source size (s) to full condenser lens size (d)
or the ratio of condenser lens NAC to projection lens NA. Sigma 
measure the physical extent of the illumination. Larger sigma 
represents larger illumination and lower degree of coherence 
the light source. 

A typical process flow of photolithography process con-
sists of: photoresist coating, soft bake, alignment, exposure, 
post-exposure bake, development and post-development hard 
bake. Each step is discussed at length in the methodical guide-
line of this laboratory work. 

Methodical guideline 

Definition of illumination, mask and projection systems pa-
rameters. The illumination system is defined using two statements: 
illumination and illum.filter. The illumination statement 
defines the illuminating wavelength (  = 365 nm (i-line),  = 
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 (6.2)

where k1 is dependent on the optical system and photoresist mate-
rial, traditional k2 = 1.0, n parameter is the diffraction index of the 
medium (e.g., n = 1 for air, n = 1.44 for immersion fluid, etc.) sur-
rounding the lens. The maximum refraction angle θ specifies the 
numerical aperture NA. The numerical aperture of the photolithog-
raphy system is defined as NA = n⋅sin(θ). 

The partial coherence factor sigma (σ) is defined as the ratio of 
the effective source size (s) to full condenser lens size (d) or the ra-
tio of condenser lens NAc to projection lens NA. Sigma measure the 
physical extent of the illumination. Larger sigma represents larger 
illumination and lower degree of coherence the light source.

A typical process flow of photolithography process consists of: 
photoresist coating, soft bake, alignment, exposure, post-exposure 
bake, development and post-development hard bake. Each step is 
discussed at length in the methodical guideline of this laboratory 
work.
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Methodical guideline

Definition of illumination, mask and projection systems para-
meters. The illumination system is defined using two statements: 
illumination and illum.filter. The illumination statement de-
fines the illuminating wavelength (λ = 365 nm (i-line), λ = 405 nm 
(h-line) and λ = 436 nm (g-line). The illumination system can be 
defined by executing the code:

go athena 

# The illumination system setting

illumination h.line 

the illum.filter statement defines the shape of the illumina-
tion system. The general shapes available are: circle, square, Gaus-
sian and other. The extent of the source is defined by the coherence 
parameter sigma (σ). The sigma parameter defines the radius for 
circular sources, the x and y intercepts for square sources. The fol-
lowing code describes the shape of the illumination system: 

# The shape of the illuminating source 

illum.filter circle sigma=0.5 

the layout command is used to enter mask coordinates. The 
following layout statement describes a mask feature that is 1 µm 
in the x direction and 2 µm in the z direction:

# The mask setting

layout x.low=-0.5 z.low=-1.0 x.high=0.5 z.high=1.0 

The projection system is defined using two statements: projec-
tion and pupil.filter. The projection command is used to define 
the numerical aperture:

# The projection system numerical aperture 

projection na=0.45 

the pupil.filter command describes the shape of the projec-
tion system and the possible filters of the projection system. The 
shape of the projector pupil can be square or circle. The code below 
illustrates this statement:
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# The shape of the pupil of the projection system

pupil.filter circle

The image statement invokes the imaging module and speci-
fies the window in which the imaging will be performed. The ima-
ge window is specified with the parameters win.x.low, win.z.low, 
win.x.high, win.z.high. These parameters define the minimum 
and maximum range of x and z values. The following statement de-
scribes an image window:

# The image module setting

image win.x.lo=-1.0 win.x.hi=1.0 win.z.lo=-1.25 win.

z.hi=1.25 dx=0.05 clear

The parameter dx specifies the discretization along the x-di-
mension. The clear parameter specifies that the mask should be 
considered as a clear field with dark features defined by the layout 
statements.

the structure statement saves simulation results into an out-
put file:

# The storage of simulation results

structure outfile=lithography _ 1.str intensity mask
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parameter sigma ( ). The sigma parameter defines the radius for 
circular sources, the x and y intercepts for square sources. The fol-
lowing code describes the shape of the illumination system:  

# The shape of the illuminating source

illum.filter circle sigma=0.5

The layout command is used to enter mask coordinates. The 
following layout statement describes a mask feature that is 1 µm in 
the x direction and 2 µm in the z direction: 

# The mask setting 

layout x.low=-0.5 z.low=-1.0 x.high=0.5 z.high=1.0

The projection system is defined using two statements: projec-
tion and pupil.filter. The projection command is used to de-
fine the numerical aperture: 

# The projection system numerical aperture

projection na=0.45

The pupil.filter command describes the shape of the projec-
tion system and the possible filters of the projection system. The 
shape of the projector pupil can be square or circle. The code below 
illustrates this statement: 

# The shape of the pupil of the projection system 

pupil.filter circle 

The image statement invokes the imaging module and specifies 
the window in which imaging will be performed. The image window 
is specified with the parameters win.x.low, win.z.low,
win.x.high, win.z.high. These parameters define the minimum 
and maximum range of the x and z values. The following statement 
describes an image window: 

# The image module setting 

image win.x.lo=-1.0 win.x.hi=1.0 win.z.lo=-1.25 
win.z.hi=1.25 dx=0.05 clear 
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The parameter dx specifies the discretization along the x-
dimension. The clear parameter specifies that the mask should be 
considered as a clear field with dark features defined by the layout 
statements.

The structure statement saves simulation results into an output 
file:

# The storage of simulation results 

structure outfile=lithography_1.str intensity mask 

Figure 6.1 The contour of the light intensity through a mask 

The mask parameter in the structure statement saves only mask 
layout information, the intensity parameter saves only intensity dis-
tribution.

The tonyplot command is used for display the results of the 
simulation. The following command displays the lithogra-

phy_1.str file: 

Figure 6.2. The contour of the light intensity through a mask

the mask parameter in the structure statement saves only mask 
layout information, the intensity parameter saves only intensity dis-
tribution.

the tonyplot command is used for displaying the results of 
the simulation. The following command displays the lithogra-
phy _ 1.str file:

# The tonyplot command displays the aerial image

tonyplot –st lithography _ 1.str

Figure 6.1 shows the aerial image. The aerial image of a mask 
or the light intensity on top of the photoresist surface is a critically 
important quantity in photolithography governing how well a deve-
loped photoresist structure replicates a mask design. The aerial ima-
ge contrast can be varied by wavelength, illumination conditions, 
numerical aperture or mask parameters.
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Flow of photolithography. The photoresist is deposited onto the 
whole surface of the Si wafer with dielectric (oxide, nitride, etc.) 
or metallic (Al, Cu, etc.) film layers by the spin coating process. 
So, before this step the following code is necessary for further 2D 
simulation:

# The mesh setting

line x loc=-1.0 spacing=0.1

line x loc=1.0 spacing=0.1

line y loc=0.0 spacing=0.02

line y loc=1.0 spacing=0.02

# The silicon substrate initialization

initialize silicon orientation=111 two.d

# The oxide layer deposition

deposit oxide thick=0.1 div=10

The thickness of the photoresist can be controlled by different spin 
speed. The spin coating process is simulated by the deposit statement 
in which the material (name.resist parameter) to be deposited and the 
thickness (thickness parameter) of the layer to be deposited must be 
specified. The code for the spin coating process is shown below: 

# Deposit a layer of AZ1350J photoresist

deposit name.resist=AZ1350J thickness=0.5 div=10

From the command above, the positive AZ1350J photoresist 
(produced by Shipley Inc.) of 0.5 µm thickness is coated onto the 
whole surface of the Si wafer with oxide layer of 0.1 µm thickness. 

After coating the photoresist, second step is often soft or pre-
bake resist, typically 10–30 min at 90–100 °C temperature. In this 
simulator this step is default.

After coating the photoresist, the Si wafer is placed in an ap-
paratus called a mask aligner. The mask is aligned with the wafer. 
Once the mask has been accurately aligned with the pattern on the 
surface of the wafer, the photoresist is exposed through the pattern 
on the mask with a high intensity ultraviolet light with necessary 
dose. The code for this step is shown below:
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# The photoresist exposure

expose dose=150

From the command above, the positive AZ1350J photoresist is 
exposed with a dose of 150 mJ/cm2.

the post-exposure bake (PEB) is performed before developing 
to eliminate the standing wave effect. This step also increases the 
resistance of resist for the next step of development. The standing 
wave effect is the result of interference within the resist layer be-
tween incoming and reflected light. Such a standing wave can leave 
its mark in the exposed photoresist. The typical PEB temperature is 
around 100 °C or 120 °C and the time is around 500–600 sec and 
100 sec, respectively. If antireflective coatings are used under the 
resist, this PEB may not be necessary. The code for this post-expo-
sure bake is shown below:

# The post-exposure bake

bake time=100 sec temp=120

the development removes the exposed photoresist from wafer 
by immersing it in a chemical acid bath, developer filled container, 
for a certain time, and then taken out to wash off the residual deve-
loper. The code for the photoresist development is shown below:

# The photoresist development process

develop mack time=90 steps=30

From the command above, the Mack’s development model 
is specified along with the development time in seconds, and the 
number of time steps.

the post-development hard bake hardens the photoresist, to 
make a more durable protecting layer in the following process steps 
like wet chemical or plasma etching steps. Typical hard bake tem-
peratures are in the range of 120 °C to 140 °C, for 10 to 30 minutes. 
The code for this post-development hard bake is shown below:

# The reflow parameters setting

material material=AZ1350J gamma.reflo=2e2 reflow 

visc.0=1.862e-13 visc.E=1.85 
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# The post-development hard bake process

bake time=10 min temp=120 reflow 

The reflow model for the photoresist is enabled by setting the 
reflow parameter on the material statement. The visc.0 and visc.
e parameters set the viscosity of the photoresist. The gamma.reflo 
parameter set the surface tension factor for the reflow calculation. 
From the command above, the positive AZ1350J photoresist is hard 
baked at 120 °C for 10 minutes. 

The next step saves the created structure:
# The saving code for a final structure

structure outfile=lithography _ 2.str

Finally, the results of the simulation are plotted using the tony-
plot command:

# The displaying code

tonyplot -st lithography _ *.str

quit
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# The photoresist development process 

develop mack time=90 steps=30 

From the command above, the Mack’s development model is 
specified along with the development time in seconds, and the num-
ber of time steps. 

The post-development hard bake hardens the photoresist, to 
make a more durable protecting layer in the following process steps 
like wet chemical or plasma etching steps. Typical hard bake tem-
peratures are in the range of 120 °C to 140 °C, for 10 to 30 minutes. 
The code for this post-development hard bake is shown below:

# The reflow parameters setting 

material material=AZ1350J gamma.reflo=2e2 reflow 
visc.0=1.862e-13 visc.E=1.85

# The post-development hard bake process 

bake time=10 min temp=120 reflow

The reflow model for the photoresist is enabled by setting the re-
flow parameter on the material statement. The visc.0 and visc.e
parameters set the viscosity of the photoresist. The gamma.reflo
parameter set the surface tension factor for the reflow calculation.  
From the command above, the positive AZ1350J photoresist is hard 
baked at 120 °C for 10 minutes.

The next step saves the created structure: 
# The saving code for a final structure 

structure outfile=lithography_2.str 

Finally, the results of the simulation are plotted using the tony-
plot command: 

# The displaying code 

tonyplot -st lithography_*.str 

quit

68

Figure 6.2 The final structure after the photolithography process

Figure 6.2 shows the situation results after photoresist coating, 
soft bake, alignment, exposure, post-exposure bake, development 
and post-development hard bake of the photoresist. 

Work assignments 

1. What is the photolithography? 
2. What are the theoretical resolution limitations of photolitho-

graphy and why? How can photolithography quality be improved? 
What happens if we change the wavelength to i-line or g-line? 

3. What is the numerical aperture (NA) and how is it related to 
resolution? What happens if we change the numerical aperture to 
0.85? 

4. Explain the difference between positive and negative photore-
sist. Which photoresist would you use for higher resolution? Why? 
What happens if we delete the clear parameter in the image state-
ment? 

5. Please list and describe each stage of the photolithography 
process flow. 

Figure 6.3. The final structure after the photolithography process
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Figure 6.2 shows the situation results after photoresist coating, 
soft bake, alignment, exposure, post-exposure bake, development 
and post-development hard bake of the photoresist.

Work assignments

1. What is the photolithography?
2. What are the theoretical resolution limitations of photolithog-

raphy and why? How can photolithography quality be improved? 
What happens if we change the wavelength to i-line or g-line?

3. What is the numerical aperture (NA) and how is it related to 
resolution? What happens if we change the numerical aperture to 
0.85?

4. Explain the difference between positive and negative pho-
toresist. Which photoresist would you use for higher resolution? 
Why? What happens if we delete the clear parameter in the image 
statement?

5. Please list and describe each stage of the photolithography 
process flow.

6. What is happening during the soft bake?
7. What changes during the exposure and how this is different 

for positive and negative photoresist? What might happen if the ex-
posure is done with the dose below 20 mJ/cm2?

8. What is the purpose of the post-exposure baking before de-
velopment? What happens if we skip this step?

9. What is happening during the development process?
10. What is the purpose of the hard bake during photolithogra-

phy? What happens if we skip this step? What might happen if the 
hard bake is done at a temperature above 200 °C? 

11. Use the Athena process modelling software to simulate the 
cross-section of the structure as shown below in Figure 6.3. The 
fabrication process parameters / systems of this structure are listed 
in Table 6.2.
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table 6.2. The photolithography process parameters / systems to 
pattern the oxide layer

No. Parameter / System code
1. Illumination system illumination g.line

illum.filter clear.fil circle 
sigma=0.38

2. Projection system projection na=.54
pupil.filter clear.fil circle

3. Silicon wafer initialize silicon orienta-
tion=111 two.d

4. Oxide layer diffuse time=60 temperature=1015 
dryO2 press=2 hcl=3

5. Photoresist  AZ1350J

6. Photoresist exposure expose dose=150

7. Post exposure bake bake time=45 seconds temp=115

8. Photoresist development develop mack time=60 steps=4

9. Post-development hard bake material material=AZ1350J gamma.
reflo=2e2 reflow visc.0=1.862e-13 

visc.E=1.85
bake time=15 min temp=120 reflow
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6. What is happening during the soft bake? 
7. What changes during the exposure and how this is different 

for positive and negative photoresist? What might happen if the ex-
posure is done with dose below 20 mJ/cm2.

8. What is the purpose of the post-exposure baking before de-
velopment? What happens if we skip this step? 

9. What is happening during the development process? 
10. What is the purpose of the hard bake during photolithogra-

phy? What happens if we skip this step? What might happen if the 
hard bake is done at a temperature above 200 °C?  

11. Use the Athena process modelling software to simulate the 
cross-section of the structure as shown below in Figure 6.3. The fab-
rication process parameters/systems of this structure are listed in 
Table 6.2. 

Table 6.2 The photolithography process parameters/systems to pattern the 
oxide layer 

No. Parameter/System Code 

1. Illumination system illumination g.line 
illum.filter clear.fil circle 

sigma=0.38

2. Projection system projection na=.54 
pupil.filter clear.fil circle 

3. Silicon wafer initialize silicon orienta-
tion=111 two.d 

4. Oxide layer diffuse time=60 temperature=1015 
dryO2 press=2 hcl=3 

5. Photoresist  AZ1350J 

6. Photoresist exposure expose dose=150 

7. Post exposure bake bake time=45 seconds temp=115 

8. Photoresist development develop mack time=60 steps=4 

9. Post-development hard 
bake 

material material=AZ1350J 
gamma.reflo=2e2 reflow 

visc.0=1.862e-13 visc.E=1.85 
bake time=15 min temp=120 reflow
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Figure 6.3 The photolithography process to pattern the oxide layer  

Content of report 

Each student must write and submit a separate, independent 
laboratory report. The report must be submitted within ten days from 
the date of laboratory work.  The laboratory report should include the 
following components: 

1. Title of the laboratory report with contact information. 
2. Objective, which include a few sentences, defining the goal of 

this laboratory work. 
3. Introduction, which include background information on the 

photolithography process. 
4. Simulation Results and Discussions, which include the an-

swers of questions and the simulations results, analysis and evalua-
tions, with simulation codes and neat graphs/images. 

5. Conclusions, which includes a conclusion on the simulations 
results.

6. List of References, which includes all the technical references 
cited throughout the entire laboratory report.  

Figure 6.4. The photolithography process to pattern the oxide layer 
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Content of the report

Each student must write and submit a separate, independent 
laboratory report. The report must be submitted within ten days 
from the date of the laboratory work. The laboratory report should 
include the following components:

1. Title of the laboratory report with contact information.
2. Objective, which includes a few sentences, defining the goal 

of this laboratory work.
3. Introduction, which includes the background information on 

the photolithography process.
4. Simulation Results and Discussions, which include the an-

swers to the questions and the simulations results, analysis and eva-
luations, with simulation codes and neat graphs / images.

5. Conclusions, which include a conclusion on the simulations results.
6. List of References, which includes all the technical referen-

ces cited throughout the entire laboratory report. 
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7. etChINg pRoCesses

Work objectives

The objective of this laboratory work is to use the Athena semi-
conductor process simulator to identify the differences between wet 
and dry etches and to explain the difference between isotropic and 
anisotropic etch characteristics.

sequence of the laboratory work

1. Read attentively all the theoretical material and the methodi-
cal guideline of this laboratory work. Discuss all obscure questions 
with the tutor before starting the work.

2. Start the computer and login with the relevant user rights. 
Run the following command sequence: Start→All Programs→
S.EDA Tools→Deckbuild to load the “Deckbuild Application” win-
dow.

3. Create a new directory (folder) on the drive C for this labora-
tory work and change the “Deckbuild Application” working direc-
tory (Edit→Preferences→Working Directory) to this new folder.

4. Simulate the examples defined in the “Methodical guideline” 
section.

5. Answer the questions and perform the tasks defined in the 
“Work assignments” section.

6. Examine the simulation results, prepare and submit a labora-
tory report.

theory

Etching is a process used to pattern Si or thin films (SiO2, Si3n4, 
Al, Cu, etc.) layers by selectively removing materials with the use 
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of mask layers of photoresist or other thin films. Two main methods 
can be used: wet and dry etching. Wet etching involves the use of 
liquid etchants. In this process chemical reactions dominate the etch 
process. Dry etching involves the use of gas-phase etchants in plas-
ma. In dry etching which is often called plasma etching usually the 
etching is the combination of chemical and physical processes.

Wet etching is a simple and inexpensive process. Also wet et-
ching is very selective. Etch selectivity is the ratio of etch rates of 
different materials in the etch process:

                                 1
21

2

rS
r

= , (7.1)

where r1, r2 are the etch rates of 1 (mask) and 2 (etch) layers, respec-
tively (SiO2 and Si, or Si3n4 and SiO2, or photoresist and SiO2, and 
others pairs of layers). Etch selectivity of wet etching is very good 
(from a few tens upto thousand times).

most wet chemical etchants etch isotropically. It means etch 
rates are the same as vertical and horizontal directions, etch profile 
is rounded. So, isotropic etching cannot be used to make fine submi-
cron and nanometrics features: undercutting (lateral etch) is similar 
to vertical etched depth (see Figure 7.1, 7.2, a).

d

b

d = xf

b

a)                           b)

Figure 7.1. Etch bias (a) and overetching (b) profiles for isotropic etching



77

We saw how isotropic etching results in etching underneath 
the edge of the mask in Figure 7.1, a. The amount of undercutting 
is called the etch bias and is b. The selectivity S of the etch with 
respect to both the mask and the etching layer is infinity (i. e., no 
etching at all of those materials). The etch thickness or depth is d. For 
perfectly isotropic etching b would equal d, but only if etching is 
stopped before the bottom of the film is reached. Some overetch-
ing is normally part of every etch process. The etch time required 
would be based on the previously determined etch rate or on other 
endpoint detection methods. The bias b now increases with time 
as the overetch continues (Figure 7.1, b). The amount of overetch-
ing needed, usually measured in terms of time or % time, can be 
determined by estimating the uncertainties in etch rates and in the 
nonuniformitics of the thicknesses and then calculating the worst 
case etch time needed. 10–20 % to overetches are common. This 
ensures that while some of the structures may be overetched, none 
are underetched. When the etching is anisotropic, overetching is 
also required to remove residual film from steps in the topogra-
phy.

More Directional Etching

Isotropic Anisotropic Completely Anisotropic

a)                                 b)                                        c)

Figure 7.2. Etch profiles for isotropic (a); anisotropic (b) and completely 
anisotropic (c) etching
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Dry etching is often neither perfectly anisotropic nor perfectly 
isotropic, as was shown in Figure 7.2. Etch directionality is a mea-
sure of relative etch rates in different directions, usually vertical 
rvert versus lateral rlater. The degree of anisotropy of a film etching, 
Af as: 

                                 later
f

vert

1 rA
r

= − . (7.2)

Completely anisotropic etchings have anisotropy of 1 and iso-
tropic etchings have anisotropy of 0. Most of anisotropic etching 
processes have anisotropy between 0 and 1. Selectivity of dry et-
ching often is not high and good: it may equal from some times upto 
several tens. 

The above examples assume S21 = ∞ (etch selectivity of the 
film 2 with respect to the mask 1. So, the etch rate of the mask 
r1 = 0. But there will be some finite etch rate of the mask and it will 
etch at some rate during the etching of the film. This is shown in 
Figure 7.3, a, for the case of isotropic etching and a rectangular-
shaped mask. Here Δm is the amount of mask etching, the same in 
all directions in this case. This is called mask erosion. Obviously 
the extent of lateral etching will increase beyond what would be 
expected without any mask erosion. 

