INTRODUCTION TO THIN FILM TECHNOLOGIES

“Never before in history has innovation offered promise of so
much to so many in so short a time”
Bill Gates
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INTRODUCTION TO THIN FILMTECHNOLOGIES
Nang Tran
1‐1 Significant Progress in the IC Industry










In a real sense, the semiconductor industry was born with the invention of
the transistor by Shockley, Brattain and Bardeen in 1947 at Bell
Laboratory (1) . This device is smaller , more reliable than vacuum tube
that had been used at that time.
Silicon based transistors had been developed rapidly with the high
demand in the electronic industry in the ’50. Discrete devices were made
and packaged together with circuit connection to make smaller electronic
products. One such product was the Sony portable pocket radio.
Integrated circuit (IC) was invented by Robert Noyce at Fairchild
Semiconductor (later a cofounder of Intel) and Jack Kilby of Texas
Instrument in 1958 (2) . Several transistors, aluminium interconnections
and silicon dioxide are built on the same substrate. The first IC was made
in 1960 with 2‐100 components, starting the first integration level known
as the Small Scale Integration (SSI).
Minimum feature size has been reduced from 20 μm in 1960 down to 0.18
μm or less in 2000. Cost of the chips has decreased significantly in relative
to the performance as predicted by Gordon Moore (another founder of
Intel, ref. 3) that the number of transistors on a chip would be double
every 18 months (known as the Moore’s first law, Fig. 1‐1) . Will this law
go on indefinitely ?. The answer is perhaps not . In an interview on 13
April 2005, Moore stated that ʺIt canʹt continue forever. The nature of
exponentials is that you push them out and eventually disaster happens.ʺ
The fundamental barrier will take place when transistors reach the size of
atoms in 10‐ 20 years. As an example, in 1995, a microprocessor had 9.3
million transistors , 40 million transistors in 1999. It is expected that the
microprocessor will have 15 billion transistors by 2015. Intel predicted
that Moore’s law will reach the limit with 16 nm manufacturing process
and with 5 nm gate where the quantum tunneling occurs.
Progress of integration levels since 1960 up to present can be summarized
as follows :
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Integration level
Time
Number of devices/chip
Small scale integration 1960‐1965
2‐100
(SSI)
Medium scale integration 1965‐1975
100‐ 10,000
(MSI)
Large scale integration 1975‐1985
10,000‐ 500,000
(LSI)
Very
large
scale 1985‐1995
500,000‐ 5,000,000
integration (VLSI)
Ultra
large
scale 1995‐ present
> 5,000,000
integration (ULSI)
Table 1‐1 Different integration levels in the IC industry

Fig. 1‐1. Moore’s first law predicting density of transistors on a chip would be
double every 18 months (ref.4)
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In 1994, Moore gave another law at a conference saying that the cost of
building chip fabrication plants will continue to increase until it becomes fiscally
untenable to build new plants. As a matter of fact, the cost of a top‐of‐ the
line chip fabrication plant (also known as fab.) has risen from $14 million
in 1966 to $ one billion in 1995 (in 1995 dollars). From Fig. 1‐2, the cost of
a single fab in 2005 will be $ 10 billion dollars (in 1995 dollars) that even
Intel can not foot the bill. In other words, in the future many large
electronic companies have to join efforts to build the fab!.

Fig. 1‐2. Moore’s second law (ref.1)


The course of chip manufacturing for the IC industry generally goes
through two phases : the design phase and the fabrication phase. Desired
functions, specifications of the chips are determined first in the design
phase (top‐ down approach). Steps of a typical chip fabrication process is
shown in Fig. 1‐3. In many cases, the substrate is silicon wafer. Thin films,
photolithography, ion implantation and packaging are important
components in the IC fabrication process.
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Fig. 1‐3 Sequence of process steps in the IC fabrication (ref.5).




According to the roadmap of the Semiconductor Industry Association
(SIA), the minimum feature or critical dimension (CD) of the chips is 70
nm and 50 nm in 2008 and 2011, respectively. At smaller CD, the devices
might run into problems with dopant clustering and quantum effect in
the gates*). Interconnections could also become a problem at further
reducing size of the semiconductor devices.
In the chip manufacturing, one of the important factor is wafer cleaning.
Anything could affect the performance of the chips : dust in the room,
electrostatic charge, solvent residue, furniture, stationary, operator. Clean
room is therefore required. Fig. 1‐5 shows the clean room classification.
For example class 10 clean room does not contain more than 10 particles
of the size of 0.5 μm or larger per cubic foot.

