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Abstract

- Atomic layer epitaxy (ALE) as a self-limiting thin film growth process results in several practical advantages including accurate
and simple thickness control, large area and large batch capability, good conformality and reproducibility, straightforward doping
and scale-up, possibility to produce sharp and tailored interfaces as well as capability to prepare multilayer structures in a
continuous process. In this paper the use of ALE in deposition of numerous conducting and insulating oxide thin films will be
reviewed. The versatile ALE chemistry allows the use of different types of metal-containing precursors from simple inorganic
compounds to organometallics. Commonly used oxygen sources include water, oxygen, ozone, hydrogen peroxide and alcohols.
The recent advances in oxide ALE processes, i.e. deposition of ternary and quaternary oxides, controlled doping of transparent
conductors, preparation of multilayer structures as well as conformal coating of porous silicon will also be discussed in respect

to their practical applications.

Keywords: Atomic layer epitaxy; Organometallics; Oxide thin films

1. Introduction

.

- Stoichiometric oxide materials are characterized by
high thermal and chemical stability and resistance to
oxidation [1]. These features make the oxides fascinat-
ing materials to be used also in thin film application.
Most oxides have ionic type bonding and lattice which
usually results in optical transparency, high electrical
resistivity, diamagnetism and low thermal conductivity.
’Electrically oxides may also be conducting, semicon-
ducting or even superconducting which further expands
t;heir potential range of use in electronic and optoelec-
tronic applications [2].

[' Usually the oxide thin films employed in applications
are amorphous or polycrystalline. There has not been
strong research nor a need for epitaxial oxide films until
the interest devoted to oxide superconductors and fer-
roelectric materials [3]. The layer-type structure and the
complicated stoichiometry of the superconducting ox-
ides require atomic level control of the growing thin

* Corresponding author.

0921-5107/96/$15.00 © 1996 — Elsevier Science S.A. All rights reserved
PII S0921-5107(96)01617-0

films [4]. Therefore pulsed systems, viz. MBE and
pulsed-MOCVD, have been extensively employed in the
deposition of binary and ternary oxides, quaternary
superconductors and the buffer layer oxide thin films
[5-10].

Our interest to oxide thin films stems from their use
in large area applications like electroluminescence dis-
plays and solar cells. There the desirable properties of
the deposition process and the resulting films include
homogeneous coating of large areas, pinhole-freeness,
possibility to deposit different films in one pump-down
and controlled doping of the films. The atomic layer
epitaxy (ALE) process appears to fulfill these require-
ments [11-13].

2. Atomic layer epitaxy

The ALE method invented in the early 1970s by
Suntola et al. [14] has received increasing interest be-
cause of its unique digital growth process [11,15]. ALE-
growth proceeds by exposing the substrate surface
alternately to the precursors and accordingly the depo-
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Table 1

Characteristic features of ALE, their implications on the film growth and the consequent practical advantages

L. Niinisto et al. | Materials Science and Engineering B41 (1996) 23-29

Characteristic feature of ALE  Inherent implication on film deposition

Practical advantage

Self-limiting growth process
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 win-

dows are often wide readily matched

Film thickness is dependent only on the number of

Processing conditions of different materials are

Accurate and simple thickness control

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 superlat-
tices

Possibility to interface modification

Favors precursors highly reactive towards each
other, thus enabling effective material utilization
High quality materials are obtained at low process-
ing temperatures

Capability to prepare multilayer structures in a con-
tinuous process

sition process is based on alternating chemisorption of
the precursors, surface reaction and desorption of the
gaseous side-products. When carried out within certain
temperature limits, i.e. in the ‘ALE window’, ALE is a
self-limiting deposition process where the growth rate is
independent of growth parameters like temperature,
vapor pressure, precursor fluxes and pulse and purge
times [12,16]. The characteristic features of ALE and
their implications on the growth process and resulting
film material are presented in Table 1.

3. ALE growth of binary oxides films

Table 2 summarizes the ALE processes used for
depositing binary oxide films, either in a pure form or
doped with a second cation or anion. In general the
chemistry used in ALE is rather similar to that em-
ployed in CVD. There are, however, some basic differ-
ences. While in CVD highly reactive precursor
combinations, e.g. AlCl;, TiCl, or ZrCl, together with
water, are problematic because of premature gas phase
reactions, in ALE these problems are inherently
avoided due to separate dosing of the precursors. In
fact, in an ALE process aggressively reacting precursors
are desired because they facilitate the use of short pulse
times and high precursor utilization efficiencies. An-
other important difference between ALE and CVD
chemistries is that, since in ALE no constant reactant
fluxes are required, the use of solid sources is easier
than in CVD where changes in surface areas of solid
sources may lead to inconstant vaporizing rates and,
thus, complicate the growth rate control. As a conse-
quence of these two features ALE is very versatile in
respect of the precursor choices. It should be empha-

sized, however, that for each particular oxide only a
limited number of precursor combinations may be used.
For example, even though volatile metal chlorides and
water are ideal ALE precursors for many oxides, ZnCl,
and NbCl; cannot be employed in depositing the corre-
sponding oxides. While ZnCl, seems to suffer from a
low reactivity with water, the problems related to
NbCI; arise from its tendency to etch Nb,Os [53]:
Therefore it can be concluded that though some predic-
tions can be drawn from other closely related materials,
each process has to be examined on its own.

