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 S
ince the late 1800s when reliable ozone 
(O

3
) generators were first developed,1 

ozone has found broad use as an excel-
lent oxidizer for industrial applications 
such as water treatment and medical 

disinfection, as well as the preservation of agricul-
tural products during prolonged periods of storage.2,3 
Today, ozone continues to find additional industrial 
uses and is replacing traditional, more toxic chemicals 
as a highly effective, safer and more environmentally 
friendly alternative to more corrosive oxidants. 

The general characteristics of ozone, as well as its 
high redox potential, make it particularly suitable for 
semiconductor processing applications. There are two 
types of ozone delivery systems commonly used in semi-
conductor manufacturing: ozone gas delivery systems 
and DIO

3
 (ozone dissolved in deionized water) delivery 

systems. Ozone gas systems are used widely in chemi-
cal vapor deposition (CVD) processes such as TEOS/O

3
 

CVD SiO
2
 deposition,4-6 as well as in advanced processes 

such as atomic layer deposition (ALD).7 Today, DIO
3
 

delivery systems are used in photoresist stripping,8 wafer 
cleaning and surface conditioning applications,9 as well 
as for ultrathin oxide growth.10 The unique chemistry 
and ease of abatement of ozone also have made compli-
ance with increasingly stricter environmental guidelines 
within the semiconductor industry possible for many 
applications.11 As a result, there is a growing need for 
flexible, more advanced ozone delivery systems that 
can accommodate the wide selection of equipment and 
emerging processing needs.

Ozone gas subsystems for ALD
A major driving requirement for the development of 
new gas ozone delivery systems has been the emergence 
of ALD as a production-worthy solution for the depo-
sition of advanced films in semiconductor manufac-
turing. ALD (Fig. 1) is a critical new process that of-
fers distinct and unique advantages over conventional 
CVD.12-14 It enables precise control of the deposited 
material thickness and composition over the large areas 
and aggressive topologies typically found in advanced 
device fabrication. ALD processing is particularly ef-
fective in the formation of DRAM capacitor structures 
offering unprecedented control of film thickness and 
stoichiometry. The aspect ratios in these structures 
have become so severe that conventional CVD cannot 
provide the step coverage needed. As ALD is inherently 
100% conformal, it provides a good solution to this 
problem.

The formation of ALD gate oxide and advanced 
dielectric films requires the use of a precursor capable 
of supplying reactive oxygen radicals at the film sur-
face. Precursors that fulfill this requirement include 
O

3
, O

2
, H

2
O

2
, H

2
O, and •OH (hydroxyl radical).15 

Ozone has distinct advantages over the other oxidants 
when compared with these and other precursors for 
ALD. It has a high electrochemical potential, result-
ing in higher reaction rates (e.g., 2.08 eV for ozone vs. 
1.23 eV for the oxygen molecule). It also has a higher 
volatility compared with alternate common choices, 
giving it a significant advantage for improving process 
throughput in most ALD applications (ozone is more 
easily purged between deposition cycles than hydro-
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1.  In a typical ALD 
cycle, steps 1 and 2 
depict the creation of 
the initial film generated 
by the reaction between 
the primary precursor 
and the substrate mate-
rial, and steps 3 and 4 
depict the generation 
of the final film created 
by the reaction between 
the initial film and a 
reactant precursor 
material. 
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AT A GLANCE

Ozone is a 
versatile oxidizer 
used in a variety 
of applications, 
including CVD, 
ALD, surface 

cleaning/
conditioning, and 
resist stripping. 
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ALD Cycle

SEMICONDUCTOR INTERNATIONAL  September 2006  �  EQUIPMENT COMPONENTS AND SUBSYSTEMS  www.semiconductor.net2



gen peroxide or water). Furthermore, 
because ozone contains no hydrogen, it 
results in lower hydrogen and hydroxyl 
residuals in the oxide films, reducing 
problems such as film delamination 
during anneal.16 Ozone also offers 
additional advantages over alternate 
precursors. Transportation and storage 
are major sources of contamination in 
process reagents. Because ozone is gen-
erated at the point of use, it minimizes 
the potential for contaminants caused 
by prolonged storage and reduces both 
storage and transportation costs associ-
ated with alternate oxidizers. Ozone is 
easily decomposed back to oxygen by 
a simple catalytic or thermal destruct 
unit, making ozone a safe and eco-
friendly “green” precursor, as there is no 
need for disposal of the spent oxidizer.

