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HIGHLIGHTS

o The hardness’s were in the range of 11-15 GPa and moduli 140-180 GPa.

o ZrO, alternated or doped with Al,O3 layers stabilized mostly in tetragonal phase.

¢ 3.7 mol.-% of Al was needed to stabilize pure tetragonal ZrO,.

e The hardness and moduli were insensitive to nanolaminate structure in some cases.
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Atomic layer deposition was used to produce 90-105nm thick alumina-zirconia mixtures and nanolaminate
structures on soda-lime glass substrate. The resultant chemical and structural compositions of the thin films were
characterized. Hardness and modulus of elasticity were determined by instrumented nanoindentation. The
hardness of mixtures and nanolaminates were in the range of 11-15 GPa and moduli in the range of 140-180 GPa

ZrO4 with 3.7 mol.-% AlyOs3 crystallized in pure tetragonal phase and measured hardness reached about 15 GPa
on glass substrate at indentation displacement of about 13 nm. Similar mechanical properties were measured in
most thin films, except pure ZrO,, demonstrating insensitivity of mechanical properties to deposition receipt.

1. Introduction

Zirconia is an important material in technology. It has found use in
glasses, medical, dental, structural and refractory ceramics, sensors,
solid oxide fuel cells, machinery parts and corrosion protection [1-9].

Zirconia is an interesting material due to its several mechanically
different crystallographic phases. It exhibits the phase change tough-
ening effect — a metastable tetragonal phase (t-ZrO,) is induced by
deformation stress to convert into monoclinic phase (m-ZrO,). This re-
sults in unit cell volume increase about 3.4%. It requires additional
energy to overcome the increment. Therefore, zirconia can withstand
mechanical influences at somewhat higher level compared to other ox-
ides. The toughening effect has been used, for instance in powder
technology, to enhance properties of other ceramics, including
aluminum oxide (zirconia-toughened alumina) [1,10].

In this work, the attention is on atomic layer deposited (ALD) AlyOs-
ZrO, thin films and mixtures thereof, obtained phase composition and
related mechanical properties. These composites could be used as
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mechanically (or chemically) protective coatings, for instance, in micro-
or nanoelectromechanical (MEMS/NEMS) devices [11,12]. Due to its
nature, ALD can cover all surfaces conformally [13]. So far, the interest
in ALD alumina-zirconia has rather considered barrier properties (for
instance, encapsulation of electronic devices), electrical or magnetic
properties [14-16].

Our previous works on hardness and modulus of ALD HfO,, TasOs,
Al;,03 and ZrO, nanolaminates and ALD alumina reinforced SiC nano-
particle compacts have shown high hardness and modulus [17,18].
Compared to our previous results, in this work, the hardnesses and
moduli values are considerably higher.

ALD is a bottom-up chemical vapor deposition technique, where
successive alternating saturated pulses of vaporized precursors, sepa-
rated by neutral inert gas pulses (purge pulses), are introduced into a
reaction chamber, where in exchange reaction thin films form on solid
substrates. This cyclic nature, based on saturated surface reactions, al-
lows deposition of thin films with controlled thicknesses increasing
proportionally to the cycle count. Depending on pulsing sequence,
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mixtures of materials can be also produced. Therefore, by changing the
ratio of deposition cycles of one material to the second, it is possible to
tune the composition and structure of deposited thin film.

Usually zirconia is processed at high temperatures (over 1000 °C),
but ALD can be conducted at relatively low temperatures. ZrO; can be
grown at temperature as low as about 200 °C from ZrCly and water
process [1,2,19]. The content of unwanted impurities (i. e. chlorine ions)
might have increased levels at low deposition temperatures due to the
incomplete surface reactions. Somewhat higher temperatures
(300-400 °C for instance) can be used to reduce the levels.

2. Materials and methods

ALD was conducted in a Picosun R200 reactor using deionized water,
trimethylaluminum (TMA, 98%, Volatec) and zirconium chloride (ZrCly,
99.95%, Strem) vapors as precursors. Nitrogen (purity class 5.0) was
used as purging/carrier gas. The deposition temperature was 300 °C.
ZrCly was vaporized at 200 °C and TMA was kept at 19 °C. The deposi-
tion substrates were soda lime glass and crystalline silicon Si (100). The
pulse sequences were 0.1/4/0.1/10s (TMA/Ny/H20/N> respectively)
for Al,O3 deposition and 0.2/4/1/10 s (ZrCls/No/H20/Nj respectively)
for ZrO, deposition in the exchange reaction on a substrate. The cycle
counts for constituent oxide layer in laminates were derived from de-
positions of thickest single oxides. The thicknesses of the deposited thin
films were in the range of 90-105 nm.

