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1. Introduction

Atomic layer deposition (ALD) has emerged as an
important technique for depositing thin films for a variety
of applications. Semiconductor processing has been one of
the main motivations for the recent development of ALD.
The International Technology Roadmap for Semiconductors
(ITRS) has included ALD for high dielectric constant gate
oxides in the MOSFET structure and for copper diffusion
barriers in backend interconnects.' In addition, ALD has met

#* E-mail address: Steven.George@Colorado.Edu.

10.1021/cr900056b

Received February 12, 2009

Steven M. George is Professor in the Department of Chemistry and
Biochemistry and Department of Chemical and Biological Engineering at
the University of Colorado at Boulder. Dr. George received his B.S. in
Chemistry from Yale University (1977) and his Ph.D. in Chemistry from
the University of California at Berkeley (1983). Prior to his appointments
at the University of Colorado at Boulder, Dr. George was a Bantrell
Postdoctoral Fellow at Caltech (1983 —4) and an Assistant Professor in
the Department of Chemistry at Stanford University (1984 —1991). Dr.
George is a Fellow of the American Vacuum Society (2000) and a Fellow
of the American Physical Society (1997). He has also received the
American Chemical Society Colorado Section Award (2004), R&D 100
Award for Particle-ALD (2004), NSF Presidential Young Investigator Award
(1988—1993), and an Alfred P. Sloan Foundation Fellowship (1988). Dr.
George's research interests are in the areas of surface chemistry, thin
film growth, and nanostructure engineering. He is currently directing a
research effort focusing on atomic layer deposition (ALD) and molecular
layer deposition (MLD). This research is examining new surface chemistries
for ALD and MLD growth, measuring thin film growth rates, and
characterizing the properties of thin films. Dr. George served as Chair of
the first American Vacuum Society (AVS) Topical Conference on Atomic
Layer Deposition (ALD2001) held in Monterey, California. He also teaches
a one-day short course on ALD for the AVS. Dr. George is a cofounder
of ALD NanoSolutions, Inc., a startup company that is working to
commercialize ALD technology.

challenging requirements in other areas including the deposi-
tion of high quality dielectrics to fabricate trench capacitors
for DRAM.2

Miniaturization in the semiconductor industry has led to
the requirement for atomic level control of thin film
deposition. Miniaturization has produced very high aspect
structures that need to be coated conformally. No other thin
film technique can approach the conformality achieved by
ALD on high aspect structures. The necessity for continuous
and pinhole-free films in semiconductor devices has driven
the advancement of ALD. Other applications with similar
demanding requirements outside of the semiconductor in-
dustry are low electron leakage dielectrics for magnetic read/
write heads® and diffusion barrier coatings with low gas
permeability.*
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Figure 1. Schematic representation of ALD using self-limiting
surface chemistry and an AB binary reaction sequence. (Reprinted
with permission from ref 5. Copyright 1996 American Chemical
Society.)
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ALD 1is able to meet the needs for atomic layer control
and conformal deposition using sequential, self-limiting
surface reactions. A schematic showing the sequential, self-
limiting surface reactions during ALD is displayed in Figure
1° Most ALD processes are based on binary reaction
sequences where two surface reactions occur and deposit a
binary compound film. Because there are only a finite number
of surface sites, the reactions can only deposit a finite number
of surface species. If each of the two surface reactions is
self-limiting, then the two reactions may proceed in a
sequential fashion to deposit a thin film with atomic level
control.

The advantages of ALD are precise thickness control at
the Angstrom or monolayer level. The self-limiting aspect
of ALD leads to excellent step coverage and conformal
deposition on high aspect ratio structures. Some surface areas
will react before other surface areas because of different
precursor gas fluxes. However, the precursors will adsorb
and subsequently desorb from the surface areas where the
reaction has reached completion. The precursors will then
proceed to react with other unreacted surface areas and
produce a very conformal deposition.

The self-limiting nature of the surface reactions also
produces a nonstatistical deposition because the randomness
of the precursor flux is removed as an important factor. As
aresult, ALD films remain extremely smooth and conformal
to the original substrate because the reactions are driven to
completion during every reaction cycle.® Because no surface
sites are left behind during film growth, the films tend to be
very continuous and pinhole-free. This factor is extremely
important for the deposition of excellent dielectric films.”

ALD processing is also extendible to very large substrates
and to parallel processing of multiple substrates. The ALD
precursors are gas phase molecules, and they fill all space
independent of substrate geometry and do not require line-
of-sight to the substrate. ALD is only limited by the size of
the reaction chamber. The ALD process is also dominated
by surface reactions. Because the surface reactions are
performed sequentially, the two gas phase reactants are not
in contact in the gas phase. This separation of the two
reactions limits possible gas phase reactions that can form
particles that could deposit on the surface to produce granular
films.

The use of the term “ALD” dates back approximately to
2000. Prior to 2000, the term atomic layer epitaxy (ALE)
was in common use.®”"* Other terms have been used to
describe ALD, including binary reaction sequence chemis-
try'* and molecular layer epitaxy.!® The transition from ALE
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to ALD occurred as a result of the fact that most films grown
using sequential, self-limiting surface reactions were not
epitaxial to their underlying substrates. Moreover, amorphous
films were most preferred for dielectric and diffusion barrier
applications. Consequently, the use of ALD grew in prefer-
ence and now dominates with the practitioners in the field.

The history of ALE and ALD dates back to the 1970s in
Finland. The original pioneer of ALE was Tuomo Suntola,
who demonstrated some of the first ALE processes as early
as August/September 1974.'¢ The first ALE system devel-
oped was ZnS.'® The first ALE patent emerged in 1977.!7
The first literature paper on ALE appeared in 1980 in Thin
Solid Films."® The first application of ALE was electrolu-
minescent displays. The first public display of an ALE device
was an electroluminescent display that operated in the
Helsinki airport from 1983 to 1998. The first commercial
ALE reactor was the F-120 sold by Microchemistry in 1988.
The first of a series of ALE meetings was held in 1990 and
continued through 1996. The first of a series of yearly ALD
meetings was held in 2001 and has continued through the
present date.

Many earlier reviews have addressed the basics of ALE
or ALD.>&!11219221 Many previous reviews have considered
the application of ALE or ALD to microelectronics and
nanotechnology.'®?2"%" The intent of this present review is
not to duplicate these previous reviews. Instead, this review
is focused on an overview of key concepts and new directions
in ALD. The semiconductor roadmap is coming to an end
in a few years because of the limits of the current electronic
materials. For continued progress, the future for electronic
materials will embrace as yet undefined paradigms. ALD will
almost certainly be part of the new paradigms because of its
ability to control deposition on the atomic scale and to deposit
conformally on very high aspect ratio structures.

2. Al,0; ALD as a Model ALD System

The ALD of Al,O; has developed as a model ALD system.
An earlier extensive review by Puurunen has previously
discussed the details of Al,O3; ALD.?” Consequently, this
section will only mention the highlights of Al,O; ALD. Al,O;
ALD is usually performed using trimethylaluminum (TMA)
and H;0. The first reports of Al,O; ALD using TMA and
H,0 date back to the late 1980s and early 1990s.2%?° More
recent work in the semiconductor industry is using TMA
and ozone for Al,O; ALD.*3! This review will concentrate
on Al,O; ALD using TMA and H,O.

The surface chemistry during Al,O3; ALD can be described

EISS’ 14,32

(A) AIOH* + AI(CH,); — AIOAI(CH;),* + CH,
ey

(B) AICH;* + H,0 — AIOH* + CH, )

where the asterisks denote the surface species. The AlO;
ALD growth occurs during alternating exposures to TMA
and H,0. Al,O; ALD is a model system because the surface
reactions are very efficient and self-limiting. The main driver
for the efficient reactions is the formation of a very strong
Al—O bond. The overall reaction for Al,O; ALD 1s

2AI(CH,), + 3H,0 — AL,O, + 3CH,
AH = —376keal (3)
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Figure 2. Reaction path and predicted energetics for reactions of
Al(CH;3)s on the Al—OH#* surface site calculated using the
Al(OAI(OH),);—OH cluster. The structures are shown using the
Al(OH;)—OH cluster for clarity. (Reprinted with permission from
ref 34. Copyright 2002 American Institute of Physics.)

This reaction has an extremely high reaction enthalpy.®® This
is one of the highest reaction enthalpies encountered for any
ALD reaction.

The potential energy surfaces during Al,O; ALD have
been modeled using density functional theory (DF1).** These
calculations show that AI(CHs); exists in a deep precursor
well complexed to AIOH* species prior to its surface
reaction, as shown in Figure 2.3 Likewise, the calculations
show that H,Q is also in a deep precursor well complexed
to AICH;* species prior to its surface reaction. 'lhese
complexes result from strong Lewis acid—base interactions
on the surface. Although these precursor wells have not been
experimentally observed, they may be fairly general for
various classes of ALD reactions.

The surface chemistry of Al,O3 ALD has been confirmed
by in situ FTIR studies.*>*% The FTIR difference spectra
clearly show the loss of AIOH* species and concurrent gain
of AICH5* species during the TMA reaction. Likewise, the
loss of AICH;* species and the concurrent gain of AIOH*
species is observed during the H»O reaction. The gas phase
reaction products during Al;O3; ALD have also been identi-
fied using quadrupole mass spectrometry studies.’”*® Using
AI(CHj3); and D,O as the reactants, CH3;D was observed as
the main reaction product, as expected from the surface
chemistry for Al,O; ALD.Y

By repeating the surface reactions, Al,O; growth is
extremely linear with the number of AB cycles.!*** Various
techniques, such as spectroscopic ellipsometry and quartz
crystal microbalance (QCM) measurements, have character-
ized the growth per cycle during Al,O; ALD. Typical
measured Al,O; ALD growth rates are 1.1—1.2 A per AB
cycle.'** The resulting Al,O; ALD films are smooth and
extremely conformal to the underlying substrate. Studies on
nanoparticles show excellent conformality of Al,O; ALD
films.*34%4! Investigations on high aspect ratio trench sub-
strates also reveal superb conformality, as illustrated by the
cross-sectional scanning electron microscopy (SEM) image
in Figure 3.%2

One of the hallmarks of ALD is self-limiting surface
chemistry. The self-limiting surface reactions during Al,0;
ALD have been observed by in situ FTIR*>* and QCM*
investigations as well as by spectroscopic ellipsometry
studies.'* The reactant exposures required for the surface
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Figure 3. Cross-sectional SEM image of an Al;O; ALD film with
a thickness of 300 nm on a Si wafer with a trench structure.
(Reprinted with permission from ref 42. Copyright 1999 John Wiley
& Sons.)

reactions to reach completion reveal that the reactive sticking
coefficients during Al;O; ALD are much less than unity.
Based on required exposure times, the reactive sticking
coefficients are in the range of ~107*—10"* during ALO;
ALD."

The growth per one ALD cycle is also much smaller than
one AlLOs “monolayer”. The growth rates of 1.1—1.2 A per
AB cycle can be compared with the thickness of one Al O3
“monolayer”. This monolayer thickness is estimated using
the density of 3.0 g/cm?® for Al,O3 ALD films grown at 177
°C.* Based on this density, the number density of “Al,05"
units is p = 1.77 x 10?? Al,O; units/cm?. The number of
Al O; units per square centimeter is equal to p?> = 6.8 x
10" cm 2. Likewise, the monolayer thickness is equal to
p "» =38 A. The growth per AB cycle of 1.1—1.2 A per
AB cycle is much less than this estimate of the monolayer
thickness.

