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1. INTRODUCTION

Atomic layer deposition (ALD) is a chemical gas phase thin
film deposition method based on alternate saturative surface re-
actions. As distinct from the other chemical vapor deposition
techniques, in ALD the source vapors are pulsed into the reac-
tor alternately, one at a time, separated by purging or evacua-
tion periods. Each precursor exposure step saturates the surface
with a monomolecular layer of that precursor. This results in a
unique self-limiting film growth mechanism with a number of
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advantageous features, such as excellent conformnality and uni-
formity, and simple and accurate film thickness control.

ALD was developed and world widely introduced with a
name of atomic layer epitaxy (ALE) (for other names, see Sec-
tion 2) in the late 1970s by Suntola and co-workers in Finland
[1-4]. The motivation behind developing ALD was the desire
to make thin film electroluminescent {TFEL) flat panel displays
[2, 5-9]. This is a demanding application since electric fields
in the range of megavolts per centimeter are applied across

Handbook of Thin Film Materials, edited by H.S. Nalwa
" Volume 1. Deposition and Processing of Thin Films
Copyright © 2002 by Academic Press

All rights of reproduction in any form reserved.



104 RITALA AND LESKELA

polycrystalline or amorphous luminescent and insulator films
(Sections 6.1. and 6.2). Nevertheless, ALD was successful in
meeting the requirements of high dielectric strength, low pin-
hole density, and uniformity over the large-area substrates, and
it has been employed in TFEL production since the carly 1980s
[7-11].

Soon after the successful introduction of ALD, its applica-
bility to epitaxial compound semiconductors was demonstrated
by several groups [12-15], and since that semiconductors, es-
pecially the ITI-V compounds, have been the most extensively
examined materials [16-25]. However, though many outstand-
ing results have been achieved, the overall success in that field
has remained limited with no reported commercial applications.
Meanwhile, new nonepitaxial applications were taken into re-
search more slowly but steadily. Solar cells, microelectron-
ics, optics, protective applications, and gas sensors have been
among the areas examined.

Since the mid 1990s, rapidly increasing interest toward ALD
has arisen from the silicon-based microelectronics. This in-
crease is a direct consequence of the ever-decreasing device di-
mensions and the increasing aspect ratios in the integrated cir-
cuits (1C). The thin film deposition techniques used for a long
time in the IC industry are foreseen to meet major conformal-
ity problems during the next few years, and ALD is currently
considered as one of the most potential substitutes for them.
At the same time, the films are shrinking so thin that the ma-
jor concern of ALD, the low deposition rate, is becoming less
important.

In addition to thin films on planar substrates, ALD has
also been examined in surface processing of porous materials.
A great deal of this work has concentrated on chemical modifi-
cation of high surface area silica and alumina powders for het-
erogeneous catalysts [26-33] but also nanoporous silicon lay-
ers [34, 35] and alumina membranes [36, 37] have been pro-
cessed.

As the current interest in ALD is largely centered on nonepi-
taxial films, this review chapter mainly focuses on these mate-
rials and the related chemistry. The growth of epitaxial semi-
conductors has been thoroughly reviewed elsewhere [16-25]
and is touched here only from the chemistry point of view.
In addition, the ALD processing of high surface area powders
has been summarized in a number of articles [30-33] and is
considered here only as a valuable source of information on
the growth mechanisms (Section 7.2.2). In addition to these
and other, more general review articles [5-9, 38—42], the pro-
ceedings of the biannually held topical international symposia
[43-46] give a good overview of the development of the ALD
method.

We start with a few notes on the alternative names of ALD,
followed by an introduction of the basic features, benefits, and
limitations of the method. After examining ALD reactors, pre-
cursors will be discussed. This is followed by a summary of
ALD made film materials. Finally, the various ways of optimiz-
ing and characterizing ALLD processes are surveyed.

2. ALTERNATIVE NAMES

At the time of its introduction, the method was given a name
atomic layer epitaxy (ALE) [1, 2] where the term “epitaxy,”
coming from the Greek and meaning “on-arrangement,” was
used to emphasize the sequentially controlled surface reactions
upon the previously deposited layer [7, 38]. However, as “epi-
taxy” is more commonly used in describing a growth of a
single crystalline film on a single crystalline substrate with a
well-defined structural relationship between the two, unforto-
nate confusions have arisen when applying the name ALE in
the case of amorphous or polycrystalline films. For this and
other reasons, many synonyms, all basically referring to the
same method, have been suggested for ALE during the years
(Table I). Among these, ALD appears to have become the most
widely used one and is to be understood as a general name of
this method covering all kinds of films, whereas ALE should
now be reserved for epitaxial films only. Though the words
“atomic” and “layer” have also been questioned (Table I}, their
continuous use is strongly motivated by the desire to keep the
terminology consistent, thereby assisting the follow-up of the
literature.

3. BASIC FEATURES OF ALD

3.1. ALD Cycle

In ALD, the film growth takes place in a cyclic manner. In the
simplest case, onc cycle consists of four steps: (i) exposure of
the first precursor, (ii) purge or evacuation of the reaction cham-
ber, (iii) exposure of the second precursor, and (iv) purge or
evacuation. This cycle is repeated as many times as necessary

Table [.  Alernative Names to the ALD Method
Name Acronym Comments
Atomic layer deposition ALD General, covers all kinds of films
In a close connection with the

original namc

Atomic layer epitaxy ALE The original name, but should be
reserved for epitaxial films only

Atomic layer growth ALG Like ALD but less used

Atomic layer chemical ALCVD Emphasizes the relation to CYD

vapor deposition

Molecular layer epitaxy MLE Emphasizes molecular compounds
as precursors

Digital layer epitaxy DLE Emphasizes the digital thickness
control

Molecular layering ML Dates back to old Russian literature

Successive layerwise
chemisorption

Sequential surface chemical
reaction growth

Pulsed beam chemical vapor

deposition




ATOMIC LAYER DEPOSITION

+ TiClg a Cl
+ purge Cl\l /Cl Cl\ ,CX Ci -

H
+H,0 H\ Ill’l |o H\ ,H
+ purge O o]
oL ° } \ /
T —Ti— 0O —'Tl—o
' ] | [
—0Q =Ti =0 e Ti — O —Tj
T & e TR
Fig. 1.

105

b)

+TiC), a
+ purge a !l o C'\ ,C !
T Ci'—

|
~—0Q ~Tj == O — Ti— O— Tj
)

+H,0
+ purge

O—Ti—~0 Ow—Ti —0
b | | |
— 0 ~—T—O0—Ti— 0—Ti

)

An ALD film depaosition cycle shown schematically with the TiCls-HzO process as an example. To

illustrate the importance of surface species possibly remaining after the water pulse, or more generaily, after the
nonmetal precursor pulse, two hypothetical reaction routes have been sketched: (a) hydroxyl group terminated

and (b) dehydroxylated surface &fter the water pulse.

to obtain the desired film thickness. Depending on the process,
one cycle deposits 0.1- to 3-A film thickness.

The actual reactions taking place under each exposure step
depend largely on the presence or the absence of reactive func-
tional groups on the surface of the growing film. In the case
of oxides, for example, surface hydroxyls often terminate the
surface after exposure to water. Here, the ALD process is
schematically illustrated by an example of the growth of TiO2
from TiCls and H,O (Fig. 1). To emphasize the importance of
the hydroxyl groups, two alternative reaction routes have been
sketched out, one with a hydroxyl group terminated surface
(Fig. 1a) and the other with a completely dehydroxylated sur-
face (Fig. 1b). In reality, the hydroxyl coverage is temperature
dependent, and thus the two routes may be mixed.

When dosed onto the surface terminated with functional
(here hydroxyl) groups, the precursor molecules react with
these groups (Fig. 1a) releasing some of their ligands. If there
are no functional groups on the surface, the incoming molecule
can only chemisorb, either intact or dissociatively (Fig. 1b). As
a consequence of a finite number of the reaction or chemisorp-
tion sites on the surface. in maximum only a monomolecu-
lar layer of the precursor becomes firmly bound to the sur-
face. The following purge (or evacuation) period removes all
the excess precursor molecules and volatile byproducts leaving
only the monolayer on the surface. For simplicity, from here
on, this monolayer will be called a chemisorption layer regard-
less of whether it is formed via exchange reactions (Fig. 1a) or
true chemisorption (Fig. 1b). Subsequently, the other precursor
is dosed in and reacts with the chemisorption layer liberating
the ligands and producing the desired solid. At the same time,
the surface is converted back to its original state, i.e., in our
example either hydroxyl terminated (Fig. 1a) or bare oxide sur-

face (Fig. 1b). The second purge period completes the deposi-
tion cycle which is then repeated.

Ideally, each exposure and purge step is complete. The pre-
cursor molecules chemisorb or react with the surface groups
saturatively so that after the formation of the chemisorption
monolayer no further adsorption takes place, and the purge
periods remove all the excess precursor and volatile byprod-
uct molecules. Under these conditions, the film growth is self-
limiting: the amount of the film material deposited during each
cycle is the same and is determined only by the density of the
chemisorption or reaction sites at the surface. The self-limiting
growth mechanism gives ALD a number of advantageous fea-
tures (Table II) which are discussed in more detail in the next
section.

Mostof the ALD processes are based on the above described
exchange reactions between molecular precursors. Another
possible reaction type is additive with elemental precursors but
because only a few metals are volatile enough, the applicabil-
ity of these reactions is limited. The third reaction type, quite
rare as well, involves a self-limiting adsorption of a precursor
followed by its decomposition by an appropriate energy pulse
(Section 5.3.4),

In a majority of the ALD processes reported, the reactions
are activated only thermally under isothermal conditions. How-
ever, additional activation methods have also been examined.
These include light irradiation with lasers (15, 17, 19, 47-51]
or lamps {52-57] for promoting photolytic or photothermal re-
actions, and upstream generation of reactive radicals by thermal
cracking [58-69]} or with plasma discharges [70-75].

The alternate pulsing is definitely the most characteristic fea-
ture of ALD but 2lmost as distinctive is the self-limiting growth
mechanism. However, some deviations from the absolutely self-
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Table IL

Characteristic Features of ALD with the Consequent Advantages

Characteristic feature of ALD

Inherent implication on film deposition

Practical advantage

Self-limiting growth process

Film thickness is dependent only on the

Accurate and simple thickness control

number of deposition cycles

No need of reactant flux homogeneity

Atomic level control of material composition

Separate dosing of reactants No gas phase reactions

Sufficient time is provided to complete

each reaction step
Processing temperature windows

are often wide

Processing conditions of different
materials are readily matched

Large-area capability

Large-batch capability

Excellent conformality

No problems with inconstant
vaporization rates of solid precursors

Good reproducibility

Straightforward scale-up

Capability to produce sharp interfaces
and superlattices

Possibility to interface modification

Favors precursors highly reactive
toward each other, thus enabling
effective material utilization

High quality materials are obtained at
low processing temperatures

Capability to prepare multilayer

structures in a Continuous process

limijted growth conditions may be accepted with certain precau-
tions. The reactions may be somewhat incomplete leaving the
chemisorption layer short from saturation, or there may be some
precursor decomposition in addition to the chemisorption. As
long as the reactions causing these nonidealities proceed in a
surface controlled rather than a mass transport controlled man-
ner, the coverage of the chemisorption layer and thereby the de-
position rate remain everywhere the same, thus maintaining the
advantageous characteristics of ALD. Alternatives to accepting
these nonidealities would be to increase the exposure time to
complete the reactions, or to lower the deposition temperature
to avoid the decomposition, but these would be accompanied
by negative effects of increased process time and reduced film
quality.

A common misconception is that ALD growth always pro-
ceeds in a layer-by-layer manner but this is often not the case
as only a fraction of a monolayer may be deposited in each cy-
cle. Reasons for the less than a monolayer per cycle growth are
the limited number of reactive surface sites [33, 42] and the
steric hindrances between bulky ligands in the chemisorption
layer [8, 76]. As a consequence, even if saturatively formed,
the chemisorption layer contains too few metal atoms for form-
ing a full monolayer of the film material. On the other hand,
also surface reconstructions may cause a decrease in the growth
rate [77, 78], though in the apparently exceptional case of the
2 ML cycle™! growth of AlAs they appear to have the opposite
effect [19, 79-81].

Yet another misconception is that ALD would produce
atomically smooth films. This indeed may often be the case
with epitaxial or amorphous films, but the nucleation and the
grain growth involved in the formation of polycrystalline films

usually lead to a measurable surface roughness which increases
along with film thickness (Section 7.2.1) [39, 82-87].

3.2. Benefits of ALD

Table I1 summarizes the relationships between the characteris-
tic features of the ALD process and the resulting benefits. The
benefits are now discussed with selected examples. It is worth
emphasizing already here that the achievement of these bene-
fits requires appropriate chemistry fulfilling the special require-
ments set for ALD processes (Section 5).

As the film growth proceeds in a self-limiting manner, each
cycle deposits exactly the same amount of material, and thus
the film thickness may be accurately controlled simply by the
number of deposition cycles. However, it must be recognized
that during the very first cycles when the surface is converted
from the substrate to the film material, the surface density of
the chemisorption or reactive sites and, accordingly, the growth
rate may change.

The self-limiting growth mechanism also ensures that the
precursor fluxes do not need to be uniform over the substrate.
What is only needed is a flux which is large enough so that the
chemisorption layer becomes saturated, all the excess will be
subsequently purged away. As a result, ALD provides perfect
conformality and trench-fill capability (Fig. 2) [88] as well as
good large-area uniformity [88, 89] and large-batch capability.
Batches as large as 82 substrates of a size 15.5 x 26.5 cm? [41]
or 42 times 40 x 50 cm? substrates [90] may be processed in
the existing ALD reactors, and this is certainly not the upper
limit. The self-limiting growth mechanism also ensures good
reproducibility and relatively straightforward scale-up.
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Fig. 2. Cross-sectional SEM images of a 300-nm Al Os film deposited onto
a patterned silicon substrate showing {a) perfect conformalily and (b) trench-
fill capability [88]. Note that on the top surface of the silicon wafer there is a
thermal silicon oxide Jayer below the Al>Qs filin. Reprinted with permission
from M. Ritala et al., Perfectly conformal TiN and AlyOj films deposited by
atomic layer deposition, Chem. Vapor Deposition 5,7 (1999), © 1999, Wiley-
VCH Verlag GmbH. ’

Precursor flux homogeneity is not required in timescale ei-
ther. Therefore, solid sources which often have inconstant sub-
limation rates are more easily adopted in ALD than in chemical
vapor deposition (CVD). The separate dosing of the precursors,
in turn, naturally eliminates all possible detrimental gas phase
reactions.

As the film is deposited in a layerwise manner, either a full
monolayer or a fraction of a monolayer at a tune, the mate-
rial composition may be controlled down to a nanometer level,
and in the most ideal cases even to an atomic level. This of-
fers a simple way to create supetlattices (Fig. 3a) {7, 18, 91,
92] and other multilayer structures with accurately coutrolled
layer thicknesses, such as optical multilayers tailored for soft
X-ray or visible range (Section 6.8), or nanolaminate insula-

. GaAs :
21239 15Ky ¥56. 0K “8dina
(b)
Fig. 3. (a) (110) cross-sectional transmission electron microscopy (TEM) mi-
crograph of a 1-ML [nAs - 5-ML GaAs superlattice. (b) Cross-sectional scan-
ning electron microscopy (SEM) micrograph of an Inj_, Ga,P/GaAs single
quantum well structure on a (011) sidewall of a GaAs sabstrate [18]. Reprinted
with permission from A. Usui, Atomic layer epitaxy of III-V compounds:
Chemistry and applications, Proc. [EEE 80, 1641 (1992), © 1992, IEEE.

tors (Section 6.2). An outstanding demonstration of the accu-
rate film thickness control and perfect conformality is shown
in Figure 3b where a single quantum well structure has been
grown into a trench. Note also the selective growth between the
GaAs and Si0O; surfaces.

Practice has shown that ALD made films often, though
of course not always, possess superior quality as compared
with films made by other methods at the corresponding tem-
peratures. This can be related to the fact that in ALD each
monormolecular layer reaction step is given enough time to
reach completion while in other methods the continuous growth
may prevent this by covering the unreacted species with new
deposits.

Many ALD processes may be performed over a relatively
wide temperature range. Therefore, a common growth tem-
perature is often found for different materials, thereby mak-
ing it possible to deposit multilayer structures in a continu-
ous manner. This is utilized, for example, in manufacturing of
the TFEL displays where the insulator-luminescent material-
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insulator three-layer structure (Section 6.1) is grown in one con-
tinuous process.

3.3. Limitations of ALD

The major limitation of ALD is evidently its slowness since
at best a monolayer of the film is deposited during one cycle.
Typically, deposition rates of 100-300 nm h~! are obtained and
1 umh™! appears to be the upper limit for most processes,
though a record rate of 2 umh~! was achieved for epitaxial
GaAs in a specially designed reactor (Section 4.3) [93]. How-
ever, the low growth rate does not necessarily mean low pro-
ductivity when the latter is considered in terms of film volume
{= thickness x area) produced per time unit. By making use of
the good large-batch and large-area processing capabilities of
ALD, the low growth rate may be effectively compensated for.
Ou the other hand, there are certain application areas, in par-
ticular integrated circuits, where single substrate processing is
increasingly preferred because of the cost risks related to los-
ing a batch of valuable substrates. Luckily, at the same time,
the film thicknesses have shrunk down to a leve] where the low
growth rate of ALD is losing its significance when weighted
against the potential benefits.

One limitation to a widespread use of ALD has been the lack
of good and cost-effective processes for some important materi-
als. Among these are, for example, metals, Si, SiO>, Si3N4, and
several ternary and multicomponent materials. Many of these
materials have been made by ALD (Table V in Section 6) but
the processes are still far from ideal in a sense that long cycle
times are required.

4. ALD REACTORS

4.1. Overview

Just like CVD, ALD processes may also be performed in many
kinds of reactors over a wide pressure range from atmospheric
to ultrahigh vacuum (UHV). ALD reactors can be divided into
two groups: inert gas flow reactors operating under viscous or
transition flow conditions at pressures higher than about 1 Torr,
and high- or ultrahigh-vacuum reactors with molecular flow
conditions. The former resemble CVD reactors while the latter
are like molecular beam epitaxy (MBE) reactors. In any case,
when the special features and the needs of ALD are taken into
consideration in the reactor design, some significant differences
emerge as discussed in this section.
The main parts of an ALD reactor are:

L. transport gas supply (if any),

2. sources of one or several of the following types: gas,
liquid, and solid sources,

. flow and sequencing control of the sources,

. reaction chamber,

. temperature control of the heated sources and the
reaction chamber (and the substrate, if heated
separately),

6. vacuum pump and related exhaust equipment,

R W

Provisional items include:

7. in situ surface and gas phase analysis equipments, such
as an ellipsometer and mass spectrometer, for process
characterization and control (Section 7.2),

8. load-locks for changing substrates or sources,
9. separate preheating chamber for the substrates.

The last one is especially effective in maximizing throughput
in large-batch processing. Besides equipping with a load-lock,
often it may be desirable to make the ALD reactor a part of a
larger cluster tool for an inert transfer of the substrates from one
process step to another.

As already noted, in ALD no strict precursor flux homo-
geneity is required. This gives freedom in the reactor design
and assists in constructing large-batch reactors. On the other
hand, cost-effectiveness of the process requires that both expo-
sure and purge sequences are rapidly completed. For this rea-
son, flow-type reactors are preferred especially in production
scale use: purging of a properly designed reactor under vis-
cous flow conditions is much more rapid than evacuation of a
high-vacuum chamber. Another crucial aspect related to purg-
ing or evacuation is that the chamber and the lines which are
to be purged or evacuated should have small volume and uni-
formly heated walls. Otherwise, long purge periods may be re-
quired to desorb precursor molecules adsorbed on *“cold spots”
on the walls, This is especially important in the growth of ox-
ides where water is often used as an oxygen source.

The desire for high precursor utilization efficiency is also
an important aspect for the reactor design. In high-vacuum re-
actors, the precursor molecules make at best only a few colli-
sions with the substrate surface before being pumped out and
thus have a limited probability to react. On the other hand, in
the flow-type reactors, and in the traveling-wave reactors (Sec-
tion 4.2.4) in particular, a precursor molecule makes multiple
hits while being transported through the reactor. As a conse-
quence, reaction probability and thereby precursor utilization
efficiency are increased, and the saturation of the chemisorp-
tion layer is accelerated which makes the process faster.

MBE types of reactors are basically easy to operate in the
ALD mode since they are usually equipped with shutters by
means of which precursor fluxes from the Knudsen effusion
cells can be chopped. When volatile reactants are used, their
pulsing is realized with valves. What is still needed to make
an ALD process is a proper choice of substrate temperature and
evacuation periods between the alternate precursor pulses to en-
sure the self-limiting growth conditions. The major benefit of
the MBE type of reactors is the rich variety of in sity analyti-
cal techniques which may be implemented for detailed reaction
mechanism studies. Large chambers also make it easy to em-
ploy various sources of extra energy for activating the reactions
(Fig. 4). On the other hand, the need of long exposure and evac-
uation times limits the throughput.

CVD reactors with liquid and gas sources only are also rela-
tively easy to operate in the ALD mode. For pulsing the precur-
sors, simple solenoid or pneumatic valves may be used. How-
ever, if the valves are far from the reaction chamber and therc
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Fig. 4. An example of a high-vacuum ALD reactor incorporating RHEED
(electron gun and screen) and a quadrupole mass analyzer (QMA) for in situ
characterization, and a laser and a thermal cracking cell for activating the re-
actions [49]. Reprinted with permission from M. Yoshimoto, A. Kajimoto, and
H. Matsunami, Laser-assisted atomic layer epitaxy of GaP in chemical beam
epitaxy, Thin Solid Films 225, 70 (1993}, © 1993, Elsevier Science.

are long tubings in between, their effective purging calls for
special attention. Even more problematic is the pulsing of solid
sources which need to be heated far above room temperature
where no mechanical valves can be used. [n the flow-type ALD
reactors described in the next two sections, these issues have
been specially addressed.

4.2. Flow-Type ALD Reactors with Inert Gas Valving

The ALD reactors commercially available [90] and those in
industrial use in TFEL manufacturing are all of a flow type
with inert gas valving [3, 4, 38]. These reactors are carefully
designed to minimize the pulse and purge times and to maxi-
mize the precursor utilization efficiency. They are available in
both small size for research and large size for production [90]
(Fig. 5). The main points of these reactor designs are now exam-
ined. The discussion is limited mainly to those features which
are special to ALD whereas more common issues, like mass
flow controllers, pumps, heaters, and their controllers etc., are
not dealt with. For a detailed model of mass transport in the
flow-type ALD reactors, see Ref, [94].

4.2.1. Transport Gas

Inert gas, most often nitrogen, is used for transporting the pre-
cursor vapors and purging the reaction chamber. A continuous
flow of the inert gas is regulated with mass flow controllers. The
flow rate is optimized together with the total pressure and the
reactor geometry to give the best combination of speed, trans-

portation and utilization efficiency of the reactants, inert gas.

valving (Section 4.2.3), and the consumption of the inert gas
itself. In small research reactors, the flow rate is about 0.5 slm
whereas the largest production reactors require 20-50 slm. The
operating pressures are typically in the range of 1-10 Torr.

Fig. 5.

A photograph of an ASM Microchemistry F-950 ALD reactor for pro-
duction of flat panel displays and solar cells. (Courtesy ASM Microchemistry,
Espoo, Finland.)

A crucial aspect of the transport gas is purity because it is the
main source of impurities in an ALD process. In the minimum,
99.999% purity should be used. In Section 4.2.4, a calculation
of the effects of the impurities is presented.

4.2.2. Sources

The source chemicals may be divided into two groups depend-
ing on if their vapor pressures at room temperature, or close to
it, are higher or lower than the total pressure inside the reactor
(1-10 Torr). The high vapor pressure sources; i.e., gases and
highly volatile liquids, are led into the reactor from their ex-
ternal cylinders or vessels by pulsing with fast valves. No bub-
blers or transport gases are necessary since the source vapors
enter the reactor as a consequence of the pressure difference.
Once entered into the reactor, the vapor is transported further by
the carrier gas flow inside the reactor. However, as large scale
manufacturing requires large doses, carrier gas transportation
already from the source vessel may become necessary.

For low vapor pressure source chemicals, two options exist.
The first one is to have them in external vessels which, together
with the source lines and the required valving systems, are prop-
erly heated to ensure effective transportation. The second option
is to place the source chemicals inside the reactor where they
are heated to temperatures where appropriate vapor pressures
are obtained. In research reactors, for instance, a vapor pres-
sure around 0.1 Torr has been found to be a good starting point
for a new precursor. To realize pulsing of solid sources inside
the reactor, a clever inert gas valving system (next section) was
developed [3, 4].

