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We will discuss:

❑ Related topics in thin films

❑ Low pressure CVD

❑ Thermal oxidation

❑ Plasma-enhanced CVD

❑ Atomic layer deposition (ALD)

❑ Metalorganic chemical vapor 

deposition (MOCVD)



1. Related topics in thin films



Home-built thin film deposition systems in our laboratory



Roll-to-roll Process for Amorphous Silicon Thin Film 

Solar Cells (Tran et al.)



Cluster-tool System

(www.appliedmaterials.com) 

http://www.appliedmaterials.com/


Terra G on-line Sputtering
(www.appliedfilms.com)



Evaporated Magnetic Tape (Sony)

• T.Ito, J. Applied Physics, vol.9, 

no.7, April 2002
• Schematic of SAIT tape



Our Sputtered Metal Films



Thin film vs Thick film

(Practical definition)



How to Make Thin Films?

Thin film deposition

Glow discharge 

process

Evaporation

process
Thermal CVD

Sputtering,Ion beam

deposition, PECVD,ECR,

Plasma oxidation,

Plasma nitridation

Conventional evaporation, 

E-beam , MBE,

Reactive evaporation

LPCVD, APCVD, MOCVD,

ALD, Photo-CVD, Laser-

assisted deposition



Thin Film Deposition System

Characterization

Hardware 

Design/fab.

Vacuum chamber

Power supply

Mass flow 

controller

Vacuum gauges

Gases

Vacuum pumps

Thin Film 

Deposition

System



Properties that are required in Thin Films?

➢ Good electrical and optical properties

➢ Excellent adhesion

➢ Low residual stress

➢ Low pin hole density

➢ Good mechanical strength

➢ Good chemical resistance

➢ Many others



Substrate

• Provides the template for deposition and growth of 

films.

• Has effect on  interfacial structural, mechanical and 

physical properties of films.

• Clean surface

• The first few atomic layers are involved.



Surface Structure of Some Materials



Four Stages of Film Growth



Structure Zones



Dependence of Grain Size on Temperature as a 

Deposition Parameter



Quick measurement of Resistance of Thin 

Films



Problem 1

An  aluminium  film  of a thickness of 500 nm 
was  coated on a glass substrate . The film 

has a sheet resistance of  15 Ω/square . 
Calculate  resistivity of aluminium  film .



Do thin films have stress?

➢ The stress may be compressive (expanding in the direction 

parallel to the substrate) or tensile (contracting)

➢ The total stress ρ can be expressed in terms of external stress, 

intrinsic stress and thermal stress.



Do thin films have stress?



Problem 2



Step coverage

• Conformal vs non-conformal
✓ Non-conformal 

(poor) step 

coverage is 

good for lift-off.

✓ Conformal 

(good) step 

coverage is 

good for 

electrical 

conduction.



Thin film filling issues:

(a) shows good metal filling of a via 

or contact hole in a dielectric layer 

(b) silicon dioxide dielectric filling 

the space between metal lines, 

with poor filling leading to void 

formation 

(c) poor filling of the bottom of a via 

hole with barrier or metal

SEM photo showing typical 

coverage and filling 

problems



Simple Unit Cells





Problem 3



Example 4

Let’s assume that atoms are rigid spheres having radii equal to ½ 

the  distance between nearest neighbors.  Calculate ratio of the 

volume occupied by the atoms to the total  available volume of a 

simple cubic lattice.
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Example 5

Using the same conditions in example 1. Calculate  ratio of the volume 

occupied by the atoms to the total available volume of   body-

centered  cubic lattice
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Example  6

Use the conditions in example 1. Calculate ratio of the volume occupied by the 

atoms to the total available volume of a diamond structure.
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Example 7

Calculate ratio of the volume occupied by

the atoms to the total available volume of a face centered cubic lattice.
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What is Epitaxy?



The importance of lattice matching: lattice constant of the 

grown layer has to match with that of the substrate. Otherwise 

dislocations will occur. (Alan Doolittle)



The importance of lattice matching: lattice constant of the grown layer has 

to match with that of the substrate. Otherwise dislocations will occur. (Alan 

Doolittle)



Thin Film Deposition System

Characterization

Hardware 

Design/fab.

Vacuum chamber

Power supply

Mass flow 
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Thin Film 

Deposition

System



Why do we need vacuum in the thin film 

deposition systems?