In practice, the mask shape is usually not perfectly rectangu-
lar but it often has rounded corners or sloped sides. Mask erosion 
leading to extra undercutting can occur even for completely aniso-
tropic etching, as illustrated in Figure 7.3, b. With a finite etch rate 
for the mask, there will be equal vertical etching at all points of the 
mask. At the sloped edge, a finite amount of the mask will be etched 
away. This will allow lateral erosion of the mask, shown by Δm in 
the figure, and etching of the film in this thin region will occur. 
This will result in undercutting with respect to the original mask 
edge, even for perfectly anisotropic, or vertical, etching.
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Δm Δm

a)                                    b)

Figure 7.3. Mask erosion for isotropic (a) and anisotropic (b) etching

Achieving good selectivity and directional etching with high 
anisotropy at the same time is sometimes quite difficult.

Methodical guideline

Wet etching of Si (111). The most commonly used etchant for 
isotropic wet etching of the Si, orientation (111), is the HNA (HF/
hnO3/CH3COOH) system, which is a mixture of nitric acid (HNO3), 
hydrofluoric acid (HF) and acetic acid (CH3COOH). The etch rates 
and the resulting surface quality strongly depend on the chemical 
composition and temperature. The typical concentration used is 
10 ml HF, 30 ml HNO3, 80ml DI H2O or ch3COOH at 22 ºC. Si is 
etched at a rate of 0.7–3.0 μm/min. However, there are several prob-
lems associated with the HNA wet etching process of the Si. First, it 
is difficult to mask with high precision using a desirable and simple 
mask such as SiO2 which is etched at a rate of 30–70 nm/min. Second, 
the etch rate is very sensitive to agitation and temperature. This 
makes it difficult to control lateral as well as vertical geometries. 

the Athena code fragment to simulate the HNA wet etching 
process is shown below in bold:
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go athena

# Read in structure file created in 6 lab work

init infile=lithography _ 2.str

# Define the etcher machine

rate.etch machine=HNA wet.etch oxide n.m isotrop-

ic=30 

rate.etch machine=HNA wet.etch silicon u.m isotrop-

ic=0.7 

# Running the machine for a specified period of time

etch machine=HNA time=4 min

# Saving structure

structure outfile=HNA _ etching.str

# Plot structure

tonyplot HNA _ etching.str

quit

This etch process is performed by defining an etch machine 
with the rate.etch statement. For this etch process, the rate is de-
fined for the wet.etch model. The parameter u.m specifies that the 
etch rate is given in units of microns per minute (n.m – nanometres 
per minute). The parameter isotropic describes the etching type 
and rate 30 nm/minute for oxide and 0.7 μm/minute for Si. Selecti-
vity is equal 23.3. From the command above, the HNA machine is 
applied to etch the current structure for 4 minutes.
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This etch process is performed by defining an etch machine with 
the rate.etch statement. For this etch process, the rate is defined for 
the wet.etch model. The parameter u.m specifies that the etch rate is 
given in units of microns per minute (n.m – nanometres per minute). 
The parameter isotropic describes the etching type and rate 30 
nm/minute for oxide and 0.7 μm/minute for Si. Selectivity is to equal 
23.3.  From the command above, the HNA machine is applied to etch 
the current structure for 4 minutes. 

Figure 7.4 The isotropic wet etching process of Si  

Figure 7.4 shows a simulated the HNA wet etching process. The 
etched structure in this figure shows that the etch rate is identical in 
every direction. We can see SiO2 mask erosion about 120 nm from 
every sides of mask. 

Dry etching. The most common form of dry etching today is re-
active ion etching (RIE). In this dry etching process, the same radio 
frequency (RF) power supply is used to excite ions in a gas to an 
energetic state. The energized ions supply the necessary energy to 
generate physical and chemical reactions on the exposed area of the 
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wafer, which starts the etching process. For example, halocarbon 
gases (CHF3, CF4) can be used to etch SiO2 and Si3N4, the photore-
sist can be etched (removed) with O2. The RIE can generate strong 
anisotropic, as well as isotropic profiles, depending on the gases 
used, the condition of plasma, and the applied power. 

The following commands demonstrate simple trench etching us-
ing the RIE isotropic, anisotropic and chemical etching model com-
ponents (in bold):  

go athena 

# Read in structure file created in 6 lab work 

init infile=lithography_2.str 

# The first part. Isotropic only 

rate.etch machine=etch oxide a.s rie isotropic=5.0

rate.etch machine=etch silicon a.s rie isotropic=50.0

# Running the machine for a specified period of time 

etch machine=etch time=4 minutes dx.mult=0.5 

# Saving structure 

structure outfile=isotropic.str 

# Read in structure file created in 6 lab work 

init infile=lithography_2.str 

# The second part. Anisotropic only 

rate.etch machine=etch oxide a.s rie directional=5.0

rate.etch machine=etch silicon a.s rie direc-
tional=50.0

# Running the machine for a specified period of time 

etch machine=etch time=4 minutes dx.mult=0.5 

# Saving structure 

structure outfile=anisotropic.str 

# Read in structure file created in 6 lab work 

init infile=lithography_2.str 

# The last part. Chemical only 

Figure 7.4. The isotropic wet etching process of Si 

Figure 7.4 shows a simulated HNA wet etching process. The 
etched structure in this figure shows that the etch rate is identical in 
every direction. We can see SiO2 mask erosion about 120 nm from 
all the sides of mask.

Dry etching. The most common form of dry etching today is 
reactive ion etching (RIE). In this dry etching process, the same 
radio frequency (RF) power supply is used to excite ions in a gas to 
an energetic state. The energized ions supply the necessary energy 
to generate physical and chemical reactions on the exposed area of 
the wafer, which starts the etching process. For example, halocarbon 
gases (CHF3, CF4) can be used to etch SiO2 and Si3n4, the photore-
sist can be etched (removed) with O2. The RIE can generate strong 
anisotropic, as well as isotropic profiles, depending on the gases 
used, the condition of plasma, and the applied power. 
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The following commands demonstrate simple trench etching 
using the RIE isotropic, anisotropic and chemical etching model 
components (in bold): 
go athena
# Read in structure file created in 6 lab work
init infile=lithography _ 2.str
# The first part. Isotropic only
rate.etch machine=etch oxide a.s rie isotropic=5.0 
rate.etch machine=etch silicon a.s rie isotropic=50.0 
# Running the machine for a specified period of time
etch machine=etch time=4 minutes dx.mult=0.5
# Saving structure
structure outfile=isotropic.str
# Read in structure file created in 6 lab work
init infile=lithography _ 2.str
# The second part. Anisotropic only
rate.etch machine=etch oxide a.s rie directional=5.0 
rate.etch machine=etch silicon a.s rie directional=50.0
# Running the machine for a specified period of time
etch machine=etch time=4 minutes dx.mult=0.5
# Saving structure
structure outfile=anisotropic.str
# Read in structure file created in 6 lab work
init infile=lithography _ 2.str
# The last part. Chemical only
rate.etch machine=etch oxide a.s rie chemical=5.0 
divergence=5
rate.etch machine=etch silicon a.s rie chemical=50.0 
divergence=5
# Running the machine for a specified period of time
etch machine=etch time=4 minutes dx.mult=0.5
# Saving structure
structure outfile=chemical.str
# Plot structures to compare
tonyplot –overlay isotropic.str anisotropic.str chemical.
str 

quit
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The first part demonstrates an example of isotropical etching, 
which is modelled using the isotropic parameter. The second part 
shows anisotropical etching using the directional parameter. For 
this etching model, the etch rate is the contribution of the ions to 
the chemically oriented etching mechanisms. The ions are assumed 
to have an anisotropic angular distribution specified by diver-
gence parameter. The last part illustrates chemical etching using 
the chemical and divergence parameters. The chemical parame-
ter is the etch rate and the divergence parameter is the standard 
deviation in degrees of a Gaussian distribution of ions with angle, 
incident upon the surface. In all these parts, the etch rate of the Si 
is 50 Ångstroms per second, and the etch selectivity of the Si with 
respect to the oxide is 10.

Figure 7.5 shows a simulated the RIE etching profiles.

Isotropic

Anisotropic Chemical

Figure 7.5. The RIE etching profiles of isotropic, anisotropic and 
chemical etchings
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Work assignments

1. What are the differences between wet and dry etching? 
2. What is the difference between isotropic and anisotropic et-

ching? Draw a side profile of the isotropic and anisotropic etching.
3. Calculate the etch rate for a starting layer thickness of 4300 Å 

with the final after etch thickness of 1800 Å? The etching total time 
is 30 seconds.

4. What is the etching anisotropy? What is the value of anisot-
ropy for isotropic and anisotropic etching? 

5. What is the etching anisotropy of solution Si with a lateral 
etch rate of 15 μm/min and a vertical etch rate of 25 μm/min?

6. What is the etch selectivity?
7. 1 µm of SiO2 is being etched on top of a Si wafer. The etch 

rate of the oxide is 0.4 µm/min, and the etch selectivity of the oxide 
with respect to the Si is 20:1. If the etch is done in 3 minutes, how 
much of the underlying Si is etched?

8. What is meant by RIE? What are the commonly used gases 
and mixtures for the RIE?

9. Assume a Si/SiO2 substrate with patterned photoresist as 
shown in previous laboratory work, Figure 6.3. How long should this 
structure be placed in BOE (Buffered HF etches SiO2 isotropically at 
100 nm/min) etchant to record a 10 % over-etch? What is the width 
of SiO2 removed at the top of the resulting trench (at the photoresist / 
siO2 interface), and what is the width of SiO2 removed at the bottom 
of the trench (at the SiO2/Si interface) after the 10 % over-etch? Use 
the Athena process modelling software to simulate this structure.

10. Assume a Si/SiO2 substrate with patterned photoresist as 
shown in Figure 6.3. An anisotropic RIE dry etch is performed on 
the sample with the etch rate of oxide being 50 nm/min. Use the 
Athena process modelling software to simulate this structure after 
1 min and 5 min etching, if the selectivity of photoresist versus oxi-
de is 10 (i.e., oxide etch rate is 10× faster than photoresist).
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11. Assume a Si/SiO2 substrate with patterned photoresist as 
shown in Figure 6.3. A reactive ion etching process is used to open 
oxide contact holes. Photoresist is used as the etching mask. The 
etching characteristics for this RIE process are listed in Table 7.1 
below. Use the Athena process modelling software to simulate 
this structure after etching for 1 minute. Measure the width of the 
opening at the top and at the bottom of the contact hole.

table 7.1. The etching characteristics for RIE process 

Material Vertical etching rate Anisotropy
Photoresist 0.15 μm/min 0

siO2 0.75 μm/min 1
si 0.2 μm/min 1

Content of the report

Each student must write and submit a separate, independent 
laboratory report. The report must be submitted within ten days 
from the date of the laboratory work. The laboratory report should 
include the following components:

1. Title of the laboratory report with contact information.
2. Objective, which includes a few sentences, defining the goal 

of this laboratory work.
3. Introduction, which includes the background information on 

the two etching methods: wet and dry etches.
4. Simulation Results and Discussions, which include the an-

swers to the questions and the simulations results, analysis and eva-
luations, with simulation codes and neat graphs / images.

5. Conclusions, which include a conclusion on the simulations 
results.

6. List of References, which includes all the technical referen-
ces cited throughout the entire laboratory report. 



86

literature

Baker, R. J. (2010). CMOS: Circuit Design, Layout, and Simu-
lation. John Wiley and Sons. 1208 p.

Bhushan, B. (2007). Handbook of nanotechnology. Springer. 
1916 p. SpringerLink data base:

http://www.springerlink.com/content/978-3-642-02525-9
Cui, Zheng. (2008). Nanofabrication : Principles, Capabilities 

and Limits. Springer. 343 p. SpringerLink data base:
 http://www.springerlink.com/content/978-0-387-75577-9
Franssila, S. (2010). Introduction to Microfabrication. John Wi-

ley and Sons. 534 p.
Plummer, J. D. (2001). Silicon VLSI Technology: Fundamen-

tals, Practice, and Modeling. Prentice Hall. 817 p.
SILVACO International. (2010). ATHENA User’s Manual. 

Vol. 1–2. 
SILVACO International. Product examples. May 26, 2011. Ac-

cess through the internet: http://www.silvaco.com/examples/tcad/
index.html.



87

8. MetallIzatIoN pRoCesses

Work objectives

The objective of this laboratory work is to use the Athena semi-
conductor process simulator to investigate the physical and chemi-
cal vapour deposition processes used to form metallic films layers. 

sequence of the laboratory work

1. Read attentively all the theoretical material and the methodi-
cal guideline of this laboratory work. Discuss all obscure questions 
with the tutor before starting the work.

2. Start the computer and login with the relevant user rights. 
Run the following command sequence: Start→All Programs→
S.EDA Tools→Deckbuild to load the “Deckbuild Application” win-
dow.

3. Create a new directory (folder) on the drive C for this labora-
tory work and change the “Deckbuild Application” working direc-
tory (Edit→Preferences→Working Directory) to this new folder.

4. Simulate the examples defined in the “Methodical guideline” 
section.

5. Answer the questions and perform the tasks defined in the 
“Work assignments” section.

6. Examine the simulation results, prepare and submit a labora-
tory report.

theory

Metallization is a process whereby metal films layers are formed 
on the surface of a wafer (substrate). These metallic or alloys films lay-
ers are used for devices electrodes with ohmic or / and Schottky con-
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tacts, interconnections in IC, etc. Hence, theirs continuity, uniformity 
and surface properties are critical in the device and circuits perform-
ance. These metallic or alloys films layers (Al, Cu, Ag, Au, Pt or TiW, 
Wsi2, TiN, and others) can be formed by using various methods. 

The line resistance of one the interconnect is given by

 

films layers (Al, Cu, Ag, Au, Pt or TiW, WSi2, TiN, and oth-
ers) can be formed by using various methods.  

The line resistance of one the interconnect is given by 

s
L LR

W h W
  


, (8.1) 

where is the interconnect resistivity, s = /h – sheet resistiv-
ity in /square, and L, W, and h are interconnect length, width, 
and thickness, respectively.

Typical thickness of metallization is equal to 0.5–2.0 µm. 
Thin film resistivity is often much than bulk resistivity. Al, Cu, 
Ag and Au thin-film resistivities are close to bulk values; for 
most others, thin films resistivities are factor of 2 higher. Met-
als of micro- and nano- fabrication importance are listed below. 
Resistivities are strongly deposition process–dependent and 
data in Table 8.1 should be used as a guideline only.

Table 8.1 Properties of metals 

Metal
Resistivity 
( cm) 

CTE
(ppm/°C) 

Thermal con-
ductivity 

(W/cmK)

Melting 
point, 
(°C)

Al 3 23 2.4 650 
Cu 1.7 16 4 1083 
Au 1.7 14 3 1064 
Ag 1.6 19.2 4.2 961 
Mo 5.6 5 1.4 2610 
W 5.6 4.5 1.7 3387 
Ta 12 6.5 0.6 3000 
Ti 48 8.6 0.2 1660 
Co 6.2 12.5 0.7 1500 
Ni 6.8 13 0.9 1455 
Cr 13 6 0.7 1875 
Pt 10 9 0.7 1064 
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 (8.1)

where ρ is the interconnect resistivity, ρs = ρ/h – sheet resistivity in 
Ω/square, and L, W, and h are interconnect length, width, and thick-
ness, respectively.

Typical thickness of metallization is equal to 0.5–2.0 µm. Thin 
film resistivity is often much than bulk resistivity. Al, Cu, Ag and 
Au thin-film resistivities are close to bulk values; for most others, 
thin films resistivities are factor of 2 higher. Metals of micro- and 
nano- fabrication importance are listed below. Resistivities are 
strongly deposition process–dependent and data in Table 8.1 should 
be used as a guideline only. 

table 8.1 Properties of metals

Metal
Resistivity 
(μΩ⋅cm)

CTE (ppm/
°C)

Thermal 
conductivity 

(W/cm⋅K)

Melting 
point,
(°C)

al 3 23 2.4 650
Cu 1.7 16 4 1083
au 1.7 14 3 1064
ag 1.6 19.2 4.2 961
Mo 5.6 5 1.4 2610
W 5.6 4.5 1.7 3387
ta 12 6.5 0.6 3000
ti 48 8.6 0.2 1660
Co 6.2 12.5 0.7 1500
Ni 6.8 13 0.9 1455
Cr 13 6 0.7 1875
pt 10 9 0.7 1064
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Noble metals like Au and Pt do not adhere well to substrates, 
and therefore thin (10–20 nm thick) adhesion layers of Ti or Cr are 
needed.

Barriers layers also are needed to prevent unwanted reactions 
between thin films. Amorphous metal alloys and compounds like 
tungsten nitride (WN2), titanium–tungsten (TiW), TiN and TaN are 
the usual materials.

The most important is physical vapour deposition (PVD). In 
the PVD technique, Al or Al alloys is used as the target. From this 
source, atoms of Al or Al alloys are transported to the substrate 
where they deposit on the surface, layer by layer to form a thin film. 
Two of the widely used technologies adopted in the PVD process 
are: electron beam evaporation and sputtering. In the electron beam 
evaporation technique, the Al or Al alloys atoms are produced by 
evaporating the source by heating it with an electron beam. The Al 
target is heated to high temperature, using an electron beam. The 
Al gets vaporised, and the vaporised atoms get deposited on the Si 
wafer. In PVD using sputtering technology, a high energy beam 
of argon (Ar) atoms bombard the Al target, and dislodge Al atoms 
from the target. These sputtered atoms deposit on the Si wafer and 
grown to form a thin film metallization. Usually, sputtering is a 
more preferred technique for Al deposition. Pure Al is usually not 
used, but an alloy of Al with 0.5–1% Cu (to reduce hillocking, voiding, 
and electromigralion) and sometimes with Si about 1–1.5 % Si (to 
prevent spiking and other interactions). The technique almost always 
used is DC magnetron sputter deposition.

During the PVD process, the Si wafer is rotated by various me-
thods. This allows the deposition of a uniform film to obtain. The 
Athena semiconductor process simulator has different PVD me-
thods / machines: unidirectional, dual directional, planetary, hemi-
spherical, and conical. Some methods / machines are discussed in 
the methodical guideline of this laboratory work.
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the chemical vapour deposition (CVD) has many advantages 
over the PVD techniques, of which three are particularly important: 
excellent step coverage, large throughput, and low-temperature 
processing.

In CVD, highly reactive organo-metallic of aluminium (TiBA–
Al(CH2ch(ch3)2)3) in gaseous form is introduced into the chamber. 
The molecules compounds are transported in vapour phase to the 
surface of the Si wafer and the molecules undergo chemical reactions 
on the wafer at elevated temperature and under special ambient. 
These gaseous molecules deposit on heated Si and decompose. Al 
atoms, which are generated in these reactions, get deposited on the 
Si wafer to form the thin film and the organic molecules escape. 

A number of metals and metal compounds, such as Al, Cu, 
Wsi2, TiN, W, and others can be deposited by chemical reactions.

Methodical guideline

the Athena code fragment to simulate 2D the unidirectional 
deposition model is shown below in bold:

go athena

# The x dimension definition

line x loc=0.0 spac=0.20 

line x loc=0.25 spac=0.01 

line x loc=0.75 spac=0.01 

line x loc=1.0 spac=0.20 

# The y dimension definition

line y loc=0.00 spac=0.01 

line y loc=1.0  spac=0.01 

#Initialize the mesh

init silicon orientation=100 two.d

# Deposit the nitride layer

deposit nitride thick=.3 divis=10

# The arbitrary shape of geometrical etching
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etch nitride start x=0.35 y=-0.3

etch         cont  x=0.35 y=0.3

etch         cont  x=0.65 y=0.3

etch         done  x=0.65 y=-0.3

# Save the primary structure into a file

structure outfile=structure.str

# Define the unidirectional deposition model

rate.depo machine=uni aluminum a.m sigma.dep=0.20 

uni dep.rate=800 angle1=45.0

# Running the machine for a specified period of time

deposit machine=uni time=2 minutes divis=20

structure outfile=unidirectional.str

From the command above, the deposition machine is modelled 
with an unidirectional (uni command) deposition model. The mate-
rial is defined by using material name as a statement (e. g. alu-
minum, tungsten, titanium, platinum, cobalt, and etc.). The 
deposition rate (dep.rate command) is 800 Ångstroms/min. The 
logical parameter, a.m, specifies what units are used, in this case, 
Ångstroms per minute. The parameter sigma.dep specifies the 
surface diffusion parameter. Finally, the angle of incidence of the 
unidirectional deposition with respect to the surface normal is spe-
cified with the parameter angle1. 

