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ABSTRACT

The mechanical properties of tribological coatings have been
studied extensively but the mechanical properties of optical
coatings have been much less studied. Itis anticipated that the
significance of the mechanical properties of optical materi-
als will be of importance in many fields. \We have reported
on film stress and density of optical materials as a function
of deposition conditions in the past. In this paper we report
on the hardness, adhesion, and mechanical characteristics of
several optical materials prepared by evaporation measured
with substrate temperature, deposition rate, and gas pressure
as the process variables. The hardness and adhesion were
quantitatively measured with a depth-sensing indenter and
a scratch intensity tester, respectively. The optical thin films
consisted of oxides of titanium, hafnium, niobium, tantalum,
and silicon. There was an increase in hardness and adhesion
with substrate temperature. The film hardness depended on the
deposition rate. The hardness and adhesion of titanium-oxide
film were decreased by one-third as the pressure changed
from 1x107 to 3x102%Pa.

INTRODUCTION

Metal oxide coatings are widely used for optical applications,
suchasananti-reflection coating and in bandpass interference
filters. These coatings are required the enhanced mechanical
performance, long-term environmental stability, and specific
functional characteristics, such as electrical conductivity, gas
barrier, and hydrophobicity or hydrophilicity. Achievement
of suitable mechanical properties, such as low stress, high
hardness, and high adhesion, is often the main limiting factor
in the successful use of optical coatings.

The hardness and stress of titanium oxide films prepared by a
variety of deposition techniques such as the sol-gel process,
chemical vapor deposition, evaporation, various reactive
sputtering techniques, ion beam assisted processes, atomic
layer deposition, pulsed laser reactive evaporation, and fil-
tered arc deposition have been reported [1-6]. The residual
film stress, hardness, young’s modulus, and density of Ta,O,
thin films have been reported [7-8]. The stress, hardness,
and critical load of Al,O, and SiO, thin films also have been
reported [9-10].
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Thus, there are a number of studies on the mechanical
properties of thin films; however, the basic mechanical
properties of optical thin films for filter applications have
not been systematically studied. In addition, there is a lack
of information on the mechanical properties of optical thin
films prepared by electron beam evaporation under various
deposition conditions. The main objective of the present study
is to determine quantitatively the basic mechanical proper-
ties of coating materials, which are most frequently used as
low (SiO,), middle (Al,O,), and high index (Ti,0,, HfO,,
Ta,O,, and Nb,O,) optical films on BK-7 glass substrate.
These properties include hardness, adhesion, and surface
roughness. The coating materials were prepared with electron
beam evaporation under optimized conditions that are usually
applied for filter fabrication.

EXPERIMENTAL

Film deposition

Optical coating materials were evaporated with an electron
beam gun in a vacuum coater to obtain optical coatings under
various deposition conditions. Table 1 shows the details of
the deposition conditions for all thin films. The deposition
rates of the optical coatings ranged from 1 to 24 A/s, and the
thickness of all thin films was limited to 200 nmusing a quartz
crystal sensor. The working pressure was also controlled by
the introduction of additional oxygen at 0.005-0.03 Pa to the
base pressure of 0.001 Pa.

Adhesion

The adhesion between a film and the BK-7 glass substrate is
evaluated by a scratch tester. The loading rate was 2 mN/s,
the maximum scratch load was 600 mN, and the scratch speed
was fixed at 10 um/s.

Hardness and modulus

The hardness and reduced modulus of optical thin films were
measured with a depth-sensing indentation system consisting
of a nanoindenter equipped with a Berkovich pyramidal tip.
The penetration of the indenter into the film was adjusted
to be 10-20% of the film thickness; therefore, the influence
of the substrate on measurements is considered negligible.
The hardness and reduced modulus were calculated from the
loading curve, and each data point was averaged over five
indentations.
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Table 1: Deposition conditions of optical coatings.

. Substrate | Deposition Working
Evaporation
materials temperature rate pressure
[°C] [Ass] [Pa]
0.001, 0.01,
HfO, 60, 150, 300 | 5, 10, 20 0.02
0.01, 0.015,
Ta,0, 60, 150,300 1,3,10 0.02
0.01, 0.015,
Nb,O, 60, 150,300 1,5,10 0.02
. 0.001, 0.01,
Ti,0, 300 1,510 0.02, 0.03
ALO, 300 2,5,10,20 0.005
SiO, 60, 150,300 | 6, 12,24 0.001

Surface roughness
The surface roughness was analyzed in a scanning area of 2
x 2 um? by atomic force microscopy (AFM).