Problem 8



What a residual gas analyzer (RGA) can do?

✓ Base pressure finger prints

✓ Leak detection

✓ Virtual leaks/desorption

✓ Outgasing/ bakeout cycles

✓ Pumping performance

✓ Chamber contaminants



Residual Gas Analyzer (RGA)





RGA cracking patterns (from Hiden)

N2 vs CO





Mass Flow Controller



Problem 9

Convert sccm (standard cubic centimeter per unit) to 
molecules/minute



Contamination Control



Contamination Control
➢ 80-90 cleaning steps (256-Mb 0.25 µm DRAM process).

➢ There are 3 main categories  of contamination: (1) Particles; (2) 
Films ; (3) Metallic (such as Fe, Cu)  and Ionic (such as sodium , Na); and Other 
sources.

➢ 50% of the yield losses are due to micro-contamination.

➢ As a rule of thumb, a particle that exceeds 20-50% of the 
minimum feature size could cause a fatal effect.



Contamination Control



Factors Contributing to Quality Products

Raw Materials

Personnel

Procedures

Validated processes

Equipment

Premises

Environment

Packing Materials

Validated processes

Equipment

Premises

Environment

The most important!



The manufacturing environment is critical for 

product quality



Sources of contamination





Modular Cleanrooms

✓ Reducing design, engineering, 

construction time, therefore reducing 

costs.

✓ Can be expanded by adding other 

modules.

✓ Can be taken down and moved to 

other facilities.

✓ Air handling and filtration equipment  

are built with the modular room ceiling.

✓ Hookups for electrical and plumbing 

are part of the design.

✓ Circulating and non-recirculating type. 



We will discuss:

❑ Related topics in thin films

❑ Low pressure CVD

❑ Thermal oxidation

❑ Plasma-enhanced CVD

❑ Atomic layer deposition (ALD)

❑ Metalorganic chemical vapor 

deposition (MOCVD)



Chemical Vapor Depositions

Thin film deposition

Glow discharge 

process

Evaporation

process
Thermal CVD

Sputtering,Ion beam

deposition, PECVD,ECR,

Plasma oxidation,

Plasma nitridation

Conventional evaporation, 

E-beam , MBE,

Reactive evaporation

LPCVD, APCVD, MOCVD,

ALD, Photo-CVD, Laser-

assisted deposition
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Gases in Semiconductors

• Gas is one of the four states of matter : solid, liquid, plasma 
and gas.

• There are two types : bulk gases (oxygen, hydrogen,helium, 
argon..) and specialty gases (also known as process gases).

• High purity : 99.99999% for bulk gases and 99.99% for specialty 
gases.

• Many process gases are  toxic (e.g. arsine, phosphine), 
corrosive (e.g. hydrogen chloride, chlorine), reactive (e.g. 
tungsten hexafluoride) and pyrophoric (e.g. silane).



Masses and Numbers of Atoms



Mean Speed



Type of Gas Flow



Type of Gas Flow



Pressure Units

Low vacuum : 105 Pa (750 torr) – 3x103 Pa (25 

torr)

Medium vacuum : 25 torr- 7.5x10-4 torr

High vacuum : 7x10-4 torr – 7.5x10-7 torr

Very high vacuum : 7.5x10-7 torr - 7.5x10-10 torr 

Ultra high vacuum : 7.5x10-10 torr –

7.5x10-13 torr



Pressure Units

1 pascal (Pa) = 7.5 x10-3 torr = 7.5 mtorr Hg

1 torr             = 133.3 Pa

1 bar              = 1x105 Pa        = 750 torr

1 atm              =1.013 bar        = 760 torr

1 atm              =14.7 psi

One atmosphere (at sea level, 0C) is a pressure 

to be able to balance a column of mercury (Hg)  

of 760 mm in height.



Example 10



Mean Free Path

• The mean free path is the average distance traveled by a gas atom 

between collision with other gas atoms.

• Mean free path decreases at higher pressures.

• A large number of gas particles in a gas at a given pressure causes a 

large number of collisions.

• Procedure to calculate the mean free path : the gas particles are 

treated as hard spheres and the collision occurs whenever  the two 

gas molecules are within  a distance from each other.