The disagreement between growth per AB cycle and the
monolayer thickness is not surprising because ALD growth
1s dependent on surface species and surface chemistry. This
surface chemistry is not required to always yield a “mono-
layer” of growth during every AB cycle. The correlation
between ALD growth and surface chemistry is clearly
illustrated by the temperature-dependence of Al,O; ALD
growth per AB cycle. The growth per AB cycle decreases
progressively with temperature between 177 and 300 °C. This
decrease results from the progressive loss of AIOH* and
AICH;* surface species at higher temperatures.'**

The continuous and pinhole-free nature of Al,O; ALD
films is revealed by their superb electrical properties.
Current—voltage curves for various Al,O; ALD film thick-
nesses on n-Si(100) reveal electrical behavior that is very
similar to that of thermal SiO, films.” The ALO; ALD films
have a dielectric constant of ~7 and display very low electron
leakage.” Increases in the current density versus applied
potential occur as a result of Fowler—Nordheim tunneling.
This characteristic is consistent with the absence of any
defects or pinholes in the Al;O; ALD film. These excellent
properties have enabled Al,O; ALD films to serve as gate
oxides and to passivate semiconductor surfaces.** 4

3. Thermal and Plasma or Radical-Enhanced ALD
3.1. Thermal ALD

ALD is closely related to chemical vapor deposition
(CVD) based on binary reactions such as A + B — Product.



114 Chemical Reviews, 2010, Vol. 110, No. 1

For CVD using binary reactions, the A and B reactants are
present at the same time and form the product film continu-
ously on the substrate. In ALD, the substrate is exposed to
the A and B reactants individually and the product film is
formed in a stepwise and very digital fashion. A generic
recipe for ALD is to find a CVD process based on a binary
reaction and then to apply the A and B reactants separately
and sequentially in an ABAB... binary reaction sequence.
There are many examples of ALD resulting from binary
reaction CVD processes. Examples for TiO; and ZnO are
based on the following binary CVD reactions and their
corresponding reaction enthalpies:*
TiO, ALD: TiCl, + 2H,0 — TiO, + 4HCl
AH = —16 kcal (4)

ZnO ALD: Zn(CH,CH,), + H,0 — ZnO + 2C,H,
AH = —70kcal (5)

‘These ALD systems yield a growth per AB cycle of ~0.4 A
from 150 to 600 °C for 110, ALD* and 2.2—2.5 A from
100 to 160 °C for ZnO ALD.*** 'These ALD chemistries
have negative heats of reaction and are robust ALD reactions.
"T'hese reactions occur spontaneously at various temperatures
and will be referred to as thermal because they can be
performed without the aid of plasma or radical assistance.

A survey of developed ALD processes reveals that most
thermal ALD systems are binary compounds based on binary
reactant CVD.2*2! The most common thermal ALD systems
are binary metal oxides such as AlOs, 110,, Zn0, ZrO,,
HfO,, and T'a;05. Other common thermal ALD systems are
binary metal nitrides such as TiN, TaN, and W,;N. Thermal
ALD systems also exist for sulfides such as ZnS and CdS
and phosphides such as GaP and InP.

3.2. Plasma or Radical-Enhanced ALD

There is also a need for single-element ALD materials,
such as metals and semiconductors, that can be deposited
using a binary reaction sequence. Except for some notable
exceptions discussed in section 5, the single-element films
of metals and semiconductors are very difficult to deposit
using thermal ALD processes. Fortunately, these single-
elements can be deposited using plasma or radical-enhanced
ALD.? The radicals or other energetic species in the plasma
help to induce reactions that are not possible using just
thermal energy. Plasma sources can be used to generate
hydrogen radicals that reduce the metal or semiconductor
precursors. Hydrogen radicals can also be produced using a
hot tungsten filament. A scheme for metal ALD using metal
reactants and hydrogen radicals is shown in Figure 4.

Hydrogen radical-enhanced ALD was first demonstrated
for 'Ti ALD™ using a H, plasma. 'I'a ALD is another ALD
system that has been studied extensively using hydrogen
radicals from H, plasmas.’' The reactants for T'a ALD are
'TaCls and hydrogen radicals.”' 'The surface chemistry for
T'a ALD can be expressed as

(A) Ta* 4 TaCls — TaTaClg* (6)
(B) TaCls* +5H- — Ta* + 5HCI (7
TaCls is first exposed to the surface. Subsequently, the

hydrogen radicals reduce the Ta atoms and remove the
chlorine from the surface. Although the growth per cycle
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Figure 4. Schematic diagram of hydrogen radical-enhanced ALD
using a metal reactant and hydrogen radicals.
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during Ta ALD is only 0.08 A per AB cycle, the Ta ALD

films have excellent film resistivities and show good Cu

barrier properties.®! The small growth per cycle is attributed

to steric hindrance caused by the large TaCls admolecule

on the surface. XRD also indicates that the Ta ALD film is
-Ta and has very small nanograins.”'

The limitations of hydrogen radical-enhanced ALD were
also demonstrated by studies using trenched samples.®' The
Ta ALD films were not conformal in trenches with a high
aspect ratio of 40:1. When the Ta ALD film had a thickness
of 28 nm at the top of the trench, the thickness was only 11
nm at the bottom of the trench. The lower Ta ALD growth
at the bottom of the trench is attributed to hydrogen radical
recombination on the walls of the trench that attenuates the
hydrogen radical flux.*> Radical recombination will limit the
general utility of plasma ALD in high aspect ratio structures.

The ALD of single-element semiconductors such as Si and
Ge can also be deposited using hydrogen radical-enhanced
ALD. The surface chemistry for 8i ALD is based on the
desorption kinetics for H,, HCI, and SiCl, from silicon
surfaces. H, desorbs at 535 °C,%* HCI desorbs at 575 °C,%
and SiCl, desorbs at 725 °C%% during temperature pro-
grammed desorption (TPD) experiments from silicon sur-
faces. H, desorbs at a lower temperature than HCl from
silicon surfaces. SiCl, desorbs at a higher temperature than
HCI from silicon surfaces. Consequently, silicon can be
deposited using a chlorine-containing silicon precursor such
as Si Hzclg.

The surface chemistry for Si ALD using SiH,Cl, and
hydrogen radicals can be written as

(A) Si* + SiH,Cl, — SiSiCl,* + H, (8)
(B) SiCl,* + 2H — Si* + 2HCI ©9)

At the appropriate temperature, Hy and HC1 will desorb upon
SiH,Cl, adsorption but SiCl, will not desorb from the silicon
surface. The build up of chlorine on the silicon surface will
produce a self-limiting adsorption of SiH,Cl,. The surface
chlorine can then be removed by exposing the surface to
hydrogen radicals. The hydrogen radicals add hydrogen
atoms to the silicon surface that recombine with surface
chlorine to desorb as HCI or with other surface hydrogen
atoms to desorb as H,. The hydrogen radical flux will
eventually remove all the surface chlorine species.

Studies of Si ALD using SiH,Cl; and H radicals have
demonstrated the self-limiting nature of Si ALD growth
versus both SiH,Cl; and hydrogen radical exposures.’®>7 A
Si ALD growth per cycle of ~1.6 A was observed between
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550 and 610 °C. At higher temperatures, the Si ALD growth
per cycle increased as a result of Si CVD. At lower
temperatures, the Si ALD growth per cycle decreased as a
result of incomplete surface reactions. A similar strategy was
also applied for Ge ALD using GeH,Cl, and hydrogen
radicals.’®>

S1 and Ge ALD were both demonstrated on silicon and
germanium surfaces. However, a difficulty with S1 and Ge
ALD is their nucleation on other types of surfaces. Si and
Ge are both very reactive and easily react with oxygen from
oxide substrates to form SiO; or metals from metallic
substrates to form silicides. Consequently, the nucleation of
S1 and Ge ALD i1s very difficult. The nucleation problems
have limited the surface chemistry for Si and Ge ALD to
only silicon and germanium surfaces.

In addition to single-element materials, plasma-enhanced
ALD can deposit compound materials. One important
advantage is that plasma-enhanced ALD can deposit films
at much lower temperatures than thermal ALD. For example,
plasma-enhanced Al;0O; ALD can be performed using TMA
and O, plasma at temperatures as low as room temperature.*’
The low temperature deposition is useful for coating
thermally fragile substrates such as polymers.®! The plasma-
enhanced Al;O; ALD films also have improved electrical
properties compared with thermal Al,O; ALD®? and lead to
excellent passivation of silicon substrates.®

Plasma-enhanced ALD has also been useful to deposit
metal nitrides, such as TiN and TaN, which generally cannot
be grown with high quality using organometallic precursors.*
TaN ALD has been achieved using organometallic tantalum
precursors such as terbutylimidotris(diethylamido)tantalum
(I'BTDET) and hydrogen radicals.®*%%% The plasma-
enhanced process can form TaN films that have much lower
electrical resistivity and higher density than TaN ALD films
grown using thermal TaN ALD with TBTDAT and NH;.6%%%

Oxygen radical-enhanced ALD has been employed to grow
metal oxides using metal -diketonate precursors. Metal
oxides, such as Y,0;, have been grown at low temperatures
with minimal carbon contamination.® Remote O, plasmas
have also been utilized for plasma enhanced Pt ALD with
(methylcyclopentadienyl)trimethylplatinum as the metal pre-
cursor.” In addition, plasma-enhanced Ru ALD has been
accomplished using bis(ethylcyclopentadienyl)ruthenium and
NHj; plasma.” These plasma-enhanced Ru ALD films have
potential as adhesion layers for copper interconnects.®

4. Reactors for ALD

There are different types of ALD reactors. Many ALD
reactor designs were discussed in the original patents by T.
Suntola in 19777 and 1983.” Various ALD reactors and
design principles were also described in early reviews of ALE
by T. Suntola.'>'*™ One of the early ALD reactors had a
revolving substrate holder that rotated the substrate in and
out of the A and B reactant flow streams. Another design
was based on gas flow through hot wall CVD tube reactors.
Other ALD reactors flowed the reactant in an inert carrier
gas through a small channel between the reactor wall and
substrate. This design was known as the “traveling-wave”
reactor and is represented by the F-120 reactor by Micro-
chemistry Ltd."

To organize the various ALD reactor designs, there are
two limiting types of ALD reactors that can be defined by
the pumping and use of a carrier gas. In one limit are ALD
reactors where the reactants are exposed without using a
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carrier gas and sometimes with throttled pumping.'*1>™ After
the exposures, the reactants are removed by opening up
completely to the pump and evacuating the reactor. Because
of the long residence times in the reactor, these exposures
can utilize reactants very efficiently. However, the evacuation
times for these ALD reactors can be slow in the absence of
a purge gas. At low pressures in molecular flow, the random
walk of molecules colliding only with the reactor walls leads
to long pumping times.