The role of the oxygen precursor may be twofold; it
may either only supply the oxygen or it may also act as
an oxidizing agent. The importance of the oxygen
source is demonstrated by the growth of Ga,O; from
Ga(thd); and either oxygen, water or ozone [52]. While
no growth took place with oxygen and the films de-
posited with water were heavily contaminated with
carbon (about 30 at.%), those deposited with ozone
which is a strong oxidizer contained only about 1 at.%
carbon.

The temperature ranges given in Table 2 are those in
which reasonable film growth was reported to take
place without any major precursor decomposition lead-
ing to an uncontrolled growth. They do not, however,
necessarily represent the ‘ALE-window’ [12], i.e. the
temperature range where the growth rate, expressed in
terms of thickness increment per cycle, would be inde-
pendent of the temperature. In fact, it is rather com-
mon feature for many oxide processes that there does
not exist any distinct ALE-window. This behavior
arises from combined effects of several temperature
dependent factors, the most important of which are
kinetics of the surface reactions between the alternately
supplied precursors, dehydroxylation of the surface and
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’;‘ Table 2

| A summary of ALE processes used for depositing pure and doped binary oxide thin films
| Material Precursor combination Temperature (°C) Reference
| ALO, AlCl;+H,0/ROH/O, 100660 [17-24]
Al(OEt);+H,0O/ROH/O, 250-500 [21]
Al(OPr);+H,0/ROH/O, 250-500 [21]
Al(CH;);+ H,0O/H,0,/N,O 100-600 [25-28]
TiO, TiCl,+H,0/H,0, 100600 [17,29-33]
Ti(OEt),+H,O 200-375 [31,34]
‘ Ti(O'Pr),+H,0 150350 [31,35,36]
Ta,O, TaCls+H,0 100500 [22,23,37,38]
Ta(OEt)s+H,0 150450 [28,39]
In,0; InCl;+H,O 400-500 [40,41]
$nO, SnCl,+H,0 300-600 [42,43)
ZnO Zn(CH,;COO0),+H,0 290-360 [44]
Zn(CH,),+H,0 150-250 [45]
Zn(C,Hs),+H,0 120-350 [45]
MgO Mg(CsHs),+H,O 370-900 [46,47]
Zr0, ZrCl,+H,0 300-500 [28,31,48]
HfO, HfCl,+ H,O 300-500 [23.28,31.49]
CeO, Ce(thd),+O4 350-425 [50]
Y,0, Y(thd);+05/0, 425-500 [51]
Ga,0, Ga(thd);+05/H,0 350-400 [52]

desorption or self-decomposition of the metal precur-
sors [31]. In some cases also readsorption of reaction
byproducts and etching of the film by the precursors

. may have a role [37,53].

At low temperatures the growth rate is often found
to increase with temperature until the saturated level is

| reached [30,33,34,36,39,42,50] which is obviously due to

thermal activation of the surface reactions between the
two precursors. If too short exposure times are used
these reactions are only partially completed within one
cycle. With increasing temperature the degree of com-
pletion increases until the temperature is high enough
for the reactions to proceed into saturation within the
given cycle time. In principle, under these circumstances
the growth rate per cycle could be increased also by
giving more time for the reactions to occur but this
would increase the total process time substantially.

In some cases, especially when water is used as an
oxygen source, the growth rate has been found to
decrease rather steadily with increasing temperature
[20,29,32,38,45]. This decrease has usually been at-
tributed to increasing dehydroxylation of the surface.
After each water pulse the oxide surface is terminated
with hydroxyl groups, and if sufficiently low tempera-
tures are used also some molecular water may be
present. During the subsequent reaction step these spe-
cies will act as preferential reactive sites for the incom-
ing metal precursors. When the temperature is
increased water and hydroxyl groups will exhibit an
increasing tendency to desorb from the surface before
the other precursor is dosed in. Nevertheless, since the
different species, i.e. molecularly chemisorbed water
and bridging and terminal hydroxyl groups which may

further be isolated or hydrogen bonded, are desorbed at
different temperatures the density of reactive sites will
decrease only gradually with increasing temperature
[54], thus explaining the observed gradual decrease of
the growth rate.