Example 11





The Ideal Gas Law



Example 12



Problem 13



Gases Safety
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Cylinder Components (Air Products & Chemicals)





M2-10:  Gas Detection and Monitoring





Cylinder storage



Single Stage Regulator



Two-stage Regulator





Installing a regulator

❖ Make sure the cylinder is  properly secured and  you have the correct regulator.

❖ Remove  the cylinder valve cap. Place it somewhere nearby.

❖ Check to see if  Teflon or washer is required.

❖ Regulator outlet A is shut. Screw clockwise. Not overtight.

❖ The regulator control valve B is shut.  Screw is counterclockwise.

❖ Screw the regulator by hand until it is almost finger tight. 

❖ Further tighting with a wrench.



Installing a regulator (cont’d)

❖ In case of corrosive or reactive gases,  purge  the regulator (Monel, SS) with  an 
inert dry gas.

❖ In case of acetylene, alloys containing copper or silver can cause explosion.

❖ Open the tank valve slowly (counterclockwise). Watch the tank pressure on the 
regulator C

❖ Slowly turn the regulator valve B until the regulator pressure D is at  the 
desired level.

❖ Open the regulator outlet valve A.

❖ Check the  system for leaks using  Snoop (preferred, no residue) or some 
soapy water.



Disconnecting a regulator

❖ Shut the tank valve on the gas cylinder.

❖ Slowly open the outlet valve A

❖ Watch the pressure gauges C and D drop to zero.

❖ Open the regulator control valve B (clockwise) to ensure all pressure has been released.

❖ In case of a corrosive gas, purge the system with a dry inert gas.

❖ Disconnect the regulator. Replace the protective  cylinder cap.

❖ In case of a corrosive gas, purge  it again with dry air or nitrogen

❖ If your cylinder is empty, it must be properly labeled “MT” and then returned to  the 
distributor.







Cylinder handling and transportation



❖Gases : toxic, flammable, orrosive explosive, carcinogenic or 

a combination of these .  These gases can create harm operators, 

corrode  equipment, decompose pump fluids and  etch gas lines.  

❖Storage : Keep gas cylinders at a minimum number with properly identified 

tags . The storage area should be dry, cool, fire-proof and highly ventilated . 

All metal in the enclosure would be   grounded to avoid static arcing  and

sparking. Gas cylinders should be kept in a straight position  and  

strapped tightly .  

❖Disposal : Toxic gases should be trapped and neutralized before sending to 

the exhaust  stack . 

Some of the examples are : (i) arsine can be oxidized with sodium hypobromite 

solution ; (ii)  phosphine is neutralized with sodium hypochlorite solution; (iii)   

hydrogen sulfide can be treated in ammonia solution and (iv) diborane can be 

hydrolysed by water.

Handling CVD Gases



Safety Procedures for Hazardous Gases

• Conduct formal safety reviews and inspections/ implement safety 

training programs.

• Double containment for gas lines, where appropriate.

• Good ventilation for gas cylinders and gas lines

• Leak checking prior to use

• Use check valves

• Pressure and vacuum-cycle purge on process stations

• Automatic shutoff valves

• Backup power for fire protection and exhaust systems

• Install gas detection /alarm system

• Steel gas cabinets with locks and emergency shutoff valves.



Hydrogen ambient

➢ The reaction of hydrogen with air poses safety concerns.

➢ “Forming gas”, a mixture of 5% hydrogen in nitrogen.

➢ Hydrogen is flammable  when it is mixed with air in concentrations of 4-

75% by volume.

➢ Pre-purging. Reduced oxygen level = (20%) x (0.5)N , where N= number of 

gas changes. 

➢ Post-purging.

➢ Safety interlocks to guard against an unexpected opening of the chamber.

➢ A “burn-box” near the gas exit



Vacuum pumps

Characterization

Hardware 

Design/fab.
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Power supply
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A base line pumpdown curve for a typical system



Since  it happens at the portion  where  the bulk gas is removed , the causes could 

be :

Type of the vent gas had been inadvertently  changed;

The rough vacuum gauge  has a problem (may be an offset zero)

-Roughing pump is loosing speed.

A pumpdown curve (black dashed line) for a hypothetical  situation where the 

initial portion  is different from the baseline



(deviation at elevated base pressure) 

Leak

Increased permeation 

Excessive backstreaming from the pump .

A pumpdown curve (black dashed line) for a hypothetical situation  

where the base pressure is elevated.