In another limit are ALD reactors where the reactants are
exposed with a carrier gas flowing through the reactor.'>*7
The carrier gas is in viscous flow and flows continuously to
the pump. If the reactants have sufficient vapor pressure, the
reactants can be dosed into the carrier gas stream. Alterna-
tively, the carrier gas can flow over the headspace of a solid
or liquid reactant or through the liquid reactant if the reactant
has a lower vapor pressure. The carrier gas entrains the
reactants and products and defines a short residence time in
the reactor. The advantage of the viscous flow reactors is
their much shorter ALD cycle times relative to the ALD
reactors employing no carrier gas during reactant exposure
and purging.

Most ALD reactors operate with an inert carrier gas in
viscous flow. The optimum pressure for viscous flow reactors
is around ~1 Torr. This optimum pressure is a trade-off
between gas interdiffusion and entrainment. For example,
the interdiffusion coefficient of Oy in N is Dy = 132 cm?/s
at 1 Torr and 0 °C. This interdiffusion coefficient is
determined knowing that Dy; = 0.174 cm?%/s at 1 atm and 0
°C™ and that gas diffusion is inversely proportional to
pressure, ) ~ 1/P.7° The mean squared displacement, x2,
resulting from gas diffusion is x> = 6Dt, where f is time.
Therefore, the mean displacement for O, in N, gas at 1 Torr
and 0 °Cis x =28 cmin 1 s. This sizable mean displacement
indicates that diffusion of reactants in Ny gas at 1 Torr is
sufficient for removal of reactants and products from stagnant
gas in the reactor in a reasonable time.

The pressure of 1 Torr is also high enough for the N; to
be an effective carrier gas. The mean free path, , between
N, molecules at room temperature is ~ 5 x 1073 cm/P,
where P is in Torr.”” This approximation reveals that the
mean free path of N; at 1 Torr is  ~ 50 m. This small
mean free path indicates that N, gas is in viscous flow at 1
Torr and will effectively entrain reactants. Mean displace-
ments may be too small for effective purging from stagnant
gas at pressures higher than 1 Torr. Entrainment will be less
effective at pressures lower than 1 Torr when the gas mean
free paths are longer. Inert carrier gas pressures around ~1
Torr are a compromise between these two factors.

One ALD reactor that optimizes the residence times during
reaction and purging 1s known as synchronously modulated
flow and draw (SMFD).” The SMFD design injects the inert
flowing gas at the reactor inlet during the purge steps and at
the reactor outlet during the reactant exposures. The syn-
chronized modulation of the inert flowing gas between the
reactor 1nlet and the reactor outlet enables high-speed gas
flow switching. A schematic illustrating the dose and purge
modes during SMED is shown in Figure 5.7

The reactant has a long residence time during dosing and
only experiences a slow “draw” from the inert flowing gas
entering at the reactor outlet. The reactant can be utilized
very efficiently during the dose mode. In contrast, the reactant
has a short residence time during the purge mode because
inert carrier gas enters at the reactor inlet and flows through
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Figure 5. lustration of purge and dose modes during synchronous
modulation of flow and draw. (Adapted from information provided
by Sundew Technologies, LLC.)

the reactor. The SMFD design leads to short ALD cycle times
of <1 s for ALD systems such as Al,O; ALD.”

Single-wafer ALD reactors for semiconductor processing
may have different configurations for the gas flow. The
“cross-flow” reactors have parallel gas flows across the wafer
surface. The “showerhead” reactors bring the gas into the
reactor perpendicular to the wafer surface through a distribu-
tor plate. The gas then flows radially across the wafer surface.
Other distinctions between ALD reactors are between hot
and cold wall reactors. In “hot wall” reactors, the walls, gas,
and substrates in the reactor are all heated to the temperature
of the walls. In “cold wall” reactors, only the substrate is
heated and the walls remain at room temperature or are only
warmed slightly.

Other ALD reactors can deposit on many samples simul-
taneously. These reactors are known as “batch™ reactors.
They can coat multiple samples at the same time and can
dramatically shorten the required time to coat one sample.
The batch reactors can improve the cost and time effective-
ness for commercial ALD processes. Reactant and purging
time constants are longer in batch reactors because of larger
reactor volumes and lower gas conductance between multiple
samples. However, the multiplex advantage can offset the
longer time constants.

Plasma reactant sources have also become increasingly
important for ALD processing. Inductively coupled plasma
(ICP) is a common plasma source during plasma ALD.
Plasmas usually operate at pressures of ~100—500 mTorr.

Leak valve

—+=
Gases (H,, N,)

Quartz tube
RF coil
Ar
QamMms l
Leak valve’Y" ]

200 mm wafer E

e —)

Turbo pump Metal precursor

Figure 6. Schematic diagram of a plasma-enhanced ALD system
used for Ta ALD and Ti ALD. (Reprinted with permission from
ref 51. Copyright 2002 American Institute of Physics.)
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Plasma-enhanced ALD is not performed with an inert carrier
gas during the plasma reaction cycle. However, the plasma
reaction cycle may alternate with a conventional reactant
ALD cycle using an inert carrier gas. The plasma ALD
reactor used for Ta ALD’! and Ti ALD" is shown in Figure
6. A commercial plasma ALD reactor for 200 mm wafers
was also recently described for TiN and HfO, ALD.*

5. Metal ALD Using Thermal Chemistry

Metal ALD can also be accomplished using thermal
chemistry without the aid of plasma or radical assistance.??
Thermal chemistry for metal ALD is very important because
thermal chemistry does not have the limitations caused by
surface recombination that restrict radical-enhanced ALD in
high aspect ratio structures. Metal ALD based on thermal
chemistry has been demonstrated for a variety of metals.
There are three main types of metal ALD using thermal
chemistry that have been successful. These ALD surface
chemistries are based on fluorosilane elimination, combustion
chemistry, or hydrogen reduction.

5.1. Fluorosilane Elimination Chemistry

Fluorosilane elimination reactions result from the reaction
of metal fluorides and silicon precursors such as SiH, and
Si,H,. These reactions were first demonstrated for W ALD.#!
The basis for these reactions is the formation of a very stable
Si—F bond that leads to a very exothermic reaction. The
overall chemistry for W ALD using WFg and Si;Hg is™

WF, + Si,H, — W + SiF;H + 2H,
AH = —181 keal (10)

Other metals can also be deposited using fluorosilane
climination reactions such as Mo ALD according to*

MoF, + Si,H, — Mo + SiF;H + 2H,
AH = —220keal (11)

"T'he high reaction enthalpies of AH = — 181 kcal for W ALD
and AH = —220 kcal for Mo ALD are comparable to or
higher than the reaction enthalpy of AH = —376 kcal for
ALO; ALD on a per mole of metal basis.

The surface chemistry during W ALD using Wk, and
SioHg as the reactants can be simply expressed as®!-#

(A) WSiF,H* + WF, — WWFs* + SiF,H
(12)
(B) WFs* + Si,H, — WSiF,H* + SiF,H + 2H,
(13)

This surface chemistry is supported by in situ FTIR studies
of the absorbance from Si—H and W—F stretching vibrations
on surface species during the WF; and Si,H; exposures.®!
The absorbance from Si—H stretching vibrations decreases
and the absorbance from W—F stretching vibrations increases
concurrently during WFs exposures. The absorbance from
W—F stretching vibrations decreases and the absorbance
from Si—H stretching vibrations also increases concurrently
during Si,Hg exposures.

The surface chemistry for W ALD leads to the linear
deposition of W ALD films versus AB cycles, as shown in
Figure 7.% QCM studies have measured W ALD growth per

cycle, which varies from 4 to 7 A versus surface temperatures
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Figure 7. Mass gain monitored by quartz crystal microbalance
for 30 cycles during W ALD using WFg and SioHg as the reactants.
The corresponding tungsten thickness has been calculated assuming
a density of 19.3 g/em®. (Reprinted with permission from ref 83.
Copyright 2005 Elsevier.)

from 177 to 325 °C and Si,H reactant exposures from ~10*
to 10° Langmuirs.®® The dependence on surface temperature
and Si;Hg exposure is believed to be caused by SiHg
insertion into Si—H bonds.*** This bond insertion mecha-
nism leads to a Si CVD contribution to the W ALD growth.
The Si CVD contributions are more pronounced at higher
temperatures and larger Si;Hg exposures.® W ALD is used
during semiconductor fabrication as a nucleation layer for
tungsten plug fill processes.®

5.2. Combustion Chemistry

Some catalytic metals can be deposited using combustion
chemistry. In this process, the organic ligands of the organo-
metallic metal precursors react with oxygen to produce CO,
and H,O as combustion products. Ru and Pt were the first metal
ALD systems that were deposited using combustion chem-
istry 3887 The Ru precursor was Ru(CsHs), (bis(cyclopentadi-
enyl)ruthenium), and the Pt precursor was (CH;CsH,)P(CH;);
((methylcyclopentadienyl)trimethylplatinum). The oxygen pre-
cursor was O,. Ru ALD was accomplished at temperatures
between 275 and 400 °C, and the growth per cycle was 0.4—0.5
A at 350—400 °C.#* Pt ALD was initially reported at 300
°C, and the growth per cycle was also 0.4—0.5 A.¥

The mechanism of Ru ALD and Pt ALD was explored
using quadrupole mass spectrometry (QMS) and QCM
studies.®™ The QMS investigations observed H,O and CO,
during both the organometallic precursor and O; exposures.
These classic combustion products suggest an overall reaction
for Ru ALD of

Ru(Cp), + *1,0, — Ru + 10CO, + 5H,0
(14)

The individual surface chemical reactions for Ru ALD are
proposed to be

(A) RuO,* + Ru(Cp), — RuRu(Cp)* + 5CO, +
L,H,0  (15)
(B) RuCp* + yO, — RuO* + 5CO, + “/,H,0
(16)

The QCM studies are especially interesting because they
reveal large mass gains during the O, exposures, as displayed
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Figure 8. Quartz crystal microbalance data measured during the
reaction cycles for Ru ALD using RuCp; and oxygen as the
reactants. (Reprinted with permission from ref 88. Copyright 2003
The Electrochemical Society.)

in Figure 8.%® The oxidation of surface organic species
initially produces a mass loss. A subsequent mass gain is
produced when O, deposits oxygen to the Ru surface and
the subsurface region. This surface oxygen is then available
to oxidize some of the incoming organic ligands on the
organometallic precursor.