At high temperatures the growth rate may exhibit a
gradual or sudden increase because of the thermal
self-decomposition of the metal precursor [34,36,39].
On the other hand, if strong decomposition occurs
already before the substrates the precursor flux arriving
on the substrates may be significantly decreased thereby
causing a decrease of the growth rate. When self-de-
composition takes place, the self-control of the ALE
growth will evidently be lost. Nevertheless, in some
cases minor self-decomposition may be tolerated with-
out losing the advantageous features of ALE [34]. This
requires that the decomposition product is the same as
the one resulting from the reactions between the two
precursors, and that the decomposition rate is uniform
over the whole substrate. Obviously, the latter require-
ment is met only when the decomposition process is
surface reaction rate controlled.

4. Conformality

Due to its surface-controlled nature the ALE process
has a great potential for step coverage and conformal
coating which are often required in thin film device
processing. However, there are only a few documented
cases where this inherent advantage of the ALE process
has been demonstrated [26].
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Fig. 1. Leakage current densities vs. electric fields for some selected single layer and multilayer structures. In all cases the total thickness of the

dielectric film was about 160 nm [28].

Very recently, Diisco et al. [55] have deposited tin
oxide into porous silicon which represents an extreme
case for conformal coatings, with a pore depth of 2 pm
and an average pore diameter of 14 nm the aspect ratio
is as high as 140:1. Using RBS, SIMS and XTEM the
authors presented evidence for conformal coating of the
pores with SnO, originating from the exchange reaction
between adsorbed SnCl, and H,O [42]. The experimen-
tal conditions must be carefully chosen because the
surface controlled ALE process in the pores may easily
turn into a CVD process.

5. Multilayers

Owing to the inherent layerwise processing and the
possibility to match deposition temperatures of differ-
ent materials (Tables 1 and 2), ALE is an attractive
technique for preparation of multilayer structures. Al-
ready in the first application of ALE, i.e. in manufac-
turing of TFEL displays [12], the multilayer processing
capability was, and still is, successfully utilized at two
different thickness levels. First, the heart of the TFEL
device, the three layer structure dielectric-semiconduc-
tor-dielectric is deposited in one continuous ALE pro-
cess which thereby both fastens and simplifies the
production and improves the interface quality. While
0.5 to 1 pm thick zinc or alkaline earth sulfides doped
with manganese or rare earths are employed as the
semiconducting phosphors, the dielectric layers having
thicknesses of about a few hundred nanometers consist
of either Al,O; or Al Ti O, [12,56]. The latter material
also represents the second level of multilayer processing
in ALE manufacturing of the TFEL devices. Even
though the pure ALE grown Al,O; is capable of with-
standing the high alternating electric fields, about 2 MV

cm ' applied across the dielectric-semiconductor-

dielectric structure, even better results have been
achieved by preparing multilayer structures where thin
TiO, layers are incorporated into the Al,O5 film [12,17].

Because of the good results gained from the AlO;
based composite dielectrics, the multilayer approach
has recently been examined also with some other ALE
grown insulating oxides, especially with Ta,Os. As typi-
cal of Ta,Os films irrespective of the deposition
method, also the ALE grown Ta,Os films are relatively
leaky in their as-deposited form. Under 1 MV c¢m !
electric field leakage currents of about 40 and 2 mA
cm ~ 2 have been measured for Ta,Os films grown from
TaCls [22,23] and tantalum ethoxide [39], respectively,
using water as the oxygen source. These high leakage
current values prohibit the use of pure Ta,Os films as
dielectric materials in TFEL devices. By preparing
sandwich structures consisting of Ta,Os and another
oxide, i.e. HfO,, ZrO, or Al,O;, the leakage current
densities were drastically reduced (Fig. 1) [22,23,28].
The most attractive results were obtained with the
Ta,05—HfO, and Ta,05—ZrO, multilayers in which the
low leakage current densities were accompanied by high
and essentially constant dielectric permittivities around
20. The lowest leakage current measured at 2 MV
cm ! was only 3 x 10 =% A cm ~ 2 which is an extremely
low value for a film which has not experienced temper-
atures higher than 325°C. In the optimized structures
the thicknesses of the single oxide layers were 5—15 nm
[28].

The multilayer processing capability together with
the accurate and simple thickness control make ALE a
potential technique for optical applications. Recently
ALE preparation of some basic optical dielectric multi-
layer components was demonstrated by Riiheld et al.
[57]. Using Al,O4 and ZnS as the low and high refrac-
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tive index materials, respectively, antireflection coat-
ings, neutral beam splitters, high reflection coatings and
Fabry—Perot filters were prepared. The most compli-
cated structure consisted of 20 layers, each having an
optical thickness of one quarter of the central wave-
length 580 nm which means that the geometrical thick-
nesses of the ALLO; and ZnS films were 86 and 62 nm,
respectively. The accuracy of the film deposition was
verified by comparing the measured transmission and
reflectance spectra with those calculated for the ideal
structures (Fig. 2).