From the command above, the unidirectional machine is ap-
plied to deposit the Al film onto the current structure for 2 minu-
tes.

the dual directional deposition model is realized by specifying 
the parameter dualdirec on the rate.depo statement. In this mo-
del, each point in the unshadowed region views the vapour streams 
arriving from two different directions (two different angles: angle1 
and angle2). The following commands demonstrate the dual direc-
tional deposition model: 
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# Re-initialize the primary structure and continue 

# process simulation

init infile=structure.str

# Define the dual directional deposition model 

rate.depo machine=dual aluminum a.m sigma.dep=0.20 

dualdirec dep.rate=800 angle1=45.00 angle2=-45.00

# Running the machine for a specified period of time

deposit machine=dual time=2 minutes divis=20

structure outfile=dualdirectional.str

the hemispheric deposition model is realized by specifying the 
parameter hemisphe on the statement rate.depo. The angles of in-
cidence of the hemispherical deposition with respect to the surface 
normal are specified with the angle1 and angle2 parameters. The 
Athena code fragment to simulate the hemispheric deposition mo-
del is shown below in bold:

# Re-initialize the primary structure and continue 

# process simulation

init infile=structure.str

# Define the hemispherical deposition model 

rate.depo machine=hemi aluminum a.m sigma.dep=0.20 

hemisphe dep.rate=800 angle1=90.00 angle2=-90.00

# Running the machine for a specified period of time

deposit machine=hemi time=2 minutes divis=20

structure outfile=hemispherical.str

the chemical vapour deposition model is realized by specifying 
the cvd parameter on the rate.depo statement, as well as the mate-
rial type, the deposition rate dep.rate, and step coverage step.
cov parameter. The CVD model can be defined by the bolded com-
mand:

# Re-initialize the primary structure and continue 

# process simulation

init infile=structure.str

# Define the chemical vapour deposition model 
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rate.depo machine=cvd1 aluminum a.m cvd dep.rate=800 

step.cov=0.80

# Running the machine for a specified period of time

deposit machine=cvd1 time=2 minutes divis=20 

structure outfile=cvd.str

# Plot different structures to compare

tonyplot -st unidirectional.str dualdirectional.str 

hemispherical.str cvd.str

quit

Several cases of deposition under different process conditions 
are shown for illustration in Figure 8.1. Evaporated materials de-
posit non-uniformly if the wafer has a rough surface. Because the 
evaporated material attacks the wafer mostly from a single (Figure 
8.1, a) or dual direction (Figure 8.1, b), protruding features block the 
evaporated material from some areas. This phenomenon is called 
shadowing. As shown in Figure 8.1, a, the shadowed region of the 
wafer is formed because of the vapour streams in one direction only. 
The growth rate of the deposited film in the shadowed region is 
equal to zero. The resulting non-uniformity of thickness of deposi-
ted layer can cause reliability problem in the final device: may result 
in a non-uniform distribution of the current density in the conduct-
ing line. The high current density in the thinner regions can cause a 
metal interconnection break. 

Figure 8.1, c, shows a simulated hemispherical vapour source 
deposition model and a more uniform thickness distribution.

As previously mentioned, the CVD techniques have a number 
of advantages as a method for depositing thin films. One of the pri-
mary advantages is that CVD films are generally quite conformal, 
i. e., that the film thickness on the sidewalls of features is compara-
ble to the thickness on the top. Figure 8.1, d, shows a conformal film 
deposition in which the film thickness is uniform along all surfaces 
of the step.
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# Running the machine for a specified period of time 

deposit machine=cvd1 time=2 minutes divis=20

structure outfile=cvd.str 

# Plot different structures to compare 

tonyplot -st unidirectional.str dualdirectional.str 
hemispherical.str cvd.str 

quit

Several cases of deposition under different process conditions 
are shown for illustration in Figure 8.1. Evaporated materials deposit 
non-uniformly if the wafer has a rough surface. Because the evapo-
rated material attacks the wafer mostly from a single (Figure 8.1, a) 
or dual direction (Figure 8.1, b), protruding features block the evapo-
rated material from some areas. This phenomenon is called "shadow-
ing". As shown in Figure 8.1, a, the region of the wafer not shad-
owed sees the arrival of the vapour streams in one direction only. 
The growth rate of the deposited film in the shadowed region is equal 
to zero. The resulting non-uniformity of thickness of deposited layer 
can cause reliability problem in the final device: may result in a non-
uniform distribution of the current density in the conducting line. 
The high current density in the thinner regions can cause a metal 
interconnection break.  

Figure 8.1, c, shows a simulated hemispherical vapour source 
deposition model and a more uniform thickness distribution. 

As previously mentioned, the CVD techniques have a number of 
advantages as a method for depositing thin films. One of the primary 
advantages is that CVD films are generally quite conformal, i.e., that 
the film thickness on the sidewalls of features is comparable to the 
thickness on the top. Figure 8.1, d, shows a conformal film deposi-
tion in which the film thickness is uniform along all surfaces of the 
step.
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Figure 8.1 Simulation results of different deposition models: a – unidirec-
tional vapour source; b - dual directional; c - hemispherical; d – CVD  

Figure 8.1. Simulation results of different deposition models: 
a – unidirectional vapour source; b – dual directional; c – hemispherical; 

d – CVD 
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Work assignments

1. Explain the terminology for metallization.
2. What are the metals normally used for metallization in the IC 

manufacturing industry? 
3. What are the advantages and disadvantages of Cu versus Al?
4. Define ohmic contact. Why is it important? 
5. Define sheet resistance. Comment on its unit.
6. The sheet resistance of typical Al metallization is 0.03 Ω/

square and its resistivity is 3 µΩ⋅cm. What is the Al thickness?
7. The resistance of Cu tracks 200 µm long is equal to 40 Ω and 

it the thickness is 300 nm. What is the track width?
8. What is the physical vapour deposition (PVD)? Name the 

basic types of PVD. 
9. What is the most widely used PVD method in manufactu-

ring? Why?
10. What is the difference between PVD and chemical vapour 

deposition (CVD)? List the major advantages of using the CVD ver-
sus the PVD for thin films.

11. Use the Athena process modelling software to simulate the 
planetary deposition model to give a 1500 Å thick Ti film. 

12. Use the Athena process modelling software to simulate the 
cross-sectional profile of the deposited Al film over the SiO2 and Si 
after 1 min, and 2 min, if the Al film deposition rate is 1000 Å/min. 
The height SiO2 is 5000 Å, the contact hole is 2 µm width and has 
vertical SiO2 sidewalls. The unidirectional evaporating flux is mak-
ing an angle 30º with respect to the normal of the Si wafer surface.

13. Assume a starting Si wafer profile shown in Figure 8.2. A 
conformal deposition of Al is then performed with a deposition rate 
of 0.1 µm/min. Use the Athena process modelling software to simu-
late the cross-sections of the deposited film for a completely confor-
mal deposition after 1 min, 2 min and 4 min of deposition.
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Work assignments 

1. Explain the terminology for metallization. 
2. What are the metals normally used for metallization in the IC 

manufacturing industry?  
3. What are the advantages and disadvantages of Cu versus Al? 
4. Define ohmic contact. Why is it important?  
5. Define sheet resistance. Comment on its unit. 
6. The sheet resistance of typical Al metallization is 0.03 

/square and its resistivity is 3 µcm. What is the Al thickness? 
7. The resistance of Cu tracks 200 µm long is equal to 40  and 

it the thickness is 300 nm. What is the track width? 
8. What is physical vapour deposition (PVD)? Name the basic 

types of PVD.
9. What is the most widely used PVD method in manufacturing? 

Why? 
10. What is the difference between PVD and chemical vapour 

deposition (CVD)? List the major advantages of using the CVD ver-
sus the PVD for thin films. 

11. Use the Athena process modelling software to simulate the 
planetary deposition model to give a 1500 Å thick Ti film.  

12. Use the Athena process modelling software to simulate the 
cross-sectional profile of the deposited Al film over the SiO2 and Si 
after 1 min, and 2 min, if the Al film deposition rate is 1000 Å/min. 
The height SiO2 is 5000 Å, the contact hole is 2 µm width and has 
vertical SiO2 sidewalls. The unidirectional evaporating flux is mak-
ing an angle 30º with respect to the normal of the Si wafer surface.

13. Assume a starting Si wafer profile shown in Figure 8.2. A 
conformal deposition of Al is then performed with a deposition rate 
of 0.1 µm/min. Use the Athena process modelling software to simu-
late the cross-sections of the deposited film for a completely confor-
mal deposition after 1 min, 2 min and 4 min of deposition. 
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Figure 8.2 The rough Si wafer surface  

Content of report 

Each student must write and submit a separate, independent 
laboratory report. The report must be submitted within ten days from 
the date of laboratory work. The laboratory report should include the 
following components: 

1. Title of the laboratory report with contact information. 
2. Objective, which include a few sentences, defining the goal of 

this laboratory work. 
3. Introduction, which include background information on the 

physical and chemical vapour deposition processes 
4. Simulation Results and Discussions, which include the an-

swers of questions and the simulations results, analysis and evalua-
tions, with simulation codes and neat graphs/images. 

5. Conclusions, which includes a conclusion on the simulations 
results.

6. List of References, which includes all the technical references 
cited throughout the entire laboratory report.  

Figure 8.2. The rough Si wafer surface 

Content of the report

Each student must write and submit a separate, independent 
laboratory report. The report must be submitted within ten days 
from the date of the laboratory work. The laboratory report should 
include the following components:

1. Title of the laboratory report with contact information.
2. Objective, which includes a few sentences, defining the goal 

of this laboratory work.
3. Introduction, which includes the background information on 

the physical and chemical vapour deposition processes.
4. Simulation Results and Discussions, which include the an-

swers to the questions and the simulations results, analysis and eva-
luations, with simulation codes and neat graphs / images.

5. Conclusions, which include a conclusion on the simulations 
results.
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9. pRoCess & deVICe sIMulatIoNs oF MosFet

Work objectives

The objective of this laboratory work is to use Athena process 
simulator to demonstrate a range of processes used in the fabrica-
tion of an MOSFET and to use Atlas device simulator to simulate 
the current-voltage characteristics of the device. The simulated out-
put will be used to study the structure of the device and to practice 
the extraction of threshold voltage of the device.

sequence of the laboratory work

1. Read attentively all the theoretical material and the methodi-
cal guideline of this laboratory work. Discuss all obscure questions 
with the tutor before starting the work.

2. Start the computer and login with the relevant user rights. 
Run the following command sequence: Start→All Programs→
S.EDA Tools→Deckbuild to load the “Deckbuild Application” win-
dow.

3. Create a new directory (folder) on the drive C for this labora-
tory work and change the “Deckbuild Application” working direc-
tory (Edit→Preferences→Working Directory) to this new folder.

4. Simulate the examples defined in the “Methodical guideline” 
section.

5. Answer the questions and perform the tasks defined in the 
“Work assignments” section.

6. Examine the simulation results, prepare and submit a labora-
tory report.
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theory

The end result of the process flow we will discuss is shown in 
Figure 9.1. 16 photolithography steps and over 100 individual process 
steps are required for the fabrication of a structure like this. The final 
integrated circuit (microprocessor, memory, or others) may contain 
hundreds millions of components like those shown in the figure, each 
of which must work correctly.

There are two active device types shown in the figure. The 
individual source, drain, and gate regions of the NMOS and PMOS 
devices are identifiable in the cross section. In addition to the active 
devices, there are many other parts to the overall structure. Some of 
this “overhead” is required to electrically isolate the active devices 
from each other. Other parts of the structure provide multiple wir-
ing levels above the active devices to interconnect them to perform 
particular circuit functions.

95

tain hundreds millions of components like those shown in the figure, 
each of which must work correctly. 

There are two active device types shown in the figure. The indi-
vidual source, drain, and gate regions of the NMOS and PMOS devices 
are identifiable in the cross section. In addition to the active devices, 
there are many other parts to the overall structure. Some of this 
"overhead" is required to electrically isolate the active devices from 
each other. Other parts of the structure provide multiple wiring lev-
els above the active devices to interconnect them to perform par-
ticular circuit functions. 

Figure 9.1 Cross section of the final CMOS integrated circuit (a PMOS 
transistor is shown on the left, an NMOS device on the right) 

The choosing a substrate. We must choose the starting wafers. 
This means specifying type (N or P), resistivity (doping level), crys-
tal orientation, wafer size, and a number of other parameters having 
to do with wafer flatness, trace impurity levels, etc. The major 
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choices are the type, resistivity, and orientation (see Chapter 2). In
most CMOS integrated circuits, the substrate (orientation (100)) has 
a moderately high resistivity (5-50 Ωcm) which corresponds to a 
doping level on the order of 0,2-2,0×1015 cm-3.

Active region formation and device isolation. In designing inte-
grated circuits with complex logic or analogic functions, it is usually 
assumed that the individual devices do not interact with each other 
except through their circuit interconnections. We need to make cer-
tain that the individual devices on the chip are electrically isolated 
from each other. This is accomplished most often by growing a fairly 
thick layer of SiO2 in between each of the active devices. SiO2 is 
essentially a perfect insulator and provides the needed isolation. This 
process of locally oxidizing the silicon substrate is known as the 
LOCOS process (Local Oxidation of Silicon). The regions between 
these thick SiO2 layers, where transistors will be built, are called the
active regions of the substrate. 

We begin with the steps shown in Figure 9.2. The wafers are first 
cleaned in a combination of chemical baths that remove any impuri-
ties from the surface. A thermal SiO2 layer is then grown on the Si 
surface by placing the wafers in a high-temperature furnace. A typical 
furnace cycle might be 15-20 minutes at 900 °C in an H2O atmos-
phere. Although the H2O ambient could be produced by boiling water, 
it is more common today to actually reacted H2 and O2 in the back end 
of the furnace to produce H2O. This is generally a cleaner method for 
generating the steam required for the oxidation. The furnace cycle 
described above would produce an oxide of about 40 nm (400 Å). Such 
an oxide could also be grown in a pure O2 ambient using a cycle of about 
45 min at 1000 °C. The oxide growth rate is much slower in O2 com-
pared to H2O, so higher temperatures and/or longer times are required 
in O2 to grow the same oxide thickness (see Chapter 3). 

After thermal oxidation the wafers are then transferred to a sec-
ond furnace for deposition a thin layer of Si3N4 (typically 80-100 
nm). This deposition occurs when reactants like NH3 and SiH4 are 

Figure 9.1. Cross section of the final CMOS integrated circuit (a PMOS 
transistor is shown on the left, an NMOS device on the right)
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The choosing a substrate. We must choose the starting wafers. 
This means specifying type (N or P), resistivity (doping level), crys-
tal orientation, wafer size, and a number of other parameters ha-
ving to do with wafer flatness, trace impurity levels, etc. The major 
choices are the type, resistivity, and orientation (see Chapter 2). In 
most CMOS integrated circuits, the substrate (orientation (100)) has 
a moderately high resistivity (5–50 Ω⋅cm) which corresponds to a 
doping level on the order of 0,2 – 2,0 × 1015 cm-3.

Active region formation and device isolation. In designing integra-
ted circuits with complex logic or analogic functions, it is usually assumed 
that the individual devices do not interact with each other except through 
their circuit interconnections. We need to make certain that the indi-
vidual devices on the chip are electrically isolated from each other. This 
is accomplished most often by growing a fairly thick layer of SiO2 in 
between each of the active devices. SiO2 is essentially a perfect insu-
lator and provides the needed isolation. This process of locally oxidizing 
the silicon substrate is known as the LOCOS process (Local Oxidation 
of Silicon). The regions between these thick SiO2 layers, where transis-
tors will be built, are called the active regions of the substrate.

We begin with the steps shown in Figure 9.2. The wafers are first 
cleaned in a combination of chemical baths that remove any impu-
rities from the surface. A thermal SiO2 layer is then grown on the 
Si surface by placing the wafers in a high-temperature furnace. A 
typical furnace cycle might be 15–20 minutes at 900 °C in an H2O 
atmosphere. Although the H2O ambient could be produced by boiling 
water, it is more common today to actually reacted H2 and O2 in the 
back end of the furnace to produce H2O. This is generally a cleaner 
method for generating the steam required for the oxidation. The fur-
nace cycle described above would produce an oxide of about 40 nm 
(400 Å). Such an oxide could also be grown in a pure O2 ambient using a 
cycle of about 45 min at 1000 °C. The oxide growth rate is much slower 
in O2 compared to H2O, so higher temperatures and / or longer times 
are required in O2 to grow the same oxide thickness (see Chapter 3).
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After thermal oxidation the wafers are then transferred to a second 
furnace for deposition a thin layer of Si3n4 (typically 80–100 nm). This 
deposition occurs when reactants like NH3 and SiH4 are introduced 
into the furnace at a temperature of about 800 °C, forming Si3n4. 

97

introduced into the furnace at a temperature of about 800 °C, forming 
Si3N4.

Figure 9.2 The wafer before the first masking operation 

Generally this deposition is done below atmospheric pressure 
because this produces better uniformity over larger wafer lots in the 
deposited films. Pumps are normally used on the furnace exhaust to 
reduce the pressure. Systems in which such depositions are done are 
usually called Low-Pressure Chemical Vapour Deposition
(LPCVD) systems.  

The final step in Figure 9.2 is the deposition of a photoresist 
layer in preparation for masking. Since photoresists are liquids at 
room temperature, they are normally simply spun onto the wafers. 
The resist viscosity and the spin speed determine the final resist 
thickness, which is typically about 1 µm. Note that the dimensions 
in the drawings in this part of the chapter are not exactly to scale, 
since the photoresist layer in Figure 9.2 is really more than 10 
times the thickness of the oxide or nitride layers, and the substrate is 
typically 500-600 times as thick as the photoresist layer. After the 
photoresist is spun onto the wafer, it is usually baked at about 100 °C 
in order to drive off solvents from the layer. The resist is then ex-
posed using mask 1, which defines the pattern for the LOCOS re-
gions. The photolithography process is both complex and expensive 
(see Chapter 6). The machines which accomplish the exposure are 
often called "steppers" because they usually expose only a small area 
(100 – 600 mm2) of the wafer during each exposure and then "step" 
to the next adjacent field to expose. Such machines must be capable 
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today of printing lines on the order of 90-32 nm and placing these 
patterns on the wafer with an accuracy which is less 20 nm. They 
typically cost several million euros. 

After the pattern is defined in the photoresist, the layer Si3N4 is 
etched using dry etching, with the resist as a mask 1. This is usually 
accomplished in a fluorine plasma (see Chapter 7), but a typical re-
action might involve the generation of F atoms in plasma, using a 
CF4 or NF3 gas source. Figure 9.3 shows wafer after the resist has 
been exposed and developed, and the Si3N4 etching is completed. 

Figure 9.3 The wafer after the Si3N4 etching 

The photoresist can be chemically removed in sulfuric acid, or 
stripped in O2 plasma, neither of which significantly attacks the under-
lying Si3N4 and SiO2 layers. Following cleaning, the wafers are then 
placed into a furnace in an oxidizing ambient. This grows a thick SiO2

layer locally on the wafer surface. The Si3N4 layer on the surface 
prevents oxidation where it is present because Si3N4 is a very dense 
material and prevents the H2O or O2 from diffusing to the Si sur-
face where oxidation takes place. This local oxidation or LOCOS 
process might be done at 1000 °C for 90 min in H2O to locally grow 
about 500 nm (0.5 µm) SiO2 (see Figure 9.4). 

After the local oxidation, the Si3N4 layer can then be stripped. This 
is conveniently done in hot phosphoric acid, which is highly selective
between Si3N4 and SiO2. The Si3N4 could also be removed using dry 
(plasma) etching. However a process that gives good selectivity to 
SiO2 would be required so that not very much of the LOCOS oxide is 
etched away during the stripping of the Si3N4. Selectivity is often a 

Figure 9.2. The wafer before the first masking operation

Generally this deposition is done below atmospheric pressure 
because this produces better uniformity over larger wafer lots in the 
deposited films. Pumps are normally used on the furnace exhaust 
to reduce the pressure. Systems in which such depositions are done 
are usually called Low-Pressure Chemical Vapour Deposition 
(LPCVD) systems. 

The final step in Figure 9.2 is the deposition of a photoresist 
layer in preparation for masking. Since photoresists are liquids at 
room temperature, they are normally simply spun onto the wafers. 
the resist viscosity and the spin speed determine the final resist 
thickness, which is typically about 1 µm. Note that the dimensions 
in the drawings in this part of the chapter are not exactly to scale, 
since the photoresist layer in Figure 9.2 is really more than 10 
times thicker than oxide or nitride layers, and the substrate is typi-
cally 500–600 times as thick as the photoresist layer. After the pho-
toresist is spun onto the wafer, it is usually baked at about 100 °C in 
order to drive off solvents from the layer. The resist is then exposed 
using mask 1, which defines the pattern for the LOCOS regions. 
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the photolithography process is both complex and expensive (see 
Chapter 6). The machines which accomplish the exposure are of-
ten called “steppers” because they usually expose only a small area 
(100–600 mm2) of the wafer during each exposure and then “step” 
to the next adjacent field to expose. Such machines must be capable 
today of printing lines on the order of 90–32 nm and placing these 
patterns on the wafer with an accuracy which is less 20 nm. They 
typically cost several million euros.

After the pattern is defined in the photoresist, the layer Si3n4 
is etched using dry etching, with the resist as a mask 1. This is usu-
ally accomplished in a fluorine plasma (see Chapter 7), but a typical 
reaction might involve the generation of F atoms in plasma, using 
a CF4 or NF3 gas source. Figure 9.3 shows wafer after the resist has 
been exposed and developed, and the Si3n4 etching is completed.
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introduced into the furnace at a temperature of about 800 °C, forming 
Si3N4.

Figure 9.2 The wafer before the first masking operation 
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usually called Low-Pressure Chemical Vapour Deposition
(LPCVD) systems.  
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layer in preparation for masking. Since photoresists are liquids at 
room temperature, they are normally simply spun onto the wafers. 
The resist viscosity and the spin speed determine the final resist 
thickness, which is typically about 1 µm. Note that the dimensions 
in the drawings in this part of the chapter are not exactly to scale, 
since the photoresist layer in Figure 9.2 is really more than 10 
times the thickness of the oxide or nitride layers, and the substrate is 
typically 500-600 times as thick as the photoresist layer. After the 
photoresist is spun onto the wafer, it is usually baked at about 100 °C 
in order to drive off solvents from the layer. The resist is then ex-
posed using mask 1, which defines the pattern for the LOCOS re-
gions. The photolithography process is both complex and expensive 
(see Chapter 6). The machines which accomplish the exposure are 
often called "steppers" because they usually expose only a small area 
(100 – 600 mm2) of the wafer during each exposure and then "step" 
to the next adjacent field to expose. Such machines must be capable 
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today of printing lines on the order of 90-32 nm and placing these 
patterns on the wafer with an accuracy which is less 20 nm. They 
typically cost several million euros. 