Several years ago when ALD pro-
cesses were first being developed and 
precursor requirements were first be-
ing discussed, it was apparent that 
ozone, because of its advantages, was 
being considered as the prime oxidizer 
candidate. However, the industry had 
not yet settled on single-wafer, batch 
or mini-batch platforms, and many 
OEMs had different process needs, re-
quiring different ozone concentrations 
at various flow regimes. It was clear 
that, as processes were being developed, 
both process engineers and equipment 
manufacturers needed ozone delivery 
systems that were flexible, highly cus-
tomizable, and operable within a wide 
range in order to conduct experiments 
and finalize production process param-
eters. This gave rise to compact and 
standalone ozone delivery systems that 
were quickly and easily tailored to meet most develop-
ment and processing needs. Configurable and flexible 
systems such as these were easily integrated into new 
and existing tool platforms by providing ozone-gener-

ating technology along with user-defined options for 
flow, concentration, control requirements, and number 
of output channels (process chambers). Figure 2 shows 
the typical equipment topology for ozone-based ALD 
processing. Next-generation ozone generator systems 
can supply ozone concentrations of up to 20 wt% (300 
g/m3) at flow rates of 0.5-20 slm.

ALD processing continues to be viewed as the tech-
nology of choice for thin-film deposition for advanced 
device structures, as is attested by the rapid growth in 
the ALD tool market. The application of ozone as an 
oxidizing precursor in ALD processing — with inher-
ent advantages for wafer throughput, process/film 
properties, safety, and chemical handling and disposal 
costs — will be a major factor in the continued growth 
of this market. Subsystems such as the O

3
MEGA 

Step 4

Advanced ozone delivery 
subsystems minimize 
space requirements and 
maximize flexibility in 
processes that range from 
wafer surface cleaning to 
ALD.  An operator is seen 
adjusting ozone flow and 
concentration settings 
prior to ALD processing.
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compact ozone delivery system provide 
significant advantages in performance, size, 
flexibility, integration and control, while 
minimizing tool space requirements and 
maximizing productivity.

DIO3 in wet processing
and wafer cleaning 
Traditionally, a sequence of cleaning steps 
is required to remove contaminants from 
a wafer surface. The sequence may include 
Piranha etch (organic contaminant re-
moval), followed by a dilute aqueous HF 
etch (sacrificial oxide removal), an RCA 
SC-1 clean (particle removal and reoxida-
tion of the surface), an RCA SC-2 (metals 
clean) and, depending on the application, 
oxide removal using a final dilute aqueous 
HF etch. 

Piranha solutions use 98% H
2
SO

4
/30% 

H
2
O

2
 at ratios of 2-8:1 and temperatures of 

100°C or higher. Handling these solutions 
present distinct safety hazards. Also, the use 
of these cleaning cycles has a significant im-
pact on economic and environmental costs 
because of the fact that the water needed 
for dilution and rinsing results in equally 
large quantities of waste water that must be 
decontaminated. Studies suggest that up to 
80% of the water requirements of the semi-
conductor industry (225 billion liters in 
1999) are because of cleaning process rinse 
cycles.17,18 The International Technology 
Roadmap for Semiconductors (ITRS) is re-
questing an 84% reduction in water usage 
by 2014 relative to 1999. 

Recent research has shown that ozone 
provides a “green” chemistry alternative 
that is both safer and less costly in terms 
of waste handling than those reagents that 
have historically been used for wafer surface 
cleaning in the semiconductor industry. DI 
water/ozone solutions, collectively known 
as DIO

3
, are thus good replacements for 

Piranha and RCA SC-1 and SC-2 cleans in 
a variety of applications.