*). Reducing depth and width of the drain and source results in an increase of
device resistance caused by reduction of number of free charges; in order to
alleviate this problem high dopant concentration is required, which could cause
clustering. Furthermore, when the gate becomes small, tunneling effect may
occur , creating leakage current.
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Fig. 1‐4. Semilog plot of DRAM bits and minimum feature size as a
function of time (ref.6).

Fig. 1‐5. Clean room classification according to US Federal Standard
209 b (ref.6).
9

From Fig. 1‐5, it is known that the number in clean room indicates how much
particles of 0.5 μm sizes exist in the environment. For example class 10 clean
room has 10 of 0.5 μm particles . Number of particles of other sizes in class 10
clean room are 350 (0.1 μm), 75 (0.2 μm) and 30 (0.3 μm).
1‐2 Thin Films






Thin films play a vital role in the growth of IC industry and have made a
rapid evolution in the last thirty years. The first evaporated thin films was
probably demonstrated by Faraday in 1857 when he exploded metal
wires in an inert atmosphere. Researchers and equipment manufacturers
have made successfully efforts to meet the requirements of the industry
for thin films with improved quality and sophisticated device structures.
Homoepitaxy and heteroepitaxy have been demonstrated
using different deposition techniques. Homoepitaxy is the growth of for
example a single crystal silicon film on a single crystal silicon substrate ;
whereas heteroepitaxy is the growth of for example a single crystal silicon
film on a non‐silicon crystal substrate.
There are dozens of thin film deposition techniques available for the
formation of thin films having thicknesses ranging from a few
nanometers to ten micrometers or more. Generally the techniques belong
to four main categories : evaporation processes, glow –discharge processes,
gas‐phase chemical processes and liquid‐phase chemical processes. In this
course, we will focus on some of the popular deposition techniques in the
first three categories.
1‐2‐1 Evaporation Processes

Conventional evaporation
Electron beam evaporation

Molecular beam epitaxy (MBE)
Reactive evaporation

1‐2‐2 Glow‐discharge Processes
Diode sputtering
Plasma‐enhanced CVD (or PECVD)
Reactive sputtering
Plasma oxidation
Magnetron sputtering
Plasma nitridation
Ion beam deposition
Plasma polymerization
Cluster beam deposition
Microwave ECR
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Reactive ion plating
Cathodic arc deposition
The glow –discharge processes can be divided into two main categories :
sputtering (on the left column) and plasma processes (on the right column) of the
Table 1‐2‐2 above . We can also add cluster beam deposition to the sputtering
category .
1‐2‐3 Gas‐phase Chemical Processes
Atmospheric pressure CVD
Photo CVD
Low pressure CVD
Laser‐induced CVD
Metalo‐organic CVD
Atomic layer epitaxy




The above thin film coating processes can also be divided into two main
categories : physical vapor deposition (PVD) and chemical vapor
deposition (CVD).
Thin films can find applications in solid state devices, integrated circuits,
electronic displays, optical coatings, magnetic data storage media, optical
data storage media, hard surface coating and recently nanotechnology.

1‐3 A Synopsis of Different Thin Films Deposition Techniques









Conventional Evaporation processes : the basic steps are : (i) a vapor is
generated by heating from a source material, (ii) the vapor is transported
from the source and condensed on a substrate to form a solid film. This
process is simple, and inexpensive.
Electron Beam Evaporation : when electron beam is used to heat the source.
Molecular Beam Epitaxy (MBE) : This is a sophisticated, expensive
technique which requires a high vacuum level of 10‐10 Torr. or more. This
is used for growing single crystal epitaxial films at a very low deposition
rate on a substrate, using Knudsen effusion cells.
Sputtering : well‐known technique which is based on momentum transfer
from bombarding ions (also known as physical vapor deposition ) to
surface atoms on the sputtering target. The ejected atoms then land on a
substrate to form film .The technique has been widely used in making
metals in the IC industry such as aluminum , aluminum alloys, tantalum,
titanium/tungsten due to the following advantages: (i) uniform coating
over a large area, (ii) good composition control, (iii) good step coverage
and (iv) ability to pre‐clean in‐situ the substrate before coating.
Magnetron Sputtering : A magnetic field is applied at the surface of the
sputtering target to confine the secondary electrons and therefore
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Ion Beam Sputtering : ion beams are produced in a glow discharge and sent
to dislodge atoms from a target material.
Microwave Electron Cyclotron Resonance (ECR) :The plasma is generated by
resonance of microwaves and electrons , using a microwave frequency of
2.45 GHz.
PhotoCVD : an ultraviolet lamp is used to activate the reactants in the
gases. Mercury is generally used as a photosensitizer to generate free
radicals.
Laser‐Assisted CVD: similar to the photoCVD except that in this process a
laser beam is used to heat the material locally.
Atomic Layer Epitaxy (ALE) : A modification from chemical vapor
deposition. The reactant vapors are pulsed onto the substrate one at a time
and purging is done in between the reactant pulses.