After the pattern is defined in the photoresist, the layer Si3N4 is 
etched using dry etching, with the resist as a mask 1. This is usually 
accomplished in a fluorine plasma (see Chapter 7), but a typical re-
action might involve the generation of F atoms in plasma, using a 
CF4 or NF3 gas source. Figure 9.3 shows wafer after the resist has 
been exposed and developed, and the Si3N4 etching is completed. 

Figure 9.3 The wafer after the Si3N4 etching 

The photoresist can be chemically removed in sulfuric acid, or 
stripped in O2 plasma, neither of which significantly attacks the under-
lying Si3N4 and SiO2 layers. Following cleaning, the wafers are then 
placed into a furnace in an oxidizing ambient. This grows a thick SiO2

layer locally on the wafer surface. The Si3N4 layer on the surface 
prevents oxidation where it is present because Si3N4 is a very dense 
material and prevents the H2O or O2 from diffusing to the Si sur-
face where oxidation takes place. This local oxidation or LOCOS 
process might be done at 1000 °C for 90 min in H2O to locally grow 
about 500 nm (0.5 µm) SiO2 (see Figure 9.4). 

After the local oxidation, the Si3N4 layer can then be stripped. This 
is conveniently done in hot phosphoric acid, which is highly selective
between Si3N4 and SiO2. The Si3N4 could also be removed using dry 
(plasma) etching. However a process that gives good selectivity to 
SiO2 would be required so that not very much of the LOCOS oxide is 
etched away during the stripping of the Si3N4. Selectivity is often a 

Figure 9.3. The wafer after the Si3n4 etching

The photoresist can be chemically removed in sulfuric acid, 
or stripped in O2 plasma, neither of which significantly attacks the 
underlying Si3n4 and SiO2 layers. Following cleaning, the wafers are 
then placed into a furnace in an oxidizing ambient. This grows a thick 
siO2 layer locally on the wafer surface. The si3n4 layer on the sur-
face prevents oxidation where it is present because si3n4 is a very 
dense material and prevents the h2O or O2 from diffusing to the 
Si surface where oxidation takes place. This local oxidation or LO-
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COS process might be done at 1000 °C for 90 min in H2O to locally 
grow about 500 nm (0.5 µm) SiO2 (see Figure 9.4).

After the local oxidation, the Si3n4 layer can then be stripped. 
This is conveniently done in hot phosphoric acid, which is highly selec-
tive between Si3n4 and SiO2. the si3n4 could also be removed using 
dry (plasma) etching. However a process that gives good selectivity 
to siO2 would be required so that not very much of the LOCOS oxide 
is etched away during the stripping of the Si3n4. Selectivity is often 
a very important issue in etch steps throughout the wafer fabrication 
process (see Chapter 7).
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very important issue in etch steps throughout the wafer fabrication 
process (see Chapter 7). 

Figure 9.4 After local oxidation process 

Shallow Trench Isolation (STI). This alternative method etches 
trenches in the silicon substrate between active devices and then re-
fills them with SiO2. Because such a process completely eliminates 
the “bird's beak shape” characteristic of LOCOS isolation thus allows 
physically smaller isolation regions to be formed. The process begins 
similarly as the LOCOS process: SiO2 and Si3N4 layers are thermally 
grown and deposited respectively, as shown in Figure 9.2. The thick-
nesses of these layers are approximately the same as in the LOCOS 
process. However the stress-related issues, which tightly constrained 
these thicknesses in the LOCOS case, are relaxed somewhat in the 
STI process because there is no long high-temperature oxidation in STI, 
during which stresses can generate defects in the silicon substrate. Nev-
ertheless SiO2 thickness of about 10-20 nm and an Si3N4 thickness of 
about 50-100 nm would be typical. Photoresist is then applied, ex-
posed, and developed as in Figure 9.3. Figure 9.5 illustrates the next 
steps: the nitride and oxide layers are etched using the photoresist as a 
mask, using a fluorine-based plasma chemistry for both materials and 
after that the next step is to etch the trenches in the silicon which are 
typically on the order of 0.5-0.8 µm deep. This can be done again us-
ing the photoresist as a mask, or the photoresists can be stripped and the 
nitride layer can then serve as the mask. 

The trench etching is a relatively critical step. It is important that 
the trench walls be relatively vertical. So that there is little undercutting 
into the adjacent active device regions. However, the trench will later 
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be filled with a deposited oxide and this filling process needs to com-
pletely fill the trenches without leaving voids. This often means that 
the trench walls should not be perfectly vertical but rather have a small 
slope. In addition, the top and bottom corners of the trenches ideally 
need to be slightly rounded in order to avoid problems later in oxidizing 
very sharp corners and to avoid electrical effects associated with very 
sharp corners. Thus the etch chemistry for this silicon etch must be 
very carefully chosen. Often bromine-based plasma chemistry is used 
in this application, as discussed in more detail in laboratory work, 
Chapter 7. 

Figure 9.5 After the Si3N4, SiO2, and Si trenches plasma etching  

The next step is to thermally grow a thin (10-20 nm) "liner" oxide 
on the trench sidewalls and bottoms as shown in Figure 9.6. While 
most of the trench will be filled with a deposited oxide, thermally 
growing the first part produces a better Si/SiO2 interface from the 
lower electrical charge densities. If the oxidation is done at relatively 
high temperature (~1100 °C), the process will also help to round the 
corners of the trenches as well from the viscoelastic flow properties of 
SiO2 at high temperatures. 

After is the deposition of a thick of SiO2 layer by chemical va-
pour deposition. It is important here that the filling process not leave 
gaps or voids in the trenches, which could happen if the deposition 
closed the top part of the trench before the bottom parts were com-
pletely filled. The final step in the STI process is illustrated in Figure 
9.7. This involves literally polishing the excess SiO2 off the top surface 

Figure 9.4. After local oxidation process

Shallow Trench Isolation (STI). This alternative method etches 
trenches in the silicon substrate between active devices and then re-
fills them with SiO2. Because such a process completely eliminates 
the “bird’s beak shape” characteristic of LOCOS isolation thus allows 
physically smaller isolation regions to be formed. The process begins 
similarly as the LOCOS process: SiO2 and Si3n4 layers are thermally 
grown and deposited respectively, as shown in Figure 9.2. The thick-
nesses of these layers are approximately the same as in the LOCOS 
process. However the stress-related issues, which tightly constrained 
these thicknesses in the LOCOS case, are relaxed somewhat in the 
STI process because there is no long high-temperature oxidation in 
STI, during which stresses can generate defects in the silicon substrate. 
Nevertheless SiO2 thickness of about 10–20 nm and an Si3n4 thick-
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ness of about 50–100 nm would be typical. Photoresist is then applied, 
exposed, and developed as in Figure 9.3. Figure 9.5 illustrates the next 
steps: the nitride and oxide layers are etched using the photoresist as 
a mask, using a fluorine-based plasma chemistry for both materials 
and after that the next step is to etch the trenches in the silicon which 
are typically on the order of 0.5–0.8 µm deep. This can be done again 
using the photoresist as a mask, or the photoresists can be stripped and 
the nitride layer can then serve as the mask.

The trench etching is a relatively critical step. It is important that 
the trench walls were relatively vertical. So that there is little undercut-
ting into the adjacent active device regions. However, the trench will 
later be filled with a deposited oxide and this filling process needs to 
completely fill the trenches without leaving voids. This often means 
that the trench walls should not be perfectly vertical but rather have 
a small slope. In addition, the top and bottom corners of the trenches 
ideally need to be slightly rounded in order to avoid problems later in 
oxidizing very sharp corners and to avoid electrical effects associa-
ted with very sharp corners. Thus the etch chemistry for this sili-
con etch must be very carefully chosen. Often bromine-based plasma 
chemistry is used in this application, as discussed in more detail in 
laboratory work, Chapter 7.
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be filled with a deposited oxide and this filling process needs to com-
pletely fill the trenches without leaving voids. This often means that 
the trench walls should not be perfectly vertical but rather have a small 
slope. In addition, the top and bottom corners of the trenches ideally 
need to be slightly rounded in order to avoid problems later in oxidizing 
very sharp corners and to avoid electrical effects associated with very 
sharp corners. Thus the etch chemistry for this silicon etch must be 
very carefully chosen. Often bromine-based plasma chemistry is used 
in this application, as discussed in more detail in laboratory work, 
Chapter 7. 

Figure 9.5 After the Si3N4, SiO2, and Si trenches plasma etching  

The next step is to thermally grow a thin (10-20 nm) "liner" oxide 
on the trench sidewalls and bottoms as shown in Figure 9.6. While 
most of the trench will be filled with a deposited oxide, thermally 
growing the first part produces a better Si/SiO2 interface from the 
lower electrical charge densities. If the oxidation is done at relatively 
high temperature (~1100 °C), the process will also help to round the 
corners of the trenches as well from the viscoelastic flow properties of 
SiO2 at high temperatures. 

After is the deposition of a thick of SiO2 layer by chemical va-
pour deposition. It is important here that the filling process not leave 
gaps or voids in the trenches, which could happen if the deposition 
closed the top part of the trench before the bottom parts were com-
pletely filled. The final step in the STI process is illustrated in Figure 
9.7. This involves literally polishing the excess SiO2 off the top surface 

Figure 9.5. After the Si3n4, SiO2, and Si trenches plasma etching 
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The next step is to thermally grow a thin (10–20 nm) “liner” oxi-
de on the trench sidewalls and bottoms as shown in Figure 9.6. While 
most of the trench will be filled with a deposited oxide, thermally 
growing the first part produces a better Si/SiO2 interface from the 
lower electrical charge densities. If the oxidation is done at relatively 
high temperature (~1100 °C), the process will also help to round the 
corners of the trenches as well from the viscoelastic flow properties of 
siO2 at high temperatures.

After is the deposition of a thick of SiO2 layer by chemical 
vapour deposition. It is important here that the filling process does not 
leave gaps or voids in the trenches, which could happen if the depo-
sition closes the top part of the trench before the bottom parts are 
completely filled. The final step in the STI process is illustrated in 
Figure 9.7. This involves literally polishing the excess SiO2 off the top 
surface of the wafer, leaving a planar surface of the wafer with SiO2 
filled trenches. This polishing process uses a technique known as 
Chemical-Mechanical Polishing or CMP, since the most common use 
of CMP today is in back-end processing. In this process, the wafer 
is placed face down in a polishing machine and the upper surface is 
literally polished flat using high-pH silica slurry. The nitride layer 
serves as a polishing stop and once the CMP operation is completed, 
the si3n4 can be chemically removed as in the LOCOS process des-
cribed earlier.
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of the wafer, leaving a planar surface of the wafer with SiO2 filled 
trenches. This polishing process uses a technique known as Chemical-
Mechanical Polishing or CMP, since the most common use of CMP 
today is in back-end processing. In this process, the wafer is placed 
face down in a polishing machine and the upper surface is literally pol-
ished flat using high-pH silica slurry. The nitride layer serves as a 
polishing stop and once the CMP operation is complete, the Si3N4 can
be chemically removed as in the LOCOS process described earlier. 

Figure 9.6 A thin "liner" oxide is thermally grown in the trenches  

Figure 9.7 After SiO2 layer polishing back using CMP for a planar structure 

At this stage, the wafers are ready for CMOS device manufac-
turing in the active regions. 

N and P Well Formation. The steps required to form the P and N 
wells are illustrated in Figures 9.8 to 9.10. 

In Figure 9.8, photoresist is spun onto the wafer and mask 2 is 
used to expose the resist and to define the regions where P wells are to 
be formed. The P regions are created by a process known as ion im-
plantation (see Chapter 5). In our case, we would need to pick implant 
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energy sufficiently large that the B + ions penetrated the thin and thick 
SiO2 layers on the wafer surface, but not so large that the beam 
penetrated through the photoresist which must mask against the im-
plant. This is possible in this case because the field oxide is on the 
order of 0.5 µm and the photoresist is at least twice this thick. The B+

implantation needs to penetrate through the thin SiO2 layer in order to 
form the P well. It also needs to penetrate through the field oxide 
although the reason is not so obvious in this case. As was pointed out 
earlier, the purpose of the field oxide is to provide lateral isolation 
between adjacent MOS transistors. If the doping is too light under the 
field oxide, it is possible that surface inversion can occur in these re-
gions, providing electrical connections between adjacent devices 
through parasitic MOS devices (field oxide transistors). By ensuring 
that the well implants penetrate through the field oxide, the doping is 
increased under the field oxide, preventing this parasitic inversion prob-
lem. The accelerating energy for the B+ ions for the situation described 
here, the energy of 100-200 keV would be typical. 

Figure 9.8 The doping for the P wells of the NMOS devices 

The amount of B+ we implant (or the dose), is determined by the 
device requirements. Here we are forming a P well whose concentra-
tion is required to be on the order of 5×1016 to 1017 cm-3 in order to 
provide correct device electrical characteristics. A dose on the order of 
1013 cm-2 would be typical. (Note that implant doses are expressed as an 
aerial dose per cm2, while doping concentrations are volume concentra-

Figure 9.6. A thin “liner” oxide is thermally grown in the trenches 
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of the wafer, leaving a planar surface of the wafer with SiO2 filled 
trenches. This polishing process uses a technique known as Chemical-
Mechanical Polishing or CMP, since the most common use of CMP 
today is in back-end processing. In this process, the wafer is placed 
face down in a polishing machine and the upper surface is literally pol-
ished flat using high-pH silica slurry. The nitride layer serves as a 
polishing stop and once the CMP operation is complete, the Si3N4 can
be chemically removed as in the LOCOS process described earlier. 

Figure 9.6 A thin "liner" oxide is thermally grown in the trenches  

Figure 9.7 After SiO2 layer polishing back using CMP for a planar structure 

At this stage, the wafers are ready for CMOS device manufac-
turing in the active regions. 

N and P Well Formation. The steps required to form the P and N 
wells are illustrated in Figures 9.8 to 9.10. 

In Figure 9.8, photoresist is spun onto the wafer and mask 2 is 
used to expose the resist and to define the regions where P wells are to 
be formed. The P regions are created by a process known as ion im-
plantation (see Chapter 5). In our case, we would need to pick implant 
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energy sufficiently large that the B + ions penetrated the thin and thick 
SiO2 layers on the wafer surface, but not so large that the beam 
penetrated through the photoresist which must mask against the im-
plant. This is possible in this case because the field oxide is on the 
order of 0.5 µm and the photoresist is at least twice this thick. The B+

implantation needs to penetrate through the thin SiO2 layer in order to 
form the P well. It also needs to penetrate through the field oxide 
although the reason is not so obvious in this case. As was pointed out 
earlier, the purpose of the field oxide is to provide lateral isolation 
between adjacent MOS transistors. If the doping is too light under the 
field oxide, it is possible that surface inversion can occur in these re-
gions, providing electrical connections between adjacent devices 
through parasitic MOS devices (field oxide transistors). By ensuring 
that the well implants penetrate through the field oxide, the doping is 
increased under the field oxide, preventing this parasitic inversion prob-
lem. The accelerating energy for the B+ ions for the situation described 
here, the energy of 100-200 keV would be typical. 

Figure 9.8 The doping for the P wells of the NMOS devices 

The amount of B+ we implant (or the dose), is determined by the 
device requirements. Here we are forming a P well whose concentra-
tion is required to be on the order of 5×1016 to 1017 cm-3 in order to 
provide correct device electrical characteristics. A dose on the order of 
1013 cm-2 would be typical. (Note that implant doses are expressed as an 
aerial dose per cm2, while doping concentrations are volume concentra-

Figure 9.7. After SiO2 layer polishing back using CMP for a planar 
structure

At this stage, the wafers are ready for CMOS device manufac-
turing in the active regions.

N and P Well Formation. The steps required to form the P and N 
wells are illustrated in Figures 9.8 to 9.10.

In Figure 9.8, photoresist is spun onto the wafer and mask 2 is 
used to expose the resist and to define the regions where P wells are 
to be formed. The P regions are created by a process known as ion 
implantation (see Chapter 5). In our case, we would need to pick im-
plant energy sufficiently large that the B+ ions penetrated the thin 
and thick SiO2 layers on the wafer surface, but not so large that the 
beam penetrated through the photoresist which must mask against the 
implant. This is possible in this case because the field oxide is on 
the order of 0.5 µm and the photoresist is at least twice this thick. 
the B+ implantation needs to penetrate through the thin SiO2 layer in 
order to form the P well. It also needs to penetrate through the field 
oxide although the reason is not so obvious in this case. As it was 
pointed out earlier, the purpose of the field oxide is to provide lateral 
isolation between adjacent MOS transistors. If the doping is too light 
under the field oxide, it is possible that surface inversion can occur 
in these regions, providing electrical connections between adjacent 
devices through parasitic MOS devices (field oxide transistors). By 
ensuring that the well implants penetrate through the field oxide, the 
doping is increased under the field oxide, preventing this parasitic in-
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version problem. The accelerating energy for the B+ ions for the situa-
tion described here might be of 100–200 keV.
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of the wafer, leaving a planar surface of the wafer with SiO2 filled 
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Mechanical Polishing or CMP, since the most common use of CMP 
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face down in a polishing machine and the upper surface is literally pol-
ished flat using high-pH silica slurry. The nitride layer serves as a 
polishing stop and once the CMP operation is complete, the Si3N4 can
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energy sufficiently large that the B + ions penetrated the thin and thick 
SiO2 layers on the wafer surface, but not so large that the beam 
penetrated through the photoresist which must mask against the im-
plant. This is possible in this case because the field oxide is on the 
order of 0.5 µm and the photoresist is at least twice this thick. The B+

implantation needs to penetrate through the thin SiO2 layer in order to 
form the P well. It also needs to penetrate through the field oxide 
although the reason is not so obvious in this case. As was pointed out 
earlier, the purpose of the field oxide is to provide lateral isolation 
between adjacent MOS transistors. If the doping is too light under the 
field oxide, it is possible that surface inversion can occur in these re-
gions, providing electrical connections between adjacent devices 
through parasitic MOS devices (field oxide transistors). By ensuring 
that the well implants penetrate through the field oxide, the doping is 
increased under the field oxide, preventing this parasitic inversion prob-
lem. The accelerating energy for the B+ ions for the situation described 
here, the energy of 100-200 keV would be typical. 

Figure 9.8 The doping for the P wells of the NMOS devices 

The amount of B+ we implant (or the dose), is determined by the 
device requirements. Here we are forming a P well whose concentra-
tion is required to be on the order of 5×1016 to 1017 cm-3 in order to 
provide correct device electrical characteristics. A dose on the order of 
1013 cm-2 would be typical. (Note that implant doses are expressed as an 
aerial dose per cm2, while doping concentrations are volume concentra-

Figure 9.8. The doping for the P wells of the NMOS devices

The amount (or the dose) of B+ we implant is determined by the 
device requirements. Here we are forming a P well whose concen-
tration is required to be on the order of 5 × 1016 to 1017 cm-3 in order 
to provide correct device electrical characteristics. A dose on the order 
of 1013 cm-2 would be typical. (Note that implant doses are expressed 
as an aerial dose per cm2, while doping concentrations are volume 
concentrations per cm3). Implantation of ions into a crystalline sub-
strate causes damage. This damage must be somehow repaired since 
the devices we want to end up with require virtually perfect crystal-
line substrates. Fortunately, the repair process is not as difficult as it 
might initially seem. A simple furnace step usually suffices. Heating 
the wafers allows the dislodged silicon atoms to diffuse and find a 
vacant lattice site, thus repairing the damage. This can be done in short 
times at high temperatures) or in longer times at lower temperatures 
(see Chapter 5).

Once the boron implant is completed, the photoresist is stripped 
either chemically or in O2 plasma. 
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Photoresist and mask 3 are now conversely used as shown in 
Figure 9.8 to define the regions where N wells will be placed in the 
silicon. The process is identical to that just described for the P wells 
except that in this case the N-type dopant, phosphorus, is implanted. 

The energy of the phosphorus implant is again chosen to pene-
trate the oxide layers but not the photoresist. Phosphorus is a heavier 
atom than boron (atomic mass = 31 versus 11), so a higher energy is 
required to obtain an implant to the same depth into the silicon. In 
this situation energy of 300–400 keV would be chosen. The dose of 
the phosphorus implant would typically be on the same order as the 
boron P well implant since the purpose is similar in both cases. 
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tions per cm3). Implantation of ions into a crystalline substrate causes
damage. This damage must be somehow repaired since the devices we 
want to end up with require virtually perfect crystalline substrates. For-
tunately, the repair process is not as difficult as it might initially seem. A 
simple furnace step usually suffices. Heating the wafers allows the 
dislodged silicon atoms to diffuse and find a vacant lattice site, thus 
repairing the damage. This can be done in short times at high tempera-
tures) or in longer times at lower temperatures (see Chapter 5). 

Once the boron implant is complete, the photoresist is stripped 
either chemically or in O2 plasma.  

Photoresist and mask 3 are now conversely used as shown in Fig-
ure 9.8 to define the regions where N wells will be placed in the silicon. 
The process is identical to that just described for the P wells except 
that in this case an N-type dopant, phosphorus, is implanted.  

The energy of the phosphorus implant is again chosen to penetrate 
the oxide layers but not the photoresist. Phosphorus is a heavier atom 
than boron (atomic mass = 31 versus 11), so a higher energy is re-
quired to obtain an implant to the same depth into the silicon. In this 
situation energy of 300-400 keV would be chosen. The dose of the 
phosphorus implant would typically be on the same order as the boron 
P well implant since the purpose is similar in both cases.  