The glass and silicon substrates were cleaned prior depositions with
hydrogen peroxide and sulfuric acid mixture (5 min), to remove organic
matter from surface, at about 100 °C followed by rinsing with deionized
water (5 min) in ultrasonic bath. The silicon substrates were additionally
HF-etched (7% solution) for 30 s for removal of the native oxide layer.

The indentations were performed with Agilent Nanoindenter G200
using a Berkovich type diamond indenter in continuous stiffness mea-
surement mode up to 600 nm in depth. To increase the reliability, 10
indentations results were averaged [20-22].

The film thicknesses were measured from Si (100) references using
spectroscopic ellipsometry (SE) (Semilab Sopra GES-5E), arms at 75°
and wave energies in the range of 1.5-4.5 eV. Fitting was done according
to Cauchy model [23].

Crystallographic structure was determined at room temperature
using Rigaku SmartLab diffractometer in grazing incidence mode and
Cu-Ka radiation. X-ray reflectance (XRR) was used to check and confirm
thicknesses and laminated structures of some samples. GlobalFit 2.0
(Rigaku) was used for XRR models.

Thin film elemental compositions were measured with Rigaku
7SX400 X-ray fluorescence spectroscope (XRF). The signal collection
times for a characteristic radiation maximum and background were
100s and a 10 mm diaphragm was used.

3. Results and discussion
3.1. Atomic layer deposition

The deposition recipes, resultant thin film thicknesses and XRF
masses per square centimeter are gathered in to Table 1. Densities of thin
films are calculated dividing XRF and SE results. There is estimated less
than 5% error in XRF measurements of Zr content related to the tech-
nical reasons, ie. different substrate position in respect to precursor
inlet. (The error for Al is lower.) This also translates to some discrepancy
in calculated density values.

The samples can be uniquely identified by their cycle sequences. For
example, “240 x (2 x Alp03+3 x ZrO,)” denotes a sequence where 2
cycles of alumina were followed by 3 cycles of zirconia deposition and
the double layer sequence was repeated 240 times.

Spectroscopic ellipsometry gives values with about 0.1-0.3 nm error.
The possible re-grown sub-layer of SiO5 on Si (100) references has also
been taken into account and it was regularly less than 1 nm. XRR results

Table 1

SE thickness results and corresponding thicknesses per cycle (TPC). TPC is
thickness of a film divided by the respective cycle counts. XRF results of total
material mass per square centimeter is divided by thin film thickness to calculate
thin film average density.

Deposition scheme (by SE measured TPC, Total Density,
cycles) thickness, nm  nm/ material g/cm®
cyc mass, ug/
cm?

1000 x Al;O3 92 0.092 26.5 2.9

500 x Al;03 46 0.092 13.4 2.9

200 x Al,03 19 0.095 6.3 3.3

1300 x ZrOqy 104 0.080 64.6 6.2

650 x ZrO, 53 0.082 34.8 6.6

270 x ZrOy 22 0.081 13.3 6.0

240 x (2 x Al;03+3 x 96 0.080 47.6 5.0
Zr05)

64 x (8 x Al;03+11 x 91 0.075 48.1 5.3
Zr0O5)

20 x (25 x Al;03+33 x 93 0.080 48.1 5.2
Zr05)

36 x (25 x Al,03+3 x 89 0.089 29.7 3.3
Zr0,)

37 x (2 x Al,03433 x 97 0.075 61.1 6.3
Zr0y)

14 x (50 x Al,03+33 x 97 0.083 41.7 4.3
Zr0,)

5 x (100 x Al,03+133 94 0.081 45.5 4.8
X Zr0y)

6 x (10 x Al,034200 x 97 0.077 61.4 6.3
Zr05)

suggested similar values to SE thicknesses within the accuracy of
+1-2nm. For instance, the result for sample 37 x (2 x Al;03+33 x
ZrO,) was 98.5 nm which compares well with SE derived value of 97 nm.
The thicknesses per cycle indicate that for alumina and zirconia the
growth was in linear correlation with cycle counts, as is characteristic to
ALD.

In XRF measurements, the contents of Al, Zr and O referenced to
respective stoichiometric oxides. The measurements of residual ele-
ments showed content of Cl to be 0.24% (by weight) at maximum. For
carbon, the measured amount was in the range of 2-3%, which seems
high, but it is not clear if it is from deposition (i. e. from trimethylalu-
minum precursor) or some contamination from environment.