1‐4 Cleanroom
A cleanroom is a controlled environment with a strict control of airborne
particles and other contaminants generated by people, process, facilities and
equipment. Many technologies are required to control and maintain the
cleaniness in the cleanroom. An air filtration system is employed to change
the air in cleanroom about 10 times or more per minute. The most frequently
used standard for cleanroom is the Federal Standard 209E.
People who works in the cleanroom have to wear “ bunny suits” to protect
the chips from human particles such as skin flakes or hairs. A typical bunny
suit is shown in Fig. 1‐ 6 .
Examples of the contaminants are categorized as follows :
a.
-

Facilities
Walls, woods and ceilings
Paint and coatings
Construction materials
Debris from air conditioning
Spills and leaks
b. People
‐ Skin flakes and oil
‐ Cosmetics and perfume (many cosmetics contain sodium, magnesium,
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silicon, calcium, potassium or iron)
‐ Lint and fibers from street clothes
‐ Hair
c.
‐
‐
‐
‐
‐
‐
‐
‐
‐

Others
Lubricants and emission
Vibrations
Brooms, mops
Particles in air
Bacteria
Moisture
Chemicals
Particles from products
Electrostatic discharge (ESD) : such as electric charge with surface
rubbing, triboelectric charge when people touches surfaces of the
objects or walks across the floor.

1‐5 Examples
Example 1‐5‐1
What material is single crystal silicon made from and what is the fabrication
technique?.
Silicon is made from sand , following the steps in order :
• Reduction of silica (sand) to form metallurgical grade silicon (MGS)*) with
a purity of about 98% (Al, Fe as impurities) by heating silica with carbon
by the reaction :
SiO2(solid)+2C (solid)‐‐‐ Si (solid) +2CO (gas)
• Converting MGS to trichlorosilane (SiHCl3 ):
Si(solid)+3HCl(gas) ‐‐‐ SiHCl3 (liquid)+H2 (gas)
• Purification of trichlorosilane by distillation;
• Chemical vapor deposition of silicon from purified SiHCl3 to obtain
electronic grade polysilicon (EGS) which has a very low impurity level of
1013/cm3.
2 SiHCl3(gas) + 2H2(gas) ‐‐‐2Si(solid) +6HCl
• Single crystal silicon can be obtained by the Czochralski (CZ) crystal
growth or by the floating zone process.
*) MGS is used to make aluminium, the third most important material in IC
industry next to silicon and silicon oxide .
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Example 1‐5‐2
List a few properties of single crystal silicon.
Silicon is the most important material in IC industry. It has a diamond structure
of group IV in the Periodic Table , atomic number of 14, a band gap of 1.1 eV and
melted at 1412 C.
Example 1‐5‐3
Show the migration path of the sizes of silicon wafers over the years.
Sizes of the silicon wafers have changed from 2” in 1970 through 3” then 4” in
1980 to 5”, 6” in mid‐ 80’s, reached 8” in 1990 and 12” at present.
Example 1‐5‐4
Aluminium has performed such a good job over the years , why people wants
to substitute it with copper?.
Although aluminium has been used all those years , the material however has
some drawbacks such as : electromigration, hillocks and relatively high
resistivity. Currently, the industry has tried copper as a substitute for aluminium
mainly due to the fact that copper has lower resistivity (1.68x10‐6 Ώ‐cm as
supposed to 2.65x10‐6 Ώ‐cm for aluminium). The benefits of copper over
aluminium films are : (i) reduction in RC time , (ii) narrower lines, therefore
reducing power and higher packing density, (iii) electromigration resistance.
Copper however can not go on without any weak points. Some of them are :
diffusion to silicon and silicon oxides, hard to RIE etching and easy oxidation at
below 200 C.
Example 1‐5‐5
Why silicon?
Silicon has become the material of choice for the IC industry due to the following
reasons:
‐Abundance
‐High melting temperature: 1412C. Can withstand high temperature processing.
‐Can function over a wider temperature range of operation.
‐The ability to naturally grow silicon dioxide and other silicon‐based materials.
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Example 1‐5‐6
List some compound semiconductors.
A major class of compound semiconductors for specific applications (high speed
communications, space applications…) consists materials from group IIIA and
VA (III‐V compound). Another group comes from groups IIA and VIA (II‐VI
compounds). Examples of III‐V group are : GaAs, GaN; materials from group
VI‐II CdTe, ZnS…
As compared with silicon, GaAs has a higher mobility, therefore higher speed
which makes the material a good candidate in high frequency microwave and in
telecommunication systems. The disadvantages of GaAs are high cost, lacking
the capacity of forming natural oxide and fragility.
Example 1‐5‐7
Describe the relationship between airborne particle sizes and cleaniness classes
(number/ft3) .
Class
1
10
100
1,000
10,000
100,000