Figure 9.9 After the formation of the N and P wells 

After the phosphorus implant, the photoresist is removed and 
the wafers are cleaned. They are next placed in a drive-in furnace, 
which diffuses the wells to a junction depth of 1-3 µm (see Figure 9.9). 
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Gate Formation. The single most important parameter in both 
the NMOS and PMOS devices is the turn-on or threshold voltage 
and usually called VTH. If the doping in the silicon under the MOS 
gate is constant at NA
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where VFB is the gate voltage required to compensate for work func-
tion differences between the gate and substrate, and for any electrical 
charges that may be present in the gate oxide, f is the position of the 
Fermi level in the bulk with respect to the intrinsic level and S is the 
permittivity of silicon. For our present purposes, the two terms that 
are important are the doping concentration in the silicon NA and the 
oxide capacitance Cox. Since Cox is inversely proportional to the 
gate oxide thickness, it is clear that we must control this thickness in 
order to control VTH.

But the doping in the silicon under the MOS gate is not constant 
at NA because in modern devices ion implantation is used to adjust 
the threshold voltage and this results in a nonuniform doping profile. 
Again to first order, we can include the effect of the implant on VTH in
the following way: 
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where Q1 is the implant dose, in atoms per cm2. This equation as-
sumes that the entire implant dose is located in the near surface re-
gion, inside the MOS channel depletion region. This is often a rea-
sonable approximation. 

The next several steps, shown in Figures 9.10 - 9.14 are de-
signed to form critical parts of the CMOS devices. 

In recent modern CMOS circuits, the target threshold voltage is 
generally around 0.1-0.8 V for both the NMOS and PMOS devices. 
The threshold voltage is positive for the NMOS devices and negative 

Figure 9.9. After the formation of the N and P wells

After the phosphorus implant, the photoresist is removed and 
the wafers are cleaned. Next they are placed in a drive-in furnace, 
which diffuses the wells to a junction depth of 1–3 µm (see Figure 
9.9).

Gate Formation. The single most important parameter in both 
the NMOS and PMOS devices is the turn-on or threshold voltage 
and it is usually called V

th
. If the doping in the silicon under the 

MOS gate is constant at NA,

 

Photoresist and mask 3 are now conversely used as shown in 
Figure 9.8 to define the regions where N wells will be placed in 
the silicon. The process is identical to that just described for the 
P wells except that in this case an N-type dopant, phosphorus, is 
implanted.  

The energy of the phosphorus implant is again chosen to 
penetrate the oxide layers but not the photoresist. Phosphorus is 
a heavier atom than boron (atomic mass = 31 versus 11), so a 
higher energy is required to obtain an implant to the same depth 
into the silicon. In this situation energy of 300–400 keV would 
be chosen. The dose of the phosphorus implant would typically 
be on the same order as the boron P well implant since the pur-
pose is similar in both cases.

Figure 9.9. After the formation of the N and P wells 

After the phosphorus implant, the photoresist is removed 
and the wafers are cleaned. Next they are placed in a drive-in 
furnace, which diffuses the wells to a junction depth of 1–3 µm 
(see Figure 9.9). 
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where VFB is the gate voltage required to compensate for work func-
tion differences between the gate and substrate, and for any electrical 
charges that may be present in the gate oxide, φf is the position of the 
Fermi level in the bulk with respect to the intrinsic level and ε

s
 is the 

permittivity of silicon. For our present purposes, the two terms that 
are important are the doping concentration in the silicon NA and 
the oxide capacitance Cox. Since Cox is inversely proportional to the 
gate oxide thickness, it is clear that we must control this thickness 
in order to control Vth.

But the doping in the silicon under the MOS gate is not constant 
at nA because in modern devices ion implantation is used to adjust 
the threshold voltage and this results in a nonuniform doping profile. 
Again to first order, we can include the effect of the implant on V

th
 in 

the following way:

 

where VFB is the gate voltage required to compensate for work 
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doping profile. Again to first order, we can include the effect of 
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where Q1 is the implant dose, in atoms per cm2. This equation 
assumes that the entire implant dose is located in the near sur-
face region, inside the MOS channel depletion region. This is 
often a reasonable approximation. 

The next several steps, shown in Figures 9.10–9.14 are de-
signed to form critical parts of the CMOS devices. 

In recent modern CMOS circuits, the target threshold volt-
age is generally around 0.1–0.8 V for both the NMOS and 
PMOS devices. The threshold voltage is positive for the NMOS 
devices and negative for the PMOS devices so that both transis-
tors are normally off, enhancement mode devices. Figure 9.10 
illustrates the masking to adjust the NMOS VTH . Photoresist is 
applied and mask 4 is used to open the areas where NMOS de-
vices are located. After developing, a boron implant is used to 
adjust VTH. A dose of 1 – 5 × 1012 cm-2 at energy of 10–75 keV 
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where Q1 is the implant dose, in atoms per cm2. This equation as-
sumes that the entire implant dose is located in the near surface 
region, inside the MOS channel depletion region. This is often a rea-
sonable approximation.

The next several steps, shown in Figures 9.10–9.14 are de-
signed to form critical parts of the CMOS devices.

In recent modern CMOS circuits, the target threshold voltage is 
generally around 0.1–0.8 V for both the NMOS and PMOS devices. 
The threshold voltage is positive for the NMOS devices and nega-
tive for the PMOS devices so that both transistors are normally off, 
enhancement mode devices. Figure 9.10 illustrates the masking to 
adjust the NMOS V

th
 . Photoresist is applied and mask 4 is used to 

open the areas where NMOS devices are located. After developing, 
a boron implant is used to adjust V

th
. A dose of 1 – 5 × 1012 cm-2 at 

energy of 10–75 keV might be used. We could estimate the necessary 
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dose using Eq. (9.2) where NA is the doping in the P well at the surface 
before the implant, and Q1 is the dose required to achieve a given 
V

th
. The energy is chosen to be high enough to get the implant dose 

through the thin oxide, but low enough to keep the boron near the 
silicon surface.
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for the PMOS devices so that both transistors are normally off, en-
hancement mode devices. Figure 9.10 illustrates the masking to ad-
just the NMOS VTH . Photoresist is applied and mask 4 is used to open 
the areas where NMOS devices are located. After developing, a bo-
ron implant is used to adjust VTH. A dose of 1-5×1012 cm-2 at energy of 
10-75 keV might be used. We could estimate the necessary dose using 
Eq. (9.2) where NA is the doping in the P well at the surface before the 
implant, and Q1 is the dose required to achieve a given VTH. The en-
ergy is chosen to be high enough to get the implant dose through the 
thin oxide, but low enough to keep the boron near the silicon surface. 

Figure 9.10 A boron implant adjusts the N-channel VTH

The same process sequence now applied to the PMOS device 
formation as shown in Figure 9.11: Mask 5 is used and the arsenic 
ion implantation. The required implant could be either N or P-type 
depending on the doping level in the N well and the required 
PMOS VTH. An N-type implant is illustrated in Figure 9.11. This 
would typically be arsenic with a dose of 1-5×1012 cm-2. The energy 
would be somewhat higher than the NMOS channel implant in Fig-
ure 9.10 because of the heavier mass of arsenic. 

Figure 9.12 illustrates the results of next steps. The thin oxide, 
which is present over the active areas of each transistor, is first 
stripped in a dilute HF solution. HF is a highly selective etchant and 
will stop etching when the underlying silicon is reached. Note how-
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ever that we will etch a small portion of the field oxide during this 
step because the HF etch is unmasked. Since we are etching only 10 
or 20 nm of oxide.  

Figure 9.11 An arsenic implant adjusts the P-channel VTH

Figure 9.12 After the gate oxide has been grown  

Why need to strippe thin oxide and regrown to form the MOS 
gate oxide? The reason is that the oxide on the silicon surface prior 
to stripping is too thick to serve as the device gate oxide. Stripping 
and regrowing this oxide results in a well-controlled final oxide 
thickness. The original thin oxide on the wafer surface has also been 
exposed to several implants at this stage in the process, which create 
damage in the SiO2. So stripping and regrowing a new oxide produces 
a higher quality gate oxide. Now the gate oxide is typically thinner than 
10 nm up 1.2 nm. This oxide could be formed by a variety of proc-

Figure 9.10. A boron implant adjusts the N-channel V
th

 

The same process sequence is now applied to the PMOS de-
vice formation as shown in Figure 9.11: Mask 5 is used and the 
arsenic ion implantation. The required implant could be either N 
or P-type depending on the doping level in the N well and the re-
quired PMOS V

th
. An N-type implant is illustrated in Figure 9.11. 

This would typically be arsenic with a dose of 1 – 5 × 1012 cm-2. The 
energy would be somewhat higher than the NMOS channel implant 
in Figure 9.10 because of the heavier mass of arsenic.

Figure 9.12 illustrates the results of next steps. The thin oxi-
de, which is present over the active areas of each transistor, is first 
stripped in a dilute HF solution. HF is a highly selective etchant 
and will stop etching when the underlying silicon is reached. Note 
however that we will etch a small portion of the field oxide during 
this step because the HF etch is unmasked. Since we are etching only 
10 or 20 nm of oxide. 
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Figure 9.12 After the gate oxide has been grown  

Why need to strippe thin oxide and regrown to form the MOS 
gate oxide? The reason is that the oxide on the silicon surface prior 
to stripping is too thick to serve as the device gate oxide. Stripping 
and regrowing this oxide results in a well-controlled final oxide 
thickness. The original thin oxide on the wafer surface has also been 
exposed to several implants at this stage in the process, which create 
damage in the SiO2. So stripping and regrowing a new oxide produces 
a higher quality gate oxide. Now the gate oxide is typically thinner than 
10 nm up 1.2 nm. This oxide could be formed by a variety of proc-
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ever that we will etch a small portion of the field oxide during this 
step because the HF etch is unmasked. Since we are etching only 10 
or 20 nm of oxide.  

Figure 9.11 An arsenic implant adjusts the P-channel VTH

Figure 9.12 After the gate oxide has been grown  

Why need to strippe thin oxide and regrown to form the MOS 
gate oxide? The reason is that the oxide on the silicon surface prior 
to stripping is too thick to serve as the device gate oxide. Stripping 
and regrowing this oxide results in a well-controlled final oxide 
thickness. The original thin oxide on the wafer surface has also been 
exposed to several implants at this stage in the process, which create 
damage in the SiO2. So stripping and regrowing a new oxide produces 
a higher quality gate oxide. Now the gate oxide is typically thinner than 
10 nm up 1.2 nm. This oxide could be formed by a variety of proc-

Figure 9.12. After the gate oxide has been grown 

Why do we need to remove thin oxide and regrow it anew in 
order to form the MOS gate oxide? The reason is that the oxide 
on the silicon surface prior to stripping is too thick to serve as the 
device gate oxide. Stripping and regrowing this oxide results in a 
well-controlled final oxide thickness. The original thin oxide on the 
wafer surface has also been exposed to several implants at this stage 
of the process, which create damage in the SiO2. So stripping and 
regrowing a new oxide produces a higher quality gate oxide. Now the 
gate oxide is typically thinner than 10 nm up 1.2 nm. This oxide could 
be formed by a variety of processes (times and temperatures, see 
Chapter 3). Figure 9.12 illustrates the devices after the gate oxide has 
been grown.
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The next steps deposit and define the polysilicon gate elec-
trodes for the MOS devices. Using LPCVD, a layer of polysilicon 
0.3–0.5 µm is deposited in an LPCVD system operating at about 
600 °C over the entire wafer surface as illustrated in Figure 9.13. The 
polysilicon is then doped N-type by an unmasked ion implant. Either 
phosphorus or arsenic could be used here since both are highly soluble 
in silicon (and polysilicon) and thus can produce low-sheet-resistance 
poly layers. A dose of about 5 × 1015 cm-2 would be typical.
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esses (times and temperatures, see Chapter 3). Figure 9.12 illustrates 
the devices after the gate oxide has been grown. 

The next steps deposit and define the polysilicon gate electrodes 
for the MOS devices. Using LPCVD, a layer of polysilicon 0.3-0.5 µm 
is deposited in an LPCVD system operating at about 600 °C over the 
entire wafer surface as illustrated in Figure 9.13. The polysilicon is 
then doped N-type by an unmasked ion implant. Either phosphorus or 
arsenic could be used here since both are highly soluble in silicon (and 
polysilicon) and thus can produce low-sheet-resistance poly layers. A 
dose of about 5×1015 cm-2 would be typical. 

Figure 9.13 After ion implantation of phosphorus in layer of polysilicon  

In some polysilicon deposition systems, the poly can be doped 
while it is being deposited. This is referred to as "in situ'' doped poly. 
In this case, the ion implantation doping step would not be necessary.  

The final step of formation gates of transistors, illustrated in 
Figure 9.14 uses photoresist and mask 6 to etch the poly away in 
regions where it is not needed. Photoresist is spun onto the wafer, 
baked, and then exposed and developed. The poly etching would 
again be done in a plasma etcher. Typically a chlorine- or bromine-
based plasma chemistry would be used in order to achieve good 
selectivity to SiO2.

Although it is not shown in Figure 9.14, the polysilicon 
layer can also be used to provide wiring between active devices on 
the chip (for example to connect the NMOS and PMOS poly gates). 
In this sense it can serve as the first level of interconnect. Since the 
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poly sheet resistance is relatively high compared to later metal layers 
that will be deposited (~10 Ω/□ versus < 0.1 Ω/□), long inter-
connects are not made with the polysilicon. The RC delays associ-
ated with long poly lines would have a significant effect on circuit 
performance, hence the term “local interconnects” for these rela-
tively short polysilicon wires. 

Figure 9.14 After the gate polysilicon layer etching  

Tip or Extension (LDD) Formation. The next several steps are 
illustrated in Figures 9.15 to 9.17. These steps introduce the N- and P-

implants for the NMOS and PMOS devices and place along the edges 
of the polysilicon gates, a thin oxide layer usually called a “sidewall 
spacer”. These processes provides self-alignment N- and N+, and P- and 
P+ regions for NMOS or PMOS devices, respectively, and ensure very 
short dimensions, less photolithography resolution capabilities, be-
tween gate and source/drain regions.  

Photoresist is spun on the wafer and mask 7 is then used to 
protect all the devices except the NMOS transistors (Figure 9.15). 
A phosphorus implant is done to form the N- region. The dose and 
the energy are carefully controlled in this implant to ultimately 
produce the desired graded drain junction. Typically, a dose of 
about 5×1013-5×1014 cm-2 at a low energy might be used. A simi-
lar sequence of steps is used for the PMOS devices to produce the 
LDD regions in these devices with mask 8. A similar implant 
would be performed although boron would be used in this case. 

Figure 9.13. After the ion implantation of phosphorus in a layer 
of polysilicon 

In some polysilicon deposition systems, the poly can be doped 
while it is being deposited. This is referred to as “in situ” doped 
poly. In this case, the ion implantation doping step would not be 
necessary. 

The final step of formation gates of transistors, illustrated in 
Figure 9.14 uses photoresist and mask 6 to etch the poly away in 
regions where it is not needed. Photoresist is spun onto the wafer, 
baked, and then exposed and developed. The poly etching would 
again be done in a plasma etcher. Typically a chlorine or bromine 
based plasma chemistry would be used in order to achieve good 
selectivity to SiO2.

Although it is not shown in Figure 9.14, the polysilicon layer 
can also be used to provide wiring between active devices on the 
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chip (for example to connect the NMOS and PMOS poly gates). 
In this sense it can serve as the first level of interconnect. Since 
the poly sheet resistance is relatively high compared to later metal 
layers that will be deposited (~10 Ω/□ versus < 0.1 Ω/□), long 
interconnects are not made with the polysilicon. The RC delays 
associated with long poly lines would have a significant effect on 
circuit performance, hence the term “local interconnects” for these 
relatively short polysilicon wires.
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tively short polysilicon wires. 
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Tip or Extension (LDD) Formation. The next several steps are 
illustrated in Figures 9.15 to 9.17. These steps introduce the N- and P-

implants for the NMOS and PMOS devices and place along the edges 
of the polysilicon gates, a thin oxide layer usually called a “sidewall 
spacer”. These processes provides self-alignment N- and N+, and P- and 
P+ regions for NMOS or PMOS devices, respectively, and ensure very 
short dimensions, less photolithography resolution capabilities, be-
tween gate and source/drain regions.  

Photoresist is spun on the wafer and mask 7 is then used to 
protect all the devices except the NMOS transistors (Figure 9.15). 
A phosphorus implant is done to form the N- region. The dose and 
the energy are carefully controlled in this implant to ultimately 
produce the desired graded drain junction. Typically, a dose of 
about 5×1013-5×1014 cm-2 at a low energy might be used. A simi-
lar sequence of steps is used for the PMOS devices to produce the 
LDD regions in these devices with mask 8. A similar implant 
would be performed although boron would be used in this case. 

Figure 9.14. After the gate polysilicon layer etching 

Tip or Extension (LDD) Formation. The next several steps are 
illustrated in Figures 9.15 to 9.17. These steps introduce the N- and 
P- implants for the NMOS and PMOS devices and place along the 
edges of the polysilicon gates, a thin oxide layer usually called a 
“sidewall spacer”. These processes provide self-alignment N- and N+, 
and P- and P+ regions for NMOS or PMOS devices, respectively, and 
ensure very short dimensions, less photolithography resolution capa-
bilities, between gate and source / drain regions. 

Photoresist is a spun on the wafer and mask 7. It is then 
used to protect all the devices except the NMOS transistors (Fi-
gure 9.15). A phosphorus implant is done to form the N- region. 
The dose and the energy are carefully controlled in this implant to 
ultimately produce the desired graded drain junction. Typically, 
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a dose of about 5 × 1013 – 5 × 1014 cm-2 at a low energy might be 
used. A similar sequence of steps is used for the PMOS devices to 
produce the LDD regions in these devices with mask 8. A similar 
implant would be performed although boron would be used in 
this case.
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Figure 9.15 A phosphorus implant is used to form the tip or extension 
(LDD) regions in the NMOS devices 

Figure 9.16 A conformal layer of SiO2 is deposited on the wafer 

The LPCVD deposition of a conformal spacer dielectric layer 
(SiO2 or Si3N4) on the wafer surface, shown in Figure 9.16 is the next 
step. The thickness of this layer will determine the width of the 
sidewall spacer region and would be chosen to optimize device 
characteristics. Typically this might be a few hundred nm. If SiO2

is used, it could be deposited by a SiH4+O2 reaction at about 
400 °C or other similar reactions, in a standard furnace config-
ured as a CVD or LPCVD system. 

After next operation, anisotropic etching in fluorine-based 
plasma, leaving sidewall spacers along the edges of the polysilicon 
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are formed (see Figure 9.17). It is one of self-formation processes in 
CMOS technology. 

Figure 9.17 After self formation sidewall: the deposited SiO2 layer is 
etched back anisotropically without mask 

Source/Drain Formation. The first source drain implant is illus-
trated in Figure 9.18. Photoresist and mask 9 are used to define the 
regions where NMOS source/drain implants will be done. Arsenic 
implant of 2-5×1015 cm-2 at energy of 50 - 100 keV might be typi-
cal. This would allow the arsenic to penetrate the screen oxide (10 
nm) in the implanted areas but still be easily masked by the photore-
sist.

Figure 9.18 The formation NMOS source and drain regions 

The mask 10 is used for PMOS source/drain doping. This im-
plant would also be a high-dose implant, on the order of 1-3×1015

cm-2, but at a lower energy of about 5 - 2 0  keV because boron is 

Figure 9.15. A phosphorus implant is used to form the tip or extension 
(LDD) regions in the NMOS devices
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plasma, leaving sidewall spacers along the edges of the polysilicon 

110

are formed (see Figure 9.17). It is one of self-formation processes in 
CMOS technology. 
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trated in Figure 9.18. Photoresist and mask 9 are used to define the 
regions where NMOS source/drain implants will be done. Arsenic 
implant of 2-5×1015 cm-2 at energy of 50 - 100 keV might be typi-
cal. This would allow the arsenic to penetrate the screen oxide (10 
nm) in the implanted areas but still be easily masked by the photore-
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Figure 9.18 The formation NMOS source and drain regions 

The mask 10 is used for PMOS source/drain doping. This im-
plant would also be a high-dose implant, on the order of 1-3×1015

cm-2, but at a lower energy of about 5 - 2 0  keV because boron is 

Figure 9.16. A conformal layer of SiO2 is deposited on the wafer

The LPCVD deposition of a conformal spacer dielectric layer 
(siO2 or si3n4) on the wafer surface, shown in Figure 9.16, is the 
next step. The thickness of this layer will determine the width of 
the sidewall spacer region and would be chosen to optimize device 
characteristics. Typically this might be a few hundred nm. If SiO2 
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is used, it could be deposited by a SiH4 + O2 reaction at about 
400 °C or other similar reactions, in a standard furnace confi-
gured as a CVD or LPCVD system.

After next operation, anisotropic etching in fluorine-based 
plasma, leaving sidewall spacers along the edges of the polysilicon 
are formed (see Figure 9.17). It is one of the self-formation processes 
in CMOS technology.
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implant of 2-5×1015 cm-2 at energy of 50 - 100 keV might be typi-
cal. This would allow the arsenic to penetrate the screen oxide (10 
nm) in the implanted areas but still be easily masked by the photore-
sist.