3.2. Crystallographic structures

The XRD results of pure ZrO, samples are depicted in Fig. 1.

The peak indexes for the phases were fitted using Rietveld analysis
program Profex (ver. 3.11.1) with single cell parameters of
a=0.361 nm, c = 0.518 nm for the tetragonal phase (PDF 04-005-4207)
and a=0.515nm, b=0.521nm, $=99.23°, ¢=0.532nm for the
monoclinic phase (PDF 04-004-4339) [24]. An approximate analysis
indicated presence of %/ of monoclinic and /5 of tetragonal phase in
104 nm thick ZrO, sample. Peak intensities, attributable to the mono-
clinic phase, upsurge when the thickness increases from 22nm to
104 nm. This indicates that the relative content of monoclinic phase
increases with ZrO, layer thickness. Therefore, it is likely that thinner
zirconia layers in deposited laminates could be mostly in tetragonal
phase. The peak at 20 ~ 47.5° in 22 nm thick ZrO, pattern goes unex-
plained as it does not appear in any other patterns nor does it suit to
Miller indexing of zirconia phases. It might be related to signal/reflexes
from the substrate [25].

In 37 x (2 x Al,03+33 x ZrOs) the reflexes correspond only to
tetragonal phase (Fig. 2) with cell parameters of a=0.358nm,
¢=0.515nm and density of 6.21 g/cm®, according to analysis with
Profex. Any indication of monoclinic, cubic or orthorhombic phase was
not noticed, which suggests the zirconia to be in pure tetragonal phase.
The difference in intensity ratios of (101) and (002) reflexes of
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Fig. 1. XRD results of ALD ZrO, thin films. M — monoclinic phase; T - tetrag-
onal phase.
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Fig. 2. XRD patterns of crystalline deposited thin films in comparison to ZrO,.

sequences 5 x (100 x Al03+133 x ZrOs) or 6 x (10 x Al,034+200 x
ZrO3) compared to 37 x (2 x Alp03+33 x ZrOy), is probably an artefact
of texture.

Fig. 2 indicates that ZrO, will have high content of tetragonal phase
as long as it is alternated or doped with Al;Os.

One can note that the XRD patterns are very similar for sequences
5 x (100 x Al;03+133 x ZrO,) and 6 x (10 x Al,03+200 x ZrOs).
Alternating ZrO; layers with 10 or 100 deposition cycles of AloO3 tends
to increase the content of tetragonal phase compared to pure ZrO,, as
can be seen in Fig. 2. Fitting indicated about 90% of t-ZrO, for sequences
5x (100 x Al,03+133 x ZrO5) and 6 x (10 x Al,03+200 x ZrO-),
compared to about 30% in 104 nm thick pure zirconia. The presence of
other metastable polymorphs like cubic or orthorhombic phases was not
confirmed in any sample.

Remaining samples showed no reflexes or had broad peaks (Fig. 3);
the crystallographic ordering was markedly reduced. Reflections, which
possibly could be correlated to any crystalline alumina, were not noticed
[26].

Fig. 4 depicts two XRR measurements of laminated structures. For
densities, the best fit for the two examples was found to be 3.0-3.1 g/
cm?® for alumina and 5.8-6.2 g/cm® for zirconia. The density of crys-
talline ZrO, corresponds well to literature [27,28]. On the other hand,
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Fig. 3. XRD patterns of nanolaminates with thin layers.
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Fig. 4. XRR results and corresponding single layer thicknesses.

the given density of Al;O3 is remarkably lower compared to crystalline
alpha-alumina of 4.0 g/ecm® [27]. The likely reason is the amorphous
nature of the thin film. It has been shown before in XRR measurements
that ALD alumina has low density in as deposited state and the density
increases during post-deposition annealing [14,29-31]. Compared to
previously derived densities from XRF and SE measurements, the XRR
results coincide in about 5% margin.

The differences in single layer thicknesses modelled in XRR are off
less than 10% compared to expected values calculated from single
alumina or zirconia deposition rates and respective cycle count.

3.3. Elastic moduli and hardnesses

Although, the total displacement during indentation measurements
was up to 600 nm, after 250 nm the results levelled out at substrate
property values. Therefore, the results are presented with displacement
depths of 300 nm to rather give cleaner look of the graphs at first few
hundred nanometers. The substrate level of modulus was around 75 GPa
and hardness around 6 GPa.