4.2.3. Inert Gas Valving

An exact mathematical description of the inert gas valving sys-
tem has been given elsewhere [3, 4, 38], so here only the ba-
sic principle is introduced. The inert gas valving is based on a
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Valving gas —
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~ Reaction
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Transport gas —*

Source L Flow barrier area
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Valving gas

Transport gas —*

i Source Flow barrier area
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Fig. 6. A schematic of the inert gas valving system where the direct con-
nection to the exhaust is (a) between the source and the reaction chamber, or
(b) behind (upstream of) the source. The shading shows the arca where the flow
barrier is formed when set on.

design where each source tube is connected both to a reaction
chamber and directly to an exhaust so that the exhaust connec-
tion is either between the source and the chamber (Fig. 6a) or
behind the source (Fig. 6b). Each tube is also equipped with
two inert gas flows: one is the transport gas and the other is the
valving gas. The valving gas enters the source tube between the
source and the reaction chamber. A practical way to realize the
two flows is to employ coaxial tubes [3, 4].

When the source is in its off state, the valving gas flow is
on and the transport gas flow is off. The valving gas flow di-
vides into two parts, one purging the reaction chamber and the
other one setting up a laminar flow barrier (shaded areas in
Fig. 6). The flow rate of the valving gas in the flow barrier is
adjusted to counterbalance the diffusion rate of the precursor
toward the chamber so that the precursor vapor pressure in the
chamber does not exceed a predetermined level, for example,
one part per million (ppm) of its pressure in the source. In other
words, the velocity of the valving gas in the barrier is set equal
to or greater than the velocity by means of which the speci-
fied precursor isobar diffuses. When the source is turned on,
the valving gas is turned off and the transport gas is turned on,
thereby breaking the flow barrier. All this can be done rapidly
with valves located at room temperature, no matter how hot the
source itself is.

The source vapors are led into the reaction chamber through
separate lines which all, i.e., also those through which vapors
from the external gas or liquid sources are led in, are equipped
with the inert gas valving system. Usually, the valving points
are close to the chamber and the separate lines merge just in
front of it so that the volume to be purged is minimized and well
heated and there is hardly any film growth before the chamber.

The operation of the inert gas valving system is easily tested
by pulsing only one precursor into the chamber while keeping
the other one behind the flow barrier. No film deposition is ob-
served when the barrier holds.

Heaters
Vacuum tube wall
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Valving gas
‘alving g: -
Transport gas. l
i
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Substrates
Substrate holders
Exhaust
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Fig. 7. Schematics of a small research ALD reactor with two inernt gas valved

source lines and a traveling-wave reaction chamber inserted to a main vac-
uum tube (not to scale). The intermediate space contains inert gas at a pressure
slightly higher than that inside the tubings and the reaction chamber.

4.2.4. Reaction Chamber

The reactors may be equipped with two kinds of reaction cham-
bers: a compact, cassette-like, traveling-wave reactor chamber,
and a more open tubular chamber. They both may be combined
easily with the inert gas valving system. The open chambers
have the benefit that they can incorporate any arbitrarily shaped
substrate. However, they are not as fast and as cost-effective as
the traveling-wave reactors which therefore are preferred with
planar substrates in both research and large scale production.

In the traveling-wave reactor geometry, the substrates are lo-
cated face to face close to each other. The distance between
two substrates is typically only a few millimeters leaving a nar-
row flow channel in between. As an example, Figure 7 shows
schematics of a small reactor where there is only one substrate
pair. A connection to two inert gas valved source lines is shown
as well. In practice, there are usually more source lines to fa-
cilitate deposition of multicomponent films or multilayer struc-
tures. Favorably, the substrates are located close to the point
where the source lines merge since this minimizes the cham-
ber wall area subjected to the film growth. The whole assem-
bly of the source lines and reaction chamber is inserted into a
vacuum tube outside which heaters are located. The tempera-
ture increases stepwise from the gas inlets toward the reaction
chamber so that each solid source may be set independently to
an appropriate temperature.

In large-batch reactors, there may be tens of substrates ar-
ranged in pairs so that the gases flow over the front but not on
the backsides of the substrates (Fig. 8). Instead of the one flow
channel in the small reactor, in the large reactor there are sev-
era} of them parallel with each other. Connections to the sources
are basically similar to the small reactor. Together with the self-
limiting film growth mechanism, these similarities between the
research and large scale reactors assist in scale-up of ALD pro-
cesses.

When pulsed into the reaction chamber, the precursor
molecules are transported by the carrier gas along the flow
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Fig. 8. Reaction chamber of a large scale ALD reactor incorporating several
substrates in pairs so that narrow flow channels are left between each pair.

channel between the substrates. The flow velocity and pres-
sure are adjusted to maintain essentially pluglike flow condi-
tions which keep the adjacent precursor pulses separated—like
waves—and ensure effective and rapid purging of the small vol-
ume left between the substrates. In the small research reactors
with two 5 x 5 cm? substrates (Fig. 7), purge times as short
as 0.1 s are enough for separating the precursor pulses. If the
pulses were not well separated, films with nonuniform thick-
ness would be obtained, and in the worst case particles might
form in gas phase reactions.

While traveling along the narrow flow channel, the precursor
molecules undergo multiple collisions with the substrates. As a
result of these multiple hit conditions, the precursor molecules
have a high probability to find an open chemisorption or reac-
tion site and thus become effectively utilized. At the same time,
the surface becomes rapidly saturated: often 0.2 s is enough
for the saturation in the previously described research reactor.
A low operation pressure favors high hitting frequency but re-
duces the precursor transport capability of the carrier gas. The
optimal pressure is thus a compromise of the two factors.

The special conditions in the traveling-wave reactors have
a number of interesting consequences. In the beginning of
the precursor pulse, its vapor pressure in the flow channel is
very much location and time dependent [95]. At first, only the
leading edge of the substrate; i.e., the edge closest to the in-
let, receives precursor molecules. Because of their high hit-
ting frequency, and preferably also high reactivity, the precur-
sor molecules become rapidly exhausted from the pulse front
to the open surface sites. Thus, the latter parts of the substrate
do not receive any precursor molecules before the leading parts

Substrate -
§ Substrate

HCI
HCI

HCI
H
cl HCI

}

Fig. 9. Propagation of a TiCl pulse along a flow channel over substrate sur-
faces which the preceding water pulse has left hydroxyl group terminated. The
multiple hit conditions ensure that the hydroxyl groups become effectively con-
sumed in exchange reactions at the TiCly pulse front. HCl molecules formed as
reaction byproducts travel in front of the TiCly pulse and thus may readsorb
and block reaction sites from TiCly.

HCI
HCI
HCI

have become covered. [n other words, the precursor pulse front
rolls like a wave over the substrate saturating the surface on its
way (Fig. 9). Experimentally, this can easily be seen and ver-
ified by underdosing one precursor and by observing two dis-
tinct regions on the substrate: one covered with a uniform film
and another one covered with no film. The higher the precur-
sor reactivity, the sharper the border between the two areas. In
research reactors, borders as sharp as a few millimeters are ob-
servable. In principle, the steepness of the border could be used
in studying the reactivities of the precursors. Quantitative eval-
uation would, however, require constant doses throughout the
experiment which, especially with solid sources, may often be
difficult to realize.

The sharp border between the growth and nongrowth areas
points out the possibility of maximizing the precursor utiliza-
tion. The closer the border is set to the substrate, the less pre-
cursor is wasted to the growth on the downstream side chamber
walls or to the exhaust. However, at the same time the risks re-
lated to variations in precursor doses are increased.

In the traveling-wave reactor geometry, the surface hitting
densities estimated from the partial pressures with the basic
equations of the kinetic gas theory lose their meaning quite a
lot. This is illustrated by considering the effects of impurities
in the carrier gas. Taking again the research reactor (Fig. 7) as
an example, we have, approximately, a total pressure of 5 Torr
and 200 stdem® min~! carrier gas flow rate to the flow chan-
nel limited by the two S x S cm? substrates. A typical moisture
content of 1 ppm in the carrier gas means a partial pressure
of 5 x 107® Torr which at room temperature implies a hit-
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ting density of 2.4 x 10! water molecules cm=2s~!, For wa-

ter, a high reactivity toward a surface covered with metal pre-
cursors may be assumed and therefore the sticking coefficient
should approach unity. Then, the amount of oxygen correspond-
ing to a typical ALD oxide film growth rate (3.0 x 10'* oxygen
atoms cm ™2 cycle™!) would become adsorbed in about 0.1 s al-
ready from the residues in the carrier gas. However, from the
flow rate of the carrier gas, one can calculate that in the same
time (0.1 s), only 9 x 10'? H,0 molecules enter the flow chan-
nel. When averaged over the 50-cm? substrate area, this gives
only 1.8 x 10! oxygen atoms cm™2 which is more than 3 orders
of magnitude less than that estimated from the hitting density.
Clearly, the ordinary hitting density calculations cannot be ap-
plied.

What actually happens is that the moisture impurities be-
come adsorbed at the upstream edge of the substrate, ie.,
right after the point where the precursor flow lines merge
and film growth starts (c¢f. Fig. 7). Assuming a coverage of
1 x 10" moleculesem™2 and a cycle time of 1.0 s, this means
that 0.9-cm? area adsorbs the incoming moisture impurities. In
practice, a somewhat larger area, typically 5 cm?, may be dis-
turbed close to the leading edge but besides the impurities other
factors also contribute to this area. In any case, the upstream
edge of the substrate serves as an effective internal getter for the
impurities. By moving the substrates a bit further away from the
merging point of the separate precursor lines, the getter region
would be eliminated from the substrate but then films would
grow more extensively on the chamber walls. Therefore, in re-
search it is more convenient to accept the leading edge area and
to consider only the area outside that as representative for the
true ALD growth.

A less favorable consequence of the multiple hit conditions
is that also the reaction byproducts, like HCI, have a high prob-
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ability to adsorb. As they are formed in the reactions at the
front edge of the precursor puise, the byproducts travel in front
of this pulse (Fig. 9) and thereby they have a possibility to
decrease the growth rate by blocking reaction sites from the
precursor molecules {96, 97]. This effect may explain the dif-
ferences which are sometimes observed in the growth rates ob-
tained with the traveling-wave and other kinds of reactors.

In addition to the limitations on substrate shape, the travel-
ing-wave reactors are also restricted in respect to the utiliza-
tion of extra energy sources like plasma, hot filaments, or light.
Because of the compact construction of the reaction chamber,
there hardly is any room for the implementation of the extra
energy sources, especially in the large-batch reactors. The mul-
tiple wall collision conditions, in turn, make it difficult to trans-
port reactive radicals from their remote sources over the entire
substrates. Therefore, these reactors are quite limited to ther-
mally activated reactions only.

4.3. Flow-Type ALD Reactors with Moving Substrates

The alternate precursor dosing as required in ALD may be re-
alized not only by chopping precursor fluxes to the stationary
substrates as above, but also by moving substrates between sep-
arate precursor fluxes which are either constantly on or accord-
ingly pulsed. While a high-vacuum version of such a reactor
was used in the very first ALD experiments in 1974 [1, 5, 7],
also with this approach flow-type systems have subsequently
become dominating. In these reactors, inert gases are used for
transporting the precursors and for setting up shrouds between
the zones with the different precursors.

The most popular type of moving substrate reactors is based
on the rotating susceptor design {3, 4, 13, 20, 63, 93, 98-100],
an example of which is shown in Figure 10. A fixed part with

AsHz+Hy ——l’ l:-‘.’:J-——TMGm2

Substrate

Rotating

part Fixed

part

Fig. 10. Schematics of a rotating susceptor ALD reactor [98]. The susceptor consists of fixed and rotating parts. The precursor strcams are dirccted
into windows in the fixed part below which the substrate rotates and cuts through the streams. A wedge and a large H) flow from the center tube prevent
mixing of the two precursors. Reprinted with permission from M. A. Tischler and S. M. Bedair, Self-limiting mechanism in the atomic layer epitaxy of
GaAs, Appl. Phys. Len. 48, 1681 (1986), © 1986, American Institute of Physics.
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two openings covers the rotating susceptor. The source gases Teble I Requirements for ALD Precursors
are continuously directed to the openings and flow unimpeded Requi ) c
through the fixed part except when the substrate cuts through cquirermen omments
the streams. The exposure times are controlled by the rotational Volatility For efficient transportation, a rough Jimit of

speed and, if needed, they may be elongated by pausing the
substrate. A carrier gas flown with a high rate at the center and
guided by the wedge on the fixed part prevents mixing of the
source gases. The fixed part also shears off a part of the bound-
ary layer above the substrate. With a small clearance between
the fixed and moving parts, the rotation speed could have been
increased up to 120 rpm which corresponds to 85 ms exposure
times and gives a high, self-limited (1 ML cycle™!) growth rate
of 2 umh™! for GaAs [20, 93]. On the other hand, the rotat-
ing susceptor reactors have limitations in that they are difficult
to adopt into processes which require complex sequencing of
several sources, like a growth of multilayer structures or com-
positionally varied multicomponent films.

5. ALD PRECURSORS

Chemistry, especially the choice of proper precursors, is cer-
tainly the key issue in a successtul design of an ALD process.
In this section, we first examine the properties required for the
ALD precursors. Next, some practical aspects of choosing the
precursors are discussed. Finally, a comprehensive survey of the
precursors used in ALD is carried out.

5.1. Requirements for ALD Precursors

Requirements for ALD precursors are summarized in Table III.
The precursor chemistry of ALD is convenient to compare with
CVD. There are many similarities but because of the certain
characteristics of ALD, differences exist as well. However, the
unique features of ALD are not reflected that much in the in-
dividual compounds which are usually the same as those used
in CVD (see Table I'V). Rather, it is how they are combined to-
gether which makes the difference. For ALD, the most aggres-
sively reacting precursor combinations are looked for while in
CVD too aggressive reactions must be avoided.

5.1.1. Volatility

The volatility requirement is of course common to ALD and
CVD but as the self-limiting growth mechanism makes ALD
less susceptible to small variations in precursor fluxes, solid
precursors are more easily adopted to ALD than to CVD. Solids
do possess some disadvantages, however. First, because solids
are often loaded inside the ALD reactor in a limited source vol-
ume, the sources must be reloaded frequently, possibly after
each run, which is laborious especially in industry. Second, if
the particle size is too small, the particles may be transported by
the carrier gas, even if opcrated under reduced pressure, to the
substrates where they cause detrimental defects. For these rea-
sons, liquid or gaseous precursors should be preferred, if avail-
able.

0.1 Torr at the applicable maximum
source temperature
Preferably liquids or gases
No self-decomposition Would destroy the seif-limiting film growth
mechanism
Aggressive and complete Ensure fast completion of the surface
reactions reactions and thereby short cycle times
Lead to high film purity
No problems of gas phase reactions
No etching of the film or No competing reaction pathways
substrate material Would prevent the film growth
No dissolution into the film Would destroy the self-limiting film growth
or substrate mechanism
Unreactive volatile byproducts  To avoid corrosion
Byproduct readsorption may decrease the
growth rate
Sufficient purity To meet the requirements specific to each
process
Inexpensive
Easy to synthesize and handie
Nontoxic and environmentally

friendly

The required precursor vapor pressure is reactor specific and
depends on many factors, like source geometry, substrate area,
and flow rates. In research scale flow-type reactors, for exam-
ple, a vapor pressure of 0.1 Torr is usually appropriate and en-
sures effective transportation (cf. Section 4.2.2). In large scale
production, higher doses and accordingly higher precursor va-
por pressures are often desired. The minimum requirements to
the precursor volatility are thus set by these vapor pressures and
the highest applicable source temperatures (e.g., 500°C).

Precursor vapor pressure data are not always available, and
especially with low volatility solids such measurements may be
quite troublesome. In these cases, thermogravimetric (TG) mea-
surements can be used for examining the volatility [101] and for
estimating the required source temperatures [102]. One option
is to use the conventional constant heating rate measurements.
From the weight loss curves of compounds which have already
been used in ALD, one can identify certain temperatures, such
as those corresponding to 10 or 50% weight losses, and one
can plot these as a function of the source temperatures used
in a given type of an ALD reactor (Fig. 11). On basis of this
data set and a similar TG measurement, a source temperature
may be estimated for any new compound to be used in a simi-
lar reactor. Another possibility is to perform isothermal weight
loss measurements over a range of temperatures. After calibra-
tion with a compound with a known vapor pressurc, vapor pres-
sures of the compounds of an interest may be estimated {102].
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Table IV. A Summary of the Precursor Combinations Used and Examined

in ALD Thin Film Processes?

Metal precursor Nonmetal and other precursors Film material Reference
Elements
Zn S ZnS [1,2,116)
Se ZnSe f116-120}
Se(CoHs)z, prepyrolyzed ZnSe [121]
Te ZnTe [118,122]
Cd S Cds [123]
Se CdSe [116]
Te CdTe [122,124-127]
Halides
AlCl3 H,0 AL O; [2-4, 107, 128-136)
0Oy Al O3 [137, 138]
ROH A0 [129, 139]
HyO/ROH + Py05/(CH30);PO AlLO3:P [140. 141]
NH3 AIN [142]
AsHj AlAs [143]
GaQl NH3 GaN [144]
PH3 GaP [145]
Py + Asy GaP,_; As, {146, 147]
AsHj3 GaAs [14, 145, 148-153)
GaCly NH3 GaN {154]
AsHj3 GaAs [143, 155, 156)
CuCl + H,8 CuGaS; [157]
GaBr AsHj3 GaAs [158]
Gal AsHjz GaAs [158]
InC} PH3 InP [145]
((CH3):C)PH; InP f129]
AsHjz InAs {148, 153]
InCl3 H>O/H20, InyOs {86, 115, 159]
H>0/H20; + SnCly In;01:Sn [86. 159. 160}
H;S In, 83 [161]
SiCly H,0 Si0» [162-167)
NH3 SiaNy . [168]
H,S Ct dopant in SrS and CaS [169]
SihrClg Si>Hg Si [60, 170]
Atomic H? Si 161]
N>Hy 5i3N4' 171
GeCly Atomic H? Ge [62)
SnCly H;0 Sn0; [34, 35. 172-174]
H»O + SbCls Sn0,: Sb [175]
SbCls H>0 Sby05 [175])
TiCly H;-plasma Ti {741
H,0 TiO; [82,96, 107, 176-182}
H,0, TiO, 183, 184)
NH; (4 Zn) TiN 88,111,112, 185, 186)
(CH3)>NNH;, TIN f114)
Tily H,03 TiO, [187-190]
NH;3 TiN [186. 191]
ZrCly H,O Zr0p [83. 133, 192-195)
Zrl, Hy03 750, 1196)
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Tabie IV.  (Continued)

Metal precursor Nonmetal and other precursors Film material Reference
HFfCly H>O HfO, {84, 131, 195, 197, 198]
NbCls NHj3 (+ Zn) NbN {103, 112, 185]
(CH3);NNH;, NbN {114]
TaCls Hj-plasma Ta {74]
H,O TaOs [3, 4, 104~106, 130, 131, 135, 195, 199-202]
NHj3 + H,O TaOx Ny [113]
NH;3 TazNs (113, 185]
NH3 + Zn TaN [113)
(CH3);NNH; Ta3Ns [114]
TaI5 HzOz Ta205 [203]
MoCls Zn Mo [204]
NHj3 (+ Zn) MoN, Moy N [114, 185]
(CH3),NNH, MoN, Mo;N {114]
WO Fy H,0 WO3 [205]
WFg SipHg W [206]
’ NH;3 WaN {207}
MnCl, H,S Dopant in ZnS [3, 4, 8]
Mnl; H,S Dopant in ZnS [208]
CuCl H» Cu {209, 210}
Zn Cu [110)
GaCly + HpS CuGaSy [157]
ZnCly H,S ZnS [2-4, 85,211-213]
H;Se ZnSe 1214]
HyS + Se ZnS|_,Se;x [108]
HF ZnF, {215]
CdCly HS CdS [123, 213)
Alkyl compounds
Al(CH3)4 H,O AlLO3 [36, 37, 88, 89, 133, 134, 162, 194, 216-224]
H;0, AL O3 (184, 225-229]
N,0 ALO; {228
NO» Al,O4 217)
O;-plasma Al O3 [751]
NH3 AIN [230-233)
PH; AlP [234]
AsH3 AlAs [13, 17,47, 58, 79, 80, 235, 236]
AI(CH3);Cl H-0 Al O3 (237
NH;3 AIN [238]
Al(CH3);H PH3 AlP [239]
AsHjz AlAs {79, 240]
AlC;Hs)s H,0 AlLO3 [241]
NH; AIN (242, 243]
AsH3 AlAs {17,47]
AWCH,CHL(CH3 )3 AsH3 AlAs [244]
Ga(CH3)3 NH; GaN [245-249)
N;-H;-plasma GaN {71}
PH; GaP [234, 239, 250, 251]
AsH3 GaAs [12, 13,15, 17, 48, 70, 78, 79, 93, 98, 99, 235, 236, 252-256]
((CH3)3C)AsHz GaAs (99, 257, 258]
Ga(CHz )5(CaHs) AsHy GaAs [252]




116

RITALA AND LESKELA

Table IV.  (Continued)

Metal precursor

Nonmetal and other precursors

Film matenal

Reference

Ga(CoHs)3

Ga(CoHs),ClL
Ga(CHCH(CH3)2)3
Ga(CH,C(CH3)3)3
In(CH3)3

((CH3)2(C2Hs)NYIn(CH3)3

In(CH;),Cl
IH(CH3)2(C2H5)
In(C2H5 )3

Sn(CH3)4

Sn(CyHs)4
Zn(CHz )y

Zn(CyHs),

Cd(CH3);

Hg(CH3)p

Alkoxides
AOC,Hs5)3
Al(OCH;CH>CH3)3

Ti(OC,Hs)y
Ti(OCH(CH3)))4

Zr(OC(CHg, 3 )a

NHj3

NH3, thermally cracked
PH;3

AsHs
{(CH3)3C)AsH;
({CH3);N)3 As
AsHj

AsHj3
((CH;3)30)AsH,
H,0

PH3
((CH;)30)PH,
ASH3
((CH3)3C)AsH,
AsHj3

AsHj

NH;

PH;

AsHjy

NO;

NO,

H,0

H,0 + Al(CH3)3
H,S + H,0

H>S

H3S + HjSe
HjSe

(CaHs), Te
(CH3)(CH,CHCH,;)Te
H,O

H20 + BaHg
H,O + AKCH3)4
HyO + Ga(CH3)3
H,S + H,0

HyS

(CzH5)S,
(CoHs)2Sez

HyS

HySe

(C3Hs),Te
(CH3)(CH,CHCH,)Te
((CH3),CH), Te -+ temperature modulation
CHgz(allyD)Te

H,O/ROH
H,O/ROH
H,O/ROH + P05
H,0

H,0

Bi(CgHj5)3 + HyO
H>0

GaN
GaN
GaP
GaAs

_ GaAs

GaAs
GaAs
GaAs
GaAs
In203
InP

InP

InAs
InAs
InAs
InAs

InN

[nP

InAs
Sn0O,
SnQOy
Zn0
Zn0O: Al
Zn01 —x S x
ZnS
ZnSy_,Sey
ZnSe
ZnTe
ZnTe
Zn0
ZnO:B
ZnO: Al
Zn0O: Ga
ZnOj_, Sy
ZnS

ZnS
ZnSe
CdS
CdSe
CdTe
CdTe
CdTe
HgTe

Al203
Al O3
Al O3 :P
TiOy
TiOy

Biy Tiy O,
Zr0Oy

[243, 259, 260]
[63]

{491

[17. 19, 47, 50, 252]
(258, 261)
[262]

[263]

{19}

[258]

[264]

{78,265, 266]
1267, 268)

(48, 269)
1270]

[257]

{92]

[246-248]
(250, 251]
91)

[271]

[271)

[272)

(272]

[273)
[274-276]
[276-278)
[276, 279-282]
[283]

[283]

[52, 89, 272, 284-293]
[289-292, 294]
[272]

[293]

[288)

[288, 295, 296]
2971

[297)
[298-302]
{279}

[283]

(283, 303]
{531

[303]

(129]
{129)
[141]
(304, 305)
1306-308)
1309]
[310]
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Table IV.  (Continued)

117

Metal precursor Nonmetal and other precursors Film material Reference
Nb(OC3Hs)s H,O NbrOs [136, 192,202, 311]
Ta(OC; Hs)s H,O TayOs [133. 136, 192, 197, 202, 312, 313]
NH, TaOxNy [314)
Pb(OC(CH3)3)> H>S PbS [315]
PbyO(OC(CH3)3)¢ HoS PbS [315]
B-diketonato complexes
Mg(thd), ¢ Hy0, MgO [316]
O3 MgO [317]
Ca(thd), H,S Ca$§ (87, 169, 318-321]
HF CaFy [215]
Sr(thd), O3 SrQ (SrC0O3) 322}
O3 + Ti(OCH(CH3),)4 + HyO SrTiO; {322}
H,S SrS [169, 296, 318, 323-325)
HpS + Se S1S)_Sex [109]
HF SrF, [215]
Ba(thd), HaS BaS [318, 326]
Ga(acac), 03/H,0 Gay03 135, 327}
In(acac); HyS In;S3 [288]
Pb(thd), H;S PbS [315]
Y(thd); 03,02 Y203 [328, 329]
H3S Y>20,8 [330]
La(thd); H,S La;S3, Lay 0,8 [331)
O3 La;03 (332, 333]
Co(thd)s + O3 LaCoO3 (332]
Ni(thd); + O3 LaNiO; [333]
Mn(thd)s + O3 LaMnO3 (3341
Ce(thd)4 04 CeOn {335)
H>S Dopant in CaS, SrS and BaS {169, 296. 326, 336-338)
Ce(thd); (phen)® H»S Dopant in S¢S [339]
Ce(tpm);/ H,S Dopant in $1$ [339)
Ce(tpm)q H,S Dopant in S1S [340]
Ce(tfa)4 ¥ H,S Dopant in SrS [340]
Mn(thd)3 O3 MnOy [334)
H,S Dopant in ZnS [295, 296}
Cofthd), 03 Co304 [332]
Ni(acac}), 05 NiO [341, 342]
Ni(thd); 03 NiO [333]
Cu(thd), Hp Cu [186, 210, 343, 344]
Ln(thd)z” H,S Dopants in CaS, SrS and ZnS [296, 319, 336, 345-352]
Cyclopentadienyl compounds
Mg(CsHs) H,O MgO [241, 353-355)
Sr(Cs‘PryHs)of Ti(OCH(CH3)3)4 + HaO SITiO; [356-358)
H,S SrS [359]
Sr(CsMes)p/ 208 SrS [359)
Ba(CsMes)a Ti(OCH(CH3)2)4 + HpO BaTiO3 [356, 357]
HoS BaS [359]
Ba(Cs'Buy Hy)ot THOCH(CH3)p)4 + HyO BaTiO3 [357]
Mn(CsHs), H,S Dopant in ZnS [295]
Mn(CsMeH4)(CO)3 H,S Dopant in ZnS [295)
Zr(C5Hs),Cly O3 ZrO, [322)
Ce(CsMegH)s H,S Dopant in SrS [360]
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Table [V.