0.1 μm
3.5x 10
3.5 x 102

0.2 μm
7.70
7.5 x10
7.5 x 102

0.3 μm
3.00
3.00 x10
3.00 x 102

0.5 μm
1.00
1.00 x 101
1.00 x 102
1.00 x 103
1.00 x 104
1.0 x 105

5 μm

7.00
7.00 x10
7.00 x102

The class level corresponds to the number of 0.5 μm particles (USFED STD 209E
Cleanroom standards).
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The Table below shows the relationship between airborne particle sizes and
cleaniness clean (number/m3 , according to ISO 14644‐1 Standards)
particle/m³
Class 0.1 μm 0.2 μm 0.3 μm

0.5 μm

1.0 μm 5.0 μm

ISO 1

10

2

ISO 2

100

24

10

4

ISO 3

1,000

237

102

35

8

ISO 4

10,000

2,370

1,020

352

83

100,000 23,700 10,200

3,520

832

29

ISO 6 1,000,000 237,000 102,000

35,200

8,320

293

ISO 7

352,000

83,200

2,930

ISO 8

3,520,000

ISO 5

ISO 9

832,000 29,300

35,200,000 8,320,000 293,000

(From ISO 14644‐1 Standards
http://en.wikipedia.org/wiki/Particle_counter
The cleanroom class comparison from the above two Tables can be summarized
as below :
ISO 14644‐1 FED STD 209E
ISO 3

1

ISO 4

10

ISO 5

100

ISO 6

1,000

ISO 7

10,000

ISO 8

100,000

Example 1‐5‐8
A typical procedure for the people to do every time she/he enters and leaves the
cleanroom (From Intel’s website):
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‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐

Store personal items.
Discard any gum, candy, etc
Remove any makeup with clean room soap and water.
Take a drink of water to wash throat particles.
Cover any facial hair with a surgical mask or beard/ mustache lint‐ free
cover.
Put on a lint‐ free head cover.
Clean shoes with shoe cleaners.
Put shoe cover on over shoes.
Clean any small, pre‐approved items to be taken inside.
Pick up booties.
Sit on “dirty” side bench.
Put on bootie (over plastic shoe cover).
Swing bootie foot to “clean” side of bench.
Put on other bootie on “dirty” side.
Enter main gowning room.
Set aside badge, paper, and other items to be taken inside.
Put on nylon gowning gloves.
Obtain bunny suit and belt from hanger.
Put on bunny suit without letting it touch the floor.
Put on belt.
Tuck bunny suit pant legs into booties.
Fasten snaps at top of booties.
Attach filter unit to belt.
Attach battery pack to belt.
Plug filter unit into battery pack.
Obtain helmet, safety glasses , and ID badge from rack.
Put on helmet.
Tuck helmet skirt into bunny suit.
Zip up bunny suit at shoulders.
Attach helmet hose to filter unit.
Tight knob at back of helmet.
Put on ID badge.
Put on paper.
Put on safety glasses.
Obtain disposable scope shield.
Remove protective covering from both sides of scope shield.
Undo front helmet snaps.
Attach face shield to helmet.
Re‐snap front helmet snaps.
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‐
‐
‐

Examine attire in mirror.
Put on latex gloves
Enter the cleanroom.

Fig. 1‐6

A “bunny suit” (From Intel’s marketing literature).

Example 1‐5‐9
Give an example to illustrate the difference between an office environment
and a Class 100 clean room.
A typical office building contains from 500,000 to 1 million particles of 0.5
microns or larger per cubic foot of air. Whereas a Class 100 cleanroom
contains 100 particles of 0.5 microns in size. Strict procedures should be
followed by everyone whenever entering the cleanroom. Compromise is not
acceptable. For reference , diameter of a human hair is 70‐100 μm, particle of a
size of 0.5 μm, which is about 1/200 of the size of a human hair could cause
problems in a cleanroom.
Example 1‐5‐10
How much is the effect of the people motion on the number of particles
generated in the cleanroom?.
See Table . 1‐ 1 below :
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PEOPLE ACTIVITY

PARTICLES/MINUTE
and larger)

Motionless (Standing or Seated)

100,000

Walking about 2 mph

5,000,000

Walking about 3.5 mph

7,000,000

Walking about 5 mph

10,000,000

Horseplay

100,000,000

(0.3

microns

Table 1‐ 1 Particles generation is a function of movement.
Example 1‐5‐11
How does one clean the cleanroom?.
Housekeeping of the cleanroom is essential in maintaining high quality
devices. The cleaning should be done on a daily basis. Here are some
examples of how to clean the cleanroom:

-

Equipment needed:
Cleaning and disinfecting solutions
Cleanroom mops
Cleanroom vacuum cleaner
Cleanroom wipers
Cleanroom mop bucket and wringer.