In Fig. 5 are shown the moduli of thin films with amorphous nature.
The graph of sequence 64 x (8 x Al,03+11 x ZrOs) also displays stan-
dard deviations (as measured). Overall, the deviations are similar to all



measurements in Fig. 5. The results indicate that the modulus is quite
insensitive to cycle or volume ratio of consistent oxides or single layer
thickness. Despite the variations, if the crystallographic phase compo-
sition could be considered amorphous or near amorphous, the moduli
remain similar. This indicates that the elastic properties of the laminates
are similar to pure Al,O3, which again confirms the zirconia layers to be
in harder and stiffer tetragonal phase.

In case of hardnesses (Fig. 6), there were slight differences at dis-
placements of about 40-80 nm, where the thin films of pure alumina and
alumina with zirconia doping had hardnesses about 1 GPa higher than
the others.

The average hardness for 36 x (25 x Al;03+3 x ZrO3) seems higher
than for pure alumina. This probably could be related to the ~15%
higher density, according to combined XRF and SE measurements. The
density for 36 x (25 x Alp03+3 x ZrOj) was calculated to be approxi-
mately 3.4 g/cm® compared to 2.9 g/cm?® for pure Al,O5 thin film.

The moduli values for thin films with notable ZrO, crystallinity
(Fig. 7) were similar to amorphous thin films and to each other. The
exception was pure ZrO; thin film, which showed increase in modulus
after initial drop to minimum at around 50 nm displacement, probably
due to pile-up effect during indentation.

In macroscopic scale the hardness of ZrO5 polymorphs have been
6.6-7.3 GPa for monoclinic, 7-12 GPa for tetragonal and 7-17 GPa for
cubic phase, depending on the type of stabilizer element used and its
amount [1]. Compared to that, in Fig. 8, the hardness of pure ZrOs is in
similar range for monoclinic and tetragonal phases, which is in good
correlation with the mixed monoclinic/tetragonal phase composition of
ALD ZrOs;. The increase in hardness, after its initial drop to minimum
near 50 nm of displacement, could be related to material pile-up during
indentation [32,33] or phase change of tetragonal ZrO, (phase change
toughened thin film). The latter could be expected for other thin films
showing tetragonal phase, but cannot be noticed in Fig. 8. Therefore, the
pile-up phenomena is more likely to cause the hardness increase of ZrO»
thin film.

In Fig. 8, the hardness of thin film 37 x (2 x Al;03+33 x ZrOs) drops
steeply at first several measurement points. Similar behavior can be
seen, if the hardness ratio of thin film to substrate is remarkably different
[34]. Fitting the data points to an exponential function indicated that the
hardness for sequence 37 x (2 x Al;03+33 x ZrO3) could be around
16 GPa (at 0 nm of displacement).

The results of hardness, modulus and density values are gathered in
Table 2. The values are given at the shallowest indentation displacement
of ~13nm as averages measured on glass substrate. Due to the mea-
surement discrepancy, ZrO; has been omitted from the table.

It can be seen that there is a little difference in hardness and modulus
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Table 2

A summary of hardness and modulus values of Al,03-ZrO, nanocomposites, mixtures.

Deposition scheme (by cycles) Measured thickness, nm TPC, nm/cyc Hardness, GPa Modulus, GPa Density, g/cm®
1000 x Al;O3 92 0.092 12.0 150 2.9
240 x (2 x Aly03+3 x ZrOs) 96 0.080 10.4 144 5.0
64 x (8 x Al,03+11 x ZrOg) 91 0.075 11.5 149 5.3
20 x (25 x Al;03+33 x ZrOy) 93 0.080 11.8 143 5.2
36 x (25 x Aly03+3 x ZrOs) 89 0.089 12.8 150 3.3
37 x (2 x Al,03+33 x ZrO3) 97 0.075 11.9 130 6.3
14 x (50 x Al,03+33 x ZrO3) 97 0.083 12.0 149 4.3
5 x (100 x Al;03+133 x ZrOs) 94 0.081 11.0 144 4.8
6 x (10 x Al,03+200 x ZrOy) 97 0.077 9.8 127 6.3
values for thin film of pure Al;O3 and nanolaminate Table 3
. . able
14 x (50 x Al,03+33 x ZrO,). This is probably because the properties n Lo
.( . 28T 2) p . Y C . prop . Hardness and modulus of elasticity values of some ALD thin films.
are similar for alumina and tetragonal zirconia, which is likely present in
ZrO layers. The same similarity can be observed for other thin films Material Hardness, GPa Modulus, GPa Reference
with thinner single layers. There also seems to be a tendency of lower Al,O3 7.3-12.3 156-220 [17,48,49,50,51]
hardness in case of reduced crystallinity in the thin films. Compared to 210, 7.0 86 [171
pure Al,O3, the higher hardness of 36 x (25 x Al;03+3 x ZrO») is likely ?f 8 2 2'2714'4 1??220 5;317]
. . 10, 8
~ 0,
due to increased density of ~15%. . 710 6.6-8.3 135-154 [26]
The results for 6 x (10 x Al;03+200 x ZrOj) are somewhat unsuit- Ta,0s 6.7 % [17]
able. It is a crystalline film with XRD pattern almost identical to Al;03:Zn0 (1:19) 10.6 138 [26]