Metal precursor

Nonmietal and other precursors

Film material

Reference

Carboxylates
Zn(CH3CO0),!

Hydrides
((CH3)3N)AIH;

((CH3)2(C2Hs)N)AIH;

SiHy
SiClH,

SipHg

SizHg

Si(CyHs ) Hy

GeHy

Ge(CHa),Hz
Ge(CyHs)Hp

Alkyl- and silylamides
Ti(N(CH3)2)4

Ti(N(C,Hs)(CH3))4
Ce(N(Si({CH3)3 )3
Others

Si(NCO)4

CH30Si(NCO);
Pb((CzHs5), NCS2)2
Ni(apo),™

Ni(dmg),”

Two metal compounds
AICly

AXCH3)3

ZrCly

H,S
H,0

NHj + temperature modulation

AsHj3

((CH3)2N)3As

NH3

AsH3

Temperature modulation

Hy

Atomic HP

UV light

CoHy

NHj-plasma

NH3, thermally cracked

Temperature modulation

Thermal precracking and
temperature modulation

SipClg

CyHa

CyHy

Temperature modulation

Temperature modulation

Temperature modulation

Atomic H?

Temperature modulation

NH;
NH; + SiHg
NH;
HyS

H,O
N(C2Hs)3
H,0,
H,S

O3

O3

AI(OC,Hs)3
AI(OCH(CH3)2)3
Ti(OCHs)4
Ti(OCH(CH3)2)4
AI(OCH(CH3)2)3
TiOCH(CH3)3)4
CrO,Cly
AKOC,Hs)s
Ti(OCH(CH3)2)4

ZnS
Zn0

AIN
AlAs
AlAs
AIN
AlAs
Si

Si

St

Si
SiC
SizNg
Si3Nyg
Si

Si

Si
SiC
SiC

TiN
TixSiyN;
TiN

Dopant in SrS

$i03
Si0,
Si0,
PbS
NiO
NiO

Al O3
AlyO3
Al TiyO,
Al TiyO,
Al;O3
AL TiyO;
Al Cry O,
AL Zr,0;
TixZry O,

[212, 361, 362)
[361,363)

[365]
[366]

[262]

(367-369]

(81, 370-372)
{54, 551

1373, 374]

[60, 6466, 170]
[375]

[376, 377]

(72, 73]

[591

[51, 57, 378]
(67]

[60]

(379, 380}
[100)

[65, 381]
[382]

[55, 56]
168, 69]
[383]

(384, 385]
[384, 385)
[386]
[387]

(388]
(389]
(390, 391]
[315,392)
[341)
[341}

[393]
[393]
(3931
(393}
[393)
(393}
(394
[393]
{393
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Table IV.  (Continued)
Metal precursor Nonmetal and other precursors Film material Reference
Si(OC;,Hs)a ZrxSiy Oy [393)
Si(OC4Ho)a ZrySiy O, {393]
HfCly AI{OC;Hs)3 Al Hf, O, {393]
Ti(OCH(CH3)2)4 Ti Hf, O, [393]
TaClg Ta(OCyHs)s TayOs 393, 395]

4(lassification goes according to the type of the metal precursor. Processes with two metal precursors with no separate nonmetal source are listed separately in the

end of the table.
bObtained by thermal dissociation of Ha.

‘thd is 2,2,6,6,-tetramethyl-3,5-heptanedione. Alkaline earth and yttrium thd-complexes used may also contain a neutral adduct molecule or they may have been

stightly oligomerized.
dacac is acetyl acetonate.
€phen is 1,10-phenanthroline.
f tpm is 1,1,1-trifluoro-5,5-dimethyl-2,4-hexanedione.
Eifais 1,1,1-trifluoro-2,4-pentanedione.
KLn s Ce, Pr, Nd, Sm, En, Gd, Tb, Tm.
{ipris —CH(CH3);.
iMeis —CHj. |
& By js ~C(CH3)s.
IConverts to ZngO(CH3COO)g when annealed [364).
™ apo is 2-amino-pent-2-en-4-onato.

"dmyg is dimethylglyoximato.
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Fig. 11. Correlation between temperatures corresponding to 10 and 50% mass

losses in TG measurements and source temperatures used in research scale
ALD reactors [102). The TG measurements were carried out in 1-atm nitro-
gen atmosphere with a heating rate of 10°C min™~!,

TG measurements also reveal if the volatilization takes place in
one step, or if there are decomposition reactions involved {101].

5.1.2. Stability Against Self-Decomposition

The self-limiting film growth via the surface exchange reactions
is obviously achievable only under conditions where the precur-
sors do not decompose on their own. A simple way to test if a
precursor is thermally decomposing is to pulse only that com-
pound in the reactor and to see if any film grows. As the decom-

position reactions may often be catalyzed by the film matenial, it
is advised to carry out the decomposition experiments not only
on bare substrates but also on previously deposited films and to
see if their thicknesses increase.

Because the decomposition is a thermally activated reac-
tion, its rate increases exponentially with temperature. On the
other hand, the longer the exposure time, the more pronounced
the decomposition in comparison to the desired exchange reac-
tion (Section 7.1.1). This explains why in processing of porous
materials and in many surface chemistry studies, both with
long exposure times of minutes, decomposition is observed at
significantly lower temperatures than in film growth experi-
ments with fast pulsing. Clearly, it is a material-, process-, and
application-dependent choice where to set the uppermost limit
for the acceptable decomposition rate.

In fortuitous cases, the product of the decomposition reac-
tion is the same as that of the exchange reactions, like, for ex-
ample, in the growth of oxides from metal alkoxides and water
where also the thermal decomposition of the alkoxide deposits
the same oxide. In such a case, quite a substantial contribution
of the decomposition may be accepted, provided of course that
the decomposition proceeds in a surface reaction rate limited
manner, thereby maintaining the good uniformity and confor-
mality (Section 7.1.2). On the other hand, if the decomposition
reaction causes incorporation of contaminants into the film, it
must be minimized to a level where the resulting contamination
can be tolerated.
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5.1.3. Aggressive and Complete Reactions

The alternate pulsing means that there are no risks of gas phase
reactions in ALD. Therefore, precursors which react aggres-
sively with each other can be used. In fact, such combinations
should be preferred to ensure rapid completion of the reactions
and thereby short cycle times as well as effective precursor uti-
lization. This is in marked contrast with CVD where too reac-
tive precursor combinations must be avoided. Thermodynami-
cally, this means that the reactions used in ALD should have as
negative a Gibbs free energy change AG as possible [39], while
in CVD AG should still be negative but close to zero.

The reactions also need to be completed so that no impurities
are left in the films. The aggressiveness of the reaction does not
necessarily guarantee the completion. Especially at low tem-
peratures, kinetic reasons may prevent the completion and thus
some unreacted ligands from the metal precursors may be incor-
porated into the films. Likewise, nonmetal precursors such as
H20 or NH3, for example, may leave —OH or —NH; residues
if the reactions are incomplete. The amount of these residues in
the films decreases as the temperature is increased but if that is
increased too much, the precursor decomposition may start to
produce new kinds of contaminants.

5.1.4. No Etching Reactions

A negative consequence of the alternate supply of the precur-
sors is that there are no competing reaction pathways for possi-
ble etching reactions where the film itself, substrate, or an un-
derlying film is etched by one of the precursors. Such etching
reactions have, for example, prevented the growth of Nb,Os
from NbCls and H;O and have been interpreted to involve a
formation of volatile oxochlorides [103]:

Nb20s(s) + 3NbCls(g) — SNbOCl;(g)

Similar etching is also observed in the analogous TaCl5-H;O
process but only above a certain threshold temperature of about
300°C, and even then the etching is slow enough not to totally
prevent the film growth but just to cause a decrease of the depo-
sition rate with longer TaCls pulse times [104-106]. A simple
test to verify an existence of etching reactions is to expose a
film to one precursor only and to observe a disappearance of
the film or part of it.

A somewhat less detrimental ty pe of gas—solid reaction is the
one which involves an exchange of the film constituents, like a
replacement of a metal cation in an oxide with another metal
having a higher affinity toward oxygen [107]:

4AICIx(g) 4+ 3TiO2(s) = 2AL03(s) + 3TiCla(g)

Such reactions are often self-terminated once the surface be-
comes covered by the exchange reaction product (Al;O3 in the
preceding example), and therefore they may be tolerated un-
less very sharp interfaces are required. On the other hand, the
same kind of replacement reactions may also be utilized in mak-
ing, for example, metal sulfoselenides where sulfur atoms de-
posited through reactions between metal precursors and H;S

are in the next step partially replaced by elemental selenium,
thereby avoiding the need to use the highly toxic HaSe [108,
109] (cf. Section 5.3.2).

5.1.5. No Dissolution to the Film or the Substrate

The precursors should chemisorb on the surface upon which
they are dosed but they are not allowed to dissolve into that
material. Examples of precursor dissolution are rare but one is
the attempt to deposit metallic copper from CuCl and elemental
zinc, the latter being used as a reducing agent [110]. Metallic
copper with only about 3 at.% zinc was indeed obtained but the
film growth was evidently not self-limiting and growth rates
were high, above 5 A cycle™!. The results were explained with
the following mechanism in which the copper film is formed as
desired by the reductive exchange reaction:

CuCl(ads) + 0.5Zn(g) — Cu(s) 4+ 0.5ZnCl>(g)

However, once copper has been formed on the surface, the dis-
solution of zinc into copper starts to complicate the process.
When dosed onto a copper surface with a CuCl chemisorption
layer, Zn first reduces CuCl as before but then, rather than just
adsorbing on the surface, zinc also dissolves into the copper,

Cu(s) + Zn{g) — Cu(Zn)(s)

The resulting Cu(Zn) alloy is not stable and during the follow-
ing purge period Zn outdiffuses and evaporates

Cu(Zn)(s) —» Cu(s) + Zn(g)

The outdiffusion is slow, however, and also continues during
the next CuCl pulse. This leads to a CVD-type of growth and
thereby to a loss of the self-limiting growth mechanism:

CuCl(g) + 0.5Zn(g) — Cu(s) + 0.5ZnCly(g)

The precursor may dissolve not only into the film material but
also into the substrate. Processes where this can possibly take
place are the growths of transition metal nitride films onto sil-
icon substrates from the metal halides and ammonia with el-
emental zinc as an additional reducing agent (Section 5.3.6)
[103, 111-114]. If dissolved into silicon, zinc forms detrimen-
tal electrically active defects. In fact, this has been regarded as
such a major concern that the zinc-based processes have not
been taken into a more detailed study even if they produce the
highest quality nitrides (Section 6.5) and the occurrence of zinc
dissolution into silicon still remains to be verified.

5.1.6. Unreactive Byproducts

Preferably, the precursors should produce unreactive byprod-
ucts which would be easily purged out of the reactor. Reac-
tive byproducts may cause corrosion problems in the reactor or
in the exhaust. In addition, they may readsorb on the film sur-
face and block adsorption sites from the precursor molecules,
thereby decreasing the growth rate (Section 4.2.4). In the worst
case, the byproducts may etch the film. Nonetheless, in many
successfully implemented ALD processes (e.g., ZnCl;-H»S,
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AICls-H»0, TiCly-H20) hydrogen chloride is formed as a
byproduct and routinely handled in properly designed reactors.
Thus, the unreactivity of the byproducts may be considered
only as a secondary, though still an important requirement while
planning an ALD process.

5.1.7. Other Requirements

Precursor purity requirements are specific to each process and
application, and also depend on the nature of the impurities.
Naturally, semiconductors are more sensitive to impurities than,
for example, protective coatings. If nonvolatile and unreactive
with the precursor, the impurities are of less concern because
they remain in the source.

The other requirements, such as low cost, easy synthesis
and handling, nontoxicity and environmental friendliness, are
all common to the CVD precursor requirements. However, all
these and the above requirements may not always be fulfilled
simultaneously, and often only these last ones can be sacrificed
while developing a new ALD process. If toxic or otherwise
dangerous compounds cannot be avoided, special care must of
course be given to their handling before and after the process,
and appropriate safety systems must be installed.

While considering the cost issue, it must be kept in mind that
a price of any chemical is largely determined by its demand.
Therefore, no compound should be rejected from research just
because of its current price. Rather, one should have a look at
its synthesis procedure and try to estimate how much the price
might be lowered if the precursor would be taken into a large
scale use. Furthermore, in many cases the contribution of the
precursor chemicals to the final price of a thin film device is
rather small.

5.2. Choice of Precursors

After examining the desired properties of the ALD precursors,
we now present some basic ideas about how to proceed in se-
lecting precursors for a new process. The necessary background
information can be looked for from basically two sources: liter-
ature and thermodynamic calculations.

5.2.1. Literature Survey

For planning a new ALD process and choosing precursors for
it, looking at the literature makes a good start. While searching
the literature, all the alternative names of the method (Table I)
should be taken into account. If no ALD process for the partic-
ular film material has been reported, processes of any material
containing the constituent elements should be looked for to see
which kind of precursors have been used. To assist the literature
survey, ALD processes reported so far have been summarized
in Table I'V in Section 5.3.

In addition to ALD literature, CVD publications also con-
tain valoable information, such as volatility data and reaction
and decomposition temperatures. For example, notations of pre-
cursor combinations too reactive for CVD are often especially
promising. Other potential sources of volatility data are pub-
lications on synthesis or thermal analysis of the compounds

and catalogues and data sheets of commercial suppliers. Any
comments on moisture or air sensitivity give hope for fast reac-
tions, especially in the growth of oxides but also in more gen-
eral terms, though at the same time they imply that special care
must be devoted to the precursor handling.

5.2.2. Thermodynamic Consideration

Thermodynamics refers to equilibrium conditions while ALD
is certainly a nonequilibrium process: the precursors are dosed
into the reactor alternately and the byproducts are constantly
pumped out. In addition, thermodynamics tells nothing about
reaction rates. In any case, thermodynamic calculations provide
valuable information about the compounds under consideration
for ALD, provided of course that relevant thermodynamic data
are available. Today, these calculations are easily made with
relatively inexpensive commercial PC programs with integrated
databases, but while evaluating the results the previously men-
tioned limitations of thermodynamics must carefully be kept in
mind.

The simplest calculation is the vapor pressure of the com-
pound. Additionally, the stable form, e.g., monomer vs dimer,
in the gas phase at each temperature of an interest is easily
checked.

To estimate a reactivity of a pair of precursors, AG for a
suggested net reaction is calculated and is compared with other
alternatives, all balanced to deposit an equal amount of the film.
If otherwise possible and reasonable, the reaction with the most
negative AG should be chosen. However, in some cases, like
in the growth of InyO3 from InCly and HyO [115], reactions
with even slightly positive AG have been used and have been
explained to be possible because of the continuous feed of one
precursor and the pump out of the byproducts. On the other
hand, it also must be emphasized that in ALD the two precur-
sors can meet each other only if there is a certain mechanism
by means of which at least one of them can adsorb on the sur-
face. Thermodynamic estimations of such mechanisms are of
course impossible because of a lack of thermodynamic data for
the intermediate surface species.

The occurrence of possible side reactions, like etching (Sec-
tion 5.1.4), may also be estimated by thermodynamic calcula-
tions. One may either calculate AG for the suggested side re-
action or perform equilibrium composition calculations for a
system where the film or the substrate material is exposed to
ONe precursor vapor.

5.3. Overview of Precursors and Their Combinations Used
in ALD

Table IV summarizes the precursors and their combinations
used in ALD as comprehensively as the authors know (com-
piled in June 2000). For the materials of the greatest inter-
est in nonepitaxial applications (oxides, nitrides, sulfides, fiu-
orides, metals) rather extensive referencing has been attempted,
whereas for the widely examined epitaxial semiconductors, es-
pecially for the III-V compounds, only a few examples have
been given for each precursor combination and review articles
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[7, 1625, 38] are recommended for broader coverage including
also the semiconductor dopant precursors which are not dealt
with here. Basically, all the processes which have resulted in
film growth are included in Table IV, even if some of them are
slow requiring unpractically long exposure times.

The evolution of ALD precursor chemistry has been re-
viewed [396] so only a rather concise summary is presented.
Other recommended review articles can be found in Refs. [7, 8,
18, 19, 39], for example.

5.3.1. Metal Precursors

Elemental zinc and sulfur were used in the first ALD experi-
ments for growing ZnS [1, 2]. Subsequently, zine and cadmium
have been used in reactions with sulfur, selenium, and tellurium
(Table IV), but except for these and mercury the use of metal
elements is limited because of their low vapor pressures.

Soon after the first demonstrations of ALD, metal chlorides
were taken under study. Among the first processes examined
were also two of the most successful ALD processes, namely,
ZnCl;-H;S for ZnS and AlCI3-H;O for Al,O3 [2-4]. Though
both these processes are based on solid chlorides and are there-
fore somewhat laborious in production, they have been used
in industry from the very beginning of the ALD manufactur-
ing of the TFEL displays. For doping of the ZnS:Mn phos-
phor, MnCl; is used, even if it has quite a low vapor pres-
sure. Among the first chloride precursors examined were also
the liquids TiClsy and SnCly, the former of which has also been
adopted to the TFEL production for making Al,Ti,O; insula-
tors (Section 6.2.1). Subsequently, basically all possible volatile
chlorides have been examined (Table IV). By contrast, of the
other halides only Tils, Zrls, Tals., WFs, and Mnl; have been
examined so far. Especially the iodides should be examined in
more detail because the low metal-iodine bond energies sug-
gest that jodide residues could be removed from the films more
completely than chlorides.

As the interest toward ALE (here the name ALE is used
to emphasize the epitaxial deposits) of the III-V materials
arose, a natural starting point was to choose metal alkyls, like
Ga(CH3)3, as precursors because at that time they were already
well known and were broadly used in metal organic vapor phase
epitaxy (MOVPE). However, this choice is not completely
in line with the previously discussed requirements to ALD
precursors because the reactions with the group V hydrides
usually require such high temperatures that pyrolysis of the
organometallic compounds occurs and complicates the control
of the self-limiting growth conditions [18, 19, 22, 48, 255, 397].
Indeed, a mechanism which would explain the different re-
sults obtained under different GaAs growth conditions has been
speculated about for a long time. The current opinion is that
the two key requirements for the self-limiting growth are an
avoidance of complete gas phase decomposition of Ga(CH3)3
in the boundary layer above the substrate and a high enough
methyl radical flux to compensate for the methyl radicals which
desorb from the surface [22]. On the other hand, with the aid
of laser assistance the growth temperature may be lowered so

that the thermal decomposition is significantly decreased, and
at the same time the width of the temperature range for the self-
limiting film growth is increased [15, 17, 48, 49]. Another con-
sequence of the metal alkyl pyrolysis is carbon residual incor-
poration causing relatively high p-type carrier concentrations
[18, 19}. However, with careful control of the growth condi-
tions, in particular by reducing the flow rate and the exposure
time of the metal alkyl and by increasing the corresponding pa-
rameters for the group V hydride, low carrier concentrations
and even n-type conductivity could have been achieved [19,
93,253, 254}. In any event, because of these reasons, chloride-
based processes emerged as another main route to ALE of III-
V compounds {18]. Here the precursors have been either bi-
nary chlorides, often formed in situ, or alkyl chlorides which
pyrolyze in the reactor into the binary chlorides. With the
chloride-based processes, the heavy carbon contamination is
avoided and the n-type materials are easily obtained.

The early work on the III-V compounds in the late 1980s
was focused on compounds of Ga, Al, In, As, and P. Somewhat
later, in the early 1990s, ALE of gallium and aluminum nitrides
from the trialkyls was examined [242, 243, 259, 260}, and later
InN was also grown [246~248]. In addition to the I1I-V com-
pounds, metal alkyl precursors have successfully been used also
in the ALD of epitaxial or nonepitaxial II-VI compounds and
polycrystalline or amorphous oxides. Here ZnS, CdS, Al O,
and ZnO have been the most thoroughly examined materials
(Table IV). Reactions with H,S and H»O are facile and thus
proceed at low temperatures, occasionally even at room temper-
ature [274, 298-302], where the pyrolysis of the metal alkyls
is much weaker than at the temperatures typically used in the
ITI-V processes.

Metal alkoxides offer chlorine-free alternatives to the growth
of oxide thin films. The first ALD experiments were made on
aluminum alkoxides using water or alcohols as oxygen sources
[129], and subsequently titanium, tantalum, and niobium alkox-
ides (mainly ethoxides) have successfully been used in reac-
tions with water (Table IV). For tantalum and especially for nio-
bium, alkoxides are important precursors because of the etching
problems in the chloride processes (Section 5.1.4). Alkoxides
decompose thermally at elevated temperatures and therefore the
ALD processes are limited to temperatures below 400°C. On
the other hand, the decomposition product often is a rather pure
oxide and therefore the decomposition may be accepted to a
certain extent. All the previously mentioned alkoxide processes
produce good quality films, but zirconium tetra-terz-butoxide
[310] resulted in ZrO; films which were clearly of a lower qual-
ity than those obtained from ZrCly. This is unfortunate because
the liquid alkoxide was hoped to solve a problem encountered
in the ZrCl;-H;0 process where very fine particles from the
solid ZrCly source are often transported by the carrier gas and
are incorporated into the films.

After the success of the ZnS : Mn TFEL phosphor, the strive
toward full color displays turned the ALD research on other
TFEL phosphors, most of which have alkaline earth metal sul-
fides as the host materials and rare-earth metals as the dopants
{Section 6.1). These electropositive metals have few volatile
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compounds, B-diketonates being the well known and the most
thoroughly examined exception. Though the B-diketonates, es-
pecially those of the alkaline earth metals, suffer somewhat
from instability, they have served as reasonably good precursors
for the TFEL phosphors (Table IV). For example, the Sr(thd),-
Ce(thd)4-H;S process has been used in a pilot scale growth of
SrS:Ce [338). On the other hand, while reactive with H3S,
most of the S-diketonates do not react with water at temper-
atures where they would not decompose already on their own.
Here, Ga(acac)s has been an exception and reacted with wa-
ter but the Ga;O3 films obtained were heavily carbon contam-
inated [327]. Mg(thd),, in turn, has been used together with
H,0; to grow MgO films but the deposition rate was low, only
0.1-0.2 Acycle™! [316}. Thus, oxides are best grown from the
B-diketonates with ozone as the oxygen source (Table IV), In
reactions with ozone, the large S-diketonato ligands are proba-
bly burned into smaller molecules and thus these reactions es-
sentially differ from most of the other ALD processes where
the ligands are removed more or less intact, either after proto-
nation by the hydrogen containing nonmetal precursor or as a
consequence of radical desorption.

Cyclopentadienyl compounds (metallocenes) have been ex-
amined as alternatives to alkaline earth and rare-earth metal
B-diketonates with a number of promising results (Table IV).
The use of cyclopentadienyls in ALD was first demonstrated
in the growth of MgO from Mg(CsHs); and H,O [241, 353,
354], and subsequently Mn(CsHs); and Mn(CsMeH4)(CO)3
were examined as dopant sources for ZnS:Mn [295] and
Ce(CsMeqH)3 for StS: Ce [360]. In any event, so far the great-
est progress with the cyclopentadienyls has been made in the
growth of SrTiO; and BaTiO; [356-358] (Section 6.2.2), be-
cause these can be deposited from the B-diketonates only with
ozone and then the resulting film is amorphous which re-
quires high temperature annealing to get crystallized [322].
Using Sr(Cs' Pr3Hs)2 together with Ti(O'Pr)4 and H,0, crys-
talline SrTiO3 was obtained already at 250°C [356-358]. De-
spite some decomposition of St(CsiPriH), a good control
of film stoichiometry was achieved by varying the pulsing ra-
tio of the two metal compounds. BaTiO3 films were obtained
with an analogous process with Ba(CsMes)s [356, 357) or
Ba(Cs'BuiHj)2 [357] as the barium precursor. These Sr and
Ba compounds also react with hydrogen sulfide forming the
corresponding sulfides at remarkably Iow temperatures: well-
crystallized SrS was obtained already at 120°C [359].