Figure 9.18 The formation NMOS source and drain regions 

The mask 10 is used for PMOS source/drain doping. This im-
plant would also be a high-dose implant, on the order of 1-3×1015

cm-2, but at a lower energy of about 5 - 2 0  keV because boron is 

Figure 9.17. After self formation sidewall: the deposited SiO2 layer is 
etched back anisotropically without mask

Source / Drain Formation. The first source drain implant is il-
lustrated in Figure 9.18. Photoresist and mask 9 are used to define 
the regions where NMOS source / drain implants will be done. Ar-
senic implant of 2 – 5 × 1015 cm-2 at energy of 50–100 keV might 
be typical. This would allow the arsenic to penetrate the screen 
oxide (10 nm) in the implanted areas but still be easily masked by 
the photoresist.
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Figure 9.15 A phosphorus implant is used to form the tip or extension 
(LDD) regions in the NMOS devices 

Figure 9.16 A conformal layer of SiO2 is deposited on the wafer 

The LPCVD deposition of a conformal spacer dielectric layer 
(SiO2 or Si3N4) on the wafer surface, shown in Figure 9.16 is the next 
step. The thickness of this layer will determine the width of the 
sidewall spacer region and would be chosen to optimize device 
characteristics. Typically this might be a few hundred nm. If SiO2

is used, it could be deposited by a SiH4+O2 reaction at about 
400 °C or other similar reactions, in a standard furnace config-
ured as a CVD or LPCVD system. 

After next operation, anisotropic etching in fluorine-based 
plasma, leaving sidewall spacers along the edges of the polysilicon 
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are formed (see Figure 9.17). It is one of self-formation processes in 
CMOS technology. 

Figure 9.17 After self formation sidewall: the deposited SiO2 layer is 
etched back anisotropically without mask 

Source/Drain Formation. The first source drain implant is illus-
trated in Figure 9.18. Photoresist and mask 9 are used to define the 
regions where NMOS source/drain implants will be done. Arsenic 
implant of 2-5×1015 cm-2 at energy of 50 - 100 keV might be typi-
cal. This would allow the arsenic to penetrate the screen oxide (10 
nm) in the implanted areas but still be easily masked by the photore-
sist.

Figure 9.18 The formation NMOS source and drain regions 

The mask 10 is used for PMOS source/drain doping. This im-
plant would also be a high-dose implant, on the order of 1-3×1015

cm-2, but at a lower energy of about 5 - 2 0  keV because boron is 

Figure 9.18. The formation NMOS source and drain regions

The mask 10 is used for PMOS source / drain doping. This im-
plant would also be a high-dose implant, on the order of 1 – 3 × 
1015 cm-2, but at a lower energy of about 5 –20  keV because boron 
is much lighter than arsenic and therefore requires less energy 
to reach the same range. High-dose implants minimize the para-
sitic resistances associated with the source and drain regions in the 
MOS transistors.

The final step in active device formation is illustrated in Figure 
9.19. A furnace anneal, typically at 900 °C for 30–40 min, or per-
haps a rapid thermal anneal for 1–5 min at 1000–1050 °C activates 
all the implants, anneals implant damage, and drives the junctions 
to their final depths. 
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much lighter than arsenic and therefore requires less energy to 
reach the same range. High-dose implants minimize the parasitic 
resistances associated with the source and drain regions in the MOS 
transistors. 

The final step in active device formation is illustrated in Figure 
9.19. A furnace anneal, typically at 900 °C for 30-40 min, or per-
haps a rapid thermal anneal for 1-5 min at 1000-1050 °C activates 
all the implants, anneals implant damage, and drives the junctions to 
their final depths.  

Figure 9.19 The NMOS and PMOS source and drain regions 

Contact and Local Interconnect Formation. The CMOS process 
will actually provide three levels of wiring to accomplish these ob-
jectives. The first or lowest level is often called the “local intercon-
nect” and the steps needed to form it are shown in Figures 9.20 to 
9.22. Actually as we pointed out earlier, the polysilicon gate level 
itself can also be used as a local interconnect.

The first step, removes the oxide from the areas the interconnect 
is to contact. Since this is the bottom level of the interconnect struc-
ture, it will provide the connections to essentially all doped regions 
in the silicon and to all polysilicon regions. This 10 nm screen oxide 
etch can actually be unmasked. The next step is the deposition of a 
thin layer (50-100 nm) of Ti on the wafer surface by sputtering from 
a Ti target (see Figure 9.20).  

The next step, shown in Figure 9.21, makes use of two chemical 
reactions. The wafers are heated in an N2 ambient at about 600-700 
°C for a short time (about 1 minute). At this temperature, the Ti 
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reacts with Si where they are in contact to form TiSi2, consuming 
some silicon in the process. This is why deeper source and drain 
junctions are required outside the tip or extension regions. TiSi2 is 
an excellent conductor and forms low resistance contacts to both N+

and P+ silicon or polysilicon. This material is shown in black in 
Figure 9.21. The reaction Ti with N2 form second layer TiN. This 
material is also a conductor, although its conductivity is not as high 
as most metals. For this reason, it is used only for "local" or short-
distance interconnects.  

Figure 9.20 Titanium continuous layers on the wafer 

Figure 9.21 After TiSi2 and TiN layers formation  

The patterning of the TiN layer for contact holes illustrates in 
Figure 9.22. Photoresist is applied and mask 11 protects the TiN 
where we want it to remain on the wafer. The remaining TiN is 
etched in NH4OH:H2O2:H2O (1:1:5) to remove it. 

After photoresist removal, the wafer would typically be heated 
in a furnace in an Ar ambient at about 800 °C for about 1-2 minutes 

Figure 9.19. The NMOS and PMOS source and drain regions
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Contact and Local Interconnect Formation. The CMOS pro-
cess will actually provide three levels of wiring to accomplish these 
objectives. The first or lowest level is often called the “local inter-
connect” and the steps needed to form it are shown in Figures 
9.20 to 9.22. Actually as we pointed out earlier, the polysilicon gate 
level itself can also be used as a local interconnect.

The first step is to remove the oxide from the areas where the 
interconnect is to contact. Since this is the bottom level of the in-
terconnect structure, it will provide the connections to essentially 
all doped regions in the silicon and to all polysilicon regions. This 
10 nm screen oxide etch can actually be unmasked. The next step 
is the deposition of a thin layer (50–100 nm) of Ti on the wafer sur-
face by sputtering from a Ti target (see Figure 9.20). 

The next step, shown in Figure 9.21, makes the use of two 
chemical reactions. The wafers are heated in an N2 ambient at about 
600–700 °C for a short time (about 1 minute). At this temperature, 
the Ti reacts with Si where they are in contact to form TiSi2, con-
suming some silicon in the process. This is why deeper source and 
drain junctions are required outside the tip or extension regions. 
tisi2 is an excellent conductor and forms low resistance contacts 
to both n+ and P+ silicon or polysilicon. This material is shown in 
black in Figure 9.21. The reaction Ti with N2 forms second layer 
TiN. This material is also a conductor, although its conductivity is 
not as high as most metals. For this reason, it is used only for “local” 
or short-distance interconnects. 
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material is also a conductor, although its conductivity is not as high 
as most metals. For this reason, it is used only for "local" or short-
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Figure 9.21 After TiSi2 and TiN layers formation  

The patterning of the TiN layer for contact holes illustrates in 
Figure 9.22. Photoresist is applied and mask 11 protects the TiN 
where we want it to remain on the wafer. The remaining TiN is 
etched in NH4OH:H2O2:H2O (1:1:5) to remove it. 

After photoresist removal, the wafer would typically be heated 
in a furnace in an Ar ambient at about 800 °C for about 1-2 minutes 

Figure 9.20. Titanium continuous layers on the wafer



118

111 

much lighter than arsenic and therefore requires less energy to 
reach the same range. High-dose implants minimize the parasitic 
resistances associated with the source and drain regions in the MOS 
transistors. 

The final step in active device formation is illustrated in Figure 
9.19. A furnace anneal, typically at 900 °C for 30-40 min, or per-
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all the implants, anneals implant damage, and drives the junctions to 
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9.22. Actually as we pointed out earlier, the polysilicon gate level 
itself can also be used as a local interconnect.

The first step, removes the oxide from the areas the interconnect 
is to contact. Since this is the bottom level of the interconnect struc-
ture, it will provide the connections to essentially all doped regions 
in the silicon and to all polysilicon regions. This 10 nm screen oxide 
etch can actually be unmasked. The next step is the deposition of a 
thin layer (50-100 nm) of Ti on the wafer surface by sputtering from 
a Ti target (see Figure 9.20).  

The next step, shown in Figure 9.21, makes use of two chemical 
reactions. The wafers are heated in an N2 ambient at about 600-700 
°C for a short time (about 1 minute). At this temperature, the Ti 
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reacts with Si where they are in contact to form TiSi2, consuming 
some silicon in the process. This is why deeper source and drain 
junctions are required outside the tip or extension regions. TiSi2 is 
an excellent conductor and forms low resistance contacts to both N+

and P+ silicon or polysilicon. This material is shown in black in 
Figure 9.21. The reaction Ti with N2 form second layer TiN. This 
material is also a conductor, although its conductivity is not as high 
as most metals. For this reason, it is used only for "local" or short-
distance interconnects.  

Figure 9.20 Titanium continuous layers on the wafer 

Figure 9.21 After TiSi2 and TiN layers formation  

The patterning of the TiN layer for contact holes illustrates in 
Figure 9.22. Photoresist is applied and mask 11 protects the TiN 
where we want it to remain on the wafer. The remaining TiN is 
etched in NH4OH:H2O2:H2O (1:1:5) to remove it. 

After photoresist removal, the wafer would typically be heated 
in a furnace in an Ar ambient at about 800 °C for about 1-2 minutes 

Figure 9.21. After TiSi2 and TiN layers formation 

The patterning of the TiN layer for contact holes is illustrated 
in Figure 9.22. Photoresist is applied and mask 11 protects the TiN 
where we want it to remain on the wafer. The remaining TiN is 
etched in NH4Oh:h2O2:h2O (1:1:5) to remove it.

After photoresist removal, the wafer would typically be heated 
in a furnace in an Ar ambient at about 800 °C for about 1–2 minutes 
to reduce the resistivity of the TiN and TiSi2 layers to their final 
values (about 10 Ω/□ and 1 Ω/□, respectively).
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to reduce the resistivity of the TiN and TiSi2 layers to their final 
values (about 10 Ω/□ and 1 Ω/□, respectively). 

Figure 9.22 After etching of the TiN layer  

Multilevel Metal Formation. The final steps in our example of 
CMOS technology involve the deposition and patterning of the two 
layers of metal interconnects. These steps are illustrated in Figures 
9.23 to 9.28. At this stage in the process, the surface of the wafer is 
highly nonplanar, have numerous hills and valleys on the surface. It 
is not desirable to deposit the metal interconnect layers directly on 
such topography because there are potential problems with metal 
discontinuities (opens) at steps on the surface.  

One such "planarization" the surface topography method is illus-
trated in Figures 9.23 and 9.24. A fairly thick SiO2 layer is first 
deposited on the wafer surface by CVD or LPCVD. This layer is 
deposited thicker than the largest steps which exist on the surface 
and would typically be about 0.5-1 µm. This SiO2 layer is often 
doped with phosphorus and sometimes with boron as well, in which 
cases the deposited oxide is known as PSG (phosphosilicate glass) or 
BPSG (borophosphosilicate glass), respectively. In some cases an 
undoped SiO2 layer is added on top of the PSG or BPSG layer. 
Reflowing the deposited PSG or BPSG layer is not sufficient to com-
pletely planarize the surface topography, so generally additional steps 
are required. 

114

Figure 9.23 After stripping the photoresist, a conformal SiO2 layer is depo-
sited by LPCVD 

This process is Chemical-Mechanical Polishing or CMP which 
we previously described in connection with the STI process option 
(Figure 9.7). In this process, the wafer is placed face down in a pol-
ishing machine and the upper surface is literally polished flat using a 
high-pH silica slurry. The polishing process also results in the struc-
ture shown in Figure 9.24. 

Figure 9.24 After planarization the wafer surface 

The next step is again photolithography contact holes with mask 
12 to define the regions where need contact to be made between 
metal level 1 and underlying structures. This is shown in Figure 9.25. 
The SiO2 layer would be etched in plasma to allow connections to 
the silicon, polysilicon and local interconnect regions. After etching 
the contact holes, the photoresist would be stripped off the wafer. 

Planarization surface for the metal 1. The first step is a blanket 
deposition of a thin TiN layer only a few tens of nm thick or Ti/TiN 

Figure 9.22. After etching of the TiN layer 

Multilevel Metal Formation. The final steps in our example of 
CMOS technology involve the deposition and patterning of the two 
layers of metal interconnects. These steps are illustrated in Figures 
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9.23 to 9.28. At this stage in the process, the surface of the wafer is 
highly nonplanar, have numerous hills and valleys on the surface. It 
is not desirable to deposit the metal interconnect layers directly on 
such topography because there are potential problems with metal 
discontinuities (opens) at steps on the surface. 

One such “planarization” the surface topography method is il-
lustrated in Figures 9.23 and 9.24. A fairly thick SiO2 layer is first 
deposited on the wafer surface by CVD or LPCVD. This layer is 
deposited thicker than the largest steps which exist on the surface 
and would typically be about 0.5–1 µm. This SiO2 layer is often 
doped with phosphorus and sometimes with boron as well, in these 
cases the deposited oxide is known as PSG (phosphosilicate glass) 
or BPSG (borophosphosilicate glass), respectively. In some cases 
an undoped SiO2 layer is added on the top of the PSG or BPSG 
layer. Reflowing the deposited PSG or BPSG layer is not sufficient to 
completely planarize the surface topography, so generally additional 
steps are required.
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Figure 9.23 After stripping the photoresist, a conformal SiO2 layer is depo-
sited by LPCVD 

This process is Chemical-Mechanical Polishing or CMP which 
we previously described in connection with the STI process option 
(Figure 9.7). In this process, the wafer is placed face down in a pol-
ishing machine and the upper surface is literally polished flat using a 
high-pH silica slurry. The polishing process also results in the struc-
ture shown in Figure 9.24. 

Figure 9.24 After planarization the wafer surface 

The next step is again photolithography contact holes with mask 
12 to define the regions where need contact to be made between 
metal level 1 and underlying structures. This is shown in Figure 9.25. 
The SiO2 layer would be etched in plasma to allow connections to 
the silicon, polysilicon and local interconnect regions. After etching 
the contact holes, the photoresist would be stripped off the wafer. 

Planarization surface for the metal 1. The first step is a blanket 
deposition of a thin TiN layer only a few tens of nm thick or Ti/TiN 

Figure 9.23. After stripping the photoresist, a conformal SiO2 layer is 
deposited by LPCVD

This process is Chemical-Mechanical Polishing or CMP which 
we previously described in connection with the STI process option 
(Figure 9.7). In this process, the wafer is placed face down in a poli-
shing machine and the upper surface is literally polished flat using a 
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high-pH silica slurry. The polishing process also results in the struc-
ture shown in Figure 9.24.
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to reduce the resistivity of the TiN and TiSi2 layers to their final 
values (about 10 Ω/□ and 1 Ω/□, respectively). 

Figure 9.22 After etching of the TiN layer  

Multilevel Metal Formation. The final steps in our example of 
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layers of metal interconnects. These steps are illustrated in Figures 
9.23 to 9.28. At this stage in the process, the surface of the wafer is 
highly nonplanar, have numerous hills and valleys on the surface. It 
is not desirable to deposit the metal interconnect layers directly on 
such topography because there are potential problems with metal 
discontinuities (opens) at steps on the surface.  

One such "planarization" the surface topography method is illus-
trated in Figures 9.23 and 9.24. A fairly thick SiO2 layer is first 
deposited on the wafer surface by CVD or LPCVD. This layer is 
deposited thicker than the largest steps which exist on the surface 
and would typically be about 0.5-1 µm. This SiO2 layer is often 
doped with phosphorus and sometimes with boron as well, in which 
cases the deposited oxide is known as PSG (phosphosilicate glass) or 
BPSG (borophosphosilicate glass), respectively. In some cases an 
undoped SiO2 layer is added on top of the PSG or BPSG layer. 
Reflowing the deposited PSG or BPSG layer is not sufficient to com-
pletely planarize the surface topography, so generally additional steps 
are required. 
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Figure 9.23 After stripping the photoresist, a conformal SiO2 layer is depo-
sited by LPCVD 

This process is Chemical-Mechanical Polishing or CMP which 
we previously described in connection with the STI process option 
(Figure 9.7). In this process, the wafer is placed face down in a pol-
ishing machine and the upper surface is literally polished flat using a 
high-pH silica slurry. The polishing process also results in the struc-
ture shown in Figure 9.24. 

Figure 9.24 After planarization the wafer surface 

The next step is again photolithography contact holes with mask 
12 to define the regions where need contact to be made between 
metal level 1 and underlying structures. This is shown in Figure 9.25. 
The SiO2 layer would be etched in plasma to allow connections to 
the silicon, polysilicon and local interconnect regions. After etching 
the contact holes, the photoresist would be stripped off the wafer. 

Planarization surface for the metal 1. The first step is a blanket 
deposition of a thin TiN layer only a few tens of nm thick or Ti/TiN 

Figure 9.24. After planarization the wafer surface

The next step is again photolithography contact holes with 
mask 12 to define the regions where we need a contact to be made 
between metal level 1 and underlying structures. This is shown in 
Figure 9.25. The SiO2 layer would be etched in plasma to allow con-
nections to the silicon, polysilicon and local interconnect regions. 
After etching the contact holes, the photoresist would be stripped 
off the wafer.

Planarization surface for the metal 1. The first step is a blanket 
deposition of a thin TiN layer only a few tens of nm thick or Ti/TiN 
bilayer by sputtering or CVD. It provides good adhesion to the SiO2 
and other underlying materials present in the structure at this point. 
The TiN also acts as an effective barrier layer between the upper 
metal layers and the lower local interconnect layers which con-
nect to the active devices. The next step is a deposition of a blanket 
W layer by CVD. The next step, illustrated in Figure 9.26, again 
involves CMP to planarize the wafer. The polishing in this case re-
moves the W and the TiN everywhere except in the contact holes 
and provides a planar surface on which the first level metal can be 
deposited. This process flow, in which contact holes are etched, 
filled, and planarized, is known as the damascene process. 
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bilayer by sputtering or CVD. It provides good adhesion to the SiO2

and other underlying materials present in the structure at this point. 
The TiN also acts as an effective barrier layer between the upper 
metal layers and the lower local interconnect layers which connect 
to the active devices. The next step is deposition of a blanket W layer 
by CVD. The next step, illustrated in Figure 9.26, again involves 
CMP to planarize the wafer. The polishing in this case removes the 
W and the TiN everywhere except in the contact holes and provides 
a planar surface on which the first level metal can be deposited. This 
process flow, in which contact holes are etched, filled, and pla-
narized, is known as the damascene process.

Figure 9.25 After photolithography to define the contact holes 

Figure 9.26 Before the first level metallization 

Metal 1 is then deposited, usually by sputtering and defined using 
resist and mask 13 as shown in Figure 9.27. The metal is commonly 
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Al with a small percentage of Si (1-1.5%) and Cu in it. The Si is used 
because Si is soluble in Al up to a few percent and if the silicon is 
not already present in the Al, it may by absorbed by the Al from un-
derlying silicon rich layers. 

Figure 9.27 After photolithography and the etching first level of metal 

Cu is now replace Al as the interconnect metal in advanced 
CMOS technologies with minimal features less 0.35 µm, because of 
its better electrical conductivity. Cu is deposited using electroplating. 
Because Cu is quite difficult to etch using plasma etching, a some-
what different process flow is required than that described here for 
Al-based interconnects.  

Advanced VLSI technological processes use more than one level 
of wiring on the wafer surface because in complex circuits it is usu-
ally very difficult to completely interconnect all the devices in the 
circuit without multiple levels up 8-9. 

These processes that are used to deposit and define each level 
are similar to those we described for level 1 and usually involve a 
planarization step. Figure 9.28 illustrates this for the dielectric be-
tween metal 1 and metal 2. The process would again involve depos-
iting an oxide layer and using CMP to planarize the deposited ox-
ide. Figure 9.28 also illustrates the filling of the via holes between 
metal 1 and metal 2 with TiN and W, deposition and etching of 

Figure 9.25. After photolithography to define the contact holes
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not already present in the Al, it may by absorbed by the Al from un-
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Cu is now replace Al as the interconnect metal in advanced 
CMOS technologies with minimal features less 0.35 µm, because of 
its better electrical conductivity. Cu is deposited using electroplating. 
Because Cu is quite difficult to etch using plasma etching, a some-
what different process flow is required than that described here for 
Al-based interconnects.  

Advanced VLSI technological processes use more than one level 
of wiring on the wafer surface because in complex circuits it is usu-
ally very difficult to completely interconnect all the devices in the 
circuit without multiple levels up 8-9. 

These processes that are used to deposit and define each level 
are similar to those we described for level 1 and usually involve a 
planarization step. Figure 9.28 illustrates this for the dielectric be-
tween metal 1 and metal 2. The process would again involve depos-
iting an oxide layer and using CMP to planarize the deposited ox-
ide. Figure 9.28 also illustrates the filling of the via holes between 
metal 1 and metal 2 with TiN and W, deposition and etching of 

Figure 9.26. Before the first level metallization

Metal 1 is then deposited, usually by sputtering and defined using 
resist and mask 13 as shown in Figure 9.27. The metal is commonly 
Al with a small percentage of Si (1–1.5 %) and Cu in it. The Si is 
used because Si is soluble in Al up to a few percent and if the silicon 
is not already present in the Al, it may by absorbed by the Al from 
underlying silicon rich layers.
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Figure 9.27 After photolithography and the etching first level of metal 

Cu is now replace Al as the interconnect metal in advanced 
CMOS technologies with minimal features less 0.35 µm, because of 
its better electrical conductivity. Cu is deposited using electroplating. 
Because Cu is quite difficult to etch using plasma etching, a some-
what different process flow is required than that described here for 
Al-based interconnects.  

Advanced VLSI technological processes use more than one level 
of wiring on the wafer surface because in complex circuits it is usu-
ally very difficult to completely interconnect all the devices in the 
circuit without multiple levels up 8-9. 