Though with III-V compounds the layerwise ALE
processing has been successfully taken down to an
atomic level in growing superlatttices [12], with oxide
materials no such structures have yet been prepared.
This is mainly due to the fact that the great majority of
the oxide studies have concentrated on amorphous or
polycrystalline rather than epitaxial films. Even if epi-
taxial oxide films were deposited, it might be difficult to
prepare superlattices with an exact atomic level accu-
racy because the growth rates are usually lower than
the one monolayer per cycle. On the other hand,
though this evidently has not resulted in continuous
monolayers, the atomic level processing has been uti-
lized with polycrystalline oxide films in their controlled
doping with third ions, as will be discussed in the
following section.

6. Doping of oxides

Transparent conducting oxides represent very impor-
tant large area applications to optoelectronics, e.g.
transparent electrodes in flat displays and solar cells.
All the most common transparent conducting oxides
have been prepared by ALE by doping the binary
oxides to enhance their conductivity. Even though the
dopant could be introduced also together with the host

100
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50 ¢
40 +
30 1
20 1%
10 1
350 450 550 650 750 850 950 1050

| — HLHLHLHLH/glass ideal

= HLHLHLHLH/glass measured

Reflectance / %

Wavelength / nm

Fig. 2. Reflectance spectra of a nine layer structure HLHLHLHLH/
glass, where H and L refer to high refractive index ZnS and low
refractive index Al,O; layers whose optical thickness are one quarter
of the central wavelength 580 nm. The ideal spectrum was calculated
for a structure where all the film parameters were set to their target
values [57].

2e+20
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I I T T
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Depth (nm)

Fig. 3. A depth distribution of antimony in SnO,:Sb films prepared
by using pulsing sequence ratios (SbCls + H,0):(SnCl, + H,0) 1:1200
(a) and 1:600 (b) [58].

precursors, a more common way is to supply the do-
pant precursor as a separate pulse. Tin has been incor-
porated into indium oxide layers to form conducting
indium tin oxide (ITO) using chlorides as the metal
precursors [41]. Similarly, although at a lower concen-
tration level, antimony enhances the conductivity of tin
dioxide [43]. SIMS depth profiling indicate a controlled
doping even at a very low level where one SnCl, + H,O
cycle out of 1200 is replaced by a SbCls + H,O cycle
(Fig. 3) [58]. Likewise, ZnO has been doped with
aluminium using organometallic compounds and water
as precursors [45]. The lowest resistivities measured for
these transparent conducting oxide films were 2 x 10 ~*
Q cm for In,O5:Sn [41], 1 x 10 3 Q cm for SnO,:Sb [43]
and 8 x 10~ * Q cm for ZnO:Al [45].

7. Ternary and quaternary compounds

In contrast to CVD, the application of ALE has been
almost exclusively focused on binary systems, viz. metal
oxides, nitrides and sulfides. Very recently, however,
considerable progress has been made with the per-
ovskite-type oxides. As an expansion of bulk material
studies Seim et al. [59] have prepared LaNiO; from
beta-diketonate type precursors and oxygen. LaNiO;
exhibits a range of interesting properties for possible
applications because it is a metallic conductor and has
Pauli type paramagnetic behaviour. The thin films were
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deposited at 200—-400°C but enhancing crystallinity and
electrical conductivity requires annealing at 600°C. Pre-
liminary results show that another perovskite oxide
LaCoO; can be deposited by a similar process.

The new high-7, superconductors represent a more
difficult case because in the case of YBa,Cu;O, |, for
instance, the deposition of three metallic constituents
must take place in the same temperature range and,
furthermore, the oxygen concentration must be con-
trolled. The problem of in situ deposition is largely
related to precursor chemistry because the choice of
precursors for yttrium and especially for barium is
limited. Nevertheless, Molsd [60] was able to deposit by
ALE at 450°C YBa,Cu;O, . films which exhibited
superconductivity after oxygen annealing. Layer-by-
layer growth has been reported by other groups as well
[61].

8. Conclusions

ALE has demonstrated its capabilities for controlled
processing of oxide thin films for large area applica-
tions. Besides pure oxides examples of ALE also in-
clude doped materials and layered structures. Although
most work has been carried out with binary com-
pounds, there are recent reports on ternary phases also.
The perovskite thin films open up new applications for
ALE. Further developments are, in most cases, depend-
ing on precursor and reactor designs.
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