Overall, cyclopentadienyl compounds form a large family
of potential precursors since these are known for many met-
als and the ligands can be varied by substitutions in the car-
bon 5-ring, largening the ring system (indene, fluorene) and by
linking two rings together by a bridge. Cyclopentadienyls have
often been considered too air sensitive but the foregoing experi-
ences demonstrate that with a reasonably careful handling they
can be used without difficulty. The first experiments on these
compounds have been promising but the full potential still re-
mains to be explored and may provide interesting findings in
the near future.

5.3.2. Nonmetal Precursors

For the nonmetals, the simple hydrides have mostly been used:
H;0, H,0,, Hy S, HzSe, HyTe, NH3, NoHy, PH;, AsHa, SbH;,
and HF. These are all sufficiently reactive but some of them are
very poisonous and therefore their alkyl derivatives have been
examined as substitutes. Hydrogen peroxide is oxidizing by its
nature while most of the others, hydrazine in particular, are re-
ducing. The oxidizing power of H;O; is seldom made use of,
however. By contrast, the reducing action is highly needed in
the growth of transition metal nitrides where the metals have
higher oxidation states in their precursors than in the nitrides.
Ammonia is powerful enough to reduce most of the transition
metal chlorides to the desired metallic nitrides, though films
with better conductivity are usually obtained when elemental
zinc is used as an additional reducing agent (Section 5.3.6).
However, TaCls is not reduced by ammonia and insulating
TaiNjs is obtained [113]. A hydrazine derivative (CH3)2NNH,
does not reduce tantalum either [114], and TaN is obtained only
with zinc as a reducing agent [113].

Molccular oxygen, O, is usually too inert to react with the
typical metal compounds under reasonable growth tempera-
tures. Instead, ozone O3 has been used to grow oxides from
many fS-diketonate compounds (Table IV) which do not react
with the most common oxygen sources water and hydrogen per-
oxide. Other less used oxygen sources include N>O and alco-
hols. A new approach applicable to many oxides is to use metal
alkoxides as both metal and oxygen sources (Section 5.3.5).

Similarly to oxygen, also molecular nitrogen, N7, and hy-
drogen, Hy, are quite inert toward the common metal sources at
low temperatures. They are indeed often used as carrier gases,
but while nitrogen is in most cases truly inert, hydrogen some-
times participates the surface reactions and removes surface ter-
minating ligands (Section 7.2.1) [18]. Hydrogen has also been
used as a reducing agent in ALD but this requires either catatyt-
ically active surfaces or high temperatures (Section 5.3.6). On
the other hand, when dissociated by thermal cracking or plasma
discharge, reactive atomic species are produced from hydrogen
and nitrogen [60-62, 64—66, 6871, 74]. Also oxygen may be
dissociated in a plasma discharge but until now atomic-oxygen-
based ALD processes have only briefly been demonstrated [75].

For the chalcogens (S, Se, Te), elements can be used as pre-
cursors, though usually only when the metal source also is an el-
ement (Table IV). It has also been demonstrated that elemental
Se replaces sulfur atoms on the surface of the growing ZnS$ and
StS films. With this replacement reaction, the corresponding
sulfoselenides with as much as 90 anion-% Se were deposited
from ZnCly or Sr(thd),, HsS, and Se [108, 109}, thereby avoid-
ing the use of the highly toxic HzSe. Finally, elemental As4 and
P4 have been employed in the growth of GaAs and GaP from
GaCl with hydrogen as a carrier gas [ 146, 147].

5.3.3. In situ Synthesized Precursors

A majority of the precursors used in ALD are synthesized be-
forehand but in some cases precursors generated in situ have
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been used as well. In sifu synthesis makes it possible to use
compounds which are otherwise difficult to handle because of
their high reactivity or which easily age when stored for long
times.

The most common way for the in situ synthesis is to employ
gas—solid reactions. As in CVD, also in ALD this has most of-
ten been used with chlorides, especially with gallium and in-
dium chlorides, but also strontium and barium B-diketonates
and tungsten oxyfluorides have been synthesized in situ. Gal-
lium and indium chlorides were synthesized from metallic gal-
lium and indium and hydrogen chloride at around 750°C [18].
For in situ synthesis of [Sr(thd);],, reactions between solid Sr,
SrO, Sr(OH)», or SrCO3 and Hthd vapor were examined and the
best results were obtained with Sr and SrO [325]. [Ba(thd)],
was synthesized from Ba(OH); and Hthd [326], and WO,F,
from WO3 and WFg [205]. A risk related to the in sifu precursor
synthesis by the gas—solid reactions is the possibility that part
of the gaseous reactant passes the source to the reaction cham-
ber and etches the film. Therefore, the souce must be properly
designed to ensure complete reactions.

The in situ generation of HF differs from the preceding
solid—gas reactions in that HF was obtained by decomposing
NH4F thermally [215]. The ammonia liberated in the decom-
position apparently had no effect in that study since the fluoride
films deposited (ZnF,, CaF;, StF») are inert toward ammonia.

In addition, gas—gas reactions have been employed for in situ
generation of desired precursor compounds too. Chlorides of
gallium and indium were formed by mixing Ga(C,;Hs); and
In(CH3)3 vapors with HCI in a reaction zone heated around
100°C, thereby avoiding problems related to the low vapor pres-
sures of the binary chlonides and alkyl chlorides [18].

5.3.4. Single Source Precursors

In general, ALD processes employ two or more precursors
which each contain one of the film constituent elements (see
Section 5.3.5, however). Single source precursors which con-
tain all the film constituents are actively examined in CVD,
but in ALD they are not directly applicable because the self-
limiting growth mechanism by its nature requires exchange
reactions between different precursors and stability against self-
decomposition. On the other hand, single source ALD pro-
cesses can be realized by ramping the temperature repeatedly
so that the adsorption takes place at a low temperature and the
decomposition takes place at a higher temperature. Simple ther-
mal heating and cooling of the substrate is inevitably too slow
to be practical except for very thin films, but heating with laser
or lamp or photodissociation with high energy photons makes
the process faster. However, so far such processes have not been
examined for compound films for which the single source CVD
precursors are usually aimed, but only for deposition of elemen-
tal silicon [51, 54, 55, 57, 65, 67, 378, 381] and germanium {55,
56, 383]. For example, to deposit germanium, Ge(C>Hs),H»
was adsorbed at 220°C with a release of hydrogen and a forma-
tion of a monolayer of Ge(C2Hs)2, and then the ethyl groups

were desorbed by heating above 400°C [383]. Similarly, sili-
con was deposited in a self-limiting manner at 180—400°C by
first adsorbing Si2Hg and then by heating the substrate with a
UV laser to desorb the surface terminating hydrogen atoms [51,
378].

The combination of using only one precursor and short heat-
ing (or dissociating) light pulses also offers an interesting pos-
sibility to have the precursor continuously present in the re-
actor and omit the purging. Within the duration of short light
pulses, adsorption of new molecules in place of the decomposed
chemisorption monolayer is negligible, and thus self-limiting
film growth is achieved. This approach has been used for ALD
of silicon and germanium from SiH,; and GeHy by heating with
a Xe flash lamp [54-56]. In fact, with these particular precur-
sors the continuous presence is vital because the surface density
of the chemisorbed species is determined by the balance be-
tween adsorption and desorption; i.e., the chemisorbed species
have a high desorption probability and might thus be lost during
a purge period.

5.3.5. Combinations of Two Metal Compounds

Quite recently a novel approach to the ALD of oxides was intro-
duced [393]. In this process, two metal compounds, at least one
of which is an alkoxide and thus contains a metal-oxygen bond.
were used (Table IV). The metal alkoxide serves as both the
metal and the oxygen source while the other metal compound,
typically a metal chloride, acts as the other metal source:

bM(OR), + aM'Xy, — MpM', 043 + abRX

Depending on whether M and M’ are similar or different, bi-
nary or mixed oxides are obtained. The major benefit of not
using separate oxygen sources like water or hydrogen peroxide
is the less susceptible oxidation of the substrate surface. This is
especially important when thin high permittivity dielectric lay-
ers are to be deposited directly on silicon without creating an
interfacial silicon oxide layer (Section 6.2.2).

5.3.6. Reducing Agents and Other Additional Reagents

Under this heading, reagents which take part in the film forma-
tion reactions but do not leave any constituents to the film are
considered. The most obvious of these are the reducing agents
in the growth of elemental films. For this purpose, both molec-
ular and atomic hydrogen as well as elemental zinc and disi-
lane have been examined. Atomic hydrogen which may be pro-
duced by either plasma discharge or thermal cracking is very
reactive and facilitates even the deposition of metallic titanium
and tantalum from their chlonides [74]. Also SiCl;Hj {60, 64—
66, 170], Si»Clg [61], GeCly [62], and Ge(CHz)2H> [68, 69]
have been reduced with atomic hydrogen. Molecular hydro-
gen, by contrast, is quite inert and reduces CuCl [209, 210]
and Cu(thd); [210, 343, 344] only on appropriate metal sur-
faces (Section 6.6). For instance, the Cu(thd);-H> process re-
sulted in a film growth only when the surface was seeded with
a predeposited platinum-~palladium layer [210, 343, 344], and
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even then the copper deposition could not be repeated in a dif-
ferent reactor where high partial pressures of hydrogen could
not be used and where the residence time of the precursors was
much shorter [186]. The ALD studies on Ni(acac);, Cu(acac);,
and Pt(acac); reduction by H> also indicated the low reactiv-
ity of molecular hydrogen; metallic deposits seemed to be ob-
tained only through interactions with substrates or as a conse-
quence of thermal decomposition of the metal precursors [342].
Finally, high temperatures of 815-825°C were required to ob-
tain monomolecular layer growth when SiCl;H, was reduced
by H; [373, 374].

Elemental zinc is a powerful reducing agent and has been
employed in the ALD of copper [110] and molybdenum {204}
but it suffers from its tendency to dissolve into the metallic
films. Though the films contain only a few atomic percent-
ages of zinc, the dissolution and subsequent outdiffusion during
the process destroy the self-limiting growth mechanism (Sec-
tion 5.1.5). In the growth of transition metal nitrides, the disso-
lution of zinc into the films is not a problem {112] and interme-
diate zinc pulses have been employed in improving the proper-
ties of the films deposited from metal chlorides and ammonia
(Section 6.5). In addition to acting as a reducing agent, zinc may
also assist in removing chlorides from the surface by forming
ZnCl,. In the TaCls-NH3 process, the use of zinc is vital be-
cause otherwise semiconducting Ta3Ns is obtained instead of
the desired TaN [113], but in the other cases the positive effect
of zinc is not necessarily just simply due to a reducing action
but also other chemical and structural factors appear to be in-
volved {112]. However, as zinc forms electrically active states
in silicon, the concern that zinc could dissolve into a silicon
substrate has limited further interest toward these zinc-based
ALD nitride processes. The most recently examined reducing
agent is disilane SizHg which was successfully used in the ALD
of metallic tungsten from WFg [206] (Sections 6.6 and 7.2.2).
No silicon or fluorine could be detected in the films by X-ray
photoelectron spectroscopy.

Moving to other additional reagents, pyridine [165, 166} and
ammonia [167] have been used in catalyzing reactions between
the alternately pulsed SiCly and H,O. In this way, the deposi-
tion temperature of SiO; was decreased remarkably from above
300°C to room temperature and at the same time the reactant
exposure required to complete the surface reactions was de-
creased from 107 to 10*~10° L (1 L = 10~° Torrs). Unfor-
tunately, also these catalyzed reactions required tens of seconds
to get completed and thus the main problem of SiO;-ALD, i.e.,
the long cycle times causing low deposition rates per time unit,
still remains. The mechanism proposed for explaining the cat-
alytic effect of pyridine and ammonia involves hydrogen bond-
ing of the nitrogen atom in the catalyst molecule to surface hy-
droxyl groups (during the SiCly pulse) or water molecules (dur-
ing the H,O pulse) with a concomitant weakening of the O—H
bond and an increase of the nucleophilicity of the oxygen atom.
The catalytic effect decreased as the temperature was increased
above room temperature which may be related to decreased sur-
face coverages of SiCls and, perhaps more importantly, of cat-
alyst molecules. As good film properties were achieved with

these catalyzed processes, they are clearly an interesting ap-
proach to very low temperature ALD and they deserve further
studies to clarify their applicability to other materials.

Additional reagents may also be used for assisting the com-
pletion of the reactions. Occasionally, the complete ligand re-
moval from the metal precursors is hard and may thus lead
to impurity incorporation. This has been a severe problem in
the epitaxial growth of the III-V semiconductors where low
impurity levels are required; especially aluminum containing
compounds are prone to carbon incorporation. In the growth of
AlAs from AI(CH3):H and AsH3, dimethylamine ((CH3);NH)
supplied intermediately after AI{CHj3)2H was used to remove
methyl groups from the surface [240]. A mechanism which in-
volves reactions between the methyl groups and amine and hy-
drogen radicals was suggested to explain the observed decrease
of the carbon content from 6 x 102 to 8 x 10'° cm™3 as de-
termined by secondary ion mass spectrometry (SIMS). Nitro-
gen contents were not reported, however. Anyhow, the idea of
using separate reagents for assisting surface ligand removal is
evidently worth further consideration.

6. FILM MATERIALS AND APPLICATIONS

Table V summarizes the film materials deposited by ALD thus
far. As in Table IV, all the reported materials have been included
regardless of how effective the processes actually are. For refer-
ences, see Table IV. In this section, the most important nonepi-

Table V. Thin Film Materials Deposited by ALD?

II-VT compounds ZnS, ZnSe, ZnTe, ZnS|_ Sex,

CaS, SrS§, BaS, SrS|_,Sex,

CdS, CdTe, MnTe, HgTe, Hgy_,Cd, Te,
Cdy_MnyTe

ZnS:M (M = Mn, Tb, Tm),

CaS:M (M = Eu, Ce, Th, Pb),

StS:M (M = Ce, Cu, Th, Pb)

GaAs, AlAs, AIP, InP, GaP, InAs,
AlyGay_As, GaylIny_ As, GagIn;_, P

[I-VI-based TFEL phosphors

111~V compounds

Nitrides

semiconductors/dielectric AIN. GaN, InN, SiNy, TazNs

metallic TiN, Ti-Si-N, TaN, NbN, MoN, W)N
Oxides
dielectric Al O3, TiO;, ZrO,, HfO7, Ta0s,

NbzOs. Y203, MgO, CeO3, SiO;, Lap03,
SITiO3, BaTiO3, Bix Tiy0,

Inz03. InyO5 : Sn, SnO3, SnO; : Sb, ZnO,
ZnO: Al, ZnO:B, ZnO: Ga, Gay03, WO3,
NiO, Co304, MnOy

Transparent conductors/

semiconductors

Ternary oxides LaCo0Oj3, LaNiO3, LaMnO3
Fluorides CaF5, StFs, ZnFy
Elements Si, Ge, Cu, Mo, Ta, W
Others LayS3, PbS, InyS3, CuGa$;, SiC

TFor references, see Table TV.
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taxial thin film materials, grouped according to their applica-
tions, are discussed.

As the epitaxial semiconductors were limited outside the
main scope of this presentation, they are not dealt with here
but rather review articles [19-23] are suggested for the 1II-V
compounds, and [24, 25] for the II-VI compounds. In contrast
to the compound semiconductors, little has been published thus
far on the material properties of the ALD made Si and Ge films,
the focus in these studies has been on the film growth and the re-
lated chemistry. Also deposits other than thin films are skipped
here; the use of ALD in processing of porous materials [30~33]
and in nanotechnology [398)] have been reviewed in the refer-
ences cited.

6.1. Electroluminescent Display Phosphors

As already noted, ALD was originally developed by Suntola
and co-workers for making thin film electroluminescent (TFEL)
displays (2, 5-9]. In this application, ALD has been very suc-
cessful and has been used for nearly 20 years in manufactur-
ing [7-11]. In addition, research on using ALD in making thin
films for the TFEL displays has been active all the time and has
formed a solid basis for the more recent ALD research, particu-
larly that on insulators (Section 6.2). Therefore, it is instructive
to first have a closer look at the TFEL display itself.

A schematic of a conventional TFEL display is shown in Fig-
ure 12. A more recently developed, so-called inverted structure
is otherwise similar but the places of the transparent and metal
electrodes have been exchanged. In the conventional structure,
glass is used as a substrate because viewing is through the sub-
strate. Also in the inverted structure glass is often used but
also opaque ceramics may be applied as substrates because
the viewing is on the opposite side. The benefit of glass is its
low price whereas ceramics make it possible to use high an-
nealing temperatures for improving the phosphor crystallinity.
If soda lime glass is used, it is passivated by an ALD made
Al O3 to prevent sodium outdiffusion (Section 6.4). The ac-

Passivation

Metal electrodes
Insulator

Phosphor

Insulator
Transparent electrodes

Ton barrier

Substrate

Viewing direction

Fig. 12.  Schematics of a TFEL display with a conventional structure. In the
inverted structure the metal and transparent electrodes have changed places and
the viewing is from the film stack side of the substrate.

tual TFEL device structure consists of an electrode-insulator-
semiconducting phosphor-insulator-electrode film stack where
the electrodes are patterned into stripes perpendicular to each
other while the other films are continuous. The electrode on the
viewing side must of course be transparent and thus indium-
tin oxide (ITO) is usually used. The other electrode is metal;
in the conventional structure it is aluminum but in the inverted
structure molybdenum or tungsten with better thermal proper-
ties must be used. A passivating layer is finally deposited on the
top of the structure. At present, ALD is used in industrial scale
for all the other films except the electrodes which are sputtered.
ZnS :Mn, Al;O3 and Al 03/TiO;(ATO) are the dominant ALD
made materials used by the industry. The thickness of the phos-
phor layer is in the range of 500-1000 nm while the insulators
are about 200-nm thick, and the three layers are deposited in
one continuous ALD process.

In the TFEL displays, each crossing point of the bottom and
top electrodes defines a picture element (pixel). A pixel is lit by
applying an ac (typically 60 Hz) voltage to the two electrodes.
At low voltages, the insulator-phosphor-insulator structure acts
like three capacitors in series, but when the electric field in the
phosphor layer exceeds a certain threshold value, electrons be-
gin to flow through the phosphor from one insulator-phosphor
interface to the other. When arriving at the interface, the elec-
trons are tiapped in the interface states from which they are
emitted when the polarity of the electric field reverses. For an
effective operation of the typically used phosphor materials, the
threshold field must be in the range of 1 to 2 MV cm™!, so that
once released, the electrons are rapidly accelerated to energies
high enough to impact excite the luminescent centers which
then emit light while returning to the ground state. The phos-
phor layer must withstand these high fields without destructive
breakdown. Likewise, the insulators must possess high break-
down strength and low leakage currents at the operation volt-
ages. Pinhole-freeness over the large-area substrate is a key
aspect in meeting these requirements. In the late 1970s, few
techniques existed for making high quality insulator-phosphor-
insulator structures, and that was the main motivation for devel-
oping ALD.

Unlike the other flat panel displays, the TFEL displays have
complete solid-state structures which gives them many advan-
tages like wide operating temperature, ruggedness, exception-
ally broad viewing angle, and fast response. On the other hand,
operation voltages around 200 V are typically needed which
means that the driving electronics and thus the whole display
is rather expensive as compared to its main competitors, espe-
cially liquid crystal displays. Therefore, TFEL displays are not
found in laptops but rather they are found in applications like
medical, instrumentation, and transportation where their special
characteristics are valued.

Quite recently a new kind of TFEL display. active matrix EL
(AMEL) display has been developed [399]. Here, the insulator-
phosphor-insulator-transparent top electrode film stack is de-
posited directly on single crystal silicon-on-insulator (SOI)
wafers to which all the required driving circuitry has been in-
tegrated. This makes it possible to make small high resolution




ATOMIC LAYER DEPOSITION 127

displays for head mounted applications, for example. On the
other hand, the deposition on top of the driving circuitry sets
strict demands on the film conformality, thus favoring the use
of ALD (Fig. 13).

IPLatnR

ALTILO,

Trca

Fig. 13. Cross-sectional image of an AMEL display. Only the films of the
TEFEL structure are shown, the driving circuitry below is not shown. The
ZnS :Mn and Al Ti; O fitms are made by ALD. (Courtesy B. Aitchison, Pla-
nar Systems Inc.)

Comprehensive review articles on TFEL phosphor materials
can be found in Refs. [11, 400, 401}, so here they are discussed
chiefly from the ALD point of view. A summary of the ALD
made TFEL phosphors is presented in Table VI. The most im-
portant of the TFEL phosphors is the yellow—orange emitting
ZnS : Mn which is made by ALD primarily from ZnCly, MnCl,,
and H,S (3, 4, 8, 402}, though alternatives have been used for
both zinc (Zn(CyHs)2) and manganese (Mn(thd)s, Mn(CsHs )a,
Mn(CsMeH,)(CO)3) [295, 296, 402]. The concentration of Mn
is typically 0.5-2 mol%. In ALD, the doping is realized most
simply by replacing a certain number of the zinc precursor
pulses with manganese precursor pulses. Though this seems
to lead to delta doping depth profiles, concentration quench-
ing has not been found to be a major problem. Apparently, sur-
face roughness and diffusion smooth the doping profile. On the
other hand, due to the forbidden transitions in the Mn lumi-
nescence the Mn-Mn energy transfer is not very probable. The
other option for doping is to supply the dopant simultaneously
with the matrix cation but in that approach differences in reac-
tivities may cause nonuniformity over the substrate.

ZnS :Mn is the most efficient TFEL phosphor ever found
(3-8 Im W), No major differences in the performance can
be found between the ALD films [402, 403] and those made

lable VI Lumninescent Thin Films Made by ALD for TFEL Devices

Phosphor Emission Luminance CIE coordinates
material color cdm™? at 60 Hz” x ¥ Reference
ZnS :Mn~ (chloride-process) Yellow 440 0.52 0.48 (402]
ZnS: Mn2t Yellow 430 0.54 0.46 [402, 403]
(organometallic precursors)

Zas : Th— Green 35 [350)
ZnS : T30, Cl) Green 75 0.28 0.64 [351)
ZnS : Tm* Blue <1 (300 Hz) [345]
Ca$S: Eu?* Red 2-6 0.68 031 1404, 405]
Ca$: T Green 20 {319]
CaS:Pb2t Blue 2.5 (300 Hz) 0.17 0.13 [406]

80 0.14-0.15 0.07-0.15 (407]
S8 Cet Bluish-green 130 0.30 0.54 {408)
SrS: Ce? (filtered) Blue 8 0.08 0.20 [408]
$1S:Ce>t, Y37 Bluish-green 100 0.3 0.5 {360}
S1S: Ce*t, YO (filtered) Blue 20 0.21 0.39 {360]
S8 Pt White 30 (300 Hz) (345]
StS: Tht Green 5.5 (347]
S8 Mn2t Green 3.5 (300 Hz) 0.37-0.44 0.55-0.61 [409)
StS: MnZt, Pb2t White 7 (300 Hz) 0.28 0.39 {4091
SrS: Cut Blue (green) 25 0.17 0.30 [410)
Sr8: Pbit Bluish-green 17 (300 Hz) 0.26 0.33 [406]
SrS: Pb?t (fltered) Blue 1.8 (300 Hz) 0.14 0.09 (406]
CaF, : Fu?t Blue (450 nm) 2 (1 kHz) 0.2 0.1 [215]
ZaS ; Mn? /518 Cedt White 4802 0.49 0.48 [338, 402, 408

aNole that the voltages in the luminance measurements vary in different references from 25 to 50 V above the threshold.

b Value for one pixel; i patterned full devices values of 21 and 70 cd

=2

m ™~ with 60 and 350 Hz, respectively, have been achieved for areal luminance [411, 412].
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by other methods, like thermal and electron beam evaporation
or sputtering. A clear advantage of ALD is, however, a larger
grain size at the beginning of the film growth which ensures
that in the ALD made films the dead layers, i.e., layers with no
emission due to poor crystallinity, are thinner than in the films
made by the other techniques [413, 414]. The emission band of
ZnS : Mn is so broad that with proper filters it may also be used
as a red or a green phosphor for multi- and full color displays.
To avoid parallax, the filters need to be placed close to the film
stack and because this is not possible in the conventional struc-
ture (Fig. 12) where the substrate would be left in between, the
inverted structure was developed by replacing the positions of
the metal and the transparent electrodes [10].

ZnS : Tb is the other zinc sulfide-based material which has
shown EL properties good enough for applications. In the de-
position, Tb(thd); has been used as a precursor and good results
have been obtained when several subsequent Tb(thd)s/H»S cy-
cles have been used instead of one. Thus, the actual structure
has been of a TbS,/ZnS sandwich type [350, 351]. The rare-
earth ions (Ln ") are large as compared to the zinc ion and
therefore in practical rare-earth concentrations (few percent) the
rare-earth ions when homogeneously distributed cannot locate
at the zinc site in ZnS but rather a Ln;O032S center is formed
[415].