Surface organic and 
photoresist removal
DIO

3
 has been found to be very effective 

for the removal of trace organic contami-
nants from wafer surfaces. The fundamen-
tal chemistry of the ozone-based removal of 
surface organic species from wafer surfaces 
involves both direct reactions of molecular 
O

3
 with the contaminants (especially cer-

tain organics) and indirect reactions via 

oxygen radicals.19 The removal of photo-
resist residues is chemically similar to the 
removal of trace organic contamination, 
and DIO

3
 solutions are effective for pho-

toresist strip, albeit with certain limita-
tions. Photoresist removal rates are directly 
proportional to the ozone concentration 
and exhibit an inverse relationship to the 
process temperature. Although elevated 
temperatures enhance the strip rate, the 
solubility and stability of ozone rapidly 
decreases with temperature, and this causes 
a fast decay of dissolved ozone concentra-
tions at higher temperatures. The rate-lim-
iting step of DIO

3
 photoresist stripping is 

thus mass transfer of molecular ozone to 
the wafer surface.20 The best process results 
for photoresist strip are achieved through 
the use of physical optimization of ozone 
mass transport mechanisms coupled with 
the highest possible ozone concentrations 
and an optimum process temperature. 
DIO

3
 photoresist removal processes, there-

fore, require high-concentration, high-flow 
ozone systems. Figure 3 shows a schematic 
of one such system, suitable for deploy-
ment in conventional batch-style photo-

resist removal cleaning equipment. Such 
systems deliver high concentrations (up to 
114 ppm) of dissolved ozone at very high 
flow rates (up to 80 lpm).

Metal and particle removal
DIO

3
 alone is not chemically effective in 

the removal of metals or particulates from 
a wafer surface (iron, nickel, aluminum, 
magnesium, calcium, etc. are typically 
present as oxides/hydroxides). Metals and 
inorganic particles must be cleaned by an 
HF etch of a sacrificial oxide layer, followed 
by the rapid removal of the freed particles 
from the region near the wafer surface. 
DIO

3
 particle cleans remove particulates 

through the action of oxidation of the wa-
fer surface to produce a layer suitable for 
subsequent HF etching. The thickness of 
the oxide formed by DIO

3
 is self-limiting, 

typically about 1 nm. Ozone concentration 
and pH influence the oxide growth rate.21 
Single-wafer spin cleaning with repeti-
tive use of ozonated water and dilute HF 
(SCROD), developed by workers at Sony, 
alternatively dispenses dHF and DIO

3
 on 

a spinning wafer.22 A typical one-minute, 

Equipment  Configuration

O2/N2

O3 out

O3 destruct/scrubber

ALD process chamber
Ozone delivery system

2.  Typical equipment configuration for the use of an ozone delivery system in an ALD tool.
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3.  A schematic 
showing a typi-
cal equipment 
subsystem for 
the delivery of 
DIO3 to batch 
wafer cleaning 
tools.
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three-cycle SCROD clean can remove 87% 
of Al

2
O

3
 particles, 97% of Si

3
N

4
 particles, 

and 99.5% of polystyrene latex particles 
without significant surface roughening.23 
Advanced cleaning and drying (ACD), de-
veloped by Astec, uses a similar sequential 
approach. ACD gives results comparable to 
a standard RCA clean, but with significantly 
reduced chemical consumption (up to 60% 
less chemical usage). The wafer can easily 
be reoxidized in the atmosphere above the 
dHF/O

3
 bath. A comparison of metal con-

tamination on a silicon (100) surface after 
one HF/O

3
 cycle; a modified RCA clean; 

and an alkaline etch shows that metal con-
tamination levels <1 × 109 atoms/cm2 can 
be achieved using dHF/O

3
.24

Reduced reagent/DI water use
Single-wafer DIO

3
-based wafer cleaning 

systems require relatively low flow rates 
per chamber (1-2 lpm) and strictly con-
trolled dissolved ozone concentrations. 
Configurations that employ SCROD clean-
ing, as described above, are desirable in pro-
duction environments since they have been 
proven to use far less cleaning chemicals 
and rinse water than do immersion RCA 
cleans (Fig. 4). Ozone delivery systems 
that are suitable for single-wafer cleaning 
systems using SCROD or ACD approaches 
are commercially available.