Vacuum Pumps



Mechanical Pump/ Two Stage Rotary Vane

➢ Low ultimate pressure

➢ Second stage can be 
used to  degas the oil 
that is admitted to the 
inlet stage.

➢ Gas load is less

➢ The compression ratio 
needs not to be too 
high as in a single 
stage.

Operation mechanism



Roots Pump

Operation mechanism

✓ Has two counter –rotating 
8 shaped –lobes mounted 
on parallel shafts that 
rotate in opposite 
directions.

✓ 3,000-5,000 rpm.

✓ Air enters  from the inlet  
and trapped by the lower 
impeller.

✓ The volume is discharged 
in the third  and fourth 
positions to the outlet

✓ Advantages : high capacity 
at low cost, reduction of oil 
contamination



Turbomolecular Pump



Cryopump



A Loadlock System



Pump Down Calculation



Low pressure Chemical Vapor 

Deposition (LPCVD)



What is Thermal CVD?

• Thermal chemical vapor deposition (or CVD) 
has played an important in the semiconductor in 
providing high quality silicon oxide, silicon 
nitride, phosphosilicate, borophosphosilicate and 
polycrystalline silicon.

• Thermal Chemical Vapor Deposition (CVD) is 
the process of chemically reacting a volatile 
compound of a material by means of heat to be 
deposited with other gases to produce a solid 
film on a substrate. 



Low Pressure CVD

• Surface- reaction-rate- limited.

• Highly sensitive to  temperature (Example : for LPCVD polysilicon, a deposition 
rate change of 2-2.5% for  every degree change)

• As compared with APCVD, LPCVD has less gas phase reactions, resulting in 
less contamination. 

• Is used to deposit polysilicon, Si3N4 , SiO2 , PSG, BSG, BPSG and tungsten.

• There are  less concentrations of reactants at the outlet end than at the inlet 
end of the reactor (gas depletion effect).

• Horizontal tube LPCVD and vertical tube LPCVD, whereas the former is the 
most widely used in IC industry.

• The wafers are  heated by resistive heating coils surrounding the reactor tube.  
The gases come in at one end and the  reaction by-products are pumped out at 
the other end.



Fundamental transport steps in CVD process



Hot- wall vs. Cold-wall Reactors



APCVD Reactors

• The first CVD reactor to be used in the 
microelectronics industry.

• Mass transport limited rate.

• Simple design and high deposition rate.

• Continuous processing either on a moving plate or 
on the conveyor.



APCVD Reactors
• Poor step coverage

• Problems with material deposits on the nozzles.

• Reactor  geometry design and gas  flow pattern are critical.

• Gases are injected from cooled , nitrogen shrouded nozzles and pass through 
narrow slots of an injector head. The gas mixing takes place millimeters above 
the wafer (substrate) surface.

• The exhausted gases  are vented  to a scrubber by high nitrogen flow to avoid 
recirculation and gas phase reactions (nitrogen curtains)



Schematic of a LPCVD System

Molecular Physics Lab., Institut Ruder Boskovic



Silicon dioxide



Nitrides and Oxynitrides

• Final passivation layer or a protection layer

• Mask for  the selective oxidation of silicon

• Dielectric materials in the stacked of oxide-nitride-oxide  

in DRAM capacitors 

• Sidewall spacer

• CMP stop layer in shallow trench isolation processes 

and 

• An etch stop layer

243322 6643 HHClNSiNHClSiH ++→+



About BSG, PSG and BPSG

• Wide applications in silicon devices

• BSG and PSG can be prepared  by either hydride or 
TEOS based chemistry using APCVD or LPCVD. 

• The phosphorous content (2-8 wt.%)  in PSG decreases 
with increasing temperature while boron content (2-7 
wt%)  increases with increasing temperature .

• Borophosphosilicate (BPSG) is excellent  insulator and 
allows smoothing of the device topography.

• Content of B and P in BPSG is 3-5 wt.% each in the 
ternary compound.

• BPSG can be prepared from the hydrides  using APCVD  
or  from organometallics using LPCVD.



Polysilicon

• Polysilicon film is composed of small crystal regions with 

a sheet resistance of 10-35 Ω-cm. 

• Polysilicon can be formed by thermally decomposing 

silane  in the temperature range of 550-650 V (LPCVD 

system)

SiH4 (gas) --→ Si (solid) + 2H2 (gas)

• n-type and p-type polysilicon can be made by doping the 

material with  for example  phosphine (PH3 ) and arsine 

(AsH3), respectively. Implantation/annealing  can also be 

used for doping. 