Due to the excellent performance of ZnS :Mn in the long
wavelength part of the visible spectrum, quite a lot of the more
recent phosphor research has been devoted to the blue phos-
phors which are needed to complement ZnS : Mn in making a
full color display. Here, the most intensively studied material
has been bluish-green emitting SrS : Ce for which the basic pro-
cess uses Sr(thd);, Ce(thd)4, and HzS as the precursors [337,
338], but also different fluorinated S-diketonate Ce complexes
have been studied as source materials for the Ce dopant [339,
340]. The use of cyclopentadienyl compounds as precursors be-
gan with Ce compounds [360] but also the host material StS has
been made from metalorganic precursors, from Sr(Cs'Pr3Hs)2
for instance [359, 416]. Despite all the efforts, the performance
of SrS:Ce after blue filtering (10-20 cd m—2 depending on
the filter) is still somewhat lacking the level required (20-
30 cdm™?) for commercializing the full color displays. The
total EL brightness of SrS :Ce is good (>100 cd m~?) but un-
fortunately the majority of the emission falls in the green re-
gion (Table VI). Quite recently, SrS : Cu and CaS : Pb have been
taken under study as new potential blue phosphors. Especially
for CaS:Pb, deposited from Ca(thd),, Pb(CyHs)4, and HjS,
very promising results have been reported: deep blue emis-
sion, CIE (Comission Internationale de I’Eclairage) color coor-
dinates ranging from (0.14, 0.07) to (0.15, 0.15), and Juminance
of 80 cd m™2 with low driving voltage but the efficiency is still
an issue [407].

In addition to the previously mentioned, many other poten-
tial phosphors have been deposited by ALD in the search of
materials for full color TFEL displays (Table VI). The mate-
rials studied are rare-earth doped zinc and alkaline earth sul-
fides. The rare-earth ions, besides cerium and terbium, include
europium (red), samarium (red), praseodymium (white), and

thulium (blue). Most of the materials have been examined al-
ready in the 1980s and the EL performance levels reached by
ALD are also here quite similar to those obtained by the other
film deposition methods. Unfortunately, the EL properties of
these materials are far below the level needed in TFEL devices.

6.2. Insulators
6.2.1. Insulators for TFEL Displays

In the TFEL displays (Section 6.1, Fig. 12), the insulator films
limit current transport across the TFEL device. Since high elec-
tric fields of about 2 MV cm™! are typically used, high dielec-
tric field strength (high breakdown field, Epp) and pinhole-
freeness over the whole display area is required. Therefore, the
insulators seem to be perhaps the most critical part in the prepa-
ration of reliable TFEL displays. A detailed discussion on the
role of the insulators and their requirements has been presented
in Refs. {11, 400, 401], so here we just summarize the most
important properties of the insulator films:

(i) high electric field strength,

(i1) high relative permittivity, &,,

(iii) pinhole-free structure,
(iv) self-healing breakdown mode,

(v) convenient and stable interface-state distribution from
which electrons are emitted into the phosphor at proper
electric fields,

(vi) good thickness uniformity and conformality,

(vii) good adhesion and stability with the adjacent electrode
and phosphor layers,

(ix) stress-free.

The insulator films should preferably be amorphous because
polycrystalline films lead to rough interfaces and they contain
grain boundaries through which electrons can flow and ions
can migrate. The requirements of high field strength and high
permittivity are contradictory since, in general, insulators with
high permittivity suffer from low breakdown fields. In addition,
their breakdown mechanism is usually propagating rather than
self-healing. Therefore, insulators with moderate permittivity
but high Epp have usually been preferred. A convenient figure
of merit for the insulators is the charge storage factor, €g¢; Egp,
which shows the maximum charge density that can be stored in
a capacitor made of a given insulator. Here, it must be noted,
however, that while ¢, is usually well defined, Epp is a statis-
tical quantity and depends on the measurement method and the
definition of breakdown; i.e., whether the breakdown field is
that causing a destructive breakdown or a certain leakage cur-
rent density, like 1 uA cm™2. Table VII summarizes dielectric
properties of ALD made insulators potential for TFEL displays.
In addition to those listed in Table VII, several other potential
insulator films have also been grown by ALD (Y203, MgO,
Ce(3;, AIN, see Tables IV and V) but their dielectric proper-
ties have not been reported in enough detail. On the other hand,
some of the high permittivity insulators (TiO3, Nb2Os, SrTiOg3,
BaTiO3) are considered too leaky to be applied in the TFEL
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Teble VII.  Dielectric Properties of ALD Made Insulators Potential for TFEL Displays?
Egp £ger EBD

Material &r (MVem—!) (nC mm~2) Reference
Al O3 7-9 3-8 16-50 [129, 133, 135, 136, 216, 220, 225, 227. 237]
Nb, Al O; 3 5 42 [136]
AL 03/TiO, 9-18 5-7 40-80 [107,417)]
AbO3/Ta 05 10-20 2-6.6 20-55 [130, 131, 133, 135]
HfO, 13-16 1-5 8 (131,197}
Ta;0s/HfO, 19-23 2.5-5 40-66 [131, 197]
Zr0, 20 | 20 [133]
TayOs 23-25 0.5-1.5 5-10 [131, 133, 197}
TayOs/2r05 25-28 2-25 40-60 (133]
Ta,TiyO; 27-28 1 33 [418]
Nby TayO; 25-35 0.5-1 25 {202]
Nby Ta, O,/Zr0; 31-33 3 83 (192}
Ta305/NbyOs 38 0.5 17 {202}

9 Typically the best results or a range of the best values are given for each material. The notation of AB/CD refers to a stacked insulator (nanolaminate) with a
variable number of layers. Note that the £gp values depend on its definition, and consequently also £g&, Egp depend on the definition of Egp. Most of the results

are based on ERpy corresponding to a leakage current density of | g Acm™2.

displays as such, without a combination with higher resistivity
materials, and are therefore not included in Table VII.

In the commercial TFEL displays, the ALD made insula-
tors are AlhO3/TiO> (ATO) or just Al,Osz which are made
from the corresponding chlorides and water. For aluminum,
Al{CH3)3 may also be used. The Al;O3/TiO; insulator [107,
399,402,417, 419] is a good representative of composite struc-
tures where advantageous characteristics of two or more mate-
rials are combined in realizing insulators which are at the same
time reliable (high £pp) and efficient (high ¢,). In other words,
the epe, Epp value of the composite exceeds those of its binary
constituents (Table VII).

Later, TapOs based composite insulators have been exam-
ined in great detail (Table VII). Ta2Os5 has a relatively high per-
mittivity of 25 but in the as-deposited state it is usually quite
leaky due to oxygen deficiency. To improve this shortcoming,
a concept of nanolaminate was introduced. Nanolaminates con-
sist of alternating layers of two or more insulator materials so
that each separate layer has a thickness in a range of 1-20 nm
(Fig. 14a) [197]. Due to the sequential film deposition in
ALD, the preparation of nanolaminates with accurately varying
composition depth profiles is straightforward. The ALD made
nanolaminates studied so far have consisted of stacked layers
of Ta;Os, ZrO;, HfO,, Al;03, NbOs, and their solid solutions
deposited from Ta(OC;Hs)s, TaCls, ZrCly, Zr(OC(CH3)3)4,
HfCl4, AICl3, Nb(OCyHs)s, and HpO at 325°C and below.
Figure 14 compares the dielectric properties of HfO3-Ta;0s
nanolaminates to their binary constituents. The labels describe
the nanolaminate configuration as N x (dufo, + dTa,0,) Where
N is the number of the HfO;-Ta;Os5 bilayers, and dyeo, and
dT1,04 are the thicknesses of the corresponding single layers in
nanometers. A number of conclusions can be drawn:

(i) the leakage current in the nanolaminates is lowered in
relation to both constituents and is strongly dependent
on the actual nanolaminate configuration (Fig. 14b),

(ii) the permittivity is nearly, though not entirely a linear
function of the relative thickness of the binary
constituents (Fig. 14¢),

(ii1) the charge storage factor has a maximum, about
10-fold of that of the binaries, at a certain relative
thickness of the constituents (Fig. 14d).

An interesting observation is that in the nanolaminates the
leakage current density is lowered not only in relation to the
more leaky component, Ta;Os, but also in relation to the higher
resistivity HfO; (Fig. 14b). In other words, the addition of lay-
ers of the high leakage current material Ta;Os to HfO; has
a positive effect on the leakage current properties. This im-
provement, which at first sight seems somewhat surprising,
is attributed to the elimination of grain boundaries extending
through the whole insulator from one electrode to the other.
Polycrystalline insulator films, like HfO; here, usually exhibit
extra conductivity along the grain boundaries. In the nanolam-
inate structure, the continuous grain growth of HfO,, and thus
the continuous grain boundaries, are interrupted by the amor-
phous Ta;Os layers. Another potential explanation for the im-
proved leakage current properties of the nanolaminates is the
trapping of electrons at an interface next to a weak point in one
sublayer, thereby decreasing the injecting electric field in the
vicinity of this point. Nevertheless, if these two mechanisms
were the only ones responsible for the reduced leakage cur-
rent, the layer thicknesses should not have such a significant
effect as observed (Fig. 14b). Therefore, it appears that also
some other, layer thickness-dependent factors arc involved. Es-
pecially the crystal structures and crystallite sizes of the poly-
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Fig. 14. (a) Schematic of a HfO2-Ta;Os nanolaminate insulator between ITO and Al electrodes. (b} Leakage current densities of HfO; and TazOs films

and various HfO;-Ta;Os nanolaminates, all having a total thickness of about {70 nm. The nanolaminate configurations are described with a notation
N x (dufo, + dray0g) Where N is the number of bilayers, and dyro, and dra, 04 are thicknesses of the single HfO, and TayOs layers, expressed in
nanometers. (¢) Relative permittivities and (d) charge storage factors Q = g, EBp of the HfO,-Tap O5 nanolaminates vs the relative thickness of the HfO,
layers. Epp is taken as a field which induces a leakage current density of | wAcm™2 [197]. Reprinted with permission from K. Kukli et al., Tailoring the

dielectric properties of HfO;-TapO5 nanolaminates, Appl. Phys. Let. 68, 3737 (1996), © 1996, American Institute of Physics.

crystalline layers seem to affect both leakage current and per-
mittivity [133, 197].

The other nanolaminate structures examined have shown
rather similar basic behavior as the HfO;-Ta;Os5 nanolami-
nates, though some interesting differences have been identified
as well. In the Al;03-TayO5 nanolaminates where the both con-
stituents are amorphous, no improvement of the leakage current
was observed in comparison with Al;O3 which is the compo-
nent having the better resistivity [133]. This supports the idea
that the improvements observed in the HfO;-Taz 05 nanolami-
nates are indeed due to the grain boundary interruption. In the
Zr0;-Ta 05 nanolaminates, on the other hand, the permittiv-
ity did not decrease smoothly as a function of the increasing
ZrO; relative thickness but had values (27 to 28) which were
higher than those of either of the constituents (25 for Ta; Os. 20

for Zr0Os) when as thick (150-200 nm) as the total thickness
of the nanolaminate [133]. This was attributed to the domi-
nance of the higher permittivity tetragonal phase of ZrO; in
the thin layers in the nanolaminates as opposite with the mono-
clinic phase in the thicker binary films. Such an effect could also
possibly explain the observed nonlinearities in the permittivity
of the HfO,-Ta;0s nanolaminates (Fig. 14¢) since these films
were found to consist of a mixture of monoclinic and tetragonal
HfO;. By contrast, in the completely amorphous Al203-TayOs
nanolaminates the permittivity decreased linearly from 25 for
Tay 05 to 8 for Al,O3 [133].

The highest charge storage factor obtained so far is 84
nC mm~2 measured for the Nb,Ta,O,-ZrO; nanolaminates
where solid solitions were formed from Ta;O5 and Nb;Os, the
latter of which has a high permittivity (about 50) but is very
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leaky in the binary form [192]. When mixed with Ta;Os, the
leakage is decreased to a reasonable level, and even if also the
permittivity decreases to 2535, it remains higher than that of
Ta0s. As a consequence, the Nb;Ta, O, solid solution shows
improved dielectric properties in comparison to both of its con-
stituents, and hence the nanolaminates are also improved by re-
placing Ta;Os with Nb,Ta, ;.

6.2.2. Insulators for Microelectronics

The success in the demanding application of the TFEL dis-
plays clearly demonstrated the capabilities of ALD in making
high quality insulators for large-area applications. This, to-
gether with the other beneficial features of ALD, has subse-
quently encouraged ALD insulator research also in other areas,
particularly in microelectronics. While the TFEL insulator re-
search serves as a good starting point for microelectronic appli-
cations, there also are some important differences which some-
what limit the direct applicability of the results from the TFEL
insulators. First, the insulators in the TFEL displays are usu-
ally about 200 nm thick while the present and future integrated
circuits require much thinner films down to a few nanometers.
Second, the electrodes are quite different: in TFEL displays Al,
Mo, and ITO are typically used whereas in the integrated cir-
cuits the insulators are combined with Si, Al, Pt, and perhaps
with also some other conductors yet to be defined.

In the silicon-based integrated circuits, SiO; and SiO;N,
have been the insulators of choice for decades. Unfortunately,
no effective ALD processes for these materials have been found
so far. In all the processes reported by now (Table 1V), lengthy
exposure times are required. On the other hand, an interesting
room temperature ALD process for depositing SiO; from SiCls
and H>O using pyridine [165, 166] or ammonia [167] as a cat-
alyst has been reported, though also there long exposure times
were needed (Section 5.3.6).

As is well known, the continuous decrease of the device sizes
in the integrated circuits will soon lead to a situation where
§i0; and SiO;Ny can no longer be used as the insulators. In
both metal-oxide-semiconductor-field-effect transistors (MOS-
FET) and dynamic random access memory (DRAM) capaci-
tors silicon-based insulators are projected to be scaled so thin
in the coming years that direct tunneling currents through them
become detrimentally large. Therefore, insulators with higher
permittivity and methods for their controlled deposition are ur-
gently looked for. As the new materials are required for re-
placing SiO» in devices where the latter would need to have a
thickness of 1.5 nm or below, the substitutes must accordingly
have an equivalent thickness (deq = (gsi0,/8)d = (3.9/¢)d) of
1.5 nm or less. Such equivalent thicknesses must be achieved
repeatedly over the 200- or 300-mm wafers. Clearly, this is an
application to which ALD is ideally suited: very thin films with
accurately controlled thickness over large areas. In addition, in
DRAM capacitors excellent conformality is also highly appre-
ciated as the memory capacitors will have three-dimensional
structures.

Fig. 15, High resolution TEM image of an Al;O3-Si interface where the
Al;04 film was deposited from AICl3 and AIOCH(CHy)9)3.

In MOSFETs, the gate insulator is deposited directly on sil-
icon. An achievement of an equivalent thickness of 1.5 nm and
below requires that the high permittivity insulator is deposited
on silicon so that only very thin, preferably only a one-to-two
monolayers thick silicon oxide layer forms at the interface. If
the interface oxide becomes of a considerable thickness, it will
start to dominate the overall capacitance of the resulting insu-
fator stack which may be understood to consist of two capac-
itors in a series giving a total equivalent thickness deq, 101 =
dsio, + deq- A very thin interface layer is preferred, however, as
it is beneficial for good interface characteristics, i.e., low inter-
face trap density. The interfacial SiO; layer may form by two
mechanisms: by a reaction between silicon and the high permit-
tivity oxide, and by oxidation of the silicon surface during the
oxide deposition. To avoid the first mechanism, oxides which
appear to be thermodynamically stable in contact with silicon
should be chosen, such as Al»Q3, ZrQ», and HfO, and their sil-
icates. ALD processes have been reported for all these oxides
(Table IV).

Amorphous Al;O3 films have already been grown directly
on HF etched silicon without creating an interfacial layer by
both AI(CHa)3-Hz0 [194, 222] and AlCl;-Al(OCH(CH3)2)3
(Fig. 15) [393] ALD processes. The latter belongs to the new
group of ALD oxide processes where no separate oxygen
sources are used (Section 5.3.5). These were developed to elim-
inate the possibility that the conventional oxygen sources used
in the ALD processes, like water and hydrogen peroxide, could
oxidize the silicon surface and thereby create the interfacial ox-
ide layer. Detailed electrical characterization of these films are
still in progress, however. The absence of the interface layer be-
low the films deposited by the Al(CH3)3-H,O process is some-
what surprising as water might be expected to oxidize the sili-
con surface (see the following). Perhaps this is counterbalanced
by the reducing nature of AI(CHj3)3. These Al;O3 films have
shown low leakage currents, and C-V measurements have indi-
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cated relatively low midgap interface-state densities (one esti-
mate being 10'! states eV—! em™2 [216)) but have at the same
time given indications of some mobile and fixed charges, es-
pecially when large bias voltages have been applied [216, 220,
222}

Ultrathin ZrO, films have been deposited by ALD from
ZrCly and H>O at 300°C on differently treated silicon surfaces
[193, 194, 420, 421]. Contrary to the previously mentioned
Al03 films, on native oxide-free (HF etched) silicon the ZrO;
films exhibited rather poor morphology with islands of crys-
talline ZrO; dispersed in an amorphous matrix and roughened
interfaces [193, 194]. In addition, an interfacial Si0O; layer was
also formed. On thermally oxidized silicon, the crystallites were
better developed and interfaces were abrupt, and more ZrO»
was deposited than on the HF stripped silicon. These findings
suggest that the initial nucleation of ZrOy on oxide-free, hy-
drogen terminated silicon is suppressed, but the possibility of
detrimental reactions between ZrCly and silicon must be kept
in mind as well. The ZrO, films on thermal SiO; were sta-
ble against intermixing and interfacial reactions up to approxi-
mately 900°C but higher temperature annealing in vacuum re-
sulted in a formation of ZrSi; islands.

On chemically oxidized silicon, ZrCly interacted with the
oxide layer resulting in a Zr-Si-O interface layer with a per-
mittivity twice as high as that of $iO; [420]. This difference in
comparison with the thermal oxide was attributed to the pres-
ence of silicon suboxides in the chemical oxide. The resulting
Zr-Si-O interface layer was not very stable, however, and de-
composed into ZrO; and SiO; at 500°C. Electrical characteri-
zation of Si0,/ZrO, dielectric stacks obtained by depositing 5
to 10-nm ZrO; on a chemical oxide indicated both a presence of
fixed negative charge (effective density of 5.2 x 10'* cm~2) and
an electron trapping (1.5 x 10'2 cm~2) [421]. Leakage through
such a stack was concluded to proceed by a direct tunneling
of electrons through SiO; and trap-assisted tunneling through
ZrO;. A similar mechanism was also observed for an analogous
S$i10,/Ta> 05 dielectric stack [421].

A good quality ZrO; was obtained on an ammonia treated
(nitrided) silicon. A 4.0-nm thick ZrQ; film on a 1.3-nm inter-
face layer resulted in an equivalent thickness deq = 1.4 nm and
a low leakage current of 10~ A cm™2 [420].

On a bare silicon substrate, the TaCls-H,O process caused
a formation of a 1.5-nm SiO; interface layer at 300°C [195].
When the silicon was passivated with 2.8-nm silicon nitride, no
oxide layer was observed at the interface.

A common observation on many thin ALD oxide films on
silicon is that their permittivity decreases considerably as the
thicknesses are scaled down. Such a decrease cannot be ex-
plained solely in terms of a lower permittivity interface layer
but is also observed when the contribution of the interface is
taken into account. For example, in the study of the Si0,/ZrO>
dielectric stacks a permittivity of 15 was evaluated for the 5-
to 10-nm ZrO; layers after subtracting the contribution of SiOy
[421] while values around 20 have usually been obtained for
thicker films (Table VII). A similarly decreased permittivity of
15 was also obtained for 10-nm ZrO, in another study where,

in addition, parallel decreases were observed with Ta; Qs (from
27 to 15 for a 16-nm film) and HfO, (from 16 to 11 for an
1 1-nm film) {195]. On the other hand, rapid thermal annealing
at 700°C increased the permittivity of Ta;Os to 21, obviously
due to a densification of the films. In fact, studies on the ef-
fects of postdeposition treatments on the dielectric properties
of ALD made oxide films have so far remained in their infancy
and should be explored in detail in the future.

In the DRAM capacitors, the insulator fitm is deposited
on three-dimensional electrodes. For the near future DRAMs,
Ba;_,Sr, TiO3 is the most extensively examined insulator. Re-
cently ALD processes were developed for both SrTiO3 and
BaTiOs using novel Sr and Ba cyclopentadienyl compounds
as precursors together with Ti(OCH(CH3)2)4 and H2O [356-
358]. The use of these new precursors was crucial because the
B-diketonates Sr(thd), and Ba(thd); that have been widely used
in CVD, and that have also been used in the ALD of sulfides {cf.
Table IV), do not react with water at temperatures which would
be low enough so that they or Ti(OCH(CH3)2)4 would not de-
compose thermally. The pB-diketonates do react with ozone,
e.g., Sr(thd), reacts with ozone at around 300°C but the re-
sulting film contains SrCO3, or when combined with titanium,
an amorphous mixture which needs to be annealed at 700°C
to get SrTiOj3 crystallized [322]. By contrast, using strontium
bis(tri-isopropylcyclopentadienyl} (St(Cs'Pr3Ha)0), crystalline
SrTiOs films with excellent conformality were obtained at 250—
325°C (Fig. 16a and b) [356-358]. The Sr/Ti ratio in the films
was well correlated to the pulsing ratio of the metal precur-
sors (Fig. 16¢), and after annealing at 500°C in air, the films
with the optimized composition had permittivities up to 180
(Fig. 16¢) as measured in a capacitor structure ITO/SrTiO:/Al
However, because the leakage of SrTiO3 is largely governed
by the Schottky emission, large leakage current densities were
measured with this electrode configuration. Recent studies have
indeed verified that the application of Pt electrodes significantly
reduces the leakage current level [357]. On the other hand,
as common to these materials, a decrease of permittivity with
film thickness was observed: for a 50-nm SrTiO; a permittiv-
ity of only 100 was measured [356]. Clearly, high temperature
annealings will be needed to increase the permittivity of the
thinnest films, Likewise, solid solutions of Ba;_ Sr, TiO3 are
to be examined.

Though clearly beneficial in the case of thicker insulators
(Section 6.2.1), the nanolaminate concept is quite problem-
atic to apply in MOSFETs and DRAMSs where the insulators
are much thinner. Note, for example, that in Figure 14 the
lowest leakage current was achieved with a configuration of
10 x (13.5+ 5 nm), for which the permittivity was 20. Thus, for
an equivalent thickness of, e.g., 2 nm, a single layer pair would
already be too thick. On the other hand, taking a thickness of
2.5 nm for each layer, the permittivity is 22 (Fig. 14), and thus
a configuration of 2 x (2.5 + 2.5 nm) should give an equiva-
lent thickness of 1.8 nm. However, in an attempt to make thin
Tay0s-Zr0O, nanolaminates consisting of either 2.5- or 1.0-nm
sublayers, it was observed that although permittivities of 22 (on
Si) and 24 (on ITO) were achieved with 100-nm films, the per-
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Fig. 16. (a) SEM image of a cross section of an ALD made ScTiO3 film on
a substrate with trenches. (b) X-ray diffraction patterns of a StTiO3 film as de-
posited at 325°C and after annealing in air at 500°C. (c¢) St/Ti ratio (&) and
permittivity (o), the latter being measured after the 500°C postdeposition an-
nealing in air, as a function of the SK(Cs! PryHs)2-HoO to Ti(OCH(CHz3)7)4-
HyO cycle ratio for SrTiOs thin films deposited at 325°C [356]. Reprinted
with permission from M. Vehkaméki et al., Growth of S1TiO; and BaTiOj3 thin
films by atomic layer deposition, Electrochem. Solid-State Lett. 2, 504 (1999),
© 1999, The Electrochemical Society Inc.

mittivities decreased substantially when the films were made
thinner, 7- to 10-nm thick {357]. The decrease was more severe
on silicon (¢ = 12 for 2.5 nm and ¢ = 8 for 1.0-nm sublayers)
than on ITO (¢ = 15 for 2.5 nm and ¢ = 10 for 1.0-nm sub-
layers), but as in both cases a decrease was observed, also other
factors than the interfacial SiO, layer must be involved. These
films were in their as-deposited state, however, and hence a fur-
ther decrease of the obtained equivalent thicknesses of about
3.5 nm may be expected after postannealing treatments. Simi-
lar permittivities of 12-14 have also been obtained in another
study where thin (10-12 nm, including the underlying 2.8-nm
Si3Ny) TapOs-HfO;, Tax0s5-ZrOz, and ZrO;-HfO> nanolami-
nates were examined, and the resulting equivalent thicknesses
were accordingly from 3.0 to 3.3 nm [195].

Another concern in applying nanolaminates in microelec-
tronic applications is charge trapping at the internal interfaces,
especially when one of the components shows significant leak-
age like TaOs. Such a trapping may manifest itself as hystere-
sis in the C-V characteristics, for example. In any event, the
possibility offered by ALD to straightforward preparation of
accurately controlled multilayer insulator structures is clearly
an opportunity worth further studies.

Ta,;Os-HfO; nanolaminates have also been examined in in-
tegrated passive capacitors [422,423]. A 48-nm thick film made
up of 3-nm layers exhibited a permittivity of 23, so the capaci-
tance density was 4 to 5 nF mm ™2, The breakdown strength was
high, 6.5 MV cm™', but the defect density was relatively high
because of particles from the HfCly source.