RESULTS

Adhesion

The left panel of Figure 1 shows the dependence of the critical
load on the substrate temperature during deposition. Adhe-
sion of all thin films showed dependence on the substrate
temperature. Adhesion of the thin films, excluding Ta,O, thin
films, was very weak for temperatures ranging from 60 to 150
°C. The Ta,O thin films had good adhesion at low substrate
temperatures. Adhesion of Nb,O, thin films increased greatly
with increasing substrate temperature. The right panel of
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Figure 1 shows the critical load of the optical coatings as a
function of the working pressure during deposition. For the
Ta,O, thin films, the critical load increased with increasing
working pressure. The critical load of TiO, thin films was about
60.63 mN at a working pressure of 0.001 Pa, and tended to
decrease greatly with increasing working pressure. However,
it decreased slightly at 0.03 Pa. The adhesion of the Nb,O,
thin films decreased greatly with increasing working pressure.
It follows that the adhesion of Nb,O, thin films is sensitive
to oxygen. The adhesion of Ta,0,, HfO,, and SiO, thin films
decreased very slightly with increasing deposition rate. In
addition, adhesion of the Nb,O,, ALO,, and TiO, thin films
showed their maximum critical load at 5 A/s.

Hardness

The hardness of optical coatings was investigated by the
nanoindentation method. The left panel of Figure 2 shows
the hardness of optical coatings deposited on BK-7 glass
as a function of the deposition rate. The hardness increased
with increasing deposition rate. The ALQ, thin films had a
hardness of about 11.5 GPa at a deposition rate of 2 A/s and
tended to increase with increasing deposition rates. However,
the hardness decreased at a deposition rate of 20 A/s. The
hardness of the HfO, thin film showed a tendency similar
to that of the AL O, thin films. The influence of the working
pressure during deposition is shown in the right panel of
Figure 2. The hardness of all thin films, excluding the Nb,O,
thin films, decreased with increasing working pressure. The
hardness of the TiO, thin films was found to vary from 13.3
t05.7 GPa, while the working pressure was varied from 0.001
to 0.03 Pa. This indicates that, at higher working pressure,
the films become soft, because they contain more oxygen.
Thin film hardness increased with increasing substrate tem-
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Figure 1: Critical load of the optical coatings as a function of the deposition conditions.
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Figure 2: Hardness of the optical coatings as a function of the deposition conditions.
perature. For instance, in the case of the SiO, and HfO, thin 250
films, the hardness increased from 3.2 to 5.5 GPa and 5.5 to X X
; 200
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films, decreased with increasing working pressure during 50
deposition (Figure 3). This tendency was similar to that
of the thin film hardness. In particular, the modulus of the % 5 10 15 20 25 30
Nb,O, thin films was sensitive to increasing working pres- Deposition rate[ A/sec.]
sure: their modulus decreased from about 150 to 105 GPa as Key  Materials  Substrate temperature[°C] Working pressure [Pa]
the working pressure was changed from 0.01 to 0.02 Pa. The X AI203 ggg 0.005
e P : e . HfO2 0.001
modulus of thin films increased W_lth increasing deposition ° Tio2 300 0.01
rates. However, the modulus of thin films was not affected | Ta205 300 0.015
A Nb205 300 0.015
by substrate temperature. ° 502 200 0001

Surface roughness

The surface roughness of the optical coatings was measured
by AFM. Figure 4 illustrates the surface roughness of optical
coatings. All thin films, excluding the HfO, thin films, had
low root-mean-square (RMS) roughness. Compared with the
other films, the RMS roughness was very high in the HfO,
thin films. Furthermore, the HfO, thin films were sensitive
to substrate temperature: their RMS roughness increased as
much as four times as the substrate temperature increased
from 60 to 300 °C. However, nearly all optical thin films
exhibited a slight decrease in roughness with increasing
substrate temperature. The surface roughness of Al,O, thin
filmsincreased withincreasing depositionrates. For Ta,O, thin
films, however, roughness decreased slightly with increasing
deposition rate.
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Figure 3: Modulus as a function of the deposition rate.

CONCLUSION

In this work we systematically compared the mechanical
behavior of various frequently used materials, such as HfO,,
Nb,O,, Ta,O,, and SiO, thin films, prepared by electron beam
evaporation at various deposition conditions and observed
the following results.

Adhesion

The adhesion of all thin films was found to be strongly de-
pendent on the substrate temperature. All thin films exhibited
strong adhesion at high substrate temperature. The Ta,O,
thin films showed strong adhesion also in the low substrate



temperature range of 60 to 150 °C. The adhesion of the Nb,O,
thin films showed a strong dependence on the working pres-
sure during deposition.
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Figure 4: RMS roughness as a function of the deposition rate.

Hardness

Investigation of the dependence of the hardness of optical
coatings on the deposition rate showed that the hardness
increased with increasing deposition rates. The hardness
of Al,O, and HfO, thin films was high and increased with
increasing deposition rate. A high working pressure caused
the films to become soft because they contain more oxygen
at those conditions.

Modulus

The modulus of all thin films, excluding the Ta,O, thin films,
decreased with increasing working pressure. The modulus
increased with increasing deposition rate; however, it was
not affected by substrate temperature.

Surface roughness

AFM measurements showed that all thin films had a low
RMS roughness, excluding the HfO, thin films deposited
at substrate temperatures of 300 °C, which had a very high
RMS roughness. The surface roughness of the ALO, thin
films increased as the deposition rate increased.
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