CVD in Making Tungsten (W)

• Applications in the interconnections, contact hole and via plug filling 

in IC technologies, along with other refractory metals such as Ti, Mo, 

Ta.

• High thermal stability

• Excellent conformal step coverage

• Having a coefficient of thermal expansion (CTE) being close to that 

of silicon, i.e. 2 x10-6/degree C.

• Less electromigration (as compared with  aluminium).

• High corrosion resistance.

• Poor adhesion to  oxides and nitrides (disadvantage)

• High  resistivity (disadvantage)



CVD Tungsten

• Can be deposited  either from WF6 or WCl6 (WF6 is preferable, at a 

higher cost!).

WF6 (gas) + 3 Si -----→ 2W (solid) + 3SiF4 (gas)

(Silicon-reduction reaction)

WF6 (gas) + 3 H2-----→W (solid) + 6HF (gas) 

(Hydrogen- reduction reaction)

2WF6 (gas) + 3 SiH4 (gas)-----→ 2W (solid) + 3SiF4 (gas) +6H2 

(Silane-reduction reaction)



What is TEOS?

Molecular structure • Si(OC2H5)4 (TEtraethyl 
OrthoSilicate, TEOS) 

• Less hazard than silane. 

• Relatively inert, a liquid 
form at room

temperature. 

• Providing more conformal 
films than silane.

• Can be supplied to the 
chamber using either a 
bubbler  with nitrogen as 
a carrier gas or a direct 
liquid injection.



Schematic of a LPCVD System



Why most of the LPCVD use hot wall reactors?

Advantages:

✓ Uniform temperature distribution.

✓ Reduced convection effect.

✓ Operated at 1-2 Torr; therefore  poor thermal conduction.

Disadvantages: 

✓ Particles  can be deposited on the wall and flaked off during 

deposition.

✓ Materials previously deposited on the hot wall could deposit again 

on the wafer.



Deposition Rate vs. Substrate Temperature 

(For example SiO2 and Si3N4)



Example 14



We will discuss:

❑ Related topics in thin films

❑ Low pressure CVD

❑ Thermal oxidation

❑ Plasma-enhanced CVD

❑ Atomic layer deposition (ALD)

❑ Metalorganic chemical vapor 

deposition (MOCVD)



Atmospheric Pressure CVD



APCVD Reactors

• The first CVD reactor to be used in the 
microelectronics industry.

• Mass transport limited rate.

• Simple design and high deposition rate.

• Continuous processing either on a moving plate or 
on the conveyor.



APCVD Reactors

• Poor step coverage

• Problems with material deposits on the nozzles.

• Reactor  geometry design and gas  flow pattern are critical.

• Gases are injected from cooled , nitrogen shrouded nozzles and pass 
through narrow slots of an injector head. The gas mixing takes place 
millimeters above the wafer (substrate) surface.

• The exhausted gases  are vented  to a scrubber by high nitrogen flow 
to avoid recirculation and gas phase reactions (nitrogen curtains)



We will discuss:

❑ Related topics in thin films

❑ Low pressure CVD

❑ Thermal oxidation

❑ Plasma-enhanced CVD

❑ Atomic layer deposition (ALD)

❑ Metalorganic chemical vapor 

deposition (MOCVD)



Thermal oxidation process

• One of the two main advantages of Si

• Dry oxidation :     Si + O2 → SiO2

• Wet oxidation :  Si + 2H2O → SiO2 + 2H2

• Oxygen must diffuse through the oxide to react at the Si/SiO2 interface, so rate 
depends on the thickness of the oxide and reduces as the oxidation progresses.

• Temperatures between 800 and 1200°C

• Dry (molecular oxygen) : better oxide but slow (gate oxide)

• Wet (steam – water vapor) : fast but porous (isolation)



Properties of thermal SiO2  film



Properties of thermal SiO2  film



Kinetics of  thermal SiO2  film growth



Thickness of silicon consumed during oxidation



Problem 15



Problem 16



Problem 17



We will discuss:

❑ Related topics in thin films

❑ Low pressure CVD

❑ Thermal oxidation

❑ Plasma-enhanced CVD

❑ Atomic layer deposition (ALD)

❑ Metalorganic chemical vapor 

deposition (MOCVD)



What is plasma?