These processes that are used to deposit and define each level 
are similar to those we described for level 1 and usually involve a 
planarization step. Figure 9.28 illustrates this for the dielectric be-
tween metal 1 and metal 2. The process would again involve depos-
iting an oxide layer and using CMP to planarize the deposited ox-
ide. Figure 9.28 also illustrates the filling of the via holes between 
metal 1 and metal 2 with TiN and W, deposition and etching of 

Figure 9.27. After photolithography and the etching first level of metal

Cu, as the interconnect metal, is now replaced by Al in ad-
vanced CMOS technologies with minimal features less 0.35 µm, 
because of its better electrical conductivity. Cu is deposited using 
electroplating. Because Cu is quite difficult to etch using plasma 
etching, a somewhat different process flow is required than that 
described here for Al-based interconnects. 

Advanced VLSI technological processes use more than one 
level of wiring on the wafer surface because in complex circuits it 
is usually very difficult to completely interconnect all the devices in 
the circuit without multiple levels up 8–9.

These processes that are used to deposit and define each level 
are similar to those we described for level 1 and usually involve 
a planarization step. Figure 9.28 illustrates this for the dielectric 
between metal 1 and metal 2. The process would again involve 
depositing an oxide layer and using CMP to planarize the depo-
sited oxide. Figure 9.28 also illustrates the filling of the via holes 
between metal 1 and metal 2 with TiN and W, deposition and et-
ching of metal 2, and the final deposition of a top dielectric to pro-
tect the finished chip. This top layer could be either SiO2 or si3n4 
and is designed to provide some protection for the chip during the 



123

mechanical handling it will receive during packaging, as well as to 
provide a final passivation layer to protect the chip against ambi-
ent contamination (Na+ or K+). After the final processing steps are 
completed, an anneal and alloy step at a relatively low temperature 
(400–450 °C) for about 30 minutes in forming gas (10 % H2 in 
n2) is used to alloy the metal contacts in the structure and to re-
duce some of the electrical charges associated with the Si/SiO2 
interface. 
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metal 2, and the final deposition of a top dielectric to protect the 
finished chip. This top layer could be either SiO2 or Si3N4 and is 
designed to provide some protection for the chip during the me-
chanical handling it will receive during packaging, as well as to pro-
vide a final passivation layer to protect the chip against ambient 
contamination (Na+ or K+). After the final processing steps are 
completed, an anneal and alloy step at a relatively low temperature 
(400-450 °C) for about 30 minutes in forming gas (10% H2 in N2)
is used to alloy the metal contacts in the structure and to reduce 
some of the electrical charges associated with the Si/SiO2 inter-
face.

Figure 9.28 After the second level of Al interconnect with mask 15 and the 
deposition of a final passivation layer. 

The steps to form the second level of Al interconnect follow 
those in Figures 9.23 to 9.27. Mask 14 is used to define via holes 
between metal 2 and metal 1. Mask 15 is used to define metal 2. The 
last step in the process is deposition of a final passivation layer, usu-
ally Si3N4 deposited by PECVD. The last mask 16 is used to open 
holes in this mask over the bonding pads. 

This finally brings us back to Figure 9.1 which is the completed 
CMOS chip that we started out to build. 
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Methodical guideline 

The Beginning – Choosing a mesh. An initial mesh has to be 
specified before any further steps of the design. The correct specifi-
cation of a mesh is critical in process simulation. The number of 
nodes in the mesh has a direct influence on simulation accuracy and 
time. A finer mesh should exist in those areas of the simulation struc-
ture where ion implantation will occur, where p-n junction will be 
formed, or where optical illumination will change photoactive com-
ponent concentration. The mesh code for N-channel MOSFET simu-
lation is shown below: 

go athena 

line x loc=0.0 spacing=0.1

line x loc=0.5 spacing=0.006 

line x loc=1.2 spacing=0.006 

line y loc=0.0 spacing=0.002

line y loc=0.2 spacing=0.005 

line y loc=0.5 spacing=0.05 

line y loc=0.8 spacing=0.15

The choosing Si wafer parameters and 1-th thermal oxidation.
Before starting the fabrication of N-channel MOSFET, the initial Si 
wafer must be selected. The main specifications must also be de-
fined, especially the type of substrate material, the background dop-
ing, the orientation and some other additional parameters. We start 
with the cleaned, lightly doped Si substrate (phosphorus, concentra-
tion 1×1014 cm-3). The code syntax displayed below: 

init silicon orient=100 c.phos=1e14 space.mul=2 

A thin oxide layer of 15 to 25 nm, the so-called screening oxide,
is grown to reduce the channelling effect and to prevent contamina-
tion of the substrate. Channelling means that ions penetrate deeper 
into the silicon along certain crystal directions building channels for 
the ions. The code for this step is shown below: 

Figure 9.28. After the second level of Al interconnect with mask 15 and 
the deposition of a final passivation layer.

The steps to form the second level of Al interconnect follow 
those in Figures 9.23 to 9.27. Mask 14 is used to define via holes 
between metal 2 and metal 1. Mask 15 is used to define metal 2. 
The last step in the process is deposition of a final passivation layer, 
usually Si3n4 deposited by PECVD. The last mask 16 is used to open 
holes in this mask over the bonding pads.

This finally brings us back to Figure 9.1 which is the completed 
CMOS chip that we started out to build.
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Methodical guideline

The Beginning – Choosing a mesh. An initial mesh has to be 
specified before any further steps of the design. The correct speci-
fication of a mesh is critical in process simulation. The number of 
nodes in the mesh has a direct influence on simulation accuracy 
and time. A finer mesh should exist in those areas of the simulation 
structure where ion implantation will occur, where p-n junction will 
be formed, or where optical illumination will change photoactive 
component concentration. The mesh code for N-channel MOSFET 
simulation is shown below:

go athena

line x loc=0.0 spacing=0.1 

line x loc=0.5 spacing=0.006

line x loc=1.2 spacing=0.006

line y loc=0.0 spacing=0.002 

line y loc=0.2 spacing=0.005

line y loc=0.5 spacing=0.05

line y loc=0.8 spacing=0.15 

The choosing Si wafer parameters and 1-th thermal oxidation. 
Before starting the fabrication of N-channel MOSFET, the initial 
Si wafer must be selected. The main specifications must also be de-
fined, especially the type of substrate material, the background do-
ping, the orientation and some other additional parameters. We start 
with the cleaned, lightly doped Si substrate (phosphorus, concentra-
tion 1 × 1014 cm-3). The code syntax is displayed below:

init silicon orient=100 c.phos=1e14 space.mul=2

A thin oxide layer of 15 to 25 nm, the so-called screening oxide, 
is grown to reduce the channelling effect and to prevent contamina-
tion of the substrate. Channelling means that ions penetrate deeper 
into the silicon along certain crystal directions building channels 
for the ions. The code for this step is shown below:
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diffus time=30 temp=1000 dryo2 press=1.00 hcl=3

etch oxide thick=0.02

The 21 nm thick oxide layer is shown in Figure 9.29. This oxide 
layer is necessary to protect the wafer for the following implanta-
tion step.
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diffus time=30 temp=1000 dryo2 press=1.00 hcl=3 

etch oxide thick=0.02 

The 21 nm thick oxide layer is shown in Figure 9.29. This oxide 
layer is necessary to protect the wafer for the following implantation 
step.

Figure 9.29 N-channel MOSFET structure after screening oxide grown

P Well Formation. The next step in the N-channel MOSFET de-
velopment is implantation of boron to create a P well in the wafer. 
The N-channel MOSFET transistor must be developed in p-type sili-
con because this material under the gate must be inverted (inducing 
an N-channel) with the presence of an electric field. For the N-
channel MOSFET, the P well is formed using a boron implantation 
with an energy of E = 100 keV and a dose of D = 8×1012 cm-2. This 
implant will be modelled using the default Dual Pearson model. The 
code syntax displayed below: 

implant boron dose=8e12 energy=100 pears 

Figure 9.30 shows the nature of a true ion implantation step in 
that it peaks the average penetration depth with a specific doping 
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concentration. This characteristic of the doping concentration will 
rectified enhancing the uniformity of the substrate future fabrication 
steps.

Figure 9.30 N-channel MOSFET structure after P well implantation

The next step is thermally growth SiO2 on the wafer. When the 
substrate is heated to such high temperatures the boron atoms are 
given enough energy to move and settle more uniformly in the sub-
strate. This process can be run by executing the code: 

diffus temp=950 time=100 weto2 hcl=3 

After the simulation, the new structure is plotted in Figure 9.31. 
In order to further propel the P well into the substrate and in-

crease the uniformity a well drive-in step is then performed. This 
step is essential in the preparation of the P well before further fabri-
cation procedures are performed on this region. More diffusion steps 
are performed here with varying temperatures, temperature change 
rates and processing environments. The presence of nitrogen in a 
diffusion step provides an inert environment for diffusion cause no 

Figure 9.29. N-channel MOSFET structure after screening oxide grown

P Well Formation. The next step in the N-channel MOSFET 
development is the implantation of boron to create a P well in the 
wafer. The N-channel MOSFET transistor must be developed in p-
type silicon because this material under the gate must be inverted 
(inducing an N-channel) with the presence of an electric field. For 
the N-channel MOSFET, the P well is formed using a boron im-
plantation with an energy of E = 100 keV and a dose of D = 8 × 1012 

cm-2. This implant will be modelled using the default Dual Pearson 
model. The code syntax is displayed below:

implant boron dose=8e12 energy=100 pears
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Figure 9.30 shows the nature of a true ion implantation step in 
that it peaks the average penetration depth with a specific doping 
concentration. This characteristic of the doping concentration will 
rectify enhancing the uniformity of the substrate future fabrication 
steps.
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diffus time=30 temp=1000 dryo2 press=1.00 hcl=3 

etch oxide thick=0.02 

The 21 nm thick oxide layer is shown in Figure 9.29. This oxide 
layer is necessary to protect the wafer for the following implantation 
step.
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P Well Formation. The next step in the N-channel MOSFET de-
velopment is implantation of boron to create a P well in the wafer. 
The N-channel MOSFET transistor must be developed in p-type sili-
con because this material under the gate must be inverted (inducing 
an N-channel) with the presence of an electric field. For the N-
channel MOSFET, the P well is formed using a boron implantation 
with an energy of E = 100 keV and a dose of D = 8×1012 cm-2. This 
implant will be modelled using the default Dual Pearson model. The 
code syntax displayed below: 

implant boron dose=8e12 energy=100 pears 

Figure 9.30 shows the nature of a true ion implantation step in 
that it peaks the average penetration depth with a specific doping 
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concentration. This characteristic of the doping concentration will 
rectified enhancing the uniformity of the substrate future fabrication 
steps.
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The next step is thermally growth SiO2 on the wafer. When the 
substrate is heated to such high temperatures the boron atoms are 
given enough energy to move and settle more uniformly in the sub-
strate. This process can be run by executing the code: 

diffus temp=950 time=100 weto2 hcl=3 

After the simulation, the new structure is plotted in Figure 9.31. 
In order to further propel the P well into the substrate and in-

crease the uniformity a well drive-in step is then performed. This 
step is essential in the preparation of the P well before further fabri-
cation procedures are performed on this region. More diffusion steps 
are performed here with varying temperatures, temperature change 
rates and processing environments. The presence of nitrogen in a 
diffusion step provides an inert environment for diffusion cause no 

Figure 9.30. N-channel MOSFET structure after P well implantation

The next step is the thermally growth SiO2 on the wafer. When 
the substrate is heated to such high temperatures, the boron atoms 
are given enough energy to move and settle more uniformly in the 
substrate. This process can be run by executing the code:

diffus temp=950 time=100 weto2 hcl=3

After the simulation, the new structure is plotted in Figure 9.31.
In order to further propel the P well into the substrate and in-

crease the uniformity a well drive-in step is then performed. This 
step is essential in the preparation of the P well before further fab-
rication procedures are performed on this region. More diffusion 
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steps are performed here with varying temperatures, temperature 
change rates and processing environments. The presence of nitro-
gen in a diffusion step provides an inert environment for diffusion 
cause no oxide to generate on the substrate. The code for this well 
drive-in is shown below:

diffus time=50 temp=1000 t.rate=4.000 dryo2 press=0.10 

hcl=3

diffus time=220 temp=1200 nitro press=1

diffus time=90 temp=1200 t.rate=-4.444 nitro   

press=1
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oxide to generate on the substrate. The code for this well drive-in is 
below:

diffus time=50 temp=1000 t.rate=4.000 dryo2 
press=0.10 hcl=3 

diffus time=220 temp=1200 nitro press=1 

diffus time=90 temp=1200 t.rate=-4.444 nitro   
press=1

Figure 9.31 N-channel MOSFET structure after well oxidation

The N-channel MOSFET structure after the well drive-in proc-
ess is plotted in Figure 9.32. The more uniform doping concentration 
versus depth in the substrate can be seen from the doping plots flat 
nature.

It is then necessary to etch the present oxide from the wafer to 
provide a surface to begin the process of defining the physical 
MOSFET features. This process can be run by executing the code: 

etch oxide all 
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Figure 9.32 N-channel MOSFET structure after well drive-in

The last step taken ready the surface of the wafer before begin-
ning the processes to develop the physical structure of the N-channel 
MOSFET is to perform a sacrificial cleaning. This process requires 
oxidation and then the removal of the oxide produced. The oxygen in 
the oxidation step reacts with the surface Si forming SiO2 before it is 
etched away. As a result, a thin layer of the wafer is removed. This 
process ensures that the surface layer of Si is free from damage from 
previous process steps. This process can be run by executing the 
code:

diffus time=20 temp=1000 dryo2 press=1 hcl=3 

etch oxide all 

Gate Formation. The gate oxide is growth on the wafer by depo-
sition commands. The thickness of this oxide layer can be varied by 
changing the time, temperature or type of the oxidation. The 10-12 
nm gate oxide (see Figure 9.33) is thermally grown in dry oxygen at 
925 °C. This gate oxide growth is done with the code:

diffus time=15 temp=925 dryo2 press=1.00 hcl=3 

Figure 9.31. N-channel MOSFET structure after well oxidation

The N-channel MOSFET structure after the well drive-in pro-
cess is plotted in Figure 9.32. The more uniform doping concentra-
tion versus depth in the substrate can be seen from the doping plots 
flat nature.
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It is then necessary to etch the present oxide from the wafer to 
provide a surface to begin the process of defining the physical MOS-
FET features. This process can be run by executing the code:

etch oxide all

121 

oxide to generate on the substrate. The code for this well drive-in is 
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MOSFET features. This process can be run by executing the code: 
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Figure 9.32 N-channel MOSFET structure after well drive-in

The last step taken ready the surface of the wafer before begin-
ning the processes to develop the physical structure of the N-channel 
MOSFET is to perform a sacrificial cleaning. This process requires 
oxidation and then the removal of the oxide produced. The oxygen in 
the oxidation step reacts with the surface Si forming SiO2 before it is 
etched away. As a result, a thin layer of the wafer is removed. This 
process ensures that the surface layer of Si is free from damage from 
previous process steps. This process can be run by executing the 
code:

diffus time=20 temp=1000 dryo2 press=1 hcl=3 

etch oxide all 

Gate Formation. The gate oxide is growth on the wafer by depo-
sition commands. The thickness of this oxide layer can be varied by 
changing the time, temperature or type of the oxidation. The 10-12 
nm gate oxide (see Figure 9.33) is thermally grown in dry oxygen at 
925 °C. This gate oxide growth is done with the code:

diffus time=15 temp=925 dryo2 press=1.00 hcl=3 

Figure 9.32. N-channel MOSFET structure after well drive-in

The last step of making ready the surface of the wafer, before 
starting the process of physical structure development of N-
channel MOSFET, is to perform sacrificial cleaning. This process 
requires oxidation and then the removal of the oxide produced. The 
oxygen in the oxidation step reacts with the surface Si forming SiO2 
before it is etched away. As a result, a thin layer of the wafer is 
removed. This process ensures that the surface layer of Si is free 
from damage from previous process steps. This process can be run 
by executing the code:

diffus time=20 temp=1000 dryo2 press=1 hcl=3

etch oxide all
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Gate Formation. The gate oxide is grown on the wafer using 
deposition commands. The thickness of this oxide layer can be va-
ried by changing the time, temperature or type of the oxidation. The 
10–12 nm gate oxide (see Figure 9.33) is thermally grown in dry 
oxygen at 925 °C. This gate oxide growth is done with the code:

diffus time=15 temp=925 dryo2 press=1.00 hcl=3
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Figure 9.33 N-channel MOSFET structure after gate oxide growth

Next, to accurately adjust the threshold voltage VTH of the N-
channel MOSFET device, a low energy boron implant of E = 10 keV 
is performed (about D = 9.5×1011 cm-2). Primarily this implant, in 
combination with the previous p-well implant and the gate oxide 
capacitance, determines the final threshold voltage VTH value. The 
code displayed for the threshold voltage VTH adjustment is shown 
below:

implant boron dose=9.5e11 energy=10 pearson 

N-channel MOSFET structure after the threshold voltage VTH

adjusts is plotted in Figure 9.34. 
The next step in the MOSFET fabrication is the deposition of the 

polysilicon layer of 0.3 µm thickness for the gate of the N-channel 
MOSFET. In some polysilicon deposition systems, the poly can be 
doped while it is being deposited. This is referred to as "in situ'' 
doped poly. In this case, the ion implantation doping step would not 
be necessary.  

After that the gate photolithography step, comprising photoresist 
deposition, exposure through a mask with a width of 0.5 μm which is  
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Figure 9.34 N-channel MOSFET structure after threshold voltage adjust 
implant

equal to the future gate length, and development, has been emulated 
based on solid modelling with perfectly vertical sidewalls of the re-
sist after development, followed by vertical etching defines the 
length of the 0.5 μm transistor gate electrode.  

The MOSFET is a symmetrical device: the region from the cen-
tre of the gate to the source on the left is identical to the region from 
the centre of the gate to the drain on the right. For this reason, in this 
step, only left half of the full device is simulated. The code for this 
step is found below: 

depo poly thick=0.3 divi=10 

etch poly left p1.x=0.95 

Figure 9.35 shows a two dimensional  structure after polysilicon 
gate formation (left part) with the different colors in the silicon wafer 
denoting the specific doping concentration of that region.  

Tip or Extension (LDD) Formation. The next step in the 
MOSFET fabrication is the light doped drain/source (LDD) implan- 

Figure 9.33. N-channel MOSFET structure after gate oxide growth

Next, to accurately adjust the threshold voltage Vth of the 
N-channel MOSFET device, a low energy boron implant of 
E = 10 keV is performed (about D = 9.5 × 1011 cm-2). Primarily this 
implant, in combination with the previous p-well implant and the 
gate oxide capacitance, determines the final threshold voltage Vth 
value. The code displayed for the threshold voltage Vth adjustment 
is shown below:

implant boron dose=9.5e11 energy=10 pearson

N-channel MOSFET structure after the threshold voltage Vth 
adjusts is plotted in Figure 9.34.
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The next step in the MOSFET fabrication is the deposition of 
the polysilicon layer of 0.3 µm thickness for the gate of the N-chan-
nel MOSFET. In some polysilicon deposition systems, the poly can 
be doped while it is being deposited. This is referred to as “in situ” 
doped poly. In this case, the ion implantation doping step would not 
be necessary. 

After that the gate photolithography step, comprising photore-
sist deposition, exposure through a mask with a width of 0.5 μm 
which is 
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Figure 9.33 N-channel MOSFET structure after gate oxide growth

Next, to accurately adjust the threshold voltage VTH of the N-
channel MOSFET device, a low energy boron implant of E = 10 keV 
is performed (about D = 9.5×1011 cm-2). Primarily this implant, in 
combination with the previous p-well implant and the gate oxide 
capacitance, determines the final threshold voltage VTH value. The 
code displayed for the threshold voltage VTH adjustment is shown 
below:

implant boron dose=9.5e11 energy=10 pearson 

N-channel MOSFET structure after the threshold voltage VTH

adjusts is plotted in Figure 9.34. 
The next step in the MOSFET fabrication is the deposition of the 

polysilicon layer of 0.3 µm thickness for the gate of the N-channel 
MOSFET. In some polysilicon deposition systems, the poly can be 
doped while it is being deposited. This is referred to as "in situ'' 
doped poly. In this case, the ion implantation doping step would not 
be necessary.  

After that the gate photolithography step, comprising photoresist 
deposition, exposure through a mask with a width of 0.5 μm which is  
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Figure 9.34 N-channel MOSFET structure after threshold voltage adjust 
implant

equal to the future gate length, and development, has been emulated 
based on solid modelling with perfectly vertical sidewalls of the re-
sist after development, followed by vertical etching defines the 
length of the 0.5 μm transistor gate electrode.  

The MOSFET is a symmetrical device: the region from the cen-
tre of the gate to the source on the left is identical to the region from 
the centre of the gate to the drain on the right. For this reason, in this 
step, only left half of the full device is simulated. The code for this 
step is found below: 

depo poly thick=0.3 divi=10 

etch poly left p1.x=0.95 

Figure 9.35 shows a two dimensional  structure after polysilicon 
gate formation (left part) with the different colors in the silicon wafer 
denoting the specific doping concentration of that region.  

Tip or Extension (LDD) Formation. The next step in the 
MOSFET fabrication is the light doped drain/source (LDD) implan- 

Figure 9.34. N-channel MOSFET structure after threshold voltage adjust 
implant

equal to the future gate length, and development, has been emu-
lated based on solid modelling with perfectly vertical sidewalls of 
the resist after development, followed by vertical etching defines the 
length of the 0.5 μm transistor gate electrode. 

