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Advanced ALE processes of amorphous and polycrystalline films

Mikko Ritala *

Department of Chemistry, University of Helsinki, P.O. Box 55, FIN-00014 Helsinki, Finland

Abstract

Due to its distinctive self-limiting growth process, Atomic Layer Epitaxy (ALE) technique exhibits a unique combination
of advantageous features. In this paper, the benefits and potentials of ALE in growth of amorphous and polycrystalline films
will be discussed using some selected processes as examples. These processes include low temperature deposition of high
quality nanolaminate dielectrics, controlled deposition of optical multilayers, growth of low resistivity transition metal
nitrides using elemental zinc as a reducing agent, and preparation of ZnS;_,Se, solid solutions via surface anion
substitution reactions. The major drawback of ALE, its slowness, and the possibility of overcoming this problem via

large-batch processing will also be discussed.

Keywords: Review; Atomic layer epitaxy (ALE); Amorphous thin films; Polycrystalline thin films

1. Introduction

ALE was originaly invented for depositing amor-
phous and polycrystaline films for thin film electro-
luminescent (TFEL) displays [1] which, in fact, has
still remained the most important — if not the only
— industrial application of ALE [2,3]. Following the
successful introduction of ALE, a great dea of re-
search effort has been devoted to extending its use to
other applications as well [2—8]. Though the main
interests have concentrated on epitaxial compound
semiconductors, substantial progress has also been
made with amorphous and polycrystalline films [7—
11].

The advantages of ALE are well known: accurate
and simple film thickness control, sharp interfaces,
uniformity over large areas, excellent conformality,
good reproducibility, multilayer processing capabil-

" Tel.. +358-0-19140216; fax: +358-0-19140198; e-mail:
mikko.ritala@helsinki fi.

ity, and high film qualities at relatively low tempera-
tures. Additionally, from the process design point of
view it is important that, unlike in CVD, in ALE
solid precursors with relatively low vapor pressures
can be used without any difficulty, and that ALE
offers a straightforward scale-up to large batches. All
these issues together make ALE a potential choice
for many applications. In addition, since deposition
processes for a wide variety of materials have al-
ready been developed (Table 1), a firm basis exists
for extending the applied use of ALE. Yet the true
application oriented research on amorphous and
polycrystalline ALE films has mainly been limited to
the TFEL displays[12—19] and solar cells[11,20-27].
On the other hand, besides the conventiona thin film
applications, ALE has also been examined in prepa
ration of heterogeneous catalysts where the sub-
strates are porous high-surface-area powders [28—30],
and recently the excellent conformality achievable in
processing of porous substrates was extended to
porous silicon [31].

0169-4332,/97 /$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved.
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224 M. Ritala / Applied Surface Science 112 (1997) 223-230

Table 1
Thin film materials deposited by ALE

11-VI compounds

11-VI based TFEL phosphors
111-V compounds

Nitrides
Semiconductors/dielectric
Metallic

Oxides
Dielectric
Transparent conductors,/semiconductors
Superconductors

Fluorides
Elements

Others

ZnS, ZnSe, ZnTe, ZnS, _,Se,, CaS, SrS, BaS, CdS, CdTe, MnTe, HgTe, Hg, _,Cd,Te,
Cd,_,Mn,Te
ZnSM (M = Mn, Th, Tm), CaS:M (M = Eu, Ce, Th, Ph), SrSM (M = Ce, Pb, Th)

GaAs, AlAs, InP, GaP, InAs, Al Ga, _,As, Ga,In; _,As, Ga,lIn,_,P

AIN, GaN, InN, SiN,
TiN, TaN, NbN, MoN

Al,0,, TiO,, Zr0,, HfO,, Ta,05, Nb,O; Y,0,, MgO, CeO,, SiO,
In,05, In,05:5n, In,04:F, In,05:Zr, SNO,, SNO,:Sh, ZnO, ZnO:Al, Ga,0,
YBa,Cuz0,_,

CaF,, StF,, ZnF,
Si, Ge, Cu
La,S,, PbS, In,S,, CuGaS,, SIC

The magjor reason for the limited interest to ALE
is apparently its slowness. ALE isindeed rather slow
when measured in terms of a thickness increment per
time unit; with flow-type reactors growth rates of
100-300 nm/h are typically achieved. On the other
hand, reasonably high productivities, evaluated in
terms of film volume produced per time unit, can be
achieved in spite of the low growth rates because of
the large-batch /large-area capability. As a convinc-
ing example, a& maximum as many as 82 glass
substrates with dimensions of 155 x 265 mm? are
simultaneously processed in the largest ALE reactors
in use a Planar International in manufacturing of
TFEL displays [32]. This significant difference be-
tween the growth rate and productivity should be
recognized and carefully considered while evaluating
the potentiality of ALE to different applications.

