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Al,O3 Thin Film on MgF, Substrate
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Abstract: Al,Os thin films with or without HfO, interlayer between Al,O; and substrate were deposited on MgF, sub-
strates by electron-beam evaporation technique. The as-deposited thin films were then annealed at 600°C for 1 h to
promote crystallization. The microstructure, IR transmittance and mechanical properties of the as-deposited and an-
nealed samples were investigated by field emission scanning electron microscopy (FE-SEM), grazing incidence X-ray
diffraction (GIXRD), Fourier Transform Infrared (FTIR) spectrometer, nanoindentation, and scratch tests, respectively.
FE-SEM results show that a new branch-like layer is generated in annealed HfO,/Al,0; double-layer thin films. The
hardness of the newly formed layer is considered to be larger than 17.5 GPa. Because of the high hardness of the new
layer, the MgF, substrate can be protected from being drown out during scratch test. From GIXRD patterns, AL,Os still
remains amorphous while HfO, interlayer transforms from amorphous to monoclinic phase after annealing process. It

could be deduced that it is the phase transformation of HfO, interlayer that promotes the formation of the harder

branch-like layer.
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MgF, is a widely used material for IR window applica-
tions due to its high transmittance in the range from 3 pm to

-2 However, its low hardness and mechanical

5 um
strength severely limit its application in harsh environ-
ments, as high speed vehicles may suffer from serious
sand and rain erosions®®.. A commonly adopted way for
improving the mechanical properties of IR windows is to
coat a protective thin film on it. In the past decades, sev-
eral materials such as diamond-like carbon (DLC)™, ox-
ides™, phosphides'®, and nitrides!”! were often chosen due
to their high mid-infrared transmittance and excellent en-
vironmental durability. Among these materials, one of the
best choices for MgF, substrate is Al,O;, for the refractive
index of ALO; is relatively small and subsequently the
mid-IR transmittance loss can be minimized when depos-
ited onto MgF..

Crystalline Al,Os thin films are much harder and more
wear-resistant than their amorphous counterpart. In par-
ticular, the thermodynamically stable a-Al,O; has the most
excellent mechanical properties and possesses the highest
hardness up to 23 GPa'®. However, it is very difficult to
deposit hard crystalline Al,O; thin films, especially the
0-Al,O; thin film. In the past, a lot of attempts in many

Received date: 2016-01-15; Modified date: 2016-03-25

ways including physical vapor deposition (PVD) and
chemical vapor deposition (CVD) techniques have been
dedicated to obtain crystalline Al,O; thin films. A com-
mercial way to deposit a-Al,O; thin film is using CVD
technique which requires a substrate temperature (75) of
above 1000°C™. This high temperature may inevitably
lead to degradation of the substrate with low melting point
like glass, MgF,. At Ty of 600-1000°C, the metastable
crystalline y, J, 6 and x phases could be attained in the
magnetron sputtering processes. Compared with magne-
tron sputtering, a much higher deposition rate could be
achieved with electron-beam evaporation technique!'*'".
However, only amorphous Al,O; thin films could be ob-
tained by this process. Thus post crystallizing at elevated
temperature was required for the thin film to improve me-
chanical properties'?. It was found that amorphous Al,Os
converted into different metastable crystalline phases dur-
ing annealing between 800°C to 1100°C and only anneal-
ing above 1100°C resulted in a-ALOs"*'*. Other ap-
proaches which use template layers for the deposition of
crystalline ALO; thin films have also been proposed!>®l.
a-Cr,0; interlayer was found to promote the formation of
a-ALO; at lower temperature. Apart from being able to
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promote crystallization, annealing process can also in-
crease the adhesion of thin film to substrate!'”). As for this
work, the high temperatures mentioned above could cause
pulverization of MgF, substrate. Thus a new way that
combines annealing at relatively low temperature with
HfO, interlayer is proposed.

In this work, Al,Oj; thin films with or without HfO, in-
terlayer between Al,O; and substrate were prepared by
electron-beam evaporation technique on MgF, substrates
for protective purpose. The effects of HfO, interlayer on
the microstructure and mechanical properties of Al,O; thin
film after annealing treatment were revealed. Moreover,
the changes of optical and mechanical properties were
discussed in relation with the microstructures.

1 Experimental

Al,O3 thin films with or without HfO, interlayer be-
tween Al,O; and substrate were deposited on MgF, sub-
strates by electron-beam evaporation technique with the
thickness of 1260 nm (50 nm for HfO, interlayer). The
MgF, substrates were cleaned by three steps including
alcohol, acetone and distilled water in ultrasonic. Before
deposition, the chamber was evacuated to a start pressure
of 1.3x107 Pa and the substrate was heated to a tempera-
ture of 300 ‘C. The deposition rates were 0.2 nm/s for
HfO, and 0.5 nm/s for Al,O; which were controlled by
quartz crystal monitor system. After deposition, a tube
furnace was used to conduct heat-treatment. The
as-deposited thin films on MgF, substrates were simulta-
neously annealed at 600 “C for 1 h in air. These samples
were classified into four series which noted as A1l for the
as-deposited Al,O; thin film, A2 for the Al,O; thin film
annealed at 600°C, AH1 for the as-deposited Al,O; thin
film with HfO, interlayer and AH2 for the Al,O; thin film
with HfO, interlayer annealed at 600°C.