The MOSFET is a symmetrical device: the region from the cen-
tre of the gate to the source on the left is identical to the region from 
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the centre of the gate to the drain on the right. For this reason, in this 
step, only left half of the full device is simulated. The code for this 
step is shown below:

depo poly thick=0.3 divi=10

etch poly left p1.x=0.95

Figure 9.35 shows a two dimensional structure after polysilicon 
gate formation (left part) with the different colors in the silicon wa-
fer denoting the specific doping concentration of that region. 
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Figure 9.35 N-channel MOSFET structure after polysilicon gate formation 

tation. The LDD junction can be formed by using low energy, low 
current implantation. It is a shallow junction with very low dopant 
concentration, extended just underneath the gate. Phosphor implant 
at 20 keV and dose of 3×1013 cm-2 was used to form the n-type shal-
low junctions. The implantation of the LDD is performed with the 
code:

implant phosphor dose=3.0e13 energy=20 pearson 

The LDD regions can now be seen in the resulting structure plot 
in Figure 9.36. 

About 0.35 µm oxide is deposited conformal by low pressure 
chemical vapour deposition (LPCVD) and anisotropically etched so 
that oxide spacers at the polysilicon edges are created. The code for 
this step is found below: 

rate.depo mach=SiLPCVD cvd oxide step.cov=0.6 
dep.rate=0.1 u.m 

deposit mach=SiLPCVD time=3.5 minute div=15 

rate.etch mach=SiO2 rie oxide dir=0.15 iso=0.00 u.m 

etch mach=SiO2 time=140 second dx.mult=0.5 
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Figure 9.36 N-channel MOSFET structure after LDD implantation 

The oxide spacer is represented in Figure 9.37. 

Figure 9.37 N-channel MOSFET structure after oxide spacer formation

Source/Drain Formation. High current and high energy ion im-
plantation forms the heavily doped source/drain junctions, which are 

Figure 9.35. N-channel MOSFET structure after polysilicon gate 
formation

Tip or Extension (LDD) Formation. The next step in the MOS-
FET fabrication is the light doped drain / source (LDD) implanta-
tion. The LDD junction can be formed by using low energy, low 
current implantation. It is a shallow junction with very low dopant 
concentration, extended just underneath the gate. Phosphor implant 
at 20 keV and dose of 3 × 1013 cm-2 was used to form the n-type shal-
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low junctions. The implantation of the LDD is performed with the 
code:

implant phosphor dose=3.0e13 energy=20 pearson

The LDD regions can now be seen in the resulting structure 
plot in Figure 9.36.

About 0.35 µm oxide is deposited conformal by low pressure 
chemical vapour deposition (LPCVD) and anisotropically etched so 
that oxide spacers at the polysilicon edges are created. The code for 
this step is shown below:

rate.depo mach=SiLPCVD cvd oxide step.cov=0.6 dep.

rate=0.1 u.m

deposit mach=SiLPCVD time=3.5 minute div=15

rate.etch mach=SiO2 rie oxide dir=0.15 iso=0.00 u.m

etch mach=SiO2 time=140 second dx.mult=0.5
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Figure 9.35 N-channel MOSFET structure after polysilicon gate formation 

tation. The LDD junction can be formed by using low energy, low 
current implantation. It is a shallow junction with very low dopant 
concentration, extended just underneath the gate. Phosphor implant 
at 20 keV and dose of 3×1013 cm-2 was used to form the n-type shal-
low junctions. The implantation of the LDD is performed with the 
code:

implant phosphor dose=3.0e13 energy=20 pearson 

The LDD regions can now be seen in the resulting structure plot 
in Figure 9.36. 

About 0.35 µm oxide is deposited conformal by low pressure 
chemical vapour deposition (LPCVD) and anisotropically etched so 
that oxide spacers at the polysilicon edges are created. The code for 
this step is found below: 

rate.depo mach=SiLPCVD cvd oxide step.cov=0.6 
dep.rate=0.1 u.m 

deposit mach=SiLPCVD time=3.5 minute div=15 

rate.etch mach=SiO2 rie oxide dir=0.15 iso=0.00 u.m 

etch mach=SiO2 time=140 second dx.mult=0.5 
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Figure 9.36 N-channel MOSFET structure after LDD implantation 

The oxide spacer is represented in Figure 9.37. 

Figure 9.37 N-channel MOSFET structure after oxide spacer formation

Source/Drain Formation. High current and high energy ion im-
plantation forms the heavily doped source/drain junctions, which are 

Figure 9.36. N-channel MOSFET structure after LDD implantation

The oxide spacer is represented in Figure 9.37.
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Figure 9.35 N-channel MOSFET structure after polysilicon gate formation 

tation. The LDD junction can be formed by using low energy, low 
current implantation. It is a shallow junction with very low dopant 
concentration, extended just underneath the gate. Phosphor implant 
at 20 keV and dose of 3×1013 cm-2 was used to form the n-type shal-
low junctions. The implantation of the LDD is performed with the 
code:

implant phosphor dose=3.0e13 energy=20 pearson 

The LDD regions can now be seen in the resulting structure plot 
in Figure 9.36. 

About 0.35 µm oxide is deposited conformal by low pressure 
chemical vapour deposition (LPCVD) and anisotropically etched so 
that oxide spacers at the polysilicon edges are created. The code for 
this step is found below: 

rate.depo mach=SiLPCVD cvd oxide step.cov=0.6 
dep.rate=0.1 u.m 

deposit mach=SiLPCVD time=3.5 minute div=15 

rate.etch mach=SiO2 rie oxide dir=0.15 iso=0.00 u.m 

etch mach=SiO2 time=140 second dx.mult=0.5 
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Source / Drain Formation. High current and high energy ion 
implantation forms the heavily doped source / drain junctions, 
which are keeping apart from the gate by the sidewall spacers. This 
reduces the vertical component of the source / drain bias induced 
electric field and reduces the available electrons for tunneling, thus 
suppressing the hot electron effect. This heavy drain / source region 
is also implanted with arsenic (E = 50 keV, D = 5 × 1015 cm-2) instead 
of phosphorus in the case of the light drain / source. The implanta-
tion code is shown below:

implant arsenic dose=5.0e15 energy=50 pearson
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Figure 9.38 N-channel MOSFET structure after heavy drain/source doping 

The light N- and heavy N+ doped drain/source regions can now 
be seen in the resulting structure plot in Figure 9.38. 

The thermal anneal step is required after the ion implantation to 
electrically activate implanted ions. The thermal anneal moves ions 
into lattice structure sites of the silicon. The thermal annealing proc-
ess is often done with a rapid thermal anneal tool (RTA). The ion-
implanted region is rapid thermal annealed at high temperatures 
(around 1000 °C) for a few seconds in order to activate the impurity 
atoms and repair the physical damage to the crystal lattice. The RTA 
code is found below: 
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method fermi compress 

diffuse time=1 temp=1000 nitro press=1.0 

Contact and Local Interconnect Formation. The next step in 
this process requires depositing and etching the oxide layer above the 
drain/source region. This can be done with the code seen below: 

rate.depo mach=SiLPCVD cvd oxide step.cov=0.6 
dep.rate=0.1 u.m 

deposit mach=SiLPCVD time=3.5 minute div=15 

etch oxide left p1.x=0.5 

The N-channel MOSFET structure after the contact opening is 
plotted in Figure 9.39. 

Figure 9.39 N-channel MOSFET structure after contact opening 

The N-channel MOSFET structure is ready for metallization. 
Metallization refers to the metal layers that electrically interconnect 
the various device structures fabricated on the Si wafer. Aluminium 
is very suitable for this purpose with its very low resistivity and its 
adhesion compatibility with SiO2. The 0.35 µm layer of Al is depos-
ited on the surface, and then it is etched away, except the one above 
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The light N- and heavy N+ doped drain / source regions can now 
be seen in the resulting structure plot in Figure 9.38.

The thermal anneal step is required after the ion implantation 
to electrically activate implanted ions. The thermal anneal moves 
ions into lattice structure sites of the silicon. The thermal annealing 
process is often done with a rapid thermal anneal tool (RTA). The 
ion-implanted region is rapid thermal annealed at high temperatures 
(around 1000 °C) for a few seconds in order to activate the impurity 
atoms and repair the physical damage to the crystal lattice. The RTA 
code is shown below:

method fermi compress

diffuse time=1 temp=1000 nitro press=1.0

Contact and Local Interconnect Formation. The next step in 
this process requires depositing and etching the oxide layer above 
the drain / source region. This can be done with the code shown 
below:



135

rate.depo mach=SiLPCVD cvd oxide step.cov=0.6 dep.

rate=0.1 u.m

deposit mach=SiLPCVD time=3.5 minute div=15

etch oxide left p1.x=0.5

The N-channel MOSFET structure after the contact opening is 
plotted in Figure 9.39.
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Figure 9.39. N-channel MOSFET structure after contact opening

The N-channel MOSFET structure is ready for metallization. 
Metallization refers to the metal layers that electrically interconnect 
the various device structures fabricated on the Si wafer. Aluminium 
is very suitable for this purpose with its very low resistivity and its 
adhesion compatibility with SiO2. The 0.35 µm layer of Al is depo-
sited on the surface, and then it is etched away, except the one above 
source / drain region, to form source / drain region electrodes as 
shown in Figure 9.40. The code for this step is shown below:

rate.depo machine=SputteringAl aluminum n.m sigma.

dep=0.80 uni dep.rate=100 angle1=60
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deposit machine=SputteringAl time=3.5 minutes divis=50

etch aluminum right p1.x=0.6
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source/drain region, to form source/drain region electrodes as shown 
in Figure 9.40. The code for this step is shown below: 

rate.depo machine=SputteringAl aluminum n.m 
sigma.dep=0.80 uni dep.rate=100 angle1=60 

deposit machine=SputteringAl time=3.5 minutes di-
vis=50
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Figure 9.40 N-channel MOSFET structure after Al etching

In previous step, only left half of the full device is simulated. 
Mirroring of this half device into a full structure is performed with: 

structure mirror right 

The full device can now be seen in Figure 9.41. 
Finally, the N-channel MOSFET transistor is contacted and the 

electrical behavior of the device can be analyzed. The code for this 
step is below and defines the source, gate, drain and substrate elec-
trodes:

electrode name=gate x=1.2 y=0.1 

electrode name=source x=0.1 
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electrode name=drain x=2.3 

electrode name=substrate backside 

structure outfile=nmos.str 

tonyplot –st nmos.str 

Figure 9.41 N-channel MOSFET structure after mirror structure command

Figure 9.42 N-channel MOSFET structure after electrode definition 

Figure 9.40. N-channel MOSFET structure after Al etching

In previous step, only left half of the full device is simulated. 
Mirroring of this half device into a full structure is performed with: 

structure mirror right

The full device can now be seen in Figure 9.41.
Finally, the N-channel MOSFET transistor is contacted and the 

electrical behavior of the device can be analyzed. The code for this 
step is shown below and defines the source, gate, drain and substrate 
electrodes:

electrode name=gate x=1.2 y=0.1

electrode name=source x=0.1

electrode name=drain x=2.3

electrode name=substrate backside

structure outfile=nmos.str

tonyplot –st nmos.str
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The electrodes are highlighted in this final structure of this N-
channel MOSFET device and shown in Figure 9.42. The complete 
structure can now be simulated in Atlas to provide specific charac-
teristics such as the current-voltage curves.

The threshold voltage Vth is one of the most important parame-
ters in MOSFET device. Since the threshold voltage Vth determines 
the requirements for turning the MOS transistor on or off, it is very 
important to be able to adjust Vth in designing the device. The fol-
lowing command line is used to determine the threshold voltage Vth 
for N-channel MOSFET:

extract name=”n1dvt” 1dvt ntype vb=0.0 qss=1e10 

x.val=1.2

this 1d Vth extraction will calculate the 1D threshold voltage 
of an N-channel MOSFET cross section at x = 1.2, when the sub-
strate (Vb) is set at 0 V. The result of this extraction will be listed in a 
bottom half of the Deckbuild window, where the program execution 
information is:

EXTRACT> extract name=”n1dvt” 1dvt ntype vb=0 

qss=10000000000 x.val=1.2

n1dvt=0.679483 V X.val=1.2

From the simulated results, the threshold voltage Vth of the N-
channel MOSFET is extracted to be 0.679483 V.

the go atlas command will initialize the Atlas simulator:
go atlas

the contact statement is used to specify the metal work func-
tion of one or more electrodes. The program, below illustrates on 
this statement:

contact name=gate n.poly

the contact name parameter is used to identify which elec-
trode will have its properties modified. The polysilicon is defined as 
a contact, although there is no direct connection with the aluminium 
electrodes.
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the interface statement is used to define the interface charge 
density interfaces between semiconductors and insulators. Setting 
the qf parameters for the interface statement can do this. Typically, 
a value of 3 × 1010 cm-2 is representative for interface charge found in 
Si MOS devices. The program below illustrates on this statement:

interface qf=3e10

Atlas supports several separate transverse field dependent mo-
bility models. These are the cvt model, the Yamaguchi model, the 
Watt model, Tasch model, and the Shirahata model. To obtain ac-
curate results for MOSFET simulations, it is important to account 
for effects associated with inversion layers. Modelling mobility as 
having a dependence on the transverse field does this. Among the 
several mobility models stated, only the cvt model adheres to this 
requirement in a more reliable and realistic manner. By using cvt 
model, the mobility is dependent on the transverse field and through 
velocity saturation at high longitudinal field. For this entire simula-
tion, the cvt model is adopted and the program below illustrates on 
this statement:

models cvt srh print

The command statement enables cvt and srh (Shockley-Read-
Hall recombination with fixed carrier lifetimes) models and the 
print parameter lists to the run time output the models and para-
meters that will be used during the simulation. This allows the user 
to verify models and material parameters.

the solve statement is used to calculate specified bias points. 
This statement is of the following basic format:

solve init

Many characteristics such as MOSFET Id/Vds or Id/VGs simula-
tions require a family of curves to be produced. It is done by obtain-
ing solutions at each of the stepped bias points first, and then solving 
over the swept bias variable at each stepped point. For example, in 
MOSFET Id/Vds curves, solutions for each VGs value are obtained 
with Vds = 0.0 V. The outputs from these solutions are saved (out-



140

file command) in Atlas solution files. Then, in turn for each gate 
bias, the solution file is loaded and the ramp of drain voltage per-
formed. The family of curves for three gate steps and a drain sweep 
would be implemented in Atlas as follows:

solve vgate=1.1 outfile=solve1 _ 1

solve vgate=2.2 outfile=solve2 _ 2

solve vgate=3.3 outfile=solve3 _ 3

load infile=solve1 _ 1

log outfile=NMOSvg1 _ 1.log

solve name=drain vdrain=0 vfinal=3.3 vstep=0.3

load infile=solve2 _ 2

log outfile=NMOSvg2 _ 2.log

solve name=drain vdrain=0 vfinal=3.3 vstep=0.3

load infile=solve3 _ 3

log outfile=NMOSvg3 _ 3.log

solve name=drain vdrain=0 vfinal=3.3 vstep=0.3

the log statements are used to save the Id/Vds curve from each 
gate voltage to separate files. It is recommended to save the data in 
this manner rather than to a single log file. 

To create overlayed plots with TonyPlot, needs to use the fol-
lowing command:

tonyplot –overlay NMOSvg1 _ 1.log NMOSvg2 _ 2.log 

NMOSvg3 _ 3.log

quit

the I–V curves obtained from the MOSFET’s give a good indi-
cation of the performance of the device. Figure 9.43 shows the Id/Vds 
curves that are obtained from N-channel MOSFET. Gate voltages 
of 1.1 V, 2.2 V, and 3.3 V are applied to the transistor, and the drain 
current is graphed as a function of the applied drain voltage.
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tained with VDS = 0.0 V. The outputs from these solutions are saved 
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cation of the performance of the device. Figure 9.43 shows the ID/VDS

curves that are obtained from N-channel MOSFET. Gate voltages of 
1.1 V, 2.2 V, and 3.3 V are applied to the transistor, and the drain 
current is graphed as a function of the applied drain voltage. 
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Figure 9.43 N-channel MOSFET output (ID/VDS) characteristics  

Figure 9.44 N-channel MOSFET transfer (ID/VGS) characteristics

Figure 9.43. N-channel MOSFET output (Id/Vds) characteristics 
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The drain current as the function of gate voltage (Id/VGs) of N-
channel MOSFET is shown in Figure 9.44. The VGs voltage is in-
creased from 0 V to 3.3 V in steps of +0.3 V. The drain is biased 
at three different values, 0.2 V, 0.4 V and 0.6 V. From Figure 9.44 
can be determined that the transistor will turn on at approximately 
0.68 V. This Vth voltage approximately equals to the extracted vol-
tage of N-channel MOSFET (Vth = 0.679483 V).

Work assignments

1. Use the Athena and Atlas device modelling software to de-
sign and simulate the 0.5 µm P-channel MOSFET, simulation para-
meters are given in Table 9.1.

table 9.1. Simulation parameters of P-channel MOSFET 

No. P-channel MOSFET simu-
lation processes

Parameters

1. Mesh  definition line x loc=0 spac=0.1 
line x loc=0.35 spac=0.02
line x loc=0.6 spac=0.1
line y loc=0.0 spac=0.005 
line y loc=0.3 spac=0.015
line y loc=0.5 spac=0.02
line y loc=1.0 spac=0.2

2. P-type substrate silicon orient=100 c.boron=1e14

3. Smooth oxide layer diffus time=30 temp=1000 dryo2 
etch oxide thick=0.02

4. N-well implant implant amorphous phos 
dose=1.0e13 energy=100 pears

5. Well oxidation diffus temp=950 time=100 weto2

6. Well drive-in diffus time=220 temp=1200 nitro

7. Remove oxide etch oxide all

8. Sacrificial cleaning oxide diffus time=20 temp=1000 dryo2
etch oxide all
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9. Gate oxide grown diffus time=10 temp=800 nitrogen
diffus time=2 temp=900 dryo2 
diffus time=13 temp=900 dryo2 
diffus time=10 temp=900 nitrogen 
diffus time=10 temp=800 nitrogen

10. Threshold-adjustment 
implant

implant amorphous bf2 
dose=1.20e12 energy=25 pearson

11. CVD polysilicon deposi-
tion

depo poly thick=0.350 div=3
etch poly left p1.x=0.35

12. LDD Implantation method fermi compress
diffuse time=5 temp=900 weto2 
implant amorphous bf2 dose=2.0e14 
energy=50 pearson

13. Spacer formation rate.depo mach=SiLPCVD cvd oxide 
step.cov=0.6 dep.rate=0.1 u.m
deposit mach=SiLPCVD time=3.5 
minute div=15
rate.etch mach=SiO2 rie oxide 
dir=0.15 iso=0.00 u.m
etch mach=SiO2 time=140 second 
dx.mult=0.5

14. Heavily doped source / 
drain implantation

implant amorphous bf2 dose=1.0e15 
energy=60 pearson

15. Thermal anneal  process method fermi compress
diffuse time=5 temp=900 nitrogen

16. Contact opening and metal 
deposition

rate.depo mach=SiLPCVD cvd oxide 
step.cov=0.6 dep.rate=0.1 u.m
deposit mach=SiLPCVD time=3.5 
minute div=15
etch oxide left p1.x=0.10

rate.depo machine=SputteringAl 
aluminum n.m sigma.dep=0.80 uni 
dep.rate=100 angle1=60
deposit machine=SputteringAl 
time=3.5 minutes divis=50
etch aluminum right p1.x=0.25

17. Electrode definition electrode name=gate x=0.5 
electrode name=source x=0
electrode name=drain x=1.1
electrode name=substrate back-
side
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2. Plot the Id/Vds characteristics for P-channel MOSFET. Use 
100 mV steps for Vds between 0 and 3.3 V, and steps VGs between 0 
and 3.3 V in 300 mV increments. For all these Id/Vds curves, look at 
the current at the edge of saturation.

3. Plot the Id/VGs characteristics for the same device. Sweep VGs 
from 0 to 3.3 V in 100 mV steps and plot the Id/VGs characteristics 
for Vds = 0…3.3 V, stepped in 300 mV. For all these Id/VGs curves, 
determine the threshold voltage Vth.

4. Investigate how the variation of P-channel MOSFET process 
parameters affects the threshold voltage Vth and the current-voltage 
characteristics:

a. Change the value of wafer concentration to 1.0 × 1015 cm-3, 
simulate the newly created PMOS commands and notify 
the changes on both PMOS structure and Id/VGs curve;

b. Change N-well implantation dose to 1.0 × 1014 cm-2, sim-
ulate the newly created PMOS commands and notify the 
changes on both PMOS structure and Id/VGs curve;

c. Change LDD implantation dose to 2.0 × 1015 cm-2, simulate 
the newly created PMOS commands and notify the changes 
on both PMOS structure and Id/VGs curve;

d. Calculate the threshold voltage Vth if the threshold adjust 
implant dose is 2.4 × 1012 cm-2;

e. Calculate the threshold voltage Vth if the gate oxide thick-
ness is about 200 Å;

f. Plot Id/VGs and Id/Vds curves for different gate lengths 
(0.25 μm, 0.35 μm). For all these curves, determine the 
threshold voltage Vth.

Content of the report

Each student must write and submit a separate, independent 
laboratory report. The report must be submitted within ten days 
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from the date of laboratory work. The laboratory report should in-
clude the following components:

1. Title of the laboratory report with contact information.
2. Objective, which includes a few sentences, defining the goal 

of this laboratory work.
3. Introduction, which includes the background information on 

the processes used in the fabrication of an MOSFET.
4. Simulation Results and Discussions, which include the an-

swers to the questions and the simulations results, analysis and eva-
luations, with simulation codes and neat graphs / images.

5. Conclusions, which include a conclusion on the simulations 
results.

6. List of References, which includes all the technical referen-
ces cited throughout the entire laboratory report. 
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