This combustion chemistry is believed to occur most easily
for group VIl metals that are known to be heterogencous
catalysts. The ALD of other catalytic metals such as Ir* and
Rh™ has also been demonstrated using combustion chemistry.
These metal ALD systems are being explored by the
semiconductor industry. Ruthenium 1s under consideration
as a seed for Cu electrodeposition for backend intercon-
nects.” Ru ALD is a possible seed for Cu deposition in part
because of the lattice match between the stable hexagonal
plane of Ru(001) and the closed-packed face-centered cubic
Cu(l11) pla.nc:“Jrz

5.3. Hydrogen Reduction Chemistry

There have also been attempts to develop metal ALD
based on various organometallic precursors and H, reduction.
The first efforts focused on Cu ALD using CuCl and Hs as
the reactants.”® Copper films were reported to be grown on
tantalum substrates.”® However, CuCl is problematic as a
copper source.” Additional studies explored Cu ALD using
Cu(ll)-2,2,6,6-tetramethyl-3,5-heptanedionate (Cu(thd),) and
H, as the reactants.” Area-selective ALD was achieved on
platinum seeded substrates.*

Cu ALD has also been accomplished using another copper

-diketonate, Cu(ll) 1,1,1,5,5,5-hexafluoroacetylacetonate
(Cu(hfac),), and various organic reduction agents such as
methanol, ethanol, and fomalin.?**" Very good conformal
Cu ALD films were reported on trenched substrates.”®*” The
ALD of other metals has also been demonstrated using
organic reducing agents. Pd ALD has been demonstrated
using Pd(hfac), and formalin.”® H, was also reported to be
effective as the reducing agent for Pd ALD after the
nucleation of the Pd ALD films using formalin as the
reducing agent.”®

Alternative approaches to metal ALD have focused on
depositing a metal oxide and then reducing this metal oxide
with H, or other reducing agents. This method circumvents
the fairly unreactive metal surface following H; reduction.
During metal oxide ALD, there is an oxide or M—OH species
on the surface to react with the organometallic precursor.
This approach has been demonstrated for the growth of NiO
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films using Ni acetylacetonate (Ni(acac),) and O; and the
subsequent reduction to Ni films using H,.”® A similar
technique was developed using bis(cyclopentadienyl)nickel
and H,0 as the reactants for NiO growth and then hydrogen
radicals for the reduction to Ni metal.'® In addition, there
are continued efforts to extend the range of metal precursors
that will facilitate metal ALD using H; reduction chemistry.
New families of metal precursors have been explored for
metal ALD including the metal acetamidinates.'"!

6. Nucleation and Growth during ALD

The nucleation of ALD is extremely important for
continuous and pinhole-free ultrathin films. If the ALD
precursors do not effectively react with the initial substrate,
then the ALD film may not nucleate at all or may nucleate
only at particular defect sites on the initial substrate. This
lack of uniform nucleation can produce island growth as
described by a Volmer— Weber growth mechanism.'”? After
multiple ALD cycles, the islands may grow together and
form a continuous film. However, in the ultrathin film regime,
the ALD films are rough and not conformal to the initial
substrate.

6.1. Metal Oxide ALD on H —Si(100)

The lack of nucleation is very serious for the deposition
of ultrathin diclectric films such as the high dielectric constant
gate oxides in MOSFETs. These gate oxides need to be
ultrathin and extremely conformal to ensure uniform electri-
cal performance across the entire gate oxide. The nucleation
of the high k gate oxides on the initial hydrogen-passivated
Si(100) surfaces has been one of the most challenging
nucleation problems for ALD. Many ALD nucleation studies
have focused on this important technological problem.

Effective nucleation for ALD requires surface chemical
species that will react with the ALD precursors. To obtain a
uniform layer-by-layer ALD film growth as described by the
Frank van der Merwe mechanism,'” the ALD precursor
needs to react with the initial surface species on the very
first ALD cycle. This type of efficient nucleation is observed
for metal oxide ALD on oxide substrates and usually for
metal nitride ALD on oxide substrates. Oxide surfaces have
MOH?* hydroxyl groups that are typically reactive with
organometallic precursors. The organometallic precursors are
also usually reactive with H,O and NH; that are commonly
employed for metal oxide and metal nitride ALD, respectively.

Inefficient ALD nucleation is observed for metal oxide
ALD on hydrogen-passivated Si(100) surfaces (H—Si(100)).
The nucleation of ZrO, ALD and HfO, ALD has been
reported on H—Si(100) because of the importance of these
high dielectric constant materials as replacements for the
thermal SiO; on Si(100) in MOSFETS.'?® Rutherford back-
scattering spectroscopy (RBS) was used to measure the ZrO,
thickness on H—S81(100) surfaces as a function of the number
of ALD cycles during ZrO, ALD using ZrCly and H,O as
the precursors.!” The RBS measurements indicated that the
ZrO, ALD film did not nucleate and achieve a linear growth
per cycle until after 50—60 ALD cycles. Transmission
electron microscopy (TEM) analysis also revealed that the
Zr0, ALD films were very granular with distinct islands for
nucleation on the H—S8i(100) surface.!™ In contrast, the ZrO,
ALD film nucleated efficiently and formed a very smooth
and conformal film on an oxidized Si(100) surface.'™

Figure 9. (a) Cross-section TEM image of a HfO, ALD film
deposited on a Si wafer immediately after HF-last surface treatment.
(b) Cross-section TEM image of a HfO; ALD film deposited on a
Si0; layer on a Si wafer. (Reprinted with permission from ref 106.
Copyright 2003 Elsevier.)

Similar results were obtained for the nucleation and growth
of HfO, ALD on H—Si(100) surfaces. RBS measurements
revealed that the HfFO, ALD did not achieve a linear growth
per cycle until after 25—30 ALD cycles using HfCly and
H,0 as the precursors.'® Alternatively, a variety of oxides
on 8i(100) produced by chemical treatment or rapid thermal
oxidation displayed very rapid nucleation and nearly linear
HfO, ALD growth from the very first ALD cycle.'”” TEM
measurements have captured the nonuniform islands of HfO,
ALD on the initial H—Si(100) surface as shown in Figure
9a and the conformal HfO, ALD film on the oxide on
the initial Si(100) surface as displayed in Figure 9b.'% These
studies reveal that a thin oxide coating is required for the
efficient nucleation of ZrQ; or HfO, ALD on Si(100). This
Si0; coating must be kept ultrathin to avoid the effects of
the lower Si0, dielectric constant on the gate stack.

AlLO; ALD also displayed nucleation difficulties on
H—Si(100).'” Measurements of the Al,O; ALD film thick-
ness versus number of ALD cycles indicated that 10—15
ALD cycles were required to obtain a linear growth per
cycle.'” These studies were performed using AI(CH3); and
H,0 as the ALD precursors. Additional studies investigated
the mechanism of Al,O; ALD on H—S8i(100) using in situ
Fourier transform infrared (FTIR) studies.'"”'% H,0 did not
react with the H—Si(100) surface even after extremely large
H,0 exposures. There was evidence for some reactivity of
Al(CH3;); or AI(CH5)OH with the H—Si(100) surface. The
H;0 could then react with AICH;* surface species and
progressively nucleate Al;O; ALD on the H—Si(100) surface.

6.2. Metal ALD on Oxide Surfaces

Metal ALD on oxide surfaces is another ALD system that
displays nucleation difficulties. This nucleation problem is
not surprising, since metals do not generally wet oxide
surfaces. Many studies in heterogeneous catalysis indicate
that metals prefer to form clusters on oxide surfaces. W ALD
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Figure 10. Normalized Auger electron spectroscopy (AES) signals
versus AB cycles during W ALD on a SiO; surface using WF,
and Si;Hg as the reactants. The AES signals at integer AB cycle

numbers were recorded after the Si,H, exposures. (Reprinted with
permission from ref 109, Copyright 2001 Elsevier.)

using WFg and Si;Hg as the reactants has been studied
thoroughly to understand the nucleation mechanism on Si0,
and Al,O; substrates. Auger electron spectroscopy (AES)
investigations have shown that W ALD requires approxi-
mately 8—9 cycles to nucleate on SiO, surfaces'™ and
approximately 3—4 cycles on AlO; surfaces.''” The AES
results for W ALD nucleation on Si0; surfaces are shown
in Figure 10.'” The nucleation period can be shortened to
4—35 cycles for W ALD on SiO, by much larger Si;Hg
exposures on the first ALD cycle. Likewise, the nucleation
is also facilitated by electron beam irradiation of the Al,O;
surface.'"”

The nucleation of W ALD on Al,O5 is important in the
growth of precise W/Al,O5 nanolaminates using W ALD and
AlL,O; ALD. QCM investigations have observed the nucle-
ation delay for W ALD on Al,Os. The nucleation of W ALD
on the Al,O; ALD surface is observed to require 3—4 cycles
using larger Si;Hg exposures, in good agreement with the

Ha)
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Figure 11. (a) W ALD mass gain per cycle and (b) root-mean-
squared (rms) roughness for W ALD on a hydroxylated Al,O;
surface at 122 °C for WF; reactant exposure of 0.13 mmol and
two different Si;Hg exposures of 0.11 and 0.83 mmol. (Reprinted
with permission from ref 114. Copyright 2009 American Institute
of Physics.)
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AES investigations.!!! In addition, the growth per cycle
during the W ALD nucleation provides evidence for an island
growth mechanism.'"!

The W ALD growth per cycle is initially very small during
the first several W ALD cycles. The W ALD growth per
cycle then increases dramatically and reaches a maximum
before reducing to a slightly smaller W ALD growth per
cycle. This behavior is expected as W ALD islands grow
and then grow together and coalesce to form a continuous
film.""%!13 More recent studies have also observed that the
roughness of the W ALD surface is highest in the region
where the islands are initially growing rapidly prior to
reaching the maximum W ALD growth per cycle.''* A
correlation between the root-mean-square surface roughness
measured by atomic force microscopy (AFM) and the W
ALD growth per cycle is shown in Figure 11.'"*

6.3. Al,0; ALD on Carbon Nanotubes and
Graphene Surfaces

Another example of nucleation difficulty for ALD is ALO;
ALD on carbon nanotubes (CNTs). The surface of the CNT
is very inert and does not contain chemical species that allow
for the reaction of either A1(CH3); or H,O during Al,0; ALD.
As a result, Al;O; ALD on single-walled and multiwalled
CNTsyields only the growth of isolated Al,O; nanospheres.'!>!16
These nanospheres are believed to originate from specific
defects on the surface of the CNTs. The nucleation of the
Al,O; ALD can be facilitated by the functionalization of the
CNTs with nitroaniline or NO,.!""~""7 The NO, group on
the surface of the CNTs provides a chemical site for the
adsorption of AI(CH3); and yields a very conformal Al,O4
ALD film on the CNTs after multiple Al;O; ALD cycles.

Nucleation difficulties are also encountered for ALD on
graphene surfaces. Like the CNT surface, the graphene
surface 1s inert. Al,O3; ALD and HfO, ALD have resulted in
the growth of nanoribbons only along the step edges of the
graphene surface.''® The step edges are believed to serve as
ALD nucleation sites.!'® Ozone has also been employed to
create nucleation sites on the basal plane of graphene for
Al,O; ALD.'""” Chemical treatment using perylene tetracar-
boxylic acid has also been used to functionalize graphene
for Al,O; ALD.'?®

7. Low Temperature ALD

The ability to perform ALD at low temperatures is
important to maintain a low thermal budget to prevent the
interdiffusion of materials. This problem is particularly severe
for nanostructured devices. Low temperature ALD is also
needed for ALD on thermally fragile substrates such as
polymeric or biological samples. Fortunately, several ALD
systems can be performed at low temperatures because of
their favorable thermochemistry. A few other special ALD
systems can be facilitated to occur at much lower temper-
atures using a catalyst.