Crystal structures of the thin films were characterized
by grazing incidence X-ray diffractometry (GIXRD) using
Cu Ka with an incident angle of 2°. The cross-sectional
microstructure of the thin films were observed by a field
emission scanning electron microscope (FE-SEM). The IR
transmittance of the samples were measured by Fourier
Transform Infrared (FTIR) spectrometer.

A commercial Nano Indenter system with a Berkovich
indenter was employed to probe the hardness and modu-

lus in the continuous stiffness measurement (CSM) mode.

The maximum penetration depth was 1300 nm. Scratch
tests were conducted by scratch components in the
nanoindentation system. In the tests, a cubic-corner indenter
was controlled to move at a constant velocity of 30 pm/s,
while the normal load increased linearly with time. The

maximum length and load were set at 500 um and 500 mN,
respectively. The critical loads (L.) at which spallation
occurred were also recorded.

2 Results and discussion

2.1 GIXRD, Microstructure and IR transmittance
analysis

GIXRD patterns of the as-deposited and annealed films
on MgF, substrates are represented in Fig. 1. For com-
parison, the main diffraction peaks of MgF, substrate and
monoclinic HfO, are also exhibited at the bottom of the
patterns. For samples A1, A2 and AH1, only the peaks of
MgF, substrates can be observed, indicating amorphous
structures of the thin films on the substrates. This illus-
trates that the annealing temperature (600°C) can’t supply
enough energy for the crystallization of Al,O3, for which
the onset of crystallization was found to be around
800°C!"*1. However, if the temperature was raised up to
700°C, the MgF, substrate was obviously damaged. While
for sample AH2, there emerge some peaks around 24.6°,
28.3°, 31.7° and 50.9°, which correspond to (110), (I11),
(111) and (122) planes of HfO, monoclinic phase, respec-
tively. It is noted that the temperature of phase transition
from amorphous to monoclinic phase of HfO, thin film
can be as low as 450°C!"",

Cross-sectional FE-SEM images of the as-deposited
and annealed samples are shown in Fig. 2. A homogeneous
structure with no obvious characteristics is observed in
sample Al (Fig. 2(a)), A2 (Fig. 2(b)), AH1 (Fig. 2(c)) and
upper layer in AH2 (Fig. 2(d)), indicating that the thin
films are all amorphous. Compared carefully, it is found
that the amorphous structures in Fig. 2(b) and Fig 2(c) are
more compact than that in Fig. 2(a). High temperature
annealing makes the atoms move and thus the post an-
nealed thin film becomes more compact. The more
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Fig. 1 GIXRD patterns of the as-deposited and annealed samples
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Fig. 2 Cross-sectional FE-SEM images of the as-deposited and annealed samples
(a) Al; (b) A2; (c) AH1; (d) AH2

compact structure of Al,O; thin film grown on HfO, inter-
layer (AH1) might be caused by the surface effects of the
pre-deposited HfO, thin film. But, for the annealed Al,O3
thin film with HfO, interlayer (AH2) in Fig. 2(d), there
appears a new layer with branch-like structure between
HfO, and upper ALOj; thin film. In combination with
GIXRD results above, there is no crystallization occurred
for Al,O; thin films. It is obvious that the phase transfor-
mation of HfO, interlayer from amorphous to monoclinic
contributes to the formation of this new layer.

The transmittance spectra of the thin films as well as
the MgF, substrate in the range of 3—5 pm are presented in
Fig. 3. The average transmittance of 2 mm thick MgF, is
about 95%. When deposited with Al,O; thin film with a
thickness of 1260 nm, the transmittance is reduced by
7%—17%. This transmittance loss is caused by the mis-
match of the refractive indices, for the refractive index of
MgF, is smaller than that of Al,O;. The transmittance in
the whole range can be raised to varying degrees by an-
nealing or introducing HfO, interlayer. This is due to the
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Fig. 3 IR transmittance spectra of the uncoated MgF,, as-

deposited and annealed samples in the range of 3—5 pm

more compact microstructure or higher refractive index of
HfO,. However, the transmittance of AH2 is dramatically
reduced by 15%—17%. It can be inferred that the strong
absorption of the newly-formed layer with branch-like
structure and the rough boundary generated in the middle
of the film result in the reduction.
2.2 Nanoindentation measurement