The cleaning procedures shown below are used as a guideline:
a‐ Cleaning Procedures for a Class 1000 Cleanroom

Task

Description of Work

Frequency

1

Change tacky mats

Every 2 hours

2

Wet mop with approved mop, cleaner &
2 times per shift
DI water

3

Dust mop (if allowed)

4

Remove

trash,

sweep,

2 times per shift
mop
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with 1 time per shift

appropriate cleaner wipe down tables and
coffee area, clean walls and recycle cans
5

Vacuum entry mats, sweep and mop
1 time per shift
floors

6

Mop floor with pre‐burnish cleaner and
1 time per shift
tap water

7

Remove trash. Always wear gloves. Never
1 time per shift
take waste containers inside cleanrooms.

8

Wet mop floors

1 time per shift

9

Remove acid and solvent trash

1 time per shift

10

Clean and replenish dispenser in all
3 times per week
restrooms

11

Vacuum floor (if allowed)

12

Clean stainless steel passthroughs with s/s
1 time per week
cleaner and appropriate wipes

2 times per week

b. Cleaning Procedures for a Class 100 cleanroom
Zone

Procedure

Frequency

Zone 1a Trash removal

Once daily

Mop walkways

Once a week

Wipe down horizontal surfaces

Once monthly

Zone 1b Pull tacky mats

Every 2 hours

Zone 1c Mop and trash removal

Once daily

Wipe down walls and trim
Zone 1d

Once a week

Mop and trash removal

Once daily

Wipe walls and trim

Once a week

Zone 2a Mop

Twice a shift

Wipe walls and trim

Once a week

Vacuum

Once monthly

Zone 2b Mop and trash removal
Zone 2c

Once per shift

Wipe down walls, windows, doors, trim,
Once a week
showers,
passthroughs
and
fire
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extinguishers.
Example 1‐5‐12
How many categories the cleanroom contamination are grouped into?
There are five categories:
(i)

(ii)

(iii)
(iv)

(v)

particles: small objects adhered to the film surface. Particles can cause
defects leading to open circuitry or electrical short between adjacent
conductors. The rule of thumb : size of the acceptable particles is less than
half the minimum feature size of the device .
metal impurities : such as Fe, Cu, Al, Cr, W, Ti (heavy metals) and Na,
K, Li (alkali metals). These impurities could damage properties of the
semiconductor devices.
organic contamination : such as lubricants, vapors, detergents, bacteria,
solvents and moisture.
Native oxides: is formed when silicon wafer is exposed to moisture or
to DI water at ambient temperature. Native oxides could increase the
contact resistance between metal conductors and could interfere with
the process steps.
Electrostatic discharge (ESD): is a result of the charge transfer from
one object to another. ESD could potentially damage the silicon
microchips for example it can create a local electrical surge at a small
area, strong enough to vaporize metal conductor lines or to punch
through the oxide layer.

Example 1‐5‐13
What is the function of wafer wet cleaning?.
The function of wafer wet cleaning is to remove the surface contaminants by
using the wet chemistry. Some of the typical wet cleaning solution are listed
below:


SC‐1 (ammonium hydroxide/hydrogen peroxide/DI water : NH 4 OH/
H 2 O 2 /H 2 O / H 2 O 2 /H 2 O : 1:1:5 to 1:2:7) : to remove organics, particles.
This is also known as the RCA clean .
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SC‐2 (hydrochloric acid/ hydrogen peroxide/DI water : HCl/ H 2 O 2 /H 2 O :
1:1:6 to 1:2:8) : to remove metallics (not Cu) . This is also known as the
RCA clean.
Piranha (sulfuric acid/ hydrogen peroxide/ DI water : H 2 SO 4 / H 2 O 2
/H 2 O : for example 7 parts of sulfuric acid and 3 parts of hydrogen
peroxide and wafer rinsing with DI water afterwards) : to remove
particles, metallics.
BHF (buffered hydrofluoric acid : NH 4 F/ HF /H 2 O) : to remove native
oxides.
DHF (hydrochloric acid/ water solution : HF/ H 2 O 2 ) : to remove native
oxides, metallics (not Cu).