In this paper, the capabilities of ALE to advanced
thin film processing will be demonstrated by examin-
ing some selected ALE processes on amorphous and
polycrystalline films. Special attention will be given
to emphasizing the benefits which have been gained
by making use of the unique characteristics of ALE.

2. Nanolaminate didlectric films

As afirst example of advanced ALE processes, it
will be shown how the accurate film thickness con-

trol and the multilayer processing capability allow a
low temperature deposition of novel dielectrics with
high permittivities and low leakage current densities.
In addition, due to the excellent large area uniformity
of ALE, this approach can easily be scaled up also to
large area applications, like the TFEL devices.

High permittivity dielectric films are needed in
many devices in micro and optoelectronics. In the
TFEL displays, high permittivity insulators should be
preferred since they make it possible to use lower
driving voltages [19]. Unfortunately, the high permit-
tivity is often accompanied by a high leakage current
which prevents the use of these films in their as
deposited form. This kind of a problem was met aso
with the ALE grown Ta,O; films (Fig. 1a) [33].

A common approach to the leakage current reduc-
tion has been a use of post-deposition heat treat-
ments, but the required temperatures have usually
been too high for the TFEL devices where the glass
substrates set an upper limit to the allowed tempera-
ture range. Therefore, an aternative strategy relying
on multilayer structures has been developed. Origi-
nally this strategy was applied for improving the
dielectric properties of ALE grown Al,O; films by
incorporating thin TiO, layers into them [34,35].
Subsequently Kattelus et al. [36] used the same
approach with Ta,O; films grown by ALE from
TaCl; and H,0O. By constructing film stacks of thin
Ta,0; and HfO, layers, the leakage current density

MICRON Ex.1035 p.10
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at an electric field of 1 MV /cm could be reduced six
orders of magnitude, from 40 mA /cm? for the pure
Ta,O5 to 40 nA /cm? for the multilayer structure. At
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the same time, the HfO, incorporation caused only a
small decrease of the permittivity from 23—24 for the
pure Ta,O5 to 20-21 for the multilayer, while values
of 13-14 were measured for the pure HfO,. The
multilayer structures were also found to exhibit re-
versible breakdown at fields below 5 MV /cm, hence
combining this beneficial characteristic of Ta,O; to
the low leakage current of HfO,.

In the above mentioned study of Kattelus et al.,
the layer thicknesses within the multilayer structures
had to be kept low to have these films applicable to
memory circuit capacitors where thin dielectric films
are required. By contrast, in the TFEL devices where
the insulators are typically about 200 nm thick, more
freedom is given to the optimization of the layer
thicknesses. Indeed, in our recent study [37] it was
shown that the dielectric properties of Ta,O,—HfO,
nanolaminates can be tailored within a rather broad
range simply by varying the layer thicknesses and
the relative ratios of the film constituents (Fig. 1).
The nanolaminate consisting of 2.5 nm thick layers
has its leakage current properties close to those
reported by Kattelus et al. [36], but a significant
improvement can be gained by increasing the layer
thicknesses to about 5 and 15 nm for Ta,0; and
HfO,, respectively (Fig. 1a). As a consequence of
the reduced leakage current and only dightly af-
fected permittivity (Fig. 1b), the charge storage fac-
tor which serves as a figure of merit for these
dielectrics was increased up to 66 nC/mm? in the
optimized nanolaminates, to be compared with 8