7.1. Al,O0; ALD and Other Metal Oxide ALD

The high exothermicity of the Al;O; ALD surface reac-
tions enables this ALD system to be performed at temper-
atures as low as room temperature.*> QCM investigations
have revealed that Al;0; ALD can be grown over a wide

range of temperatures with little change in the growth per
cycle.*® The Al,O3; ALD films do show a small decrease in
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Figure 12. Dielectric constant and breakdown field of low-
temperature Al;O: ALD films grown using 300 AB cycles on
n-Si(100). (Reprinted with permission from ref 43. Copyright 2004
American Chemical Society.)

density from 3.0 g/em® at 177 °C to 2.5 g/em® at 33 °C. In
addition, the refractive index also decreases slightly, as
expected from the reduction of the density. The quality of
the Al,O; ALD films is excellent over this entire temperature
range.” XRR studies of the Al,O3 ALD films indicate that
the films are very conformal to the initial substrate and

display minimal surface roughness even for films deposited
at 33 °C.

The major issue for ALO; ALD at low temperatures is
the required purge times to avoid Al,O; CVD. QCM studies
have shown that the minimum purge times are 1 and 5 s
after the AI(CHj3)sy and H»O exposures, respectively, at 177
°C.*" These minimum purge times increased to 20 and 180 s
after the AI(CHs); and H,O exposures, respectively, at 33
°C.® The large increase in the purge time after the H,O
exposure results from the high desorption activation energy
for H,O from the surfaces of the ALD reactor. Slow H,O
desorption rates at low temperature lead to much longer
required purge times to avoid Al,O; CVD.

Forward recoil spectrometry of the Al;O3 ALD films has
also revealed that the hydrogen atom % increases in Al,O;
ALD films grown at low temperatures.* The hydrogen atom
% was ~6% for Al;O; ALD films grown at 177 °C. The
hydrogen atom % increased to ~22% for Al,O; ALD films
grown at 33 °C. Although the hydrogen atom % increased
at lower temperatures, some of the electrical properties of
the Al,O3; ALD films remained largely unchanged over the
entire temperature range. The dielectric constant of the Al,O;
ALD films was constant at ~7—8, and the breakdown field
was ~4 MW/cm from 33— 177 °C, as shown in Figure 12.9
Additional investigation of the Al;O; ALD films is required
to evaluate the fixed charge density and its dependence on
the hydrogen atom %.

Several other ALD processes besides Al;O; ALD have
been demonstrated at low temperatures. These low temper-
ature ALD systems have been reported in a recent review
and are important for ALD on organic and biological
substrates.>* Some key ALD systems displaying growth at
=100 °C are TiO; ALD using TiCl; and H,0 or Ti(OiPr),
and H,O as the reactants'?"'?? and ZnO ALD using Zn(Et),
and H,O as the reactants.'” These low temperature ALD
systems enable ALD on polymers and ALD on organic
and biological templates, as discussed in sections 8

and 13.
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Figure 13. Proposed mechanism for Lewis base catalysis of Si0,
ALD during (a) the SiCly reaction and (b) the H;O reaction.
(Reprinted with permission from ref 127. Copyright 1997 American
Association for the Advancement of Science.)

7.2. Catalytic SiO, ALD

The use of catalysts for gas phase deposition during ALD
or CVD is very unusual. One ALD system that can be
catalyzed i1s 510, ALD using SiCly and H»O as the reactants.
S10; ALD is based on the binary reaction

SiCl, + 2H,0 — Si0O, + 4HCl AH = —32 kcal

a7

Although this reaction has a reasonable negative reaction
enthalpy,® the ALD surface reactions are very slow and only
occur at high temperature after very large SiCl; and H,O
exposures.'?* The surface reactions for Si0; ALD are™ 124127

(A) SiOH* + SiCl, — SiOSiCl* + HCl  (18)
(B) SiCI* + H,0 — SiOH* + HCI (19)

Fortunately, SiO; ALD can be catalyzed using other
molecules. The catalysts for the Si0O, ALD surface chemistry
are Lewis bases such as pyridine or NH; (ammonia).'?%!?7
The S10, ALD growth is catalyzed only when the Lewis
base is present during both the SiCly; and H,O surface
reactions. Additional studies have shown that Lewis bases
can also catalyze Si0, ALD using other silicon precursors
such as Si(OCH,CH3) (tetraethoxysilane (TEOS)).!?®

The mechanism for the catalysis is believed to be the
hydrogen bonding between the Lewis base and either the
SiOH* surface species during the SiCly reaction or the HO
reactant during the H,O reaction.'?6127129.130 A gchematic
illustrating this mechanism is displayed in Figure 13.'*" The
hydrogen bonding between the Lewis base and the SiOH*
surface species weakens the SiO—H chemical bond and
makes the oxygen a stronger nucleophile. This hydrogen
bonding interaction facilitates the nucleophilic attack by the
oxygen on the electropositive Si atom in the SiCly reactant.
Likewise, the hydrogen bonding between the Lewis base and
the H,O reactant makes the oxygen in H,O a stronger
nucleophile for nucleophilic attack on the electropositive Si
atom in the SiCl* surface species.



Atomic Layer Deposition

The effect of the Lewis base catalyst is very dramatic.
Without pyridine as the Lewis base catalyst, Si0, ALD using
SiCl4 and H,0 as the reactants requires reaction temperatures
of >325 °C and reactant exposures of ~10° Langmuirs (1
Langmuir = 1 x 107° Torr 5)."** With pyridine as the Lewis
base catalyst, S10; ALD can occur at temperatures close to
room temperature with reactant exposures of only ~10*
Langmuirs.'”” A variety of techniques such as QCM, XRR,
ellipsometry, and profilometry have measured very linear
Si0, ALD at 32 °C in a viscous flow ALD reactor with a
growth per cycle of ~1.35 A."3' The resulting SiO, films
have reasonable dielectric properties, although they are
inferior to thermal Si0, oxide films.

One of the problems with catalytic Si0; ALD is the
secondary reaction between the pyridine or NH3 Lewis base
catalyst and the HCI reaction product to form a salt, 26127129131
These pyridium or ammonium chloride salts have a finite
vapor pressure and will desorb from the growing Si0, ALD
film. However, the salts can accumulate on the Si0O, ALD
surface and poison the Si0; ALD growth if there is
insufficient time for desorption. Si0> ALD with TEOS as
the silicon precursor was attempted to avoid HCI as a reaction
product and to eliminate the salt formation.'”® SiO, ALD
could be accomplished using NHj; as the catalyst. However,
the catalyzed SiO, ALD reaction was much less efficient
with TEOS compared with SiCl, as the silicon reactant.'?®

Another limitation of catalytic S10, ALD is the limited
temperature range over which the Lewis base can catalyze
the SiO, ALD surface reactions.'?®!?713! The catalysis
requires the presence of the Lewis base on the Si0, ALD
surface. FTIR investigations can determine the interaction
of the pyridine and NHs Lewis base catalysts with the SiOH*
surface species by monitoring the Si0O-H stretching vibra-
tion."”13! These studies reveal that the Lewis base interaction
with S1OH* surface species is progressively removed because
of Lewis base desorption at temperatures > 30 *C.'#*!3! The
desorption temperature can be shifted by the pressure of the
Lewis base catalyst. The Lewis base coverage is determined
by the steady state established by the Lewis base adsorption
and desorption rates.

Other ALD systems should also display similar catalytic
effects using Lewis bases. These systems are other metal
oxides such as §i0,, where the MOH* surface hydroxyl is
acidic and can transfer a proton to liquid water. The Lewis
base will hydrogen bond strongly to these acidic hydroxyl
groups and make the oxygen more nucleophilic. Good
candidates are metal oxides that are known to have their
isoelectric points in water at pH < 7.'*2 These metal oxides
include TiO;, ZrO,, and SnO,."*? One study has reported the
catalysis of TiO, CVD using TiCly; and H,O with NH; as
the Lewis base catalyst.'*

8. ALD on Polymers

Low temperature ALD enables ALD on thermally sensitive
materials such as organic polymers. ALD on polymers may
be useful to functionalize the polymer surface, to create
unique inorganic/organic polymer composites, and to deposit
gas diffusion barriers on polymers. ALD on polymers was
not performed until recently because polymers decompose
at the temperatures required for many ALD systems. In
addition, most polymers do not contain the necessary surface
chemical species that were believed to be necessary to initiate
ALD.
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Figure 14. (a) Mass change measured by a quartz crystal
microbalance versus the number of AB cycles during Al,O; ALD
on PMMA at 85 °C for 30 AB cycles. (b) Mass change at higher
mass resolution for the first five AB cycles shown in part a.
(Reprinted with permission from ref 134. Copyright 2005 American
Chemical Society.)
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In situ FTIR studies revealed the nucleation and growth
mechanism for Al,O; ALD using A1(CH3); and H.O as the
reactants on polyethylene particles.® The H,O reactant was
not observed to interact or adsorb into the polyethylene
particles. In contrast, the AI(CH;); reactant was observed to
diffuse into the polyethylene. After the adsorption of
AI(CHs)s, the subsequent H,O exposure led to the reaction
of H,O with AI(CHs;); to form AIOH* species. These AIOH*
species are believed to be from AI(OH)4 clusters in the near
surface region of the polyethylene particles. The FTIR studies
also observed the progressive growth of infrared features
consistent with bulk Al,03.’¢ Subsequent examination after
40 ALD cycles revealed the presence of a thin Al,O3 film
on the polyethylene particles.

Additional QCM studies of Al,O; ALD on polymer films
spin-coated onto QCM sensors further clarified and con-
firmed the mechanism for ALD on polymers.'** 'The QCM
investigations observed the nucleation and growth of Al,O;
ALD on polymer films with thicknesses from 2400 to 4000
A. A variety of polymers were studied, including polym-
ethylmethacrylate (PMMA), polypropylene, polystyrene,
polyethylene, and polyvinylchloride. The key observation
from the QCM studies was the large mass gain and loss
corresponding to the diffusion of A1(CH3); into the polymer
film during TMA exposure and out of the polymer film after
the TMA exposure during the initial ALD cycles.

The diffusion effects were especially pronounced on the
PMMA polymer films. QCM results for Al;O; ALD for the
first several ALD cycles on PMMA at 86 °C are shown in
Figure 14.'* Figure 14a shows the QCM results during the
first 30 Al,O3 AB cycles. Figure 14b displays the QCM
results for the first 5 Al,O; AB cycles. These results show
that the diffusion of TMA in and out of the PMMA polymer
film was only observed for the first 10—15 ALD cycles.'**
As the Al;O; ALD film grows in the near surface region of



122 Chemical Reviews, 2010, Vol. 110, No. 1

Figure 15. Model for Al;O4 ALD on polymer films showing (a)
a cross section of the polymer chains at the surface of the polymer
film, (b) Al,O; nucleation clusters formed from H,O reaction with
TMA trapped in the near surface region, (c) coalescence of Al,O;
clusters and closure of the space between the polymer chains, and
(d) formation of a dense Al,O5 film that grows on top of the polymer
surface. (Reprinted with permission from ref 134. Copyright 2005
American Chemical Society.)

the polymer and begins to form a continuous film, the Al,O;
ALD film hinders the TMA diffusion. This AlLO5 barrier
film then prevents any TMA diffusion and the QCM
measurements observe only the linear growth of the Al,O4
ALD film after >15 ALD cycles.