Example 1‐5‐14
Describe the plasma dry cleaning
Plasma dry cleaning , an alternative to wet cleaning, is widely used in the
semiconductor industry due to the following advantages over the wet etching :
(i) excellent control of sidewall (anisotropic) , (ii) good etch uniformity, (iii) good
CD (critical dimension) especially to a dimension of 0.18 μm or less and (iv) low
cost in storage and disposal. The disadvantages of dry etching are potential
plasma damage and expensive equipment. Plasma etching is also used to remove
photoresist and is known as plasma ashing or plasma stripping as shown in Fig.
1‐7. Molecular oxygen which does not react with photoresist at ambient
temperature reacts with photoresist after it is converted into oxygen atoms in
plasma.
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Fig. 1‐7 . The principle and implementation of plasma ashing
( ref. 7).
The plasma etching is operated based on the formation of volatile reaction
products. The most frequently used of the plasma etching is to etch silicon and
silicon oxides. As an example, CF 4 is used to etch silicon by forming volatile
CF 4 as shown in Fig. 1‐8.

Fig. 1‐8 . The principle of plasma etching (ref. 7)
Example 1‐5‐15
Name a few common etch gases
The following list shows the common gases used in the plasma etch in
semiconductor industry (ref.8).
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Material to be etched
Gases
Aluminium
Cl 2 , BCl 3 , SiCl 4 /Cl 2 , BCl 2 /Cl 2 , HBr/Cl 2
Aluminium + 1% Si+ All of the above + BCl 3 /Cl 2 + N 2
0.5 % Cu
Aluminium + 2% Cu
BCl 3 /Cl 2 /CCl 4 , SFl 6
WSi 2 , TiSi 2 , CoSi 2
CCl 2 F 2 , CCl 2 F 2 /NF 3 CF 4 /Cl 2
SiO 2
CCl 2 F 2 , CF 4 , C 2 F 6 , C 3 F 8 , CCl 2 F 2 , CHF 3 /CF 6
, CHF 3 /O 2 , CHl3CHF2
Si 3 N 4
CCl 2 F 2 , CHF 3 , CH 3 CHF 2 , CF 4 /O 2 , CF 4 /H 2
Polysilicon
SiCl 4 /Cl 2 , BCl 3 /Cl 2 , HBr/Cl 2 /O 2 , Br 2 /SF 6 ,
SF 6 , CF 4