The elastic modulus and hardness of the thin films
which are obtained as a function of penetration depth by
CSM experiments are shown in Fig. 4(a) and Fig. 4(b),
respectively. Elastic modulus curves in Fig. 4(a) tend to
level off after reaching the maximum values except AH2,
which has a larger peak and a following sharper decrease.
The peak value equals to 205 GPa as compared with other
three curves of 180 GPa. For hardness in Fig. 4(b), three re-
gimes including initial rise, plateau and downturn can be
recognized for the curves, which are typical characteristics
of hard film on soft substrate®”. Because of the round
indenter tip, the initial contact with the surface is elastic,
then the elastic zone increases with the penetration depth
until a fully plastic zone is developed®!). At this point, the
hardness should reach a plateau. The downturn trends are
ascribed to the influence of softer substrate which can
be felt by the indenter at larger depth. The peak values
of 12 GPa and 13.5 GPa are considered as the true hard-
ness of as-deposited and annealed Al,O; thin films, re-
spectively. With the same annealing temperature and time,
A2 exhibits a lower peak value of 13.5 GPa and a rela-
tively flat slope. While AH2 undergoes a sharp increase
to a peak value of 17.5 GPa at 30 nm and then falls off
quickly to 12.5 Gpa at 300 nm. The peak values of 205
GPa and 17.5 GPa for AH2 are not the true elastic mod-
ulus and hardness of the upper layer or the newly formed
layer. Because the upper layer with the featureless
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Fig. 4 Mechanical properties obtained from nanoindentation
tests

(a) Elastic modulus as a function of penetration depth for as-deposited
and annealed samples; (b) Hardness as a function of penetration depth for
the same samples

and homogeneous microstructure is believed to be
amorphous Al,O;, the abnormal increases of elastic
modulus and hardness should be attributed to the newly
formed layer below. As the indenter penetrates into the
soft upper layer first, the peak values of 205 GPa and
17.5 GPa are considered to be decreased by the upper
amorphous Al,O; layer. So it can also be concluded that
the true elastic modulus and hardness of the newly
formed layer are lager than 205 GPa and 17.5 GPa, re-
spectively.
2.3 Scratch tests

SEM surface micrographs of the scratch tracks on the
as-deposited and annealed samples are shown in Fig. 5.
For each track, it is intuitively seen that the width of
groove trace increases with the increasing load until a
large damage area appears at a certain point. The critical
loads recorded at this point for A1, A2, AH1 and AH2 are
105 mN, 308 mN, 253 mN and 107 mN, respectively. The
lower critical value of Al could be attributed to high re-
sidual stress which can then be released by annealing or
by introducing a HfO, interlayer. So the larger critical
loads and smaller delaminated areas of A2 and AH1 are
due to the stress relief. But the lower adhesion perform-

ance of AH2 is mainly because of the newly formed layer
which may generate cracks in the middle of the film due
to volume contraction. What A1 and AH2 have in com-
mon is that they possess almost the same critical load and
same widespread delaminated area. For A1, spalling oc-
curs in the form of ring-like cracks which are initiated by
the tensile stress generated from friction at the tailing
edge!””. The extent of cracking is found to be not related
with the applied load. When it begins to crack, the spalling
area no longer expands with the increasing load for A1, A2
and AH1. While the spalling area even contracts with lar-
ger loads for AH2. When the applied load exceeds a cer-
tain value, the indenter gradually begins to penetrate into
the substrate. Since the newly formed layer is much harder
than the as-deposited or annealed Al,O; thin films and
could bear larger load, there is only groove generated on
the substrate in Fig. 5(d), while the other three suffer more
severe damages that some MgF, particles are drawn out.
From the track edge in Fig. 5(d), there can be seen two
different layers. In the higher resolution image of Fig. 5(e),
the bare newly formed layer which is stripped off the up-
per layer is composed of randomly overlapped rods from a
top view.

(d)

Fig. 5 SEM images of scratch tracks of the as-deposited and
annealed samples.

(a) Al; (b) A2; (c)AHI; (d) AH2; (e) Higher resolution image of the
selected area in Fig. 5(d)
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3 Conclusions

Effects of HfO, interlayer on the crystalline phase, mi-
crostructure, IR transmittance and mechanical properties
of Al,Oj5 thin film were studied. After annealing treatment,
the ALO; thin film without HfO, interlayer remains
amorphous, the elastic modulus stays the same while the
hardness is increased from 12 GPa to 13.5 GPa. However,
for the annealed Al,Oj; thin film with a 50 nm HfO, inter-
layer between the substrate and Al,O;, a new layer with
branch-like structure emerges in Al,O;. Two sharp peaks
appear in the hardness and modulus curves. It can be in-
ferred that the elastic modulus and hardness of the newly
formed layer are larger than 205 GPa and 17.5 GPa, re-
spectively. Additionally, it is also found that the new hard-
er layer can help to protect the MgF, particles from being
drawn out in scratch test. However, except the monoclinic
peaks of HfO,, there are no crystalline peaks found for
Al,O;. This the HfO, phase
transformation from amorphous to monoclinic that pro-
motes the formation of the new layer.

confirms that it is
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