These results suggest the following mechanism for ALD
on polymers:'* (1) one of the ALD precursors, such as TMA,
diffuses into the near surface region of the polymer; (2)
clusters of the ALD material form in the near surface region
as a result of the bimolecular reaction between the two ALD
precursors; (3) the clusters grow and eventually begin to
coalesce; (4) a continuous film is formed that prevents the
diffusion of additional precursor into the polymer; and (5)
the ALD material grows linearly on the continuous ALD
film. This mechanism is illustrated in Figure 15."** The open
circles represent a cross section of polymer chains.

The QCM results suggest that the Al,O; ALD films using
AI(CH3); and H;0 may be effective gas diffusion barriers
on polymers. Additional studies have explored the use of
AL O; ALD films as gas diffusion barriers. Investigations of
AL, O3 ALD on polyethylenenaphthalate (PEN) and Kapton
have shown that Al,O; ALD films as thin as 10 nm can
reduce the water vapor transmission rate (WVTR) over 3
orders of magnitude to <1 x 1073 — 1 x 107* g/m*/day
depending on the test measurement technique.'*'*® Even
lower WVTRs were measured with bilayer or multilayer
barriers fabricated using Al,O; ALD and SiN plasma-
enhanced CVD,"*" Al,0; ALD and rapid SiO, ALD,'® and
AlL,O; ALD and ZrO, ALD.' Other studies using plasma
ALD with AI(CHs;); and O, plasma have also produced very
effective Al,O; ALD gas diffusion barriers with WVTR ~
5 x 107? g/m?*day.”

Many of the applications for ALD on polymers have
utilized Al,O; ALD. Al,O; ALD has been employed to
encapsulate organic light emitting diodes'®'*! and organic
solar cells'* for hermetic sealing to prevent H,O permeation.
Al,03 ALD has also been effective as a capping layer'*® and
a gate dielectric'** for polymer-based transistors. Surface
modification of natural fiber and woven fabric materials has
utilized Al;O; ALD.'"S Al,03; ALD on electrospun polymer
fibers has also been used to fabricate Al,O; microtubes.'#®
Polymers have also been protected from erosion by oxygen
atoms using Al,O3; ALD.' In addition to ALO3; ALD, TiO,
ALD on polystyrene spheres has been employed to fabricate
nanobowl arrays,'*® TiO, ALD and ZrQ, ALD on polycar-
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bonate membranes has been utilized to form Ti0O, and ZrO,
nanotubes,'*® and W ALD has been demonstrated to form
tungsten metal films on polymers.'>®

9. ALD on High Aspect Ratio Structures

The ability of ALD to deposit on high aspect ratio
structures is one of the most desirable characteristics of ALD.
The miniaturization of semiconductor devices has led to the
increasing need for ALD to coat high aspect ratio structures.
The main examples are the deposition of Cu diffusion barriers
for backend interconnects®' and the deposition of dielectric
layers to fabricate DRAM capacitors for memory storage.”
Qutside of the semiconductor industry, the ability of ALD
to deposit on high aspect ratio structures is also useful for
ALD fabrication of the half-gap dielectric on magnetic read/
write heads® and ALD on MEMS devices for surface
functionization and protection.'”!

ALD on high aspect ratio structures can be understood
by model studies of ALD on well-defined structures with
high aspect ratios. One such well-defined structure is anodic
aluminum oxide (AAQ)."”> AAO is defined by linear pores
that are aligned approximately parallel to each other. In
addition, the pores are arranged with approximately hex-
agonal symmetry. The preparation of AAO is achieved by
electrochemical anodization of aluminum films. This anod-
ization yields AAO films with typical thicknesses of ~50

m and pore diameters of ~50 nm for an aspect ratio of
~1000.

Studies of Al,O; ALD in AAO using scanning electron
microscopy (SEM) analysis have revealed that conformal
ALD coating of high aspect ratio structures is dependent on
the ALD exposure times."** For AAO with a thickness of
~50 m and pore diameters of ~65 nm that were open to
the gas phase ALD reactants on both sides of the AAO film,
exposure times of 1 s were insufficient to obtain a conformal
ALD coating in the interior of the AAO film. Reactant
exposures of ~30 s were required to obtain a nearly
conformal coating.'>

Additional investigations of ZnO ALD on AAO were
performed using electron microprobe analysis with energy
dispersive spectroscopy (EDS).'** These EDS studies were
able to resolve the ZnO coverage on the AAO pores versus
distance into the AAO film. ZnO coverages were observed
that decreased versus distance into the AAO film, as shown
in Figure 16a."* The decrease was much sharper for the
shorter ALD exposure times. The ZnO ALD coverage could
be integrated to obtain the total amount of ZnO ALD in the
AAO film versus exposure time, as displayed in Figure
16b.!%? The integrated ZnO ALD coverage increased with
"2, where t is the exposure time. These results are consistent
with gas diffusion limiting the flux of reactants into the pores
of AAO.

The "2 dependence of the integrated ZnO ALD coverage
versus exposure time suggested that the ZnO ALD could be
understood using kinetic gas theory. Consequently, Monte Carlo
modeling was performed assuming that the ZnO ALD was
limited by the diffusion of diethylzinc in the pores of AAQ.'?
This modeling confirmed the "2 dependence and obtained
nearly quantitative agreement with the integrated ZnO ALD
coverage using the known parameters for the system with
no fitting parameters. This agreement suggests that ALD in
high aspect ratio structures can be understood in terms of
gas kinetic theory with ALD reactants in molecular flow.
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Figure 16. (a) Relative ZnO coverage measured by electron probe
microanalysis line scan and (b) normalized integrated ZnO coverage
following 64 AB cycles of ZnO ALD using exposure times of 1,
3, 10, and 30 s. (Reprinted with permission from ref 153. Copyright
2003 American Chemical Society.)

The exposure time required to obtain conformal ALD in
high aspect ratio structures can be predicted using the results
from the Monte Carlo modeling. The results from the
simulations for ZnO ALD in high aspect ratio cylinders yield
the relationship T = 1/k?, where T is the exposure time

required for the normalized integrated coverage, ©%, to reach
153

©* = 1. The parameter k is given by

Figure 17. TEM image of Zr0O; nanotubes fabricated in polycar-
bonate templates with 200 nm pores. The ZrO; nanotubes are 200
nm in diameter. (Reprinted with permission from ref 149. Copyright
2004 John Wiley & Sons.)
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In this equation, P is the pressure (Torr), m is the mass (amu)
of diethylzinc for ZnO ALD, N (cm™?) is the number of
surface sites, and the aspect ratio is L/d, where L and d are
the length and diameter of the cylinder.

The relationship T = 1/k? indicates that the required
exposure time for conformal ALD scales as the square of
the aspect ratio, i.e. T oc(L/d)>. As an example of using this
relationship, for P = 5 Torr, an aspect ratio of L/d = 5000,
m = 123 amu for diethylzinc, and N = 0.84 x 10" cm™2,
the required exposure time for conformal ALD is T = 11 s.
Although longer times are required for high aspect ratios,
the required exposure times are not prohibitively long even
for high aspect ratios.

Another treatment has derived the required exposure times
for conformal ALD using gas conductance equations.'™ This
treatment also predicts that the required exposure for
conformal ALD scales as the square of the aspect ratio in
the limit of large aspect ratios. Assuming a unily reactive
sticking coefficient, the total required exposure is equal to
the product of the pressure, P, and the time, ¢, and is given
by!

(P = S mkD'"™{1 + 1pWid) + Cl)(LId)*)
(21)

In this equation, § is the saturated surface density and L/d is
the aspect ratio for a cylinder.

S(2 mk1)" is the exposure required for a flat surface to
be reacted to completion assuming a unity reactive sticking
coefficient.!™ A reactive sticking coefficient, I', less than
unity will increase the exposure according to S(2 mki1)"*/
T'. In the limit of large aspect ratios, the (L/d)? term dominates
in the term {1 + (19/4)(Lid) + C/)(LId)*} and the required
exposure is proportional to the square of the aspect ratio.
The exposure time derived from eq 21 can be shown to agree
with the exposure time 7' = 1/k%, where k is given by eq 20.

There are many examples of ALD on high aspect ratio
structures. Qutside of the semiconductor arena, ALD on high
aspect ratio MEMS devices is important to deposit protective
coatings,"”"'> hydrophobic layers,'*® and lubricating films.'*’
As mentioned earlier when discussing ALD on polymers,
ALD on porous polycarbonate membranes is utilized for
nanotube fabrication'*® and ALD on self-assembled poly-
styrene spheres allows for the formation of nanobowl
arrays.'*® Figure 17 shows a TEM image of ZrO, ALD
nanotubes fabricated in a high aspect ratio polycarbonate
membrane with 200 nm pore diameters.'*

ALD on AAO has been utilized to form Fe;O; nanotube
arrays with controlled geometry and tunable magnetism.'*®
Ferromagnetic Ni and Co nanotubes have also been grown
in AAO using ALD methods." ALD on high aspect ratio
self-assembled opal structures has been employed for the
fabrication of photonic crystals.'?*'%~162 ALD on porous
substrates and aerogels has also been a novel avenue for the
fabrication of high surface area catalysts.!®3 163

10. ALD on Particles

There are many applications for ALD on particles. The
surface chemical properties of particles can be modified by
ALD while retaining the bulk properties of the original
particles. ALD can also deposit protective and insulating

coatings on particles to prevent particle oxidation'® or
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Figure 18. TEM image of HCV grade BN coated with Al,O; ALD
in a fluidized bed reactor. (Reprinted with permission from ref 172.
Copyright 2004 Elsevier.)

electrical conduction.'®” ALD coatings on particles can also
serve to modify the optical'® or mechanical'® properties of
the particles. In addition, various composite core/shell
structures can be fabricated using ALD on particles that may
have a designed chemical reactivity.!”®

ALD on particles depends on the ability of ALD to
produce conformal coatings on high aspect ratio structures.
A bed of particles will have an effective aspect ratio that is
defined by the particle size and shape.*' A static particle bed
will appear to the gas phase ALD reactants like a porous
substrate.*' A bed of fluidized particles will have much higher
gas conductance.'” The moving particles will allow the gas
phase ALD reactants to encounter all the accessible particle
surface area in a much shorter time. The agitation of the
particles will also prevent the individual particles from being
“glued together” in the particle bed by the ALD coating.

ALD on particles has been demonstrated in a fluidized
particle bed.'”'" During fluidization, the upward force of
the pressure drop across the particle bed equals the downward
force of gravity on the particle bed. The equal forces lead to
the fluidation of the particles. Although particle aggregates
form during fluidization, the aggregates are dynamic and the
constant exchange of particles between the aggregates
prevents the particles from being “glued together” during
ALD. The mnitial demonstration of ALD on particles n a
fluidized bed performed AlLO; ALD on BN particles.'
Excellent conformal coatings of Al O3 ALD were observed
on BN particles with a platelet shape as shown by the TEM
image in Figure 18.'”