It is possible to achieve tight control of 
reagent flows and purities, as well as effec-
tive effluent handling, when the rapid mass 

transport of reaction byproducts away from 
the vicinity of the wafer surface is possible. 
Single-wafer equipment configurations ac-
complish this removal very effectively and 
yield significant improvements in etch 
uniformities, within wafer, wafer-to-wafer 
and lot-to-lot. These factors are strong con-
tributors to the increased deployment of 
DIO

3
 cleaning approaches in single-wafer 

cleaning equipment. 

Conclusion
Ozone is a versatile oxidizer used in semi-
conductor applications, exhibiting many 
advantages for advanced manufacturing 
processes. In the gas phase, it is widely 
used in TEOS CVD, as well as other CVD 
and furnace oxidation applications, and 
is also being implemented as the oxidizer 
of choice for ALD processes used in ad-
vanced oxide film deposition. In addition, 
it is being used as a liquid-phase oxidant in 
ultrathin DIO

3
/SiO

2
 film processes, DIO

3
-

based silicon surface cleaning/condition-
ing, and photoresist stripping processes.  
As semiconductor processes and require-
ments continue to evolve, so does the need 
for more flexible systems that can deliver 
gaseous ozone or DIO

3
 tailored to specific 

processes. SI
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4.  Chemical and DI-water usage of different cleaning methods.23
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As semiconductor 
processes and 

requirements continue 
to evolve, so does 
the need for more 
flexible systems. 

References
1. W. Siemens, Poggendorff’s Ann. Phys. Chem., 1857, Vol. 
102, p. 66.

2. U. Kogelschatz, “Dielectric-Barrier Discharges: 
Their History, Discharge Physics, and Industrial Ap-
plications,” Plasma Chem. and Plasma Proc., 2003, Vol. 
23, p. 1.

3. U. Kogelschatz, B. Eliasson and W. Egli, “From 
Ozone Generators to Flat Television Screens: History 
and Future Potential of Dielectric-Barrier Discharges,” 
Pure and Applied Chem., 1999, Vol. 71, p. 1819.

4. K. Fujino, Y. Nishimoto, N. Tokumasu and K. 
Maeda, “TEOS and Ozone Atmospheric Pressure 
CVD of Borophosphosilicate Glass Films Using 
Triethylborate and Trimethylphosphate,” J. Electrochem. 
Soc., 1993, Vol. 140, p. 2922. 

5. A. Kubo, T. Homma and Y. Murao, “An SiO2 Film 
Deposition Technology Using Tetraethylorthosilicate 
and Ozone for Interlayer Metal Dielectrics,” J. Electro-
chem. Soc., 1996, Vol. 143, p. 1769.

6. T. Whidden and S. Lee, “In Situ Fourier Transform 
Infrared Spectroscopy Near the Substrate in Tet-
raethoxysilane/Ozone Chemical Vapor Deposition,” 
Electrochem. and Solid State Letters, 1999, Vol. 2, No. 10, 
p. 527.

7. D. Ma et al., “Low Temperature Crystallization of 
High Permittivity Ta Oxide Using an Nb Oxide Thin 
Film for Metal/Insulator/Metal Capacitors in Dynamic 
Random Access Memory Applications,” J. Vac. Sci. 
Tech. B, 2005, Vol. 23, p. 80.

8. C.K. Huynh and J.C. Mitchener, “Plasma Versus 
Ozone Photoresist Ashing: Temperature Effects on 
Process-Induced Mobile Ion Contamination,” J. Vac. 
Sci. Tech. B, 1991, Vol. 9, p. 353.



The Evolution of Ozone Subsystems 

9. C. Gottschalk, “Ozonated Water — Where the 
Green Choice is Better,” Cleanrooms, January 2005.

10. K. Nakamura, A. Kurakawa and S. Ichimura, 
“Hydrofluoric Acid Etching of Ultra Thin Silicon Oxide 
Film Fabricated by High Purity Ozone,” Thin Solid Films, 
1999, p. 343.