Fig. 1. (@ Leakage current densities of Ta,05—HfO, nanolami-
nates and pure Ta,Og and HfO, films as a function of the applied
electric field. The films were grown at 325°C using T&(OC,H5)s,
HfCl, and H,0 as precursors, and no post-deposition treatments
were used. The labels describe the nanolaminate configuration
N X (dr,,0, + duso,)s Where N is the number of Ta,05—HfO,
bilayers, and dr, o, and dyso, are the thicknesses of single
Ta,05 and HfO, layers given in nanometers. (b) Permittivities of
the Ta,O5;—HfO, nanolaminates versus the relative thicknesses of
the HfO, layers. (c) Charge storage factors (Q) of the Ta,O5—
HfO, nanolaminates. Q is defined as Q=U,C/S where U, is
the critical voltage inducing a leakage current density of 1
wA /cm?, C is the capacitance measured and S is the electrode
area. Since Q shows the maximum charge which can be stored at
a certain leakage current density, it can be employed in comparing
different dielectric films. The labels next to the data points
indicate the bilayer thicknesses dr, o+ dyso, [37].

MICRON Ex.1035 p.11
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nC,/mm? evaluated for both the pure Ta,O; and the
pure HfO, (Fig. 1c). Rather similar results were
obtained also with the Ta,0,—ZrO, nanolaminates
[38]. It is worth emphasizing that all these nanolami-
nates were deposited at as low a temperature as
325°C and no post-deposition heat treatments were
used.

It should be noted that in the nanolaminates the
leakage current density was lowered aso in relation
to the HfO, (Fig. 1a) or ZrO, films. In other words,
the addition of layers of the high leakage current
material Ta,O; to these films had a positive effect
on the leakage current properties. This improvement,
which at first sight seems somewhat surprising, is
obviously due to the elimination of grain boundaries
extending through the whole insulator film from one
electrode to another. It is well known that polycrys-
talline dielectric films, like HfO, and ZrO, in the
present case, exhibit extra conductivity along the
grain boundaries. In the nanolaminate structures the
continuous grain growth of HfO, and ZrO,, and
hence also the continuous grain boundaries, become
interrupted by the amorphous Ta,O; layers. Another
potential explanation for the improved leakage cur-
rent properties of the nanolaminates is trapping of
electrons at an interface next to a weak point, thereby
decreasing the injecting field in the vicinity of this
point. However, if these two mechanisms were the
only ones responsible for the improvement of the
dielectric properties, the layer thicknesses should not
have such a significant effect (Fig. 1a). Therefore it
appears that also some other, layer thickness depen-
dent factors are involved. Especialy the crystaline
states of the HfO, and ZrO, layers, i.e. their crystal
structures and crystallite sizes, seem to effect both
leakage current and permittivity [37,38].

3. Preparation of optical multilayers

Optical coatings serve as an example of tradi-
tional thin film applications where the benefits of
ALE make it a potential alternative to the presently
used techniques. In optical components dielectric
films are widely used, for example in filters and
antireflection and high-reflection coatings. The per-
formance of these components is based on interfer-
ence effects, and the desired spectral responses are

realized by constructing stacks of films consisting of
materials with different refractive indices. There are
several requirements for the films to be used in the
optical multilayers. accurately controlled thicknesses,
homogeneous and dense bulk like structures, sharp
and paralld interfaces, and good thickness and com-
position uniformities over the whole substrate. Often
it is also needed that the multilayer structures are
deposited conformally on nonplanar substrates. Natu-
raly, a multilayer processing capability is a pre-
requisite for an applicable deposition technique. All
these requirements are well met by ALE. In fact,
these issues are those which are usually considered
as the main benefits of ALE over the other tech-
nigues. Nevertheless, it was only recently when the
use of ALE in preparation of optical dielectric multi-
layers was demonstrated for the first time [39].

The materials chosen to the first ALE experiments
on optical multilayers were ZnS and Al,O; which
were grown from the corresponding chlorides and
H,S or H,0. These processes were developed a-
ready during the very first ALE experiments [1], and
since that they have reliably served in an industrial
production of the TFEL displays for more than a
decade. In the optical multilayers ZnS served as a
high refractive index material (H) and Al,O; as a
low refractive index materia (L). The films were so
caled quarterwave layers, i.e. their optical thick-
nesses were set to equal one quarter of the wave-
length of an interest: nd = A /4, where n = refractive
index and d= geometrical thickness. The centra
wavelength A was arbitrarily chosen to 580 nm. At
this wavelength the refractive indices of the film
materials were 2.35 for ZnS and 1.68 for Al,O,.
Thus the desired target thicknesses of the ZnS and
Al, O, films were 61.7 and 86.3 nm, respectively.