ALD on particles has also been demonstrated in a rotary
reactor that tumbles the particles in a porous metal cylinder
to prevent agglomeration.*! In contrast to the fluidized bed
reactor, the rotary reactor can be operated using static
exposures because a constant gas flux is not needed to
fluidize the particles. The static exposures allow for much
higher precursor utilization for efficient ALD surface reac-
tions. High precursor utilization is especially critical for high
surface area nanoparticles. Al,O; ALD on ZrO; nanoparticles
has been characterized in the rotary reactor.*'"* A TEM
image of a ZrO; nanoparticle coated in the rotary reactor
with 80 AB cycles of Al;O; ALD is shown in Figure 19.*!

ALD on nanostructures such as nanotubes and nanowires
faces similar issues to ALD on particles. For large quantities
of nanotubes or nanowires, the nanostructures will also need
to be fluidized or agitated in a rotary reactor to obtain high
gas conductance for efficient ALD reactions. For many of

Figure 19. TEM image of ZrO, nanoparticles with an average
diameter of 62 nm coated with 50 AB cycles of Al,O; ALD.

(Reprinted with permission from ref 41. Copyright 2007 American
Institute of Physics.)

~“_.'.\‘

4

the reported studies of ALD on nanotubes and nanowires,
the ALD was performed on individual nanostructures that
provided adequate gas conduction without needing fluidiza-
tion or agitation. Some of the early examples for ALD on
nanotubes and nanowires include Al O3 ALD on multiwalled
carbon nanotubes (CNTs)'” and ALO; ALD on ZnO
nanorods.'’® Coaxial Al,O3/W/AL,O; multilayer coatings were
also demonstrated on multiwalled CNTs."”7 As mentioned
earlier in section 6, Al,O; ALD has also been demonstrated
on single-walled CNTs. 6117

11. ALD of Nanolaminates and Alloys

The ALD of nanolaminates and alloys has many applica-
tions in semiconductor device fabrication and nanostructure
engineering. The first report of nanolaminates fabricated
using ALD examined HfO,/Ta;Os nanolaminates as low
leakage dielectric films.'”® The HfO,/Ta,05 nanolaminates
could be tuned to improve the charge storage in dielectric
films. Other studies have demonstrated extremely conformal
deposition of Al,03/Ta;0s and Hf Al O; alloy stacks in trench
capacitors for DRAM capacitors.? Al,O4/Ti0, nanolaminates
with layer thicknesses much smaller than the wavelength of
light have also been employed to tune the optical refractive
index of the nanolaminate film over a wide range from n =
2.4 for TiO; to n = 1.6 for ALO;.'™

Nanolaminates can also be fabricated that display novel
physical properties because the layer thickness is less than
or equal to the length scale that defines the physical
property.'®® For example, extremely hard films can be
constructed when the layer thickness is less than the slip
plane dislocation length. Thermal barrier coatings can be
fabricated when the layer thickness is less than the phonon
mean free path in the material. Studies of thermal conductiv-
ity have revealed that the thermal conductivity in ALO;/W
nanolaminates can decrease below the minimum value for
yttria-stabilized Zr0,.'"*! The Al,Os/W nanolaminate was
effective as a thermal barrier coating because of the large
frequency difference between phonons in AlL,Q; and W.'#2

Other studies have explored the use of TiO,/Al,03,'%* AIP/
GaP,'® and A1,05/W* nanolaminates as Bragg mirrors. The
16-bilayer Al,O3/W superlattice displayed a reflectivity of
~96% in the hard X-ray region for the Cu Ka. line at =
1.52 A.® This reflectivity is the highest reflectivity reported
for a first-order Bragg peak in the hard X-ray region. In
addition, Bragg peaks from this nanolaminate were observed
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Figure 20. TEM image of a 16-bilayer ALO:/W superlattice
optimized for X-ray reflectivity at = 1.54 A. The inset shows a
high resolution TEM image. (Reprinted with permission from ref
6. Copyright 2006 American Institute of Physics.)

at larger angles up to the sixth-order Bragg peak. A TEM of
this 16-bilayer Al,Os/W superlattice is shown in Figure 20.
Additional studies demonstrated high X-ray reflectivity for
six-bilayer AlLbO3/W superlattices deposited on polyethyl-
enenaphthalate (PEN) substrates.'®® The resulting X-ray
mirrors were extremely flexible and could be adjusted to
obtain a wide range of curvatures.

The precise control over individual surface reactions during
ALD also allows for the fabrication of alloys and graded
materials. For example, if the temperature for the ALD
reactions 1s similar for two ALD systems forming an alloy,
then the alloy can be grown by alternating back-and-forth
between the ALD cycles for the first material and the ALD
cycles for the second material. The composition of the alloy
can be controlled by the relative number of ALD cycles for
cach material. The relative number of ALD cycles of each
material could also change progressively to fabricate a graded
material,

An example of an alloy grown using ALD is the Al,Os/
Zn0 alloy. The Al;O3/ZnO alloy can be grown by alternating
between the TMA and H,O reaction cycles for Al,O; ALD
and the diethylzinc and H,O reaction cycles for ZnO ALD.!®¢
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Figure 21. Resistivity of ZnO/ALO; alloy films measured using
a four-point probe and a mercury probe. (Reprinted with permission
from ref 187. Copyright 2003 The Electrochemical Society.)
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Figure 22. Schematic representation of MLD using self-limiting
surface chemistry and an AB binary reaction sequence. (Reprinted
with permission from ref 190. Copyright 2007 American Chemical
Society.)

Although there are nucleation issues upon initiating the Al,O5
ALD cycles following the ZnO ALD cycles,'® the relative
number of Al,O; ALD and ZnO ALD cycles can be changed
to define a wide range of alloy compositions. Since Al,(O4
ALD films are insulating and ZnO ALD films are conducting,
variable resistivity films can be fabricated using Al,O+/ZnO
alloys.'®” The resistivity of these alloys varies continuously
from ~10'" Q e¢m for pure Al,O; ALD to ~1072 Q c¢m for
pure ZnO ALD, as shown in Figure 21.'% These alloys have
been employed to define charge dissipative coatings for RF
MEMS switches. 5

12. Polymer MLD
12.1. Organic Polymers

ALD processes have been developed for a wide range of
inorganic materials. Similar self-limiting surface reactions
can be employed for the growth of organic polymers. This
film growth is described as molecular layer deposition (MLD)
because a molecular fragment is deposited during each ALD
cycle.'® A cartoon illustrating the MLD process is shown
in Figure 22."" MLD was initially developed for the growth
of organic polymers such as polyamides'' and polyimides.'®
The self-limiting surface strategies for MLD have also
been called alternating vapor deposition polymerization
(AVDP)."! MLD developed from an earlier gas-phase
polymer growth method known as vapor deposition poly-
merization (VDP).'*2

More recent work has renewed interest in the MLD of
organic polymers.'” The MLD of various polyamides using
acyl chlorides and amines as the reactants has been studied
using in situ Fourier transform infrared (FT1R) spectroscopy.' 1%
For poly(p-phenylene terephthalamide) (PPTA) MLD, the
acyl chloride is terephthaloyl chloride (CICOCgH4COCI)
(TC) and the diamine is p-phenylenediamine (NH,C¢gH4NH;)
(PD). The surface reactions for PPTA MLD are proposed
as follows: '™

(A) —NH,* + CICOC,H,COCI —
—~NHCOCH,COCI* + HCl (22)
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(B) ~NHCO(CH,),COCI* + H,NC,H,NH, —
~NHCOCH,CONH(CH,),NH,* + HCl (23)

where the asterisks again designate the surface species. The
FTIR measurements observe self-limiting reactions during
TC and PD exposures. The PPTA MLD growth is linear but
varied between 0.5 and 4.0 A per AB cycle for individual
experiments. This variability was attributed to varying
numbers of “double” reactions between the bifunctional
reactants and the surface species.'™*

A number of other organic polymers have also been grown
using MLD techniques. The MLD of polyurea using 1,4-
phenylene diisocyanate and ethylene diamine as the reactants
has been investigated using total internal reflection FTIR
techniques.'”® Additional studies have also demonstrated the
temperature-dependent MLD growth of polyimides using
pyromellitic dianhydride (PMDA) and various diamines'*®
and the MLD of polyurethane using 1,4-phenylene diisocy-
anate and 2-butyne-1,4-diol.'”” Other recent investigations
have demonstrated the area-selective patterning'®® and ori-
entation control'” of polyazomethine MLD. Polyazomethine
is a conjugated polymer grown using terephthalaldehyde and
p-phenylenediamine as the MLD reactants.'?2%

12.2. Hybrid Organic —Inorganic Polymers

In addition to organic polymers, the MLD of hybrid
organic—inorganic polymers has been demonstrated using
inorganic precursors from ALD with various organic precur-
sors.!”* One class of hybrid organic—inorganic MLD polymer
is the “alucones™.?”! These hybrid polymers result from using
aluminum alkyl precursors such as trimethylaluminum
(TMA) and various organic diols such as ethylene glycol
(EG).2" The surface reactions during alucone MLD can be
written as?!

(A) MR* + HOR'OH — MOR'OH* + RH
(24)

(B)R'OH* + MR, — ROMR,_* + RH (25)

where the metal alkyl molecule is MR, and the diol is
HOR'OH. A schematic illustrating the MLD of alucone using
TMA and EG is shown in Figure 23.2

The MLD of alucones is very robust and yields very
efficient and linear growth. Alucone MLD using TMA and
EG has been investigated using a quartz crystal microbalance
(QCM) and in situ FTIR investigations.?! The growth rate
per cycle was observed to decrease from 4.0 A per AB cycle
at 85 °C to 0.4 A per AB cycle at 175 °C.2! In addition to
alucone MLD, other studies have explored the growth of
hybrid zinc/organic polymers that can be referred to as
“zincones” 2% Zincone MLD is also very efficient and
leads to linear growth.222% A wide range of various hybrid
organic—inorganic polymers are possible, as described by a
recent patent application.*

There are a number of difficulties for MLD relative to
ALD.'" MLD usually has problems with the low vapor
pressure of the organic precursors. In addition, organic
precursors are also thermally sensitive and will decompose
at higher temperatures. The low vapor pressure of the organic
precursors cannot always be solved by raising the temper-
ature of the precursor source. The resulting MLD polymer
films are also fairly porous. Consequently, the ALD and
MLD reactants can diffuse into the MLD films. This
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Figure 23. Illustration of surface chemistry for two-step alucone
MLD using TMA and EG as reactants. (Reprinted with permission
from ref 201. Copyright 2008 American Chemical Society.)

precursor diffusion leads to an additional growth mechanism
for MLD films. The MLD films can grow either by self-
limiting surface reactions or by a type of CVD reaction
between reactants that have diffused into the MLD film.
Despite these difficulties, MLD film growth has displayed
self-limiting and hnear growth that 1s very similar to ALD.

Another difficulty during MLD is that the homobifunc-
tional organic precursors typically employed during MLD
can react more than once with the chemical groups on the
surface.'”*1% These “double” reactions lead to a loss of active
surface sites and the reduction of the MLD growth per cycle.
To avoid these “double™ reactions with homobifunctional
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Figure 24. Illustration of surface chemistry for three-step alucone
MLD with TMA, EA, and MA as reactants. (Reprinted with
permission from ref 193. Copyright 2009 American Chemical
Society.)
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organic precursors, alternative organic precursors can be
employed such as heterobifunctional organic precursors and
ring-opening reactions.'”>!* This new strategy is developing
and has been demonstrated by the MLD of the ABC alucones
using three sequential surface reactions with TMA, ethanol-
amine (EA), and maleic anhydride (MA) as the reactants,
as displayed in Figure 24.'"* Many other combinations of
reactants are possible, and the MLD of polymer films is
expected to develop rapidly in the coming years.