5% (100 x Al;03+133 x ZrO3) and has high density (similar to
37 x (2 x Al;03+33 x Zr0s)). Yet the hardness and modulus are lower
in both cases. Based on the presented data set, the phenomena remains
experimentally unexplained, but probable reason could be grain
boundary sliding due to very thin Al;O3 layer (inverse Hall-Petch effect)
[35,36].

Common hard material classes, besides oxides, are carbides and ni-
trides. Depending on the conditions (substrate temperature, deposition
environment pressure etc.), composition and used methods, carbides can
possess hardnesses from 9 to 35GPa [37-43]. The higher hardness
values are usually obtained at higher temperatures than 300 °C and
enable development of harder films (20-35 GPa). In this regard, the
deposited ALD thin films showed comparable or even higher values
[37-39].

Aly03-ZrO5 nanolaminates have been produced by other methods.
For instance, Portinha et al. have used reactive magnetron sputtering
and held deposition substrates at 300 °C as in current work. The single
oxide layer thicknesses were 14 nm or below. Their as deposited samples
had hardnesses of 15 GPa or below and moduli of 160-180 GPa. It was
found that annealing increased hardness at best to 24 GPa and moduli
above 200 GPa. They noted that internal compressive stresses in AlyO3-
ZrO5 nanolaminate could be the reason [44].

In another work, Ito et al. produced Al;O3-ZrO, nanocomposites
using laser chemical vapor deposition. They found that deposition at
1207 K and 1000 K would result in tetragonal ZrO, dendrites grown
inside columnar grains of alpha- or gamma-Al,03. The latter had
hardness of 28 GPa, comparable to alpha-alumina [45].

Pulsed laser deposition was used by Balakrishnan et al. to obtain
Zr0Oy/Al303 nanomultilayers. Hardness values for single oxides were
determined to be 20.8 GPa for alumina and 10 GPa for polycrystalline
zirconia. The hardnesses for laminates were reported to be around
11-15 GPa. Moduli were reported to be approximately 340 GPa for
alumina thin film, 175 GPa for zirconia and around 200 GPa for nano-
multilayers [46].

Compared to current work, the main difference with the last refer-
enced publications is that all those thin films consisted crystalline
alumina, whereas ALD alumina is amorphous, has lower density and,
therefore, reduced hardness and modulus (Table 3).

Physical deposition methods, including sputtering and laser-
enhanced techniques, tend to be sensitive to deposition direction (i. e.
relative positioning of material source and target substrate) and there-
fore have lower conformity with a substrate. ALD on the other hand has
high conformity, including various 3D substrates, which would be

preferable in MEMS and NEMS technology [47].
Table III indicates that the ALD thin films presented in this work, in
most cases, have enhanced hardness.

4. Conclusions

Atomic layer deposition of composite structures consisting AloO3 and
ZrO; can be used to produce hard and stiff thin films. Almost phase-pure
tetragonal ZrO can be obtained. The Aly03-ZrOs thin films showed high
hardness (10-13 GPa) and relatively high modulus (130-150 GPa) as
measured on soda-lime-glass substrates. The respective values for thin
films, apart from glass substrate, would be higher because the properties
of glass were inferior and therefore would reduce the properties of thin
films. The hardnesses and moduli were similar to all compositions and
quite insensitive to used deposition sequence or resultant crystallo-
graphic phase composition. This could be attributed to the similarity in
mechanical properties of amorphous alumina and tetragonal zirconia.
The content of tetragonal zirconia was increased with the addition of
alumina in the composition to the extent of fully tetragonal phase
composition in case of 3.7 at.-% of alumina in zirconia. Therefore, if a
harder and stiffer crystalline ZrO, coating is needed, alumina can be
used to stabilize zirconia (mainly) in tetragonal phase. As seen from the
indentation results, the mechanical behavior of pure zirconia thin film
could be somewhat unpredictable, opposed to smooth behavior of thin
films with alumina. Nevertheless, there seems to be some room for
improvement in mechanical properties of ALD Al,O3 or ZrOs or com-
posites thereof.
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