Example 1‐5‐16
How long can the Moore ‘s Law hold?
Four more than four decades , devices are getting smaller and smaller down to
0.13 μm process. Now that many companies are going to 65 nm or smaller using
Extreme UV (EUV) lithography, but size of the devices will eventually limited
by the wavelength of the light. Intel is moving to 32 nm while Taiwan
Semiconductor Manufacturing Company (TSMC, the world largest contract chip
manufacturer) is working on 40 nm process. When the processes go down to 20
nm or beyond, may be nanotechnology will come to the rescue of Moore’s Law.
Example 1‐5‐17
This year , the Nobel Prize in Physics was awarded to Profs. Andre Gein and
Konstantin Novoselov for their discovery of graphene. What’s so special about
this material ? What graphene can do that carbon nanotubes can not do.
Graphene is just like a chicken wire with hexagonal cell of carbon atoms. Unlike
CNT’s which are difficult to separate semiconductor from metallic properties,
graphene has uniform and reproducible properties with good stability and
excellent conductivity when the size is 10 nm or less. This is where the current
silicon technology ends and the nanotechnology begins . We will be at a
molecular electronics.
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With the current fabrication techniques, the obtained graphene size is still in
submilimeter . It will therefore take time and a lot of money to develop
graphene at a size of 300 mm to be useful in the nanoelectronics industry.
Example 1‐5‐18
With the current progress in the semiconductor electronics according to the
Moore’s Law , i.e, device density doubles in every 18 months. What could
happen to the devices at 40 nm ?
There will be limitation in device performance at 40 nm : for example, reduction
in noise margin , increasing in noise and power dissipation. At this dimension,
single‐ electron transistors (SETs) may be required.
Example 1‐5‐19
Moore’s first law states that the number of transistors on a chip would be
double every 18 months (as has been discussed in section 1‐1) . If we go with this
law, the processing power and therefore the consumption power will be double
every 18 months. The problem we will run into is battery . If this trend continues,
in 10 years or so, we will not have a battery which can keep the microprocessor
running for any extended period of time . In other words, once can improve the
chips’ performance but can not run them. System layout, cooling and battery are
the items we should work on besides the Moore’s law. Listen to what Moore
said : ʺit may prove more economical to build large systems out of smaller
functions, which are separately packaged and interconnected. The availability of
large functions, combined with functional design and construction, should allow
the manufacturer of large systems to design and construct a considerable variety
of equipment both rapidly and economically.ʺ
Example 1‐5‐20
What is HEPA?
HEPATM stands for High Efficiency Particulate Air filter . One uses HEPA to
remove particulates from the air. HEPA filters particles of a size as small as 0.3
μm with a 99.7% minimum particle collection efficiency. Usually, the HEPA
filters are positioned with a pre‐filters which are able to filter 99.97% of particles
larger than 0.3 microns and the second stage filtering 99.999% of particles 0.12
μm or larger.
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Example 1‐5‐21
How to maintain a clean environment?
In order to keep a clean environment, one has to avoid contaminants such as
particulates, some vapors and some reactive gases. (i) The first action: removing
sources of contamination by minimizing particulate producing materials such as
paper, books, cotton‐fiber clothes and vapor producing materials such as paint,
vinyl floor. Personal products such as body powders , hand cream are not
allowed; (ii) Contain contaminant‐ producing sources. It is suggested that
attention should be paid to humans and their clothings. The use of head
coverings , facial hair covering, and coated paper (TyvekTM ) are recommended.
In the cleanroom, the humidity is controlled to about 45% to minimize
electrostatic charge build‐up and still maintain a comfortable working
environment. Other control parameters are : temperature, number of airborne
particles and gases, chemical contamination and vibration. The cleanroom is
built with non‐contaminant materials and has a raised‐ floor with grid panels.
The air flows from the ceiling through HEPA filters to the space beneath the
floor . The cleanroom is always at higher pressure than the surrounding non‐
clean areas.
Example 1‐5‐22
Why are high k materials needed in advanced MOSFETs?
Tunneling leakage will become problems (high power dissipation and high heat
generation) when thickness of SiO 2 as a gate material gets smaller than 1.2 nm
(well into the nanostructure scale). In this situation, high k dielectrics having 
larger than that of silicon nitride (  =7) are needed. Some of them are : BaSrTiO 2
(  =300), Ta 2 O 5 (  =26) , ZrO 2 (  =25), HfO 2 (  =24), HfSiON (  =11.9), Al 2 O 3
(  =9), Si 3 N 4 (  =7) and SiO 2 (  =3.9). For the IC applications, high k materials
can be used for: (i) To replace SiO 2 as a gate dielectric material for applications
with 1.2 nm or less in thickness , following the following relationship :
t ox  t high k 

 ox
 high k

;

(ii) as a capacitor in DRAMs and (iii) as a capacitor in non‐volatile ferroelectric
random access memories (FRAM’s).
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Example 1‐5‐24
Contaminants in ULSI devices?
They are : contaminant films on wafer surface; metallic contaminants (such as
Fe,Cu); ion contaminants (such as sodium); and particles .
Example 1‐5‐25
Show a chart of cleanroom class ratings in terms of particle sizes, air velocity and
cost.

Example 1‐5‐26
What is fab?
Fab stands for fabrication facility, mainly a silicon manufacturing plant. There is
also a fabless facility that outsources the production of silicon wafers. There are
four main stages in the semiconductor manufacturing : wafer fabrication (the
most expensive of all!), wafer probe, assembly and final testing. Building a fab is
challenging due to the following reasons: (i) Changes in technology & products;
(ii) lead time for procurement (3‐ 6 months) which requires a planning ahead that
is inaccurate; and (iii) cost of tools .
Example 1‐5‐27
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How does the industry identify the crystal orientation of silicon wafer?
In general , the IC industry identifies crystal structure and orientation of silicon
wafers by the flats : the primary flat shows crystal structure whereras the second
flat identifies orientation and conductivity of the wafers. For wafers 200 mm
and larger , flats have been substituted with a notch and an identification
number (scribed by laser) . Fig. 1‐9 shows flats and conductivity of silicon
wafers.