13. Additional Topics

There are various other topics that could have been
included in this overview of ALD. The field of ALD is
growing rapidly and expanding into many applications
outside of semiconductor processing. This overview has
attempted to capture many of the main themes and applica-
tions of ALD. Everything could not be included because of
space and the need to establish priorities. However, there
are several additional topics that should be mentioned which
are given below.

13.1. Nonideal ALD Behavior and the ALD
Window

The ideal model for ALD displayed by Al;O; ALD may
not be achieved by other ALD systems. Some ALD systems
are not self-limiting because the surface species may
decompose and allow additional adsorption. This decomposi-
tion may occur even at the minimum temperatures required
for the surface reactions. Other ALD systems may be based
on surface reactions that never reach completion. These
reactions may proceed to some percentage of completion and
then stop. These reactions will display self-limiting growth
but with large amounts of impurities remaining in the films.

The processing temperature range for ALD or the so-called
“ALD window” is the region of nearly ideal ALD behavior
between the nonideal regions as shown in Figure 25.'% At
lower temperatures, the reactants could condense on the
surface or the surface reactions may not have enough thermal
energy to reach completion. At higher temperature, the
surface species could decompose and allow additional
reactant adsorption. This behavior is similar to CVD by
unimolecular decomposition. The surface species needed for
ALD could also desorb from the surface at higher temper-
atures and be unavailable for additional surface reactions.
This desorption would lead to the decrease of the ALD
growth per cycle at higher temperatures. This behavior is
observed for Al,0; ALD.!42032

One system that displays dramatic nonideal ALD behavior
1s TIN ALD using tetradimethylaminotitanium (TDMAT)

Growth | Condensation
Per
Cycle

Decomposition

ALD Window

Incomplete Reaction Desorption or Loss of

Surface Species

Temperature

Figure 25. Schematic of possible behavior for the ALD growth
per cycle versus temperature showing the “ALD” window. (Adapted
from ref 12.)
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and NH;. Although this ALD system was initially presented
as a working ALD process,??2% additional studies revealed
that the surface reactions did not reach completion, impurities
were left in the resulting films, and the films had significant
porosity that led to their easy oxidation.** TiN ALD using
TDMAT and NHj; has no “ALD window” where the ALD
process is reasonable. In contrast, TiN ALD using TiCl, and
NH; is a well-defined ALD process that occurs at higher
temperatures and produces HCI as a reaction product.””’

13.2. Area-Selective ALD for Spatial Patterning

ALD has exquisite control over the thickness of the
deposited thin film. However, lateral patterning of ALD is
needed for fabrication of three-dimensional devices. Lateral
patterning can be achieved using photoresist and photoli-
thography methods that are similar to conventional semi-
conductor processing. Self-assembled monolayers can also
be used as a masking layer. In addition, direct write methods
such as electron beam wriling can be used to remove the
masking layer and allow for ALD on the selected surface
areas.

One example of area-selective ALD 1s the lateral patterning
of HfO, ALD on Si(100).2%2% Area-selective blocking
chemistry was observed using siloxane attachment to SiQ,
surfaces. In this demonstration, photolithography was initially
used to produce a patterned SiQ, surface on Si(100). The
areas not covered with Si0, remained as the hydrogen-
passivated H—Si(100) surface. Subsequently, the surface was
exposed to ocladecyltrichlorosilane (ODTS) and a self-
assembled siloxane monolayer formed on the Si0, surface.
The HfO, ALD was then performed and the HfO, ALD layer
grew only on the H—Si(100) areas of the surface. Scanning
Auger analysis revealed the laterally patterned HfQ, ALD
surface.’®

Area-selective ALD has also been demonstrated for other
ALD systems. Lateral patterning of Ru ALD has been
achieved using patterned octadecyltrichorosilane monolay-
ers.?'? Spatial selectivity has also been demonstrated for Pt
ALD using a monolayer resist of 1-octadecene adsorbed to
the hydride-terminated silicon regions of a Si/S5i0, sub-
strate.'! In addition, the selective deposition of Ti0, ALD
has been reported using polymer masking layers.?'? 24 HfO,
ALD has also been patterned using the pores of S-layer
proteins as a template.”’> As mentioned earlier, area-selective
Cu ALD was demonstrated on platinum seeded substrates,”
The lateral patterning of a polyazomethine MLD film was
also achieved by selective MLD on the hydrophilic regions
of a hydrophobic/hydrophilic surface.'®®

13.3. Atmospheric Pressure ALD

The cost of ALD is largely tied to the cost of the reactants
and the equipment. Most ALD is performed with vacuum
pumps that act to move the reactants and products through
the reactor and maintain a clean environment in the reactor.
These vacuum pumps are not needed if ALD could be
performed at pressures greater than atmospheric pressure
where the reactant and product gases could be pushed
through the reactor. Except for the greater gas usage and
the lower gas diffusion rates at higher pressure, atmospheric
pressure ALD should be viable and has been demonstrated
for ZrQ, ALD using ZrCl, and O,*'¢ and for HfO, ALD using
chl4 and 02.2”
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Figure 26. Schematic of an ALD coating head showing the gas
channels and gas flow. A is the oxidizing reactant, B is the metal
reactant, and I is the inert gas. (Reprinted with permission from
ref 218. Copyright 2008 American Institute of Physics.)

A recent design for spatially selective atmospheric ALD
has been presented based on a coating head that is positioned
next to a substrate.’® The ALD reactants are delivered
through channels in the coating head.®'® The channels are
separated by inert gas flow to prevent the gas phase reactions
of the precursors. The arrangement of neighboring channels
is I/A/I/B..., where 1 is the inert gas and A and B are the
ALD reactants. A schematic illustrating this arrangement of
neighboring channels in the coating head over a substrate is
shown in Figure 26.2'® Additional pumping channels could
also be inserted between the neighboring channels to remove
the gases from the region between the coating head and the
substrate.

If the coating head is stationary on the substrate, then there
is no ALD because each area of the substrate under the
coating head is only exposed to one of the two ALD
reactants. If the coating head moves relative to the substrate,
then the substrate will experience exposure to both ALD
reactants. The coating head could either move in a linear
fashion or move back and forth to overlap the adjacent
surface areas and achieve ALD. This design has been
demonstrated for Alb,O; ALD and ZnO ALD.2'"® Similar
saturation behavior was observed for Al;O; ALD compared
with conventional Al,O; ALD. The AlLO; ALD films also
had excellent insulating properties and have been used to
fabricate ZnO thin film transistors.?"”

13.4. ALD on Biological Templates

The complexity of biological structures can be replicated
by coating ALD films on biological templates. Low tem-
perature ALD facilitates using the nanostructures of nature
as a mold.?* One of the first demonstrations of ALD on
biological templates was TiO, ALD and Al,O; ALD on the
tobacco mosaic virus (TMV) and ferritin.'?> TiO, ALD on
the TMV formed extremely small porous structures that
replicated the outer protein sheath of the virus. The virus
was then decomposed at higher temperatures or removed by
a chemical reaction to yield very small nanotubes.'??> Al,0;
ALD and TiO, ALD on ferritin also demonstrated that ALD
can decorate assemblies of biological macromolecules.'??

Al,O3; ALD has also been employed to replicate butterfly
wings.”?® SEM images and optical reflectivities revealed that
the Al,O3; ALD coating was a nearly perfect duplicate of
the butterfly wing. This biological duplicate served as a
photonic bandgap structure. Additional studies have explored
the optical properties of these biological replicas versus TiO;
ALD thickness.”! The TiO, ALD films acted as Fabry—Perot
etalons with reflectivity that was precisely controlled by the
TiO, ALD film thickness.
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13.5. Other Emerging Areas

The main virtues of ALD are its precise thickness control
and its extreme conformality on high aspect ratio structures.
These virtues have been recognized by additional emerging
application areas. A recent review has highlighted the
applications of ALD to nanofabrication and emerging nan-
odevices.”* One example is ALD for the deposition of
conformal coatings with precise thicknesses to form nanowire
FETs.?22 ALD may also be useful in fabricating high
sensitivity sensors. These sensors can be based on high
surface area substrates that are coated with the appropriate
sensing film deposited using ALD 2622

ALD may also be useful in the fabrication of nanopho-
tovoltaic (nano-PV) light-harvesting devices. These nano-
PV devices are dependent on the close proximity of electron
and hole collecting materials. ALD can infiltrate various
semiconducting and conducting materials to fabricate ef-
ficient structures,®**> In addition, biological implants usually
require coatings to ensure that they are biocompatible. Some
of these implants have high aspect ratios such as coronary
artery stents. Various ALD materials such as ALO; ALD
have been explored as biocompatible coatings.??®

14. Conclusions

Because of continued device miniaturization, control of
thin film growth is needed at the atomic level to fabricate
semiconductor and other nanoscale devices. To meet these
demands, atomic layer deposition (ALD) techniques have
been developed for the growth of ultrathin and conformal
films. ALD 1s a gas phase method based on sequential, self-
limiting surface reactions. ALD can deposit very conformal
and ultrathin films on substrates with very high aspect ratios.
This overview has presented a briel introduction to ALD
and its history. Subsequently, Al O; ALD was introduced
as a model ALD system. The overview then described other
examples of thermal ALD and radical-enhanced ALD for
the deposition of single-element metals and semiconductors.
Following a brief review of ALD reactor design, the thermal
chemistry for metal ALD was also reviewed using fluorosi-
lane elimination chemistry with metal fluorides, combustion
chemustry with organometallic precursors, or hydrogen
reduction chemistry.

The overview then considered the topic of nucleation and
growth during ALD that is extremely important for the ALD
of high-£ gate oxides on H—Si(100). Many topics were then
reviewed, including low temperature ALD using Al,O; ALD
or catalytic Si0, ALD. The overview considered ALD on
polymers and the mechanism for ALD on polymers. Mo-
lecular layer deposition (MLD) of polymers was also
discussed as an analogous process to ALD that can deposit
organic and hybrid organic—inorganic polymers. The over-
view then considered ALD on particles and ALD on
nanotubes and nanorods. ALD on high aspect ratio structures
was then considered including an examination of the times
required for conformal growth on high aspect ratio structures.
The ALD of nanolaminates and nanocomposites was dis-
cussed, including applications of the nanolaminates as
thermal barrier coatings and Bragg X-ray mirrors. The
overview then concluded with some additional topics such
as area-selective ALD and atmospheric pressure ALD.

The future prospects for ALD are very promising. Various
materials can be deposited using ALD techniques. The
availability of many commercial ALD reactors continues to



Atomic Layer Deposition

make ALD accessible for many workers outside of the thin
film growth community. ALD is firmly established on the
International Technology Roadmap for Semiconductors.
ALD should also play an integral role in new paradigms for
electronic materials. The number of applications for ALD
also continues to grow outside of the semiconductor arena.
The future should see ALD continue to expand into new
areas and find additional applications that benefit from its
precise thickness control and conformality.
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