11. The International Technology Roadmap for 
Semiconductors. Available at www.itrs.net.

12. J.E. Crowell, “Chemical Methods of Thin Film De-
position: Chemical Vapor Deposition, Atomic Layer 
Deposition, and Related Technologies,” J. Vac. Sci. Tech. 
A, 2003, Vol. 21, p. S88.

13. M. Nieminen, “Deposition of Binary and Ternary 
Oxide Thin Films of Trivalent Metals by Atomic Layer 
Epitaxy,” Helsinki University of Technology, 2001. 

14. K.H. Hwang et al., “Novel O3 Based ALD Al2O3 
MIS Capacitors for High Density DRAMs,” Samsung 
Electronics ALD Conf., 2001.

15. P.H. Gleick et al., “Waste Not, Want Not: The 
Potential for Urban Water Conservation in California,” 
The Pacific Institute, November 2003. Available at 
www.pacinst.org/reports/urban_usage/waste_not_
want_not_full_report.pdf.

16. P. Burggraaf, “A Closer Look at the Most Difficult 
Process Challenges,” Solid State Technology, September 
2000.

17. C. Gottschalk, A. Libra and A. Saupe, Ozonation of 
Water and Waste Water — A Practical Guide to Understanding 
Ozone and Its Applications, Wiley-VCH, 2000.

18. S. De Gendt, J. Wauters and M. Heyns, “A Novel 
Resist and Post-Etch Residue Removal Process 
Using Ozonated Chemistry,” Solid State Technology, 
1998, Vol. 41, No. 12, p. 57.

19. H. Abe, H. Iwamoto, T. Toshima, T. Iino and G.W. 
Gale, “Novel Photoresist Stripping Technology Us-
ing Ozone/Vaporized Water Mixture,” IEEE Trans. Semi. 
Manu., 2003, Vol. 16, p. 401.

20. S. De Gendt et al., “A Novel Resist and Post-Etch 
Residue Removal Process Using Ozonated Chemis-
try,” Solid State Phenomena, 1999, Vol. 165, p. 65.

21. T. Ohmi, “Total Room Temperature Wet Clean-
ing of Silicon Surfaces,” Semiconductor International, July 
1996, p. 323.

22. T. Hattori, T. Osaka, A. Okamoto, K. Saga and H. 
Kuniyasu, “Contamination Removal by Single-Wafer 
Spin Cleaning With Repetitive Use of Ozonized Water 
and Dilute HF,” J. Electrochem. Soc., 1998, Vol. 145, p. 
3278.

23. T. Hattori, “Implementing a Single-Wafer Cleaning 
Technology Suitable for Minifab Operations,” Micro, 
2003, Vol. 21, No. 1, p. 49.

24. C. Gottschalk and J. Schweckendiek, “Using 
Dissolved Ozone in Semiconductor Cleaning Appli-
cations,” Micro, 2004, Vol. 3, p. 81. 

Hans Sundstrom is product marketing manager 
for ozone and microwave plasma products at MKS 
Instruments. Prior to joining MKS in 2002, he 
held various positions in marketing and engineer-
ing for Axcelis Technologies (formerly Eaton 
Semiconductor), as well as other semiconductor 
capital equipment companies both in the United 
States and Europe. He has a degree in engineering 
electronics from the University of Warwick in the 
UK, and an MBA from Boston University.

Christiane Gottschalk studied 
environmental engineering at the 
Technical University of Berlin with 
a focus on drinking water research. 
She has a Ph.D. in chemical 
engineering. Since 1997, she has 
worked for MKS Instruments, and 
is currently the senior manager of 
sales and customer service in the 
Berlin office.

Posted from Semiconductor International, September 2006. Copyright © Reed Business Information, a division of Reed Elsevier, Inc. All rights reserved.
Page layout as originally published in Semiconductor International has been modified.

#1-18176540 Managed by Reprint Management Services, 717.399.1900. To request a quote online, visit www.reprintbuyer.com.

Global Headquarters
90 Industrial Way

Wilmington, MA 01887
Tel: 978.284.4000

Tel: 800-227-8766 (in USA)
Web: www.mksinst.com

www.reprintbuyer.com

	Button2: 