In the integrated circuit metallization schemes the situation
is the reverse of that in MOSFETs and DRAMs. The intermetal
and interlevel SiO- insulators have shrunken so narrow and thin
that capacitances between the adjacent conductors have become
large enough to be the limiting factor for the overall speed of
the circuit. In addition, crosstalk between the closely spaced
conductor lines has become a concern. To minimize these prob-
lems, insulators with permittivity lower than that of Si0,, such
as fluorinated SiO; and polymers, are actively examined. Un-
til now, no studies on the ALD of these materials have been
reported, however.

6.3. Transparent Conductors

Transparent conducting oxides (TCO) are used in many large-
area applications like flat panel displays, solar cells, windows,
and antistatic coatings. A good ALD TCO process would be es-
pecially important in the TFEL display manufacturing where it
could be combined with the preceding ALD process, namely.
ion barrier deposition in the conventional structure (cf. Fig. 12)
or insulator-phosphor-insulator process in the inverted struc-
ture. Nevertheless, though ALD processes have been developed
and examined for many TCO films (Table VIII), none of them
has so far replaced the well-established sputtered indium~tin
oxide (InyO3 : Sn, ITO) in commercial TFEL displays.

In general, the properties of the ALD made TCO films (Ta-
ble VIII) are rather similar to those obtained by other meth-
ods. The lowest resistivity (2.4 x 1074 Q cm) has been achieved
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Table VIII.  Electrical Properties of Transparent Conducting Oxide Thin
Films Prepared by ALD#
p M n
Material (107% Qcm) (em2 V-l sTH a0 em=3) Rcference
In;03 35 72 2.5 [115, 159]
In;03:Sn 24 34 78 [159, 160]
Sn0O, 1400 20 0.2 [173, 175}
120 [271]
SnO7 : Sb 9 12 58 [175]
Sn05 :F 33 271
Zn0O 45 33 4.3 [272, 284, 289, 292]
ZnO with UV 6.9 20 39 [52}
irradiation
Zn0: Al 8.0 30 26 272]
Zn0: Ga 8.0 40 20 [293])
ZnO:B 5.0 26 49 {289, 292)

4 p is resistivity, p is electron mobility, and n is electron concentration.

with ITO deposited from InCl3, SnCly, and H>O or HO». The
ITO process suffers, however, from a relatively low deposition
rate of 0.2-0.4 A cycle ™! so that the effective growth rate is at
best only 2 nmmin~' [159]. Attempts to find indium precur-
sors more reactive than InCl3 have all failed so far [424]. Also
the SnCls-SbCls-H20 process used for depositing SnQ; : Sb is
rather slow (0.35 Acyclc") [173]. By contrast, ZnO doped
with boron, aluminum, or gallium can be deposited from the
corresponding metal alkyls, diborane, and water with high rates
from 0.5 to 2.8 Acycle™!, and effective growth rates up to
13 nmmin~! are achievable [424]. However, the resistivities are
remarkably higher than in ITO (Table VIII), and thus a sheet re-
sistance of 5 Q =1 which is typically required in the TFEL dis-
plays could be achieved only with about 1600 nm thick ZnO: Al
films as compared to the presently used 300- to 500-nm ITO
films. An interesting observation on nondoped ZnO films was
that their electron concentration could be increased 10-fold by
UV irradiation during the growth, thereby resulting in a resis-
tivity of 6.9 x 10™* Q em [52].

As compared to the other ALD TCO processes, the zinc
alkyl-based processes have a major benefit in that they may
be run well below 200°C. This has been utilized in making
front contacts to the temperature sensitive CdS/CulnSe; solar
cell absorber structures: an efficiency of 14.3% was achieved
using ZnO : Al made by ALD at 150°C [425]. ZnO: B, in turn,
has been examined as a transparent conductor in amorphous-
silicon (a-Si) solar cells. Because the ALD made ZnO : B films
are only weakly textured, their light scattering properties are
poor for the a-Si solar cells. Therefore, a bilayer structure com-
bining a texture of a metal organic chemical vapor deposited
(MOCVD) ZnO: B and the low resistivity and good stability of
the ALD ZnO:B was developed resulting in an efficiency of
8.2% in a 1.0-cm? single p—i—n junction a-Si solar cell [292].

Though not an actual conductor, TiO; is often so oxygen de-
ficient that its conductivity may reach 1 (€2 cm)~'. The utiliza-

tion of this moderate conductivity and the good chemical stabil-
ity of TiO, has been examined in a-Si solar cells in protecting
ITO from a hydrogen plasma used for depositing the a-Si layer
[426]. A 30-nm TiO; layer made by ALD from TiCly and H,O
increased the cell efficiency from 4.9 to 6.6%. In addition to its
protecting action, TiO; also served as an antireflection layer for
the blue light.

6.4. Passivating and Protecting Layers

The pinhole-free and dense structure of the ALD made films
make them interesting also for many passivating and protecting
applications. The first one of these is the use of ALD Al,O3 as
an ion barrier layer in the TFEL displays (Fig. 12). Usually, the
sodium out-diffusion from soda lime glass prevents this inex-
pensive glass from being used as a substrate for the TFEL and
other devices sensitive to sodium. It has been proved, however,
that the ALD made Al>O3 films effectively prevent the sodium
migration [427], thus facilitating the use of soda lime glass in-
stead of the more expensive near-zero alkali glasses. ALD made
AlzO3 is also used as a final passivation layer on top of the
TFEL thin film stack (Fig. 12). The excellent conformality and
the amorphous structure with no grain boundaries are clearly
the key benefits of the ALD Al; O3 in blocking the migration of
ions and moisture.

Yet another use where the protecting properties of the ALD
Al;O3 have been examined in the TFEL displays is an etch stop
for patterning the phosphor layers [428]. This was needed when
a stacked dual substrate structure was examined for multicolor
displays. In this structure, one substrate had the blue phosphor
as a continuous layer while the other substrate incorporated the
red and green phosphors, ZnS : Mn and ZnS : Tb, respectively,
patterned to separate pixels. After depositing and patterning
ZnS : Tb, that was covered by an Al;Oj3 etch stop layer and
ZnS :Mn so that during the wet etching of the latter, the etch
stop protected the ZnS : Tb layer. Remarkably, an as thin as 60-
nm Al;Oj3 etch stop layer was effective for this purpose. How-
ever, because of the complexity of the stacked dual substrate
TFEL structure, it was subsequently rejected as a commercial
display.

A key aspect in corrosion protection is a prevention of mate-
rial transportation across the metal-electrolyte interface. There-
fore, the good barrier properties discussed earlier clearly point
the potential of the ALD made films in corrosion protection.
Preliminary studies have indicated that the metal surface has
a crucial effect on the film density: dense films were obtained
on stainless steel but ordinary steel was much more difficult to
protect [429]. The best results were achieved with Tay;Os which
at the same time is amorphous and chemically stable. Al,O3
is also amorphous and thus free of grain boundaries, but being
ampbhoteric it dissolves to strong acids and bases. TiO2, in turn,
is chemically stable but because it is polycrystalline, it contains
grain boundaries along which ions can migrate, though slowly.
Similar to the nanolaminate insulators (Section 6.2.1), better
results were achieved also in this case by using Al,O3-TiO;
multilayers where the grain boundaries extending through the
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whole film were interrupted. Nevertheless, as erosion is usually
strongly involved in corrosion, it is doubtful if it is economic
to make ALD films thick enough. Rather, it may be envisioned
that ALD films could be used as underlayers below thicker but
less dense layers made by faster methods. In such a structure,
the thicker overlayer would take the erosion load whereas the
ALD made layer would give the chemical protection at the in-
terface.

6.5. Transition Metal Nitride Diffusion Barriers

Transition metal nitride layers are used in the integrated circuits
as barriers in preventing interdiffusion and reactions between
metals and silicon or insulators. As the device dimensions have
been aggressively scaled down, the cross sections of metal lines
have decreased accordingly. Consequently, the importarnce to
be able to fill the available space with metal as fully as possible
has continuously increased. At the same time, the aspect ra-
tios of trenches and vias have increased. These trends have led
to such requirements for the future diffusion barriers that will
clearly favor the use of ALD: the barriers should be thin, a few
nanometers only, uniformly all around the deep trenches and
vias, and still have dense and void-free structure to effectively
prevent the detrimental interactions. Low resistivity is also re-
quired but the thinner the films can be made, the less stringent
this requirement apparently becomes. Finally, as the future low
permittivity intermetal insulators may be polymers with limited
thermal stability, 400°C is often cited as the maximum deposi-
tion temperature.

A majority of the ALD transition metal nitride processes ex-
amined so far are based on the metal chloride-ammonia pre-
cursor combinations (Table IX). In general, these nitrides have
acceptably low resistivities which are comparable to those re-
ported for CVD nitrides. The highest quality films have been
obtained wusing zinc as an additional reducing agent, but be-
cause of concerns related to zinc these processes hardly become
accepted to the semiconductor applications. Nonetheless, also
without zinc reasonable film propertics have been obtained, tan-
talum nitride being an exception becausc without zinc the insu-
lating TazNs5 was obtained even when dimethy] hydrazine was
used as the nitrogen source [114]. Excellent film conformality
extending down to the sharp corners at the trench bottoms has
been verified (Fig. 17), and trench filling as an ultimate confor-
mality test has also been proved [88]. Preliminary barrier stud-
ies on TiN between Cu and Si were encouraging as well, the
failure temperatures were around 650°C as judged on the basis
of surface silicon content and etch pit tests [186]. Grain bound-
ary diffusion was concluded to be the dominant mechanism for
the barrier failure.

One concern of the metal chloride~ammonia processes, also
shared by the only metal iodide (Tils)-ammonia process ex-
amined so far and the dimethyl hydrazine-based processes, is
the low deposition rate which has typically been only about
0.2 Acycle™!, thereby implying low saturation coverage of the
metal precursor. It still remains open whether this is due to
a small number of reactive —NH, groups left on the surface
after the ammonia pulse or the adsorption site blockage by a
readsorbed reaction byproduct HCL. For instance, the stability

Table [X.  Properties of ALD Made Transition Metal Nitrides
Material Precursors Growth temperature (°C) Resistivity (1£§2 cm) Reference
TiN TiCly + NHj3 500 250 [111.112,185]
TiCly + Zn + NH; 500 50 [111, 112}
400 200 [111]
Tily + NH3 500 70 [191]
450 150 [191]
400 380 [191]
TiCly + (CH3)>2NNH, 350 500 [114]
Ti(N(CH3)2)4 + NHj3 180 5000 [384]
Tix SiyN: Ti(N(CH3)2)4 + SiH4 + NH3 180 3x 10* [384]
NbN NbCls + NH3 500 200, 550 [103, 112, 185}
NbCls + Zn + NH3 500 200 [103, 112]
NbCls + (CH3),NNH; 400 2900 {114]
TaN TaCls + Zn + NHj3 400-500 900 [113]
Ta3Ns TaCls + NH3 400-500 4.1 % 10%, 5% 10° (113, 185]
TaCls + (CH3)>;NNH, 400 NM4 [L14]
MoNy MoCls + NHj3 500 100, 260 [L14, 185}
MoCls +Zn + NH;j 500 500 [114]
400 3600 [114]
MoCls + (CH3); NNH, 400 930 [114]
WoN WFg + NH3 330-530 4500 (207]

“2Not measurable.
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Fig. 17.

of species formed on a TiN surface in an exposure to NH3 is
known to be low [430] at temperatures which are required to
get the ALD nitride deposition reactions to proceed. The read-
sorption of HCI is also well possible because most of these
processes have been examined in the traveling-wave reactors
(Fig. 7) where the byproduct readsorption probability is espe-
cially high because these travel in front of the precursor pulse
(cf. Fig. 9). Indeed, a related WFg-NH3 process examined at
similar temperatures in a more open reaction chamber resulted
in a remarkably higher deposition rate of 2.55 A cycle™! [207].
In any event, still a direct comparison with one process ex-
amined in two different reactors is lacking. Other concerns in-
clude halide contamination and possible incompatibility prob-
lems with metal surfaces due to the reactions between metals
and metal chlorides or HCl. The halide contents are strongly
dependent on the deposition temperature increasing with de-
creasing temperature. At 500°C, they are typically well below
1 at.% but at 400°C a few at.% chlorine may be found which is
Just at the acceptance limit for the microelectronic applications.
On the other hand, the iodine content in the TiN films deposited
from Tils was 2 at.% already at 350°C. Here, it must be noted
that until now no postdeposition treatments have been applied
to these films. On basis of the CVD literature, it may be ex-
pected that both contamination levels and resistivities could be
decreased by, for example, N;-H; plasma treatments.

38, ALE TN e
409 200.8KV %5088 {8
(b)

(a) Cross-sectional TEM image of a 14-nm TiN film deposited on deep trenches. (b) Detail from the bottorn of a trench.

Metal alkyl amides have been extensively examined as
CVD precursors in an effort to decrease nitride deposition
temperatures. In ALD, however, these compounds have been
only scarcely examined. According to our experiences [431],
Ti(N(C2Hs)2)4 starts to decompose below temperatures which
would be needed for effective reactions with ammonia, and
thus films with unacceptably high resistivities were obtained.
Nevertheless, in the Ti(N(C2Hs)(CH3))4-NHj process a self-
limiting growth was observed at 170-210°C by using high NH;
doses with a flow rate of 250 sccm and 10 s or longer exposure
times [386]. The deposition rate was high, 5 to 6 A cycle™!,
more than twice the distance (2.45 A) between the subse-
quent Ti layers in the [111] direction of TiN, thereby imply-
ing a complicated reaction mechanism. The films were amor-
phous and contained 4 at.% carbon and 6 at.% hydrogen but
resistivities were not reported. A high deposition rate of 4.4
A cyele ! was also reported for the TUN(CH3)7)4-NHj process
at 180°C [384, 385]. With the addition of silane, either as a sep-
arate pulse between Ti{N{(CH3);)4 and NH3 or simultaneously
with ammonia, Ti,SiyN; films with up to 23 at.% Si were de-
posited with a rate which decreased with increasing silicon con-
tent from 2.4 Acycle™' (18 at.% Si) to 1 Acycle™? (23 at.%
Si) [384, 385]. A 10-nm Tip.32S10.18Np.so film prevented a
diffusion of copper in a bairier test where a metal-oxide-
semiconductor (MOS) structure Cu/Tig32S1g.18No.50/S10,/S1
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was annealed at 800°C for 60 min in Hy(10%)-Ar(90%) [385].
These films showed excellent conformality but they suffered
from high resistivities of 5000 p£2 cm (TiN) and 30,000 12 cm
(Tip 32S10.18Np.50) [384]. Also here the effects of postdeposition
treatments remain to be examined.

6.6. Metals

Effective ALD metal processes could find use in many applica-
tions. A copper ALD process would offer an interesting alterna-
tive for the integrated circuit metallizations. Even if the entire
copper layer was not made by ALD, a uniform seed layer for
electrochemical copper deposition would already be of inter-
est, especially if directly combined to a diffusion barrier ALD
nitride process (see the previous section). Similar to the barri-
ers, also here excellent conformality in high aspect ratio struc-
tures is required. On the other hand, some metals like Ta and
Ti are considered as potential barriers for copper. For the TFEL
displays, a metal ALD process might be interesting because it
could be combined with the preceding ALD process step, i.e.,
deposition of the insulator-phosphor-insulator multilayer in the
conventional device (Fig. 12) or the ion barrier in the inverted
structure.

ALD of metals is, however, a chemically challenging task
with only limited success so far. An effective reducing agent
must be found and the metal precursor must be chosen so that
it does not etch the metal film by forming volatile lower oxida-
tion state compounds, and while being easily reduced, the metal
precursor must be stable against decomposition and dispropor-
tionation. Yet another question is the mechanism by means of
which the metal precursor can adsorb on the film surface, espe-
cially if the surface is free of functional groups,

The WFg-SizHg process [206] addresses the previous issues
elegantly as the growth involves exchange reactions during both
the WFg and SipHg exposures (Section 7.2.2). Tungsten films
were deposited at 150-330°C with a high rate per cycle, about
2.5 Acycle™!, but the cycle time was not specified. No sili-
con or fluorine could be detected in the films with X-ray photo-
electron spectroscopy (XPS). The films were nearly amorphous
and thus had smooth surfaces and a relatively high resistivity of
120 u2 cm.

Cu films have been deposited by ALD using hydrogen as
a reducing agent both for CuCl [209, 210] and for Cu(thd);
[210, 343, 344]. However, both processes seem to be quite spe-
cific about the substrate material which suggests that the sub-
strate actively participates or catalyzes the film growth reac-
tions, especially at the beginning of the growth. The CuCl-H;
process was studied only on tantalum substrates which reduced
CuCl causing an initial film thickness of about 30 nm. The
Cu(thd);-H, process was examined on many surfaces (Pt/Pd
seeded glass, bare glass, Ta, Fe, TiN, Ni, In;O3 : Sn) but film
deposition occurred only on the glass surface seeded with a few
angstroms thick layer of sputtered PUPd alloy. A self-limiting
growth with a rate of 0.3 Acycle™! was observed within a
temperature range of 190-260°C. The catalytic effect of the

Pi/Pd seed was explained in terms of a more complete dis-
sociative adsorption of Cu(thd); on an oxide-free metal sur-
face as compared with hydroxyl terminated oxide and oxidized
metal surfaces where one of the thd ligands remains bound with
the adsorbing Cu atom and blocks further reactions. However,
even more probably the Pt/Pd seed assists in dissociating the
otherwise quite inert molecular hydrogen into reactive hydro-
gen atoms. In any event, even with the seed layer the process
did not result in a film growth in another kind of ALD reac-
tor with lower hydrogen partial pressure and shorter residence
times [186].

The Cu films deposited from CuCl and H; around 400°C
consisted of large grains, typically 1-4 zm in a lateral diame-
ter, some even 10 pum, and showed good adhesion to the tanta-
lum substrate [209]. They contained only 0.5-1.0 at.% chlorine
as determined by XPS. No resistivity was reported, however.
With Cu(thd);, a smaller grain size of 0.1 to 0.3 xm was ob-
tained, possibly because of lower deposition temperatures be-
low 350°C [343, 344]. No carbon could be detected with XPS
in the highest purity films which had been cooled under hydro-
gen atmosphere but, interestingly, those cooled under nitrogen
contained about 12 at.% carbon. Oxygen concentration was low
in all the films, and below 3 at.% hydrogen was detected with
nuclear reaction analysis. A resistivity of 8 4 cm was mea-
sured for a 60-nm filin but this high value was attributed to the
small thickness. Indeed, lower resistivities down to 3.5 uQ cm
were obtained later with 80- to 120-nm thick films [210].

As already noted in Sections 5.1.5 and 5.3.6, the CuCl-Zn
[110] and MoCls-Zn [204] processes suffered from a reversible
dissolution-outdiffusion of zinc into the Cu and Mo films. Fur-
ther complications to the latter process arose from an etching of
the Mo film by MoCls through a formation of lower molyb-
denum chlorides MoCls_,. As a consequence, self-limiting
growth conditions were hard to achieve and reproducibility was
quite poor. Especially Cu was deposited with a high rate of
above 5 Acycle™! (500°C). The Cu films consisted of large
grains which stayed isolated so long that after a formation of a
continuous film the sheet resistance was too low for a reliable
measurement. About 3 at.% zinc was left in the films while no
chlorine could be detected with energy dispersive X-ray spec-
troscopy (EDX). When Mo films were deposited at 420°C, the
growth rate and the zinc residual content decreased from 0.8 to
0.4 Acycle™! and 2.5 to 0.5 at.%, respectively, with increasing
purge time after the zinc pulse. Above 460°C the film growth
practically stopped, obviously because of the etching reactions.
The lowest resistivites of about 15 1 cm were obtained with
the films with the lowest zinc contents.

Metallic Ta and Ti films with a conformality approaching
100% have been deposited at 25-400°C using a plasma en-
hanced ALD process where TaCls and TiCl; were reduced by
atomic hydrogen generated upstream with an inductively cou-
pled RF plasma discharge [74]. Ta was deposited with a rate
varying from 0.16 A cycle~! at 25°C to 1.67 A cycle~! at 250~
400°C, and Ti was deposited with arate of 1.5to 1.7 Acycle™!.
Because of oxidation during air exposure after the film growth,
no meaningful analysis of the Ti films could be done and the Ta
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films also appeared to be strongly oxidized since the measured
oxygen levels were high, from a few percent up to 26 at.%. On
the other hand, chlorine residues were below 3 at.%. At depo-
sition temperatures of 250°C and below, no crystallinity could
be observed in the Ta films up to thicknesses of about 40 nm,
but at higher temperatures crystalline Ta was obtained. These
preliminary results on obtaining metallic films of the highly
electropositive elernents of titanium and tantalum are strongly
encouraging and motivate further studies on atomic hydrogen-
based ALD metal processes.

Another approach toward utilization of the advantages of
ALD in depositing metal films involves a two step process
where an oxide film is first made by ALD and then reduced
by hydrogen. As a first example of this approach, a 135-nm
NiO film deposited from Ni(acac); and ozone at 250°C was
converted to a metallic, well-adherent nickel at 260°C in a 5%
H3-95% Ar atmosphere (1 atm) [342]. Though in this case the
reduction caused pinholes to the originally dense films, this ap-
proach is evidently worth further examination, perhaps with
thinner films or by dividing the process into several deposition-
reduction steps.

6.7. Solar Cell Absorbers

Studies on ALD deposition of thin film solar cell absorbers have
been quite scarce but some promising results have been ob-
tained. An efficiency of 14.0% was achieved using a CdS/CdTe
heterojunction made by ALD from elemental sources in a flow-
type reactor [432—434] but because of the general concerns re-
lated to CdTe solar cells; i.e., the stability of the contacts and
the environmental issues, the interest to this ALD application
has subsequently turned down.

For CulnSe>-based solar cells, ALD has been examined in
depositing not only the transparent front contacts (Section 6.3)
but also the buffer layers between CulnSez and TCO. As a
standard, chemical bath deposited CdS is used as this buffer
but for environmental reasons cadmium-free substitutes are ac-
tively looked for. With ALD made nondoped ZnO, efficiencies
of 11.4-13.2% have been obtained using Cu(In,Ga)Se; as an
absorber [285, 286, 288] while In2S3 gave an even higher ef-
ficiency of 13.5% [288]. Importantly, both processes were car-
ried out at 160-165°C. A 10-nm ZnSe buffer layer deposited
on Cu(In,Ga)Se; from elemental sources at 250°C by an MBE
system operated in an ALD mode resulted in an efficency of
11.6% [119].

Also epitaxial solar cell absorbers have been made by ALD.
With an Al|_.Ga,As/GaAs tandem solar cell structure, an
open circuit voltage of 1.945 V and a fill factor of 0.812 were
achieved under 10 suns-AM 1.5 conditions [236].

6.8. Optical Coatings

The accurate film thickness control and good uniformity over
large-area substrates offered by ALD are valuable characteris-
tics also in making multilayer structures for optics. Due to the
wide variety of dielectric materials made by ALD, refractive

indexes from 1.43 to 2.6 are available {435]. In addition, a suit-
able mixing of pulsing sequences of binaries with different re-
fractive indexes should make it rather straightforward to create
films with graded refractive index profiles. On the other hand,
the slowness of the method is a limiting factor especially when
thick structures with tens of layers are needed for sophisticated
visible range components.

Optical multilayers have been made by ALD for both visible
[435] and soft X-ray [184, 239] wavelength ranges. The visi-
ble range components consisted of polycrystalline ZnS (ZnCl,-
H;S) and amorphous Al,O3 (AlCl3-H;0) layers with thick-
nesses of 62 and 86 nm, respectively. Various structures ranging
from simple two- or three-layer antireflection coatings and neu-
tral beam splitters to 19-layer Fabry—Perot filters were made.
They all accurately reproduced the spectral responses calcu-
lated for the designed multilayer structures, thus evidencing that
both the thicknesses and optical properties of the films were
well controlled.

In the soft X-ray range, the layers are only a few nanome-
ters thick, thus setting rigorous requirements to the film thick-
ness accuracy and interface smoothness, but at the same time
making the deposition rate of less concern as compared to the
visible range components. In good agreement with the model
catculations, a high reflectance of over 30% at a wavelength of
2.734 nm and an incidence angle of 71.8°C from the surface
normal was achieved with an ALD made multilayer consisting
of 20 pairs of amorphous Al;O3 (Al{CH3)3-H202) and TiO;
(TiCls-H;0O2) layers which had a layer-pair thickness of 4.43 nm
[184]. Soft X-ray multilayer mirrors have also been made by de-
positing AIP (AI(CH3)2H-PH3) and GaP (Ga(CHj3)3-PH3) lay-
ers on a GaP substrate with a rate of an exact one monolayer
per cycle. A structure with 50 bilayers of (AlP)2am(GaP) ML
gave a maximum reflectance in excess of 10% at a wavelength
of about 17 nm and an incidence angle of 35° from the surface
normal [239].