What is plasma?



The plasma state is the fourth state of matter



Colors in a  discharge tube with different inert gases



Different plasma colors in a sputtering chamber



DC Glow Discharge

❖ When a large voltage is applied, say 100 V/cm, any free electrons are 

rapidly accelerated toward the anode.

❖ They quickly attain high velocity (kinetic energy)  because THEY HAVE 

SUCH A LOW MASS. 

❖ Since kinetic energy is related to temperature, the electrons are “HOT” in 

an environment of heavy, slow-moving “COLD” gas molecules.



DC Glow Discharge (cont’d)

✓ Electrons begin to collide with gas molecules, and the collisions can be either elastic or 
inelastic

✓ Elastic collisions deplete very little  of the electron’s energy  and do not significantly influence  
the molecules  because of the  great mass difference between electrons and molecules.

✓ Mass of electron = 9.11 e-31 Kg; mass of Argon= 6.64 e-23 g.

✓ Inelastic collisions excite the molecules of gas or ionize them by completely removing an 
electron.



Paschen Curve



DC Glow Discharge



DC Glow Discharge



Space  Charge Sheath
(B. Chapman, Glow Discharge Processes, John Wiley & Sons,1980)



Electron and ion current density



Calculating Vp-Vf near the sheath



About Plasma-enhanced CVD



Basic Steps of Film Growth



Precision 5000 System

• Commercially available in 1987. The first “cluster tool” to gain widespread  
industry acceptance.

• Four individual process chambers with a central loadlock/wafer handling.

• Both CVD coating and  etching can be done sequentially.

• Plasma cleaning  is automatically after  each run.

• 200 mm wafer, 1-3 % uniformity



Schematic of a PECVD System



PECVD amorphous silicon and polysilicon are 

industrial materials



A-Si:H Modules (United Solar)



Applied Materials’ Systems



CVD Process Advantages Disadvantages Applications

APCVD

Simple, 

Fast Deposition,

Low Temperature 

Poor Step Coverage,

Contamination
Low-temperature Oxides

LPCVD

Excellent Purity,

Excellent Uniformity,

Good Step Coverage,

Large Wafer Capacity

High Temperature,

Slow Deposition

High-temperature Oxides, Silicon 

Nitride, Poly-Si, W, WSi2

PECVD
Low Temperature,

Good Step Coverage

Chemical and Particle 

Contamination

Low-temperature Insulators over 

Metals, Nitride Passivation

APCVD, LPCVD, and PECVD Comparison
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❑ Metalorganic chemical vapor 

deposition (MOCVD)



What is ALD?

Atomic Layer Deposition Is a type of Chemical Vapor 

Deposition  that uses a multitude of chemical precursors 

that  are periodically injected into 

the deposition system and the precursors are not present 

at the same time in the system. 



Atomic Layer Deposition

General Features

• Self-limiting film growth (gas surface reactions occur till surface is saturated).

• Accurate film thickness control (thickness can be as low as 1 nm)

• Sharp interfaces

• Films are very uniform, smooth and stoichiometric.

• Good reproducibility

• Good conformality

• Excellent step coverage even at high aspec ratios.

• Multilayer processing capability

• High film qualities at relatively low temperatures (as low as 180 C).

• Disadvantages: (1) Slow growth rate (0.1 nm/sec @ 300 C for HfO2); (2) 
Limitation of precursor selection and (3)  Low precursor 
utilization efficiency.



Deposition mechanism of ALD
ALD Cycle



ALD: Fundamental aspect of film growth
(G.R. Gong , 2004)
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Atomic Layer Deposition



ALD cycle of aluminum oxide deposition

(Cambridge Nanotech)
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ALD: Applications
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deposition (MOCVD)



MOCVD : General features

• Various combinations of organometallic compounds and 
hydrides

• Can be used to grow a large variety of materials on 
larger substrates (2”, 4”, 6”, 8”).

• Becoming the epitaxial growth technique  for many 
commercial products.

• Films can be  grown at high temperatures.

• Less accurate in thickness measurements at nano levels

• Less sharp transition between two layers.

• Sources are generally toxic and/or pyrophoric, 
chemically active.