Example 1‐5‐28
Describe the cleaning processes of wafers after growth of the ingot.
The wafer preparation undergoes several steps : (i) removing the seed end and
the tang end of the ingots, (ii) check uniformity of the resistivity , (iii) diameter
grinding and flat grinding , (iv) creating flats or notch on the wafers, (v) wafer
slicing, (vi) wafer lapping , (vii) etching to remove contaminants on the wafer
surface and at the edges, (viii) wafer polishing using the chemical mechanical
planarization technique and (ix) final cleaning and wafer evaluation before
shipping out.
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Some useful Internet sites
IC Related
Intel
Advanced Micro Devices
Analog Devices
Texas Instruments
IBM Microelectronics
National Semiconductor
National Institute of Standards
And Technology (NIST)
SEMATECH
Semiconductor Equipment and
Materials International SEMI
Semiconductor Search Engine
Hitachi
Silicon Valley Group
Lam Research
Cypress Semiconductor
Fujitsu
Matsushita Electronics
Toshiba
Motorola
NEC
Philips Semiconductor
Sony
General Semiconductor
Dallas Semiconductor
Intersil Corporation
LSI Logic
Micron Semiconductor
Mitsubishi Silicon America
Freescale Semiconductor
ST Microelectronics
Samsung Semiconductor
Xilinx
Zilog

www.intel.com
www.amd.com
www.analog.com
www.ti.com
www.chips.ibm.com
www.national.com
www.nist.gov
www.sematech.org
www.semi.org
www.semiseek.com
www.hitachi.com
www.svg.commaterials
www.lamrc.com
www.cypress.com
www.fujitsu.com
www.mec.panasonic.co.jp
www.toshiba.com
www.mot-sps.com
www.nec.com
www.us2.semiconductors.philips.com
www.sony.com
www.genesemi.com
www.dalsemi.com
www.intersil.com
www.lsilogic.com
www.micron.com
www.mmc-sil.com
www.freescale.com
www.st.com
www.usa.samsungsemi.com
www.xilinx.com
http://zilog.com
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Chemical & Gases& Wafers & Filters
Matheson Gas Products
Air Products & Chemicals
Millipore
Dow Corning
Eastman Chemical
Scott Specialty Gases
Integris
Filtration Technology
Ultrapure & Industrial Services
GasSonics International
FSI International
Tegal Corporation

www.mathesongas.com
www.airproducts.com
www.millipore.com
www.dowcorning.com
www.eastman.com
www.scottgas.com
www.entegris.com
www.filtrationtechnology.com
www.ultrapure.com
www.gasonics.com
www.fsi-intl.com
www.tegal.com

Clean Room &Vacuum System-related
Leybolds Inficon
MKS Instruments
BOC Edwards
Clean Air Products
Contamination Control
Products
Applied Materials
Alcatel Vacuum Products
Apiezon Products
CTI Cryogenics
Osaka Vacuum
ULVAC Technologies
Varian Vacuum Technologies
VAT Valve
Pfeiffer Vacuum
Granville-Phillips
Omega Engineering
CVD Equipment
Novellus Systems
Angstrom Sciences

www.leyboldinficon.com
www.mksinst.com
www.boc.com
www.cleanairproducts.com
www.ccpcleanroom.com
www.appliedmaterials.com
www.alcatel.com
www.apiezon.com
www.ctivacuum.com
www.osakavacuum.com
www.ulvac.com
www.varianinc.com
www.vatvalve.com
www.pfeiffer-vacuum.com
www.heliztechnology.com
www.omega.com
www.cvdequipment.com
www.novellus.com
www.angstromsciences.com
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Genus Inc.
Canon Semiconductor
MRC Materials Research
Lam Research
Kurt J. Lesker
MDC
Nor-Cal Products
Sierra Applied Sciences
Skion
Williams
Maxtek
Plasma Etch
Precision Plus Vacuum Parts
R&D Mathis
Sumitomo Cryogenics of America
Brooks Instrument
Advanced Energy
AJA International
Oxford Instruments

www.genus.com
www.usa.canon.com
www.materialsresearch.com
www.lamre.com
www.lesker.com
www.mdcvacuum.com
www.n-c.com
www.sierraapplied.com
www.skion.com
www.williams-adv.com
www.maxtekinc.com
www.plasmaetch.com
www.precisionplus.com
www.rdmathis.com
www.shicryogenics.com
www.BrooksInstrument.com
www.advanced-energy.com
www.ajaint.com
www.oxford-instruments.com

Thin Films Characterization
Gaertner Scientific
J.A. Woollam
JEOL
Horiba Jobin Yvon
Keithley Instruments
Nicolet Instruments
Hysitron
Nikon
Olympus America
Perkin-Elmer
Rudolph
Veeco Instruments
Charles Evans & Associates
KLA-Tencor

www.gaertnerscientific.com
www.jawoollam.com
www.jeol.com
www.jobinyvon.com
www.keithley.com
www.nicolet.com
www.hysitron.com
www.nikonusa.com
www.olympus.com
www.perkinelmer.com
www.rudolphtech.com
www.veeco.com
www.cea.com
www.kla-tencor.com
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