7. CHARACTERIZATION OF ALD PROCESSES

ALD processes may be examined by many different ways as
summarized in Table X. Among these, the film growth experi-
ments are the most common as they focus on the final goal, i.e.,
the films themselves, but they give only a limited chemical in-
formation. Therefore, other methods are required to get a better
understanding of the chemistry involved.

As discussed in Section 4, the most important ALD reactors
are the flow-type ones operating at pressures above 1 Torr. In
addition, the reaction chambers are often of a traveling-wave
design with tightly packed substrates (Figs. 7 and 8). Only a
few in siru characterization methods may be added to these
kinds of reactors, and therefore many alternative approaches
have been taken for examining the chemistry relevant to ALD
(Table X). A general trend is, however, that the more detailed
chemical information the method gives, the farther are the ex-
perimental conditions from the flow-type reactors, thus arising
an issue of the representativeness of the results for the actual
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Summary of Methods Used to Characterize ALD Processes

Method

Advantages

Limications

Film growth experiments
In siru measurements under real growth
conditions:
o Microgravimetry
» Mass spectrometry

» Optical methods

Measurements after an inert transfer from the

growth conditions to the analysis chamber

Reactions under high-vacuum conditions

Reactions on high surface area substrates

Focus on the overall goal, the optimization of
the film growth process
Relevancy to the actual film growth processes

Direct measurement of (relative) surface
mass changes

Identification of volatile byproducts
at various stages of an ALD cycle

Sensitive observation of changes in surface
termination

A large number of surface analytical
techniques applicable ensures thorough
characterization

A large number of surface analytical
techniques applicable ensures thorough
characterization

The large amount of products makes it possible

to use routine chemical techniques, like IR,

Limited chemical information, interpretation
requires additional data

Difficulties in sampling

Interpretation requires certain assumptions of
the surface species

Cracking and reactions during ionization
complicate the interpretation

Chemical interpretation is difficult

Possible changes during the sample transfer

Representativity is questionable because of
differences in pressures (pressure gap) and
reaction times

Representativity is questionable because of

very long reaction times

NMR, and elemental analysis

Possible changes during the sample transfer

growth processes. The most important differences lie usually
in reaction times and operation pressures. Therefore, to attain
the most comprehensive understanding of the chemisiry in the
flow-type ALD reactors, one should combine detailed surface
chemistry studies under specifically optimized conditions and
in situ studies under the real growth conditions—or conditions
as close to them as possible. The latter either verify that the
reaction mechanisms observed in the surface chemistry studies
also prevail under the actual growth conditions or, if not, point
out the differences.

In this section, the most common approaches for characteriz-
ing the ALD processes are introduced and discussed. The main
emphasis is put on the methods which lead to a thorough under-
standing of the chemistry in the flow-type reactors.

7.1. Film Growth Experiments

The aim of the film growth experiments is of course to find
the best conditions for growing high quality films. These stud-
ies involve the examination of the effects of the experimental
parameters (precursor fluxes (vapor pressures), growth temper-
atures, pulse and purge times) on the growth rate and film prop-
erties, like composition, structure, and uniformity. In addition to
revealing the best growth conditions, the observed interdepen-
dencies provide a great deal of information about the growth
reactions as discussed in this section.

7.1.1. Examination of Growth Rate

ALD growth rate is usually expressed in terms of thickness in-
crement per cycle, e.g., nanometers per cycle or angstroms per

cycle. Normally, the growth rate is determined after the film
growth by dividing the measured film thickness by the number
of deposition cycles applied, but sometimes optical in siti mea-
surements are used for real time growth rate measurements (see
Section 7.2.1).

7.1.1.1. Pulse Times

The effects of pulse times are usually examined by keeping the
other parameters constant and by varying the exposure time of
one precursor at the time. As the pulse time is increased, the
density of the chemisorbed species on the surface increases to-
ward the saturation level. The fulfilling of the chemisorption
sites is basically governed by three factors:

e the number of precursor molecules arriving on the substrate,
being determined by the precursor flux and the exposure
time,

e the rate of the chemisorption reactions, whether true
chemisorption or exchange reactions,

o the rate of further reactions on the surface which reopen
chemisorption sites that may have become temporarily
blocked by the nearby chemisorbed species, e.g., bulky
ligands of a chemisorbed precursor molecule may impose
steric hindrances until reordered or desorbed.

If the pulse time is so short that not enough precursor molecules
are transported to the reaction chamber, severe thickness
nonuniformities result. Especially in the traveling-wave reac-
tors (Section 4.2.4) the precursor is consumed at the substrate
area closest to the inlet while the areas further away receive
only few molecules, if any. Therefore, a certain delay period
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Fig. 18. Different growth rate vs pulse time curves observable in ALD pro-

cesses: (a) fast and (b) slow chemisorption reactions with no decomposition
or etching, (c) chemisorption reactions followed by precursor decomposition,
and (d) chemisorption reactions followed by etching reactions. The initial de-
lay period is due to the limited rate of precursor transportation and its length is
dependent on the measurement position in the reactor.

is observed in the growth rate vs exposure time curve (Fig. 18).
The length of this delay depends on the distance of the measure-
ment point from the reactant inlet and on the precursor flux (see
what follows). With increasing pulse time, the whole substrate
becomes covered and different kinds of growth rate vs pulse
time curves are observed depending on the chemistry (Fig. 18).
As the self-limiting film growth mechanism is the characteris-
tic feature of ALD, the growth rate is expected to saturate with
long enough exposure times. Ideally, the reactions are fast and
thus the saturation level is rapidly achieved (curve a in Fig. 18)
but sometimes; e.g., at lower temperatures or with less reactive
precursors, the reactions proceed slower (curve b in Fig. 18).

1f the precursor is decomposing thermally, the growth rate
does not saturate but increases quite linearly with increasing
pulse time (Fig. 18, curve ¢). If the decomposition rate is only
modest, the growth rate increases first more rapidly correspond-
ing to the desired surface reactions, and only after that the de-
composition dominated region with a smaller slope begins. Nat-
urally, the higher the temperature, the faster the decomposition,
and thus the steeper the slope in the decomposition region.

Occasionally, it is observed that the growth rate first in-
creases but then starts to decrease as the pulse time is increased
further (Fig. 18, curve d). This may be taken as an indication
of an etching reaction which begins after the growth reactions
have been completed; i.e., at first the incoming metal precur-
sor reacts with the surface species (e.g., —OH groups) left from
the previous pulse, but when they are consumed, the precursor
starts to react with the film material itself.

Curve b in Figure 18 also points out why it may often be
more effective not to strive for the fully saturated growth rate
but instead to satisfy with 90% or so of it. Reaching the last 10%
may require significant elongation of the pulse time and thereby
decrease the productivity, i.e., deposition rate per time unit. In
fact, in the most cases the highest productivities are achieved

with the shortest exposure times, the minimum being set by the
time required to get the whole substrate covered. Quite often
also film properties, such as uniformity, conformality, and pu-
rity are acceptable even if the growth rate is not fully saturated,
and thus the slightly undersaturated growth conditions may be
chosen to maximize the productivity.

7.1.1.2. Precursor Fluxes

The precursor fluxes are usually controlled by either the source
temperatures (solids and liquids) or the mass flow controllers
(gases). As the first approximation, the precursor flux may be
assumed to have a similar effect as the pulse time because the
precursor dose is a product of the two. Thus, with insufficiently
small fluxes thickness nonuniformities result, and with increas-
ing flux the growth rate behaves quite similarly as with increas-
ing pulse time (Fig. 18). Therefore, a need for long exposure
times, causing long cycle times and thereby slow deposition
rates, may be circumvented, at least to some extent (see below),
by increasing the precursor flux.

However, the relation between exposure time and precursor
flux is not that trivial that only their product would determine
the growth rate. There are many examples that the growth rate
per cycle may be increased only by increasing the exposure
time, but not by increasing the precursor flux [19, 269, 270,
307]. This has been attributed to the slowness of the surface re-
actions which lead to the reopening of the temporarily blocked
chemisorption sites. On the other hand, studies on ALD of ox-
ide films showed that the growth rate could be increased by
increasing the water flux more than by increasing the water ex-
posure time, though in both cases a saturation was observed
[224]. This was explained by an increased surface hydroxyla-
tion under high water flux: because of the increased surface hy-
droxyl group density, more reactive sites were available for the
subsequently pulsed metal precursor. Though one might expect
that with increased densities the hydroxy! groups could become
unstable against dehydroxylation and thereby make the growth
dependent on the purge time following the water pulse, this was
not observed. Apparently, if dehydroxylation occurred, it was
fast enough to reach saturation in less than 0.2 s.

7.1.1.3. Purge Length

Insufficient purging causes overlapping of the precursor pulses
and thereby CVD-like growth which manifests itself as in-
creased growth rate and thickness nonuniformity. With increas-
ing purge time, the overlapping is reduced and the growth rate
decreases and finally saturates to the constant level. However,
if desorption of the chemisorbed precursor molecules occurs,
the growth rate continues to decrease even if the pulses are well
separated.

In practice, surface species are usually stable and no desorp-
tion related behavior can be observed at temperatures used. This
is especially true when the chemisorption involves exchange re-
actions between the incoming precursor and the surface species
(Fig. 1a) because by nature these reactions are irreversible as
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part of the precursor molecule ligands are immediately released
and purged away. On the other hand, desorption may occur
if the precursor is molecularly or dissociatively chemisorbed
(Fig. 1b), or if the surface species formed in the exchange re-
actions can combine with each other. In ALD of oxides, for
example, hydroxyl groups are produced on the surface in the
exchange reactions between the chemisorbed metal compounds
and water, and also dissociative adsorption of water may add
them. Subsequently, the hydroxyl groups may combine with
each other and thereby dehydroxylate the surface, and if this
occurs reasonably slowly, it may cause a decrease of the growth
rate with increasing purge time after the water pulse {83]. Yet
another possibility for desorption at high temperatures is that
the film constituents themselves have reasonable equilibrium
pressures. '

In general, the purge times required to separate the precur-
sor pulses are very much reactor dependent but do not depend
that much on the precursors, water with a highly polar molecule
perhaps being an exception. Thus, once appropriate purge times
are determined for a given reactor with one process, they are
usually applicable to also other processes in the same reactor,
As discussed in Section 4, the minimization of purge times is
one of the key aspects in a design of a productive ALD reactor.

7.1.1.4. Temperature

Different kinds of growth rate vs temperature dependencies
which may be observed in ALD processes are schematically de-
picted in Figure 19. The key temperature range is the one in the
middle where the growth proceeds in the self-limiting manner.
Depending on if the surface density of the chemisorbed species
is temperature dependent or not, the growth rate is also tem-
perature dependent or constant. In the former case, the growth
rate usually decreases with increasing temperature because of
a decreased density of reactive surface species, a typical exam-
ple being the dehydroxylation of oxide surfaces (e.g., [436]). In
any event, the temperature dependency is usually so weak that
small variations in the growth temperature have only minor ef-
fects. Temperature-independent growth rates are often observed
in the growth of II-VI compounds, for example, [38].

In the low temperature side of the self-limiting region, the
growth rate may either decrease or increase with decreasing
temperature (Fig. 19). The decrease appears to be much more
often observed and may be related to kinetic reasons; i.e., the
growth reactions become so slow that they are not completed
within the given pulse time. In principle, they might be com-
pleted if the pulse times were increased but that would increase
the cycle time substantially. The increase of the growth rate
with decreasing temperature may occur due to a multilayer ad-
sorption and the condensation of low vapor pressure precursors,

Also at the high temperature side of the self-limiting region
the growth rate may either decrease or increase (Fig. 19). The
decrease of the growth rate with increasing temperature is re-
lated to a desorption of the precursors while the increase is due
to a decomposition.

Growth rate *
per cycle
L2 H2

S1

S2
L1

Hi

—p
Growth temperature

Fig. 19. Various growth rate vs temperature curves observable in ALD pro-
cesses:
§1:  self-limiting growth with temperature-independent rate,
§2: self-limiting growth with temperature-dependent rate,
L. self-limitation not reached because of slow reactions,
L2: self-limiting growth rate exceeded because of multilayer adsorption or
condensation,
Hi: self-limitation not maintained because of precursor desorption,
H2: self-limiting growth rate exceeded because of precursor decomposi-
tion.

7.1.2. Examination of Film Properties
7.1.2.1. Film Composition

Film compositions, especially impurities, give indications of
incomplete reactions or precursor decomposition. At low tem-
peratures, the growth reactions are often somewhat incomplete
and thus constituent elements of the precursor molecules may
be found as impurities in the films. With increasing tempera-
ture, the reactions become more complete and thus the impu-
tity contents decrease {Fig. 20a). This is also reflected in other
film properties, like refractive index and dielectric permittivity
of insulators (Fig. 20b), or conductivity in the case of conduct-
ing materials. On the other hand, if the temperature is increased
too much, precursor decomposition may begin and cause an in-
crease of the impurity contents.

7.1.2.2. Uniformity and Conformality

In the ideal ALD process, both uniformity and conformal-
ity are excellent. However, as noted earlier, the real processes
may differ from the ideal one in two ways: the growth reac-
tions are not entirely saturated or some precursor decomposi-
tion occurs in addition to the exchange reactions. The extent
to which these nonidealitics may be accepted is largely deter-
mined by how they affect the uniformity and conformality; i.e.,
if these two properties are not deteriorated, the reactions re-
sponsible for the nonideal behavior may be concluded to pro-
ceed in a surface reaction limited manner. For the incomplete
saturation, this means that the increase of the surface density
of the chemisorbed precursor molecules toward the saturation
value is restricted by the rate of surface reactions, i.e., either the
chemisorption reaction itself or the further reactions which re-
open the momentarily blocked adsorption sites. For the decom-
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Fig. 20. The effect of growth temperature on (a) impurity contents and (b) re-
fractive index and permittivity of Al, O3 films deposited from A{CH3)>Cl and
water [237]. Reprinted with permission from K. Kukli et al., Atomic layer epi-
taxy growth of aluminium oxide thin films from a novel Al(CH3)>Cl precursor
and Hy0, J. Vac. Sci. Technol. A 15, 2214 (1997), © 1997, American Vacuum
Society.

position, surface control means that the decomposition reaction
rate is slow in comparison to the rate at which new precursors
are adsorbed on the sites which are opened in the place of the
decomposed molecules.

Thickness nonuniformity and nonconformality may also
result because of insufficient purging. In deep and narrow
trenches and holes, material transportation and thus also purging
is slower than on planar surfaces and therefore purge periods
that are too short should first be observed as reduced conformal-
ity. In practice, however, 0.5-s purging periods have already re-
sulted in excellent conformality and complete filling of trenches
with dimensions comparable to microelectronic devices [88].

Yet another potential reason for thickness nonuniformity is
readsorption of reaction byproducts (cf. Section 4.2.4). If this
happens, the largest disturbance in the thickness uniformity oc-
curs at the areas closest to the merging point of the precursor
flow channels beeause there the amount of the reaction byprod-

ucts varies the most. The surface at the point where the film
growth begins receives only the precursor molecules, so the
chemisorption density is the highest there. At the same time,
this surface and any surface downstream produce the reaction
byproducts, the concentration of which thereby increases in the
carrier gas until a steady state is reached. As a consequence, the
film thickness decreases over the range where this concentra-
tion develops [96, 97].

7.1.2.3. Crystallinity and Morphology

Film crystallinity is not related that much to the growth reac-
tions but rather reflects the mobility of the film material and is
thus strongly affected by the growth temperature—not to forget
the possible crystallization promoting effect of the substrate,
however. In general, the temperature limit between amorphous
and crystalline deposits and the overall crystallinity are in the
first place material dependent, and not largely affected by the
precursors. There are some exceptions, however. For exam-
ple, the crystallinity of TiO> films appears to be better when
deposited from titanium alkoxides than when deposited from
TiCls. This has been explained by an ordering effect of bridging
alkoxide groups on the surface of the growing film [304, 307].
In contrast, Ta>0Os films obtained from Ta(OC,Hj5)s at around
300°C are completely amorphous [312] whereas the films ob-
tained from TaCls show some crystallinity {106, 200] which is
ascribable to the rather exceptional formation of tantalum oxy-
chlorides which, on the one hand, appear to favor crystallization
by increasing mobility but, on the other hand, being volatile
lead to etching of Ta;Os above 300°C [104-106].

The formation of a polycrystalline film is accompanied by
surface roughening which increases with increasing film thick-
ness {82-87]. In this respect, the polycrystalline deposits made
by ALD differ from the amorphous and epitaxial films which
usually preserve rather well the morphology of the substrate
surface. In any case, even if within the dimensions of the crys-
tallites the film does not grow uniformly, in larger scale, like
that of microelectronic device structures (Figs. 2 and 16) or on
macroscopic level, the uniformity is still excellent.

Ex siru AFM studies on polycrystalline films have revealed
that during the early stages of the growth agglomerates are
formed on the surface (Fig. 21). As more ALD cycles are ap-
plied, the agglomerates grow both laterally and vertically, and
once they grow into contact with each other, a continuous film is
formed but with a roughened surface as compared with the sub-
strate surface (Fig. 21). The roughness of a film with a given
thickness is largely determined by the areal density of the ag-
glomerates formed in the beginning of the growth.

Basically, agglomeration might be explained either as a
process by means of which the system tries to minimize the
substrate-film interface energy, or as a consequence of a lim-
ited number of reactive sites on the starting surface. However,
though it has indeed been suggested that roughening would be
an inherent consequence of a less than a monolayer per cycle
growth, the growth rate is hardly the determining factor be-
cause rough films are obtained also with a full monolayer per
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Fig. 21. Development of surface roughness of ZnS films grown on glass from ZnCly and H3S at 500°C with (a) 8, (b) 50,
(c) 200, (d) 800, and (e) 3000 deposition cycles [85]. Reprinted with permission from J. Thanus et al., AFM studies on ZnS thin
films grown by atomic layer epitaxy, Appl. Surf. Sci. 120,43 (1997), © 1997, Elsevier Science.

cycle growth rates [52, 284] and smooth films with lower rates
[132]). Therefore, the interface energy minimization appears to
be a more valid explanation. Evidently, in the case of epitaxial
films, the driving force for the agglomeration is much lower be-
cause of the well-matched cryslal structures of the film and the
substrate.

Since polycrystalline structure and roughening are nearly al-
ways observed together, a connection between them appears ev-

ident. Crystallization and the interface energy driven agglom-
eration are both thermodynamically favored processes which,
however, require sufficient mobility to occur. At low tempera-
tures. the mobility is low, and amorphous and smooth films are
obtained, but as the temperature is increased, the mobility in-
creases and agglomeration and crystallization occur. Most prob-
ably, the agglomerates are preferably formed at certajn special
surface sites which on one substrate may be more numerous
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than on the other. For example, on mica the initial ZnS agglom-
erate density was much lower than on glass [85].

The final and apparently the hardest question is the atomic
mechanism which at the same time can explain the agglomera-
tion and maintain the self-limitation of the film growth. By now,
the identity of the migrating species can mainly be just specu-
lated about. The simplest possibility is that the agglomerates
are formed as a consequence of a migration and the nucleation
of the film material itself. Once an ALD cycle has been com-
pleted and a layer or a sublayer of the film material has been
deposited, the material may be mobile enough to nucleate, i.e.,
to form agglomerates with a crystalline structure. To estimate if
this is possible, one can try to look for a similar film-substrate
combination made by reactive evaporation at the same substrate
temperature: if a deposit formed in such a process has sufficient
mobility for crystallization and agglomeration, the ALD made
material should have that too. In other words, there should not
be any reason why the nucleation would be restricted in ALD.

Another mechanistic explanation for the agglomeration is
that one or severa] of the species formed as intermediates in the
ALD reactions are able to migrate on the surface or in the gas
phase. Such species are hard to identify, but in the TiCly-H20
process, for example, Ti(OH),Cl, and TiOCl; have been sug-
gested [27, 28, 82]. Importantly, the possible formation of such
species does not hurt the self-limitation of the film growth, since
that would occur through reactions which passivate the reaction
or chemisorption sites against further interaction with TiCla, for
example:

—OH + TiCly(g) — —Cl + Ti(OH)Cly(g)
=0 + TiCl4(g) — 2—CI + TiOCL(g)

7.2. Reaction Mechanism Studies

ALD reaction mechanisms may be investigated by analyzing
either the surface or the gas phase, preferably both. The ulti-
mate goal is to specify the species existing on the surface at
each phase of an ALD cycle and to identify the volatile byprod-
ucts and the time of their release. From this information, the
prevailing reaction mechanism can be determined. Obviously,
the most definite conclusions would be obtained via a detailed
chemical characterization of the surface but such studies are
often hard to realize and, instead, less direct methods need to
be applied. For example, the two alternative reaction mecha-
nisms suggested in Figure 1 for the deposition of TiO; may
be distinguished by observing whether gaseous HCl is released
during both TiCl4 and H;O pulses (Fig. 1a) or only during the
latter (Fig. 1b). Alternatively, or complementary, these mech-
anisms also may be distinguished by measuring surface mass
changes during the various steps of an ALD cycle, the ratio
of which is characteristic for each suggested mechanism (Sec-
tion 7.2.1).

7.2.1. Flow-type Reactor Conditions

The reaction mechanism studies discussed here are those that
have been carried out under conditions which are the most

representative for the practical flow-type ALD thin film reac-
tors in what comes to the pressure (a few Torrs), the expo-
sure time (a few seconds in maximum), and the surface area
of the substrates. For these studies, a differentially pumped
quadrupole mass spectrometer (QMS) has been the choice for
analyzing the gas phase whereas microgravimetry and opti-
cal techniques have been used for the surface characterization.
Even these techniques are quite hard to integrate to the com-
pact traveling-wave reactor geometries, and therefore certain
modifications have been needed for their implementation. Nev-
ertheless, the required modifications are after all quite straight-
forward, and because all these measurements are done in real
time, they might also be applicable for process control in in-
dustry.

7.2.1.1. Analysis of the Gas Phase

For the gas phase analysis, it is important to note that the
amount of byproducts released is directly related to the re-
active surface area: an order of magnitude estimation is 104
molecules released per 1 cm?. In addition, the reactions are
often fast and completed in fractions of a second. Therefore,
the analysis method, also including the sampling arrangement,
and the reactive surface area must be carefully designed and
adjusted in accordance with each other to ensure meaningful
and time-resolved detection of the byproducts. Until now, only
QMS with differentially pumped sampling has been used (211,
223, 437-439].

Because mass spectrometers need to be operated below
107 Torr, a pressure reduction of at least 4 orders of magni-
tude is needed from the flow-type ALD reactor conditions. This
has been realized by sampling with either a capillary {211,223,
437] or an orifice {438, 439]. To minimize the contributions of
reactions in the sampling setup, there must be as small a sur-
face area as possible and therefore an orifice is the best choice,
though capillaries can also be made small enough, e.g., 0.2 mm
in diameter and 2 mm in length [223, 437]. As many of the
precursors used in ALD are solids, the sampling setup must be
heated; most preferably it is held at the reaction temperature. To
keep the detector and the associated electronics close to room
temperature, the QMS is inserted into a temperature gradient so
that only the sampling setup and the ionizer are at the reaction
chamber temperature. An ALD-QMS setup, also incorporating
a quartz crystal microbalance (QCM, see the following) [439]
is shown in Figure 22.

Figure 23 shows an example of data acquired with the instru-
ment shown in Figure 22 on the TiCls-D,O process. The dom-
inant reaction byproduct is DCI which is followed as p¥crt
(m/z = 39). The ratio of DCI liberated during the TiCl4 pulse
to that liberated during the D, O pulse is about 1/3 which im-
plies that each chemisorbing TiCly molecule reacts with one
surface —OD group releasing one of its Cl ligands. The other
three Cl ligands are released during the D, O pulse. The simul-
taneously measured QCM data supports this conclusion (see the

following).
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Fig. 22.  Schematics of an ALD-QMS-QCM setup (after {438]). The precursors are transported by a carrier gas from their sources
at right (not shown) through the reaction chamber to the mechanical pump (MP). The reaction chamber is quite tightly packed with
glass substrates to have enough surface area (about 3500 cm?) for producing detectable amounts of reaction byproducts. A smail
fraction of the total flow is pumped through the sampling orifice and the QMS chamber by the trbomolecular pump (TP). The
pressure drop across the orifice is from about 2 Torr in the reaction chamber to below 10~° Torr in the QMS chamber, The QCM is
located in the vicinity of the orifice so that they both are at the reaction chamber temperature.

7.2.1.2. Analysis of the Surface

As the detailed identification of surface species is difficult un-
der the flow-type reactor conditions, the surface studies have
focused quite a lot on observing changes in surface termination
during each ALD process step. Rates of exchange reactions,
chemisorption, desorption, and decomposition, and their effects
on self-limitation have been of interest. Because all these pro-
cesses affect the mass of the film-substrate system, they may be
followed by real time mass measurements. In addition, when
only well-defined exchange reactions occur, the relative mass
changes provide information of the average species terminating
the surface at each stage of an ALD cycle.