ARCO Solar Built the  first largest 6.5 MW Solar PV Plant in  

San Luis Obispo County , California in  September 1987



The story of ZnO doped with III elements and 

hydrogen (  ZnO-III )

➢Indium –free

➢Lower cost , highly abundant
➢Nontoxic

➢Doping (III elements, Fluorine). Nanostructure.
➢Highly transparent, high conductivity, high figure of merit

➢ surface morphology (deposition parameters, etching, textured 

surface, high haze than FTO, self- texturing with LPCVD or B doing )
➢Stable against  chemical attack, thermal, and plasma environments 

than FTO. Resulting element Sn can cause optical loss, unwanted diffusion-→

reduction in efficiency.
➢Low process temperature (LPCVD, < 200 C)

➢High deposition rate (20 A/sec)

➢ large area production-oriented (Microelectronic technology such as

sputtering, CVD such as LPCVD, APCVD , and MOCVD)



Electrical and optical characteristics of sputtered ZnO-III –Hydrogen
(ARCO Solar 1984)



Performance of Historic ZnO/CdS/CuInSe2 Solar 

Cells (1984)



Performance of Historic ZnO/ Polysilicon Solar Cell (1984)



ZnO-III  in CIGS Solar cells (ARCO Solar, 1984)



ZnO-III in a-Si solar cells (ARCO Solar, 1984)



ZO-III has a higher figure of merit [J.Meier et al, Orkelin]



Surface morphology of ZnO-III depends on the substrate temperature 

and on the deposition methods (i.e APCVD vs LPCVD)



A-Si PV  module



IC Energy’s processing steps in making a- Si:H double 

junction tandem module (Tran et al.)



A-Si :H double junction tandem module (L 1245 mm x W 

635 mm x D 7.5 mm, IC Energy)



Growth of III-V semiconductors



Growth of III-V semiconductors (cont’d)



Growth of III-V semiconductors (cont’d)



Metalorganic compounds



Gas reaction



MOCVD systems: Main components



Reactors







Additional materials



MOCVD for MEMS



Thin films

Example

➢ 1 micon or less

➢ Not fully dense

➢ Under stress

➢ Quasi 2-D 

(because too 

thin)

➢ Strongly 

influenced by 

surface & 

interface effects



Example 3



Mean Free Path

❖ The mean free path is the average distance traveled by a gas atom between collision 

with other gas atoms.

❖ Mean free path decreases at higher pressures.

❖ A large number of gas particles in a gas at a given pressure causes a large number 

of collisions.

❖ Procedure to calculate the mean free path : the gas particles are treated as hard 

spheres and the collision occurs whenever  the two gas molecules are within  a 

distance from each other.
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Structure Zone Diagram
(J.A.Thornton, Ann. Rev. Mater. Sci.7, 239, 1977)

Sputtered films

• Zone 1 (Ts/ TM <0.3): columnar, 
“cauliflower-like”.

• Zone T : Fibrous, poorly 
defined structure.

• Zone 2 (0.3< Ts/ TM <0.45): 
Columnar, tighter grain 
boundaries of 0.5 nm wide.

• Zone 3 (Ts/ TM >0.5) : Grains 
grow by diffusion.



Columnar Structure of Ni- Cr

Zone 1 (TS/ TM <0.3) : columnar, 

consisting of  inverted  conelike units  

capped by domes  separated by  

voided boundaries several nanometers 

wide. Limited adatom motion, 

“cauliflower-type).

Zone 2 (0.3<TS/ TM <0.45) : columnar 

but tighter grain boundaries about  0.5 

nm wide. 

Zone 3 (TS/ TM >0.5) : grains that 

grow in size by bulk diffusion.



CVD system





How do we create bandgap engineered structures (Allan 

Doolittle)



ALD Reactors (B. H. Choi)



Atomic Layer Deposition

• The molecular precursors MLx are introduced in 
the chamber separately, one precursor at a time. 

• M= Al, W, Ta, Si, etc…and L= atomic or 
molecular ligands. 

• Reaction of the metal precursor is generally 
followed by  a step to purge  with an inert gas to 
get rid of  this precursor from the chamber 
before another  precursor is introduced. 

• Generally a hydrogen containing material AH is 
used to  react with the metal precursor and to 
form the exchange reaction by-product 



ALD Reactors (B. H. Choi)





Atomic Layer Deposition : Growing ZnS



Atomic Layer Deposition : A Tool for 

Nanotechnology



Reactors with different wafer sizes (Aixtron)



Bandgap engineering







Bandgap engineering



Problem 8