The simplest two and three layer structures pre-
pared served as antireflection coatings and neutral
beam splitters, whereas more complicated multilayer
structures were needed in the high-reflection coat-
ings (Fig. 2a) and Fabry—Perot filters (Fig. 2b). The
accuracy of the multilayer preparation procedure was
checked by comparing the measured transmittance
and reflectance spectra with those calculated for the
corresponding ideal structures with exactly correct
thicknesses and refractive indices. In general a good
correspondence was verified. Only in the most com-
plicated structures, i.e. Fabry—Perot filters with a
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Fig. 2. (&) Reflectance spectrum of a nine-layer high-reflection
coating HLHLHLHLH /glass where H and L refer to quarterwave
layers of high and low refractive index materials ZnS and Al,O3,
respectively. For comparison a calculated spectrum for an ideal
structure with the exactly correct film thicknesses and optical
parameters is shown as well. (b) Measured and ideal transmission
spectra of a 20 layer Fabry—Perot filter HLHLHLHLH-LL-
HLHLHLHLH /glass [39].

structure of HLHLHLHLH-LL—-HLHLHLHLH,
rather severe differences were observed in the side-
band regions which appear to be very sensitive to
even the dightest variations in film parameters (Fig.
2b). Nevertheless, also in this case those spectral
regions which are critica for the applications of
these devices, i.e. the high peak transmittance at the
central wavelength surrounded by a low transmit-
tance region, were well produced in the experimental
spectra. It was also verified that the deviations in the
side band regions were mainly due to small varia-
tions in film thicknesses rather than in refractive
indices [39].

These preliminary experiments indicated that ALE
is a feasible technique for preparation of optical
multilayers. A wide selection of dielectric materials,
or more specifically a wide variety of refractive
indices, are available by ALE (Table 1) hence allow-
ing alot of freedom in designing and preparing also
much more complicated components than those dis-

cussed above. The main problem of ALE arises
again from its slowness; the times needed to prepare
the 9 and 20 layer structures in Fig. 2 were about 7
and 16 h, respectively. On the other hand, as dis-
cussed above the large-batch processing capability
offers an effective way for compensating the low
growth rate.

4. ALE growth of transition metal nitrides

As compared with CVD, ALE alows more free-
dom to the choice of precursors because in ALE
solids with relatively low vapor pressures can also be
used without any difficulty, whereas in CVD their
inconstant evaporation rates usualy cause problems.
An illustrative example of utilizing this advantage is
the use of elemental zinc as a reducing agent in ALE
growth of transition metal nitride films from the
corresponding metal chlorides and ammonia [40,41].

Because the formal oxidation states of the transi-
tion metals in their most stable chlorides are usually
higher than in their nitrides, a reduction is needed,
eg. TiCl, > Ti"'N. In CVD, this is usudly ac-
complished by a direct action of ammonia or by
using hydrogen as an additiona reducing agent.
These reactions are, however, not very favorable and
typically temperatures exceeding 500°C have been
needed to achieve materials with low resistivities and
acceptable chlorine impurity levels (Fig. 3).

In ALE, the reduction can significantly be en-
hanced by supplying elemental zinc vapor on the
surface between the metal chloride and ammonia
pulses. Besides acting as a reducing agent, zinc also
removes chlorine from the surface by forming volatile
ZnCl,. Thermodynamic calculations have verified
that at low temperatures the processes containing
zinc are more favorable than those where only metal
chlorides and ammonia are involved. In the case of
TiN and NbN, for example, the temperature ranges
where the zinc containing processes are the most
favorable ones extend up to 600 and 950°C, respec-
tively [9,40,41].

Indeed, a comparison between TiN films grown
by ALE from TiCl, and NH, with and without zinc
revealed significant differences in favor of the zinc
containing process [41]. The films deposited at 500°C
with zinc had the characteristic golden color of TiN

MICRON Ex.1035 p.13



228 M. Ritala / Applied Surface Science 112 (1997) 223-230

1000
800 -
600 - o

400 4 © ,° CVD

2001 e 8 8

Resistivity (10 ohm cm)
O

0 4 : T
300 400 500 600 700 800
Temperature (°C)

20 .
18 - (b)
16 -
14
12 -
10 -
8 - O

O
6 | ° )
47 ALE o5
2 - . ¢ g
0 5 8

‘ ®
I T hi

300 400 500 600 700 800
Temperature (°C)