Real time mass measurements may be done with either a
quartz crystal microbalance (QCM) [96, 104, 105, 128, 179,
188, 198, 305, 308, 313, 438, 439] (Fig. 22) or with a sen-
sitive electrobalance [144, 151, 152]. An example of the lat-
ter is shown in Figure 24. The electrobalance itself is outside
the reaction chamber and is protected with a carrier gas flow.
The substrate is connected to the electrobalance with a fused
quartz fiber. The sensitivity of the microbalance is better than
0.025 s1g, so with a 2.6-cm? substrate the smallest detectable
mass change corresponds to less than 0.05 ML of GaAs or GaN,
for example. The main problem of this system appears to be its
sensitivity to flow rate changes associated with pulsing of the
precursors [151]. In addition, a reactor specially designed for a
connection to the electrobalance is evidently needed.

Quartz crystal microbalances are routinely used as real time
film thickness monitors in evaporation, for example. The op-
eration of QCM is based on the relation between the reso-
nance oscillation frequency of the piezoelectric quartz crystal
and its mass, also including the film mass. QCM 1s rather eas-
ily integrated to any ALD reactor into a space of a few cubic

centimeters, but its sensitivity to temperature variations may
cause problems. Therefore, during the measurements the tem-
perature of the crystal must either stay constant or vary with
a constant rate so that its contribution can be subtracied from
the measured frequency changes. Any temperature variations
due to the precursor pulsing must be eliminated. In any case,
above 300-350°C noise in the QCM signal becomes largely
disturbing. The primary data of QCM, i.e., the changes in crys-
tal oscillation frequency, directly give the relative surface mass
changes which are usually enough for examining the ALD reac-
tion mechanisms. For this reason and because of uncertainties
related to the absolute mass measurements, the latter are rarely
done.

Figure 23 shows QCM data measured on the TiCly-D,O
process [439] with the ALD-QMS-QCM setup shown in Fig-
ure 22. Basically, similar data are also obtained with electromi-
crobalances. During each precursor pulse, a fast mass change
followed by a saturation is observed as expected for an effec-
tive and self-limiting ALD process. Any decomposition or etch-
ing reactions causing deviations from the self-limiting growth
conditions could easily be distinguished as continuous mass in-
crease or decrease, respectively, [104, 105, 313]. During the
TiCly pulse, the mass increases by m, as adsorbates —TiCl,
are formed, and during the D, O pulse the mass decreases as Cl
ligands are replaced by —OD groups or oxide ions. The mass
increase mg brought about by the complete cycle corresponds to
TiO;. The ratio m/mo can be calculated for any suggested re-
action mechanism, and thereby the correct mechanism may be
distinguished from the measured ratio. In Figure 23, the mj /mq
ratio is about 1.9 which, in good agreement with the QMS re-
sults (see the foregoing text), points to the following reaction
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Fig. 23. QMS and QCM measurements on a TiCly-D2O process done with
the ALD-QMS-QCM setup shown in Figure 22. The puise limes are 0.5 s for
both precursors and purge periods are 6.0 s. The reaction temperature is 200°C
{439]. The QMS data shows the time variation of the ions TiCly + (m/z = 153)
and D¥ It (m/z = 39). From the D¥CI* signal the background observed
during subsequent reference D70 pulses applied after the ALD cycles has been
subtracted. The mass signal was obtained from the negative resonance oscil-
lation frequency change, —Af, which is in a direct relationship to the surface
mass load. m and mq denote the mass changes during the TiCly pulse and
during one completed ALD cycle, respectively, and they are related to the in-
termediate surface species —TiCl; and TiO,, respectively.

mechanism:

~0OD + TiCls(g) — —O—TiCls + DCl(g)
—0—TiClz + 2D,0 — —0—Ti(0)—0D + 3DClI(g)

m; &« M{(=TiCl;)—M (D)
= (154 —2) gmol~! = 152 g mol™!
my &« M(TiO,) = 80 gmol™!

2l

mo
Note that the surface species formed in the latter reaction is
—O—Ti(O)—O0D rather than —O~—Ti(—0D)3 because other-
wise the —OD group density would be threefold in the begin-
ning of the next cycle whereas the cycle-to-cycle repeatability
(Fig. 23) indicates that such variation does not exist. On the
other hand, the reaction mechanism was found to be clearly
tempcrature dcpendent: the higher the temperature, the lower
the amount of DC! released during the TiCls pulse. This be-
havior can be correlated to the density of hydroxyl groups on

the TiO; surface which decreases with increasing temperature
[436]. Obviously, as the reaction temperature is increased, few
hydroxyl groups are left on the surface after the water pulse and
the dominating mechanism become that shown in Figure 1b;
i.e., TiCly chemisorbs without exchange reactions and all the
Cl ligands are released during the water pulse. It must be em-
phasized, however, that both QMS and QCM give information
of only the net reactions during each pulse, and the actual mech-
anism may consist of several elementary reactions. For exam-
ple, even if —OD groups existed on the surface in significant
amounts and reacted with TiCly, a release of DCl would not
necessarily be observed during the TiCly pulse as DCI might
readsorb on the surface and stay there until the next water pulse.

Optical techniques form another group of methods which
are applicable for analyzing surface processes in the flow-type
ALD reactors. In fact, these techniques have been applied over
the entire pressure range from UHV to atmospheric. Only one
or two windows and an open light path to the sample surface are
needed. If film growth on the window constitutes a problem, it
may be prevented with proper inert gas flow curtains. Optical
methods are well suited for following changes in surface termi-
nation and for examining dynamics of these changes. However,
the chemical interpretation of the data is difficult without sup-
plementary methods.

Surface photoabsorption (SPA) [18, 149-152, 156, 266,397,
440-444] and reflectance difference spectroscopy (RDS) [244,
257, 258, 270, 445] have been the most extensively used op-
tical techniques in the characterization of ALD processes. In
SPA, the reflectivity of p-polarized light incident on the surface
at the Brewster angle is measured [446]. With this geometry, the
bulk contribution is minimized, enabling sensitive detection of
the reflectivity changes caused by surface reactions. Under the
self-limiting ALD growth conditions, the reflectivity varies pe-
riodically between two constant levels corresponding to the two
differently terminated surfaces. Deviations from these reflectiv-
ity levels give indications of other kinds of surface terminations
caused by, for example, incomplete reactions, decomposition,
or desorption. For instance, SPA measurements have indicated
that the GaCl-AsH3 process proceeds differently in hydrogen
and helium carrier gases. and it was suggested that in H, chlo-
rides are removed from the surface as HCI already during the
purge following the GaCl pulse whereas in the inert carrier the
chlorides are removed during the AsH3 pulse [150]. The sug-
gested mechanism in Hp was later verified by gravimetric stud-
ies [151] whereas further SPA investigations revealed that part
of the Ga atoms left on the surface after the chloride removal
in Hy are covered with hydrogen atoms {443]. Additionally, ar-
senic desorption during elongated purge times after the AsH3
pulse was revealed and kinetically measured by both SPA and
microgravimetry (444].

In RDS, nearly normal incident light polarized along two
certain crystallographic axes of the substrate is used, and the
difference in their reflectivity is measured {447]. The alternate
pulsing in ALD causes changes in the RDS signal similar to the
SPA. Because the RDS signal is derived from the anisotropy
between two crystallographic directions in the surface plane,

.
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Fig. 24. Schematic of an in situ gravimetric monitoring system used to examine ALD processes
in which GaCl was formed in situ from a metallic gallium and HCI vapor [151]. Reprinted with
permission from A. Koukitu, N. Takahashi, and H. Seki. In situ monitoring of the growth process in
GaAs atomic layer epitaxy by gravimetric and optical methods, J. Cryst. Growth 146, 467 (1995),
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Fig. 25. Reflectance transients measured by the incremental dielectric reflec-
tion technique during three subsequent TiO; growth cycles with TiCly and HyO
as precursors [ 182). Reprinted with permission from A. Rosental et al.. Surface
of TiO; during atomic layer deposition as determined by incremental dielectric
reflection, Appl. Surf. Sci. 142,204 (1999), © 1999, Elsevier Science.

RDS is applicable only to epitaxial growth. SPA has also mainly
been used in epitaxy processes, though in principle it is also
applicable to nonepitaxial cases. In fact, a similar technique,
called incremental dielectric reflection (IDR) [182, 448, 449]
was applied for following the ALD growth of TiO; on glass
{Fig. 25). As in SPA, also in IDR the reflection of p-polarized

light incident at the Brewster angle is measured but here the
reflectivity variations originate from interference effects rather
than from absorption. If not only the film but also the substrate
is transparent to the probing light, the substrate may be used
as the window for the light [182, 449]. This makes it possi-
ble to apply IDR also to the traveling-wave reactor geometrics.
Another technique similarly based on the effects of the surface
layer on light interference, named as surface photointerference
(SPI), has been applied for the in sifu characterization of ALD
growth of epitaxial ZnSe and CdSe on GaAs [279]. As com-
pared with the methods based on light absorption; IDR and SPI
have a benefit in that they employ lower energy photons which
apparently have less effect on the growth reactions.

Ellipsometer is a common tool for in situ characterization of
thicknesses and optical properties of thin films. Its suitability to
the analysis of the separate ALD reaction steps has been quite
scarcely examined, however. A spectroscopic ellipsometer has
been used for following the Al(CH3)3-H20, ALD process
[229]. Using predetermined optical properties and a single layer
model for the film, thickness increments of 0.17 nm cycle™!
were resolved during the AI(CHj3)3 pulse though the data was
quite noisy, peak-to-peak variations in the thickness were at best
0.1 nm.

7.2.2. High Surface Area Substrates

High surface area substrates have been a subject of an ALD re-~
search both because of their practical importance, like in hetero-
geneous catalysts, and because they offer plenty of material for
detailed chemical characterization. Nanoporous silica and alu-
mina powders have high specific surface areas of several hun-
dred square meters per gram, silica even up to 1000 m? g~
which ensures that already a monolayer of reaction products
or intermediates is enough for routine chemical analysis tech-
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niques, such as IR, NMR, and elemental analysis. For exam-
ple, if 1 cm? planar substrate holds about 10'* surface species,
100-mg nanoporous powder with a surface area of 300 m? g~!
contains 3 x 101° of them.

The major difference of reactions on porous powders in com-
parison with thin film growth comes from the slow transporta-
tion into and out of the porous particles and from the need
to deliver much larger quantities of precursors in each pulse.
Therefore, the exposure and purge times must be much longer
than on planar substrates, typical values being a few hours. As
a consequence, the reactions may proceed quite differently than
during the second and subsecond range exposures in thin film
growth. Slower reactions may become dominating when more
time is given, especially decomposition is observed at much
lower temperatures than on planar surfaces, In addition, because
only a few cycles are applied, the reactions often represent more
an interface formation than a steady-state film growth, though
sometimes this may be taken as an advantage as well. From a
practical point of view, it is important to note that prior to and
during the analysis the sample must be kept under an inert at-
mosphere, hence requiring appropriate means for transferring
the sample powder from the reactor to the analysis.

Studies on porous powders have clearly pointed out the im-
portance of the surface terminating groups with respect to the
metal precursor chemisorption density [30-33]. For example,
when the hydroxyl group density on silica is decreased by pre-
heating it at increasing temperatures, the number of metal atoms
bound to silica decreases accordingly. At the same time, a con-
sumption of the hydroxyl groups in reactions with the metal
precursor may be verified with IR and NMR measurements.
These observations imply that the chemisorption mainly occurs
via a reaction with the hydroxyl groups.

The chemisorption density is also affected by steric fac-
tors: the larger the precursor molecule of a given metal, the
lower the number of metal atoms chemisorbed. For example,
Ni(acac)s results in a saturation density of 2.5 Ninm~2 whereas
the more bulky Ni(thd), gives only 0.92 Ni nm~2 {30, 33].
If the precursors are significantly different in their character,
their binding modes to the surface may differ. For instance,
Al(CH3)3 has a high affinity toward oxygen and thus reacts
on silica not only with the —OH groups but also with silox-
ane bridges (Si—0O—Si), whereas Al(acac)s reacts only with
the —OH groups and, unlike Al(CH3)3, is not able to consume
them all because of its larger size {33]. On the other hand, the
chemical nature of the powder may also have significant ef-
fects. Alumina, for example, catalyzes the decomposition of
Ti(OCH(CH3)3)4 already above 100°C whereas on silica self-
limiting adsorption occurs at least up to 200°C (Fig. 26a) [32].
The elemental C/Ti ratios measured after the Ti{OCH(CH3)2)4
exposure (Fig. 26b) imply that on silica two ligands are con-
sumed in reactions with the surface —OH groups and the
surface is terminated with (—Si—O0—),Ti(—OCH(CHj3)3)2
species.

An intermediate case between loose beds of porous pow-
ders and planar substrates is formed by thinner porous objects,
such as porous silicon surface layers, high surface area mem-
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Fig. 26. (a) Titanium surface density and (b) C/Ti atomic ratio on high surface

area alumina (e) and silica (o) powders after Ti(OCH(CH3)3)4 exposure at
different temperatures [32). Reprinted with permission from M. Lindblad et al.,
Processing of catalysts by atomic layer epitaxy: Modification of supports, Appl.
Surf. Sci. 121-122, 286 (1997), © 1997, Elsevier Science.

branes, and powders pressed into thin grids or in the form of
thin pellets. These resemble powders in that IR characterization
is possible but the required exposure times are shorter, tens of
seconds, and thus closer to thin film growth, though still the dif-
ference is notable, ! to 2 orders of magnitude. In any event, the
reactions are fast enough so that several deposition cycles may
be repeated for observing the cyclic changes in surface termina-
tion. Also these studies have supported the view that surface ter-
minating groups play a decisive role in each chemisorption step
in ALD of oxides [36, 42, 162, 163, 219, 264] and nitrides [168,
207,231, 232]. The same also applies to the novel tungsten pro-
cess where WFg and SioHg are used as precursors [206]. The
increase and the decrease, respectively, in the Si—H and W—F
absorption bands in the IR spectra after the Si;Hg exposure im-
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Fig. 27. (a) Fourier transform infrared (FTIR) difference spectra recorded in
the tungsten ALD process after various SigHg cxposurcs on a surface previ-
ously saturated with WFg. Each spectrum is referenced to the initial surface
left after the WFq pulse. The reaction temperature is 150°C. (b) The SizHg
exposure dependence of the normalized integrated absorbances of the W—F
stretching vibration at ~680 cm™! and the Si—H stretching vibrations at 2115
and 2275 cm ™! [206}. Reprinted with permission from J. W. Klaus, S. J. Ferro,
and S. M. George, Atomic layer deposition of tungsten using sequential sur-
face chemistry with a sacrificial stripping reaction, Thin Solid Films 360, 145
(2000), © 2000, Elsevier Science.

ply that disilane reduces —WF, surface species into metallic
tungsten and forms —SiH,F, species instead (Fig. 27). Sub-
sequently, WFg reacts with the —SiH,F, surface groups and
regenerates the —WF, terminated surface (Fig. 28). Since the
films deposited with this process contained no silicon or flu-
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Fig. 28. (a) FTIR diffcrence spectra recorded in the WFq-SioHg ALD pro-
cess vs WFq exposure at 150°C. Each spectrum is referenced to the initial,
SigHg saturated surface. (b) Normalized integrated absorbances of the W—F
(680 cm™1y and Si—~H (2115 and 2275 cm™ ) stretching vibrations vs the WF
exposure at 150°C [206]. Reprinted with permission from J. W, Klaus, S. 1.
Ferro, and S. M. George, Atomic layer deposition of tungsten using sequential
surface chemistry with a sacrificial stripping reaction, Thin Solid Films 360,
145 (2000), © 2000, Elsevier Science.

orine detectable with XPS, it could be concluded that the in-
termediate SiH,F, groups were removed as volatile SiH,F,
species. Both reactions appear self-limiting, as the absorbances
saturate above certain exposure levels (Figs. 27b and 28 b).
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7.2.3. High Vacuum Conditions

As ALD processes proceed via saturating surface reactions,
it is evident that techniques having the highest surface sen-
sitivity should be applied for their characterization. Among
these techniques the most valuable are perhaps XPS which pro-
vides information of not only the elements present on the sur-
face but also of their chemical environment, and low energy
ion scattering (LEIS) which probes only the topmost layer of
atoms. Other applicable surface analysis techniques include the
well-known Auger electron spectroscopy (AES), SIMS, reflec-
tion high energy electron diffraction (RHEED), and low en-
ergy electron diffraction (LEED), for example. However, the
ultrahigh-vacuum conditions required by these techniques are
in a clear contradiction with the practical ALD reactors. There-
fore, either sample transfer or reactions performed in high vac-
uum are needed.

Sample transfer from a higher pressure reactor to the UHV
analysis chamber may be realized in several ways. If the two are
separate, a transfer container with inert atmosphere or vacuum
must be used. More conveniently, a reaction chamber is con-
nected directly to the analysis chamber through a gate valve.
The reaction chamber may be just another high-vacuum cham-
ber which during the reactions is filled alternately to certain
pressures of the precursors and then evacuated to a similar level
as the analysis chamber. Such systems are well suited for rea-
sonably volatile precursors but low vapor pressure sources may
constitute problems because of condensation. To avoid these
problems, a special mini-ALD reactor built in connection to
a UHV surface analysis chamber is apparently advantageous
[450]. It is also possible to build inside the analysis chamber a
small high pressure reaction chamber which after evacuation is
opened for the surface studies [163]. Occasionally, the reactions
have been carried out in the analysis chamber itself.

These kinds of high-vacuum studies are not unique to ALD
but they have also been performed in an attempt to deepen the
understanding of CVD chemistry. There also alternate dosing
is often used to better identify the potential surface intermedi-
ates. No matter what the original aim of the studies, their even-
tual outcome is obvious: the elemental composition of the sur-
face intermediates terminating the surface after each reaction
step (Fig. 29). Light elements, especially hydrogen, are unfor-
tunately difficult to detect with most of the methods. On the
other hand, as XPS shows information of the chemical environ-
ment of the elements, it can indirectly reveal also the presence
of hydrogen. RHEED and LEED, in turn, give structural infor-
mation and are usually used in connection with epitaxial growth
processes on single crystal substrates.

It must be recognized, however, that both sample transfer
and different reaction conditions may effect the chemistry in
comparison with the practical ALD processes. Sample transfer
obviously takes time and involves cooling of the sample, thus
raising a question if the surface intermediates stay unchanged.
Likewise, reactions often behave quite differently under high-
vacuum conditions as compared with higher pressures. In fact,
sometimes reactions known from higher pressure conditions ap-
pear not to proceed at all in high vacuum. This etfect is well
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Fig. 29. Low energy ion scattering (LEIS) spectra from (a) a clean ZnSe sur-
face. and after (b) one, (c) two, and (d) four CdS deposition cycles [299], The
energy of the incident He™ jons was 1000 eV and the peaks at 679. 840, and
896 eV correspond to He™ ions scatlered off S. Zn or Se. and Cd. respec-
tively. Reprinted with permission from Y. Luo et al., Langmuir 14, 1493 (1998).
© 1998, American Chemical Society.

known in heterogeneous catalyst studies, for instance, and is
often called a pressure gap. To explain the pressure gap, both a
too small number of molecules having enough thermal energy
to overcome the reaction barrier and a lack of collision-induced
chemistry have been suggested [451]. 1n any case, application
of conclusions drawn from the high-vacuum experiments to
practical, higher pressure ALD reactors clearly requires critical
evaluation and, preferably, comparison with film growth and/or
reaction mechanism studies under the reactor conditions.

Temperature programmed desorption (TPD, also called ther-
mal desorption spectroscopy, TDS) [18, 299-301, 375, 382,
383, 442] may also be considered as a high-vacuum method
though high vacuum is not necessarily required but often used
to obtain supplementary information with the surface analysis
techniques. TPD is an effective method for examining the iden-
tity, relative quantity, and thermal stability of surface species.
In TPD, the sample is first prepared at a chosen temperature
by exposing the surface to the compound being studied and
then, after evacuation, the temperature is steadily increased and
the desorbed species are monitored with a mass spectrometer.
When applied to ALD studies, a number of alternate precursor
exposures may be given before starting the heating.
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An illustrative example of TPD studies on ALD processes is
the examination of CdS deposition from Cd(CH3), and H2S on
a ZnSe substrate [299-301]. Figure 30 shows two TPD spectra
measured after dosing Cd(CH3); onto ZnSe at 100 K (low tem-
perature dosing) and room temperature [299]. In the case of the
low temperature dosing, desorption of physisorbed Cd(CHjz),
multilayer is observed at 160 K, otherwise the two spectra
are essentially similar. At 370 K, desorption of Zn(CHs)2
is observed (the lower mass species come from cracking of
Zn(CHs);) which indicates that Cd(CH3), was dissociatively
adsorbed on ZnSe, and upon heating the surface terminating
methyl groups combined preferably with zinc, thereby causing
zinc to cadmium replacement in the surface layer. Remarkably,
the dissociative adsorption occurred also during the low temper-
ature dosing before the desorption of the physisorbed species.

When H;S was dosed at 100 K upon the methyl terminated
surface, left from the preceding exposure of Cd(CH3), onto
ZnSe, no reaction occurred and the physisorbed H»S desorbed
at 150 X and the methyl groups at 370 K (Fig. 31). By contrast,
when dosed at room temperature, H; S reacted completely with
the —CH3 groups which were not detected in TPD anymore
(Fig. 31). After this reaction, the surface was terminated with
—SH groups which were stable up to 485 K where they com-
bined and desorbed as HyS. LEIS measurements showed that

already after the first deposition cycle the ZnSe substrate was

nearly completely covered by CdS (Fig. 29). As a consequence,
the desorption of Zn(CHj3), ceased rapidly with an increasing
number of deposition cycles [301]. However, at this phase no
substantial Cd(CHs), desorption was observed either, but rather
the —CH3 groups desorbed in the form of radicals [301].

The Cd(CHj3)2-H,S precursor combination is apparently an
exceptionally efficient one since the reactions go into comple-
tion already at room temperature. In any case, procedures sim-
ilar to that outlined above are applicable for analyzing other
ALD processes as well but the dosing temperatures must be
carefully chosen according to the kinetic limitations of the
chemistry under study. A serious concern is that the surface
species forming during the low temperature exposure are dif-
ferent from those which form at higher temperatures in an ALD
process. Likewise, if the initial surface in TPD differs from that
in an ALD process, different kinds of surface species are likely
to form. For example, if an oxide surface is carefully cleaned
under high vacuum prior to a TPD experiment, it most proba-
bly has no —OH groups and therefore no exchange reactions
are possible in an adsorption of a metal compound. By contrast,
as discussed before, in ALD oxide processes surface —OH
groups are often present and thus some of the metal precursor
ligands may become lost in reactions with them. The surface
species formed in these two alternative cases apparently exhibit
different decomposition and desorption beliavior in TPD. For
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these reasons, the sample preparation in TPD must be carefully
planned to be the most representative for the ALD process con-
ditions. It might also be valuable to compare TPD spectra of
surfaces prepared at various temperatures.

8. SUMMARY

ALD is a unique process based on alternate surface reactions
which are accomplished by dosing the gaseous precursors on
the substrate alternately. Under the ideal conditions, these re-
actions are saturative ensuring many advantageous features
like excellent conformality, large-area uniformity, accurate, and
simple film thickness control, repeatability, and large-batch pro-
cessing capability. As these advantages can often be achieved
also under growth conditions which are not fully saturated, in
many cases it is beneficial to employ short exposure times to
maximize the effective growth rate even if the process is not
then strictly self-limited.

While ALD has been employed in TFEL display manufac-
turing for many years, its broader utilization has been limited
by its slowness as evaluated in terms of thickness increment per
time unit. At the same time, the high productivity achievable
through large-batch processing has perhaps not gained enough
attention. In the near term future, the conformality demands and

film thicknesses in the integrated circuits are approaching levels
which favor ALD as a highly potential manufacturing method,
provided of course that proper processes can be developed for
the materials needed. As a consequence, the main focus of the
ALD research is foreseen to change from the thus far dominated
epitaxial semiconductors to oxides, nitrides, and metals.

Among the various reactor types used for ALD, the flow-
type traveling-wave geometry has been the most common one,
at least in industry. It has a number of benefits, like fast puls-
ing and purging, effective precursor utilization and scalability
to large batches. The major limitation is a difficulty to imple-
ment extra energy sources. Methods for in situ process control
should also be developed.

Precursor chemistry is definitely the key issue in develop-
ing effective ALD processes. Aggressively reacting precursor
combinations should be looked for to ensure fast completion of
the reactions and effective precursor utilization. Solid sources
are otherwise well applicable but they are quite laborious, and
if in the form of a fine powder, may cause particle defects into
the films. Therefore, high vapor pressure compounds, prefer-
ably liquids, should be looked for in the first place but often
such choices are not available. By now, development of pre-
cursors specifically tailored for ALD has been quite limited but
also in this area increasing efforts may be expected.
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ALD processes activated by light or radicals have been

demonstrated, but so far this has remained quite an unexplored
area and will certainly open up new possibilities for ALD. Low-
ered deposition temperatures and higher purity films may be ex-
pected, and metal precursors which have so far been quite inert
toward the common nonmetal sources may turn reactive. In ad-
dition, completely new film materials like metals are likely to
appear in the ALD material selection. On the other hand, while
suitable for single substrate processing, the activated processes
may be hard to scale-up to large batches which are often re-
quired to make ALD productive enough.

Many approaches have been taken toward a better under-
standing of the ALD chemistry. The reaction mechanism stud-
ies all point out the importance of surface groups as intermedi-
ates in ALD processes.
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