© cVvD

Chlorine content (at.%)

Fig. 3. A comparison of resigtivities (2) and chlorine residue
contents (b) of TiN films prepared by ALE from TiCl,, Zn and
NH, (solid symbols) [41] and by CVD from TiCl, and NH4
(open symbols) [42].

and their resistivity was low, about 50 w{) cm,
whereas those grown without zinc were darkish red
and had higher resistivities in the order of 250 ()
cm. As compared with TiN films grown by CVD
from TiCl, and NH,, the films prepared by ALE
with zinc have substantially lower resistivities (Fig.
3a) which in the first place seems to be due to their
low chlorine residue contents (Fig. 3b). In the case
of the NbN films, lower resistivities were also ob-
tained with Zn (3x 10™* Q cm) than without it
(6 107% Q cm) [40]. No zinc was detected in any
of the TiN or NbN films with Rutherford backscat-
tering spectroscopy (RBS) or energy dispersive X-ray
analysis (EDX).

5. Growth of ZnS, _, Se, films via surface substi-
tution reactions

The stepwise film growth in ALE makes it possi-
ble to substitute atoms on the surface of the growing
film, thereby offering an aternative approach to a
simple and controlled preparation of solid solutions.
By combining this strategy with the possibility of
using solid precursors, the growth of ZnS,_,Se,
(x=0-0.8) films from ZnCl,, H,S and elemental
Se has successfully been demonstrated as described
in detail elsewhere in this issue by lhanus et al. [43].
The major benefit of this approach is that the use of
the highly toxic H,Se can be avoided, hence making
the process safer and more convenient with no need
of extensive safety systems.

The ZnS, _, Se, films were prepared by using two
kind of deposition cycles, one for the pure ZnS
(ZnCl,—H,S) and one for the incorporation of Se
(ZnCl,—H,S-Se). The Se content in the films was
controlled either by varying the fraction of the Se
containing deposition cycles or by adjusting the
length of the Se pulse. The highest Se content was
achieved by using only the Se containing cycles and
increasing the Se pulse length to 3 s, above which
the film composition saturated to ZnS,,Se,s. No
film growth occurred if only ZnCl, and Se were
used. This observation verifies that Se was incorpo-
rated into the ZnS, _ , Se, films by substituting sulfur
atoms on the surface rather than by reacting with the
cation containing precursor ZnCl, [43].

So far this simple preparation of solid solutions
via surface anion substitution reactions has been
studied only with the ZnS, _,Se, films. In the near
future, the generality of this approach will be exam-
ined also with other chalcogenides.

6. Conclusions

In this paper, some advanced ALE processes of
amorphous and polycrystalline thin films have been
reviewed. A common feature to these processes is
that in al of them a simultaneous use of severd
unique characteristics of ALE has been made. In
preparation of both high quality nanolaminate dielec-
tric films and optica multilayers, the simple and
accurate film thickness control, multilayer processing
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capability and excellent large area uniformity give
ALE adistinct benefit over the other techniques. The
stepwise growth process and the unproblematic use
of relatively low vapor pressure solid precursors
have been utilized in developing new chemical ap-
proaches to transition metal nitride and ZnS,_, Se,
films. Using elemental zinc as an additional reducing
agent, the qualities of TiN and NbN films were
significantly improved. The incorporation of Se into
ZnS,_,Se, films was, in turn, realized simply by
replacing sulfur atoms on the surface of the growing
film with elemental Se, thus avoiding the use of the
highly toxic H,Se.

These examples demonstrate how the specia
characteristics of ALE make it possible both to
prepare novel multilayer structures and to utilize
unique chemical processes which are not possible in
CVD, for example. Obviously ALE offers a great
potential for a further development of this kind of
unconventional approaches.

In the present paper, it has aso been emphasized
that the major drawback of ALE, i.e. its slowness,
can a least partidly be overcome by large-
area/large-batch processing. By this way the pro-
ductivity can be increased to a level where ALE
becomes a potential and competitive choice also for
industry, as has aready been evidenced by its suc-
cessful utilization in manufacturing of the TFEL
displays. Once also this issue becomes generally
recognized and considered together with all the other
benefits of ALE, it can be expected that the use of
ALE will become extended to new aress.
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