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Borosilicate glass was coated with pure aluminum by the radio frequency (RF) magnetron-sputtering
method under various conditions. The mechanical properties of coated materials were investigated with
respect to the sputtering conditions. The surface roughness (Ra) and porosity (p) measured on the coating
increased when the initial temperature of the substrate (Tsi) was increased. A positive correlation between
Ra and p also was confirmed. The hardness of aluminum-coated material was measured by using a Vickers
microhardness tester. The hardness was greater in materials processed at higher Tsi, although the hardness
hardly depended on the RF output power, PRF. However, the hardness of materials coated under every
condition was inferior to that of the substrate glass. Strength tests of coated materials and the substrate
glass also were conducted under three-point bending mode. The bending strength (�fm) of the coated
material decreased with increasing Tsi, although it was better than that of the substrate glass. A good
correlation between �fm and hardness was observed for coated materials, irrespective of the sputtering
condition.

Keywords aluminum, bending strength, borosilicate glass,
coated materials, hardness, porosity, sputtering

1. Introduction

Glass materials coated with ceramic or metallic films by
sputtering are being developed for various engineering appli-
cations. As reported in recent works, glass sputtered with a
ceramic or metallic thin film is expected to be used for mag-
netic/electronic devices[1-3] as well as for optical devices.[1,4-7]

When coated glass materials are applied functionally as well as
mechanically, there is the possibility that they may suffer se-
rious damage due to unexpected forces during anomalous op-
eration or through inconsistency in equipment. Consequently,
the mechanical properties of coated glass materials should be
clarified to improve their durability in practical applications.

In the present work, the mechanical properties of a borosil-
icate glass coated with pure aluminum (Al) were investigated
experimentally. The present material system, aluminum-
silicate, was selected as a model material of interconnect (IC)
wiring. Radio frequency (RF) magnetron sputtering was used
to produce the thin films on the borosilicate glass. Coated glass
samples were prepared under various sputtering conditions by
changing the RF output power and substrate temperature. The
hardness of the coated glass is an important factor for tribo-
logical usage,[8] and the information on material strength is also
required for determining the integrity of the bilayer system.
The hardness tests were carried out for coated materials and the
substrate glass. Since tensile tests of brittle glass or ceramic
materials are very difficult to perform to evaluate their strength
characteristics adequately,[9] bending tests of the coated mate-
rials were conducted.

2. Experimental Procedures

2.1 Material Processing

A commercial borosilicate glass was used as the substrate
material. Aluminum of 99.996% purity was adopted as the RF
magnetron target material. The glass substrate was a disk with
a diameter of 100 mm and a thickness of 2 mm. In this work,
aluminum-coated glass was prepared by fixing its film thick-
ness (tf) at 0.2 �m, although coated materials with other tf
values have been examined in a previous investigation.[10,11]

RF magnetron sputtering was used to coat the borosilicate
glass substrates with Al films. The distance between the sub-
strate and target materials was 40 mm. Metallic supporting
plates, or bonding plates, onto which the substrate and target
materials were fixed, were water cooled during the film-
deposition process. Presputtering was carried out for 300 s so
that a contaminated layer of target material could be removed.
The initial vacuum pressure in a processing chamber was kept
at less than 1.3 × 10−4 Pa. The flow rate of argon gas activating
the sputtering process in the chamber was maintained at 167
mm3/s, with the gas pressure in the chamber set at 1.3 Pa. In the
sputtering of the Al target material, the initial temperature of
the substrate (Tsi) was set as 293, 473, and 673 K for two levels
of RF output power, PRF (i.e., 400 and 800 W).

2.2 Measurements of Film Surface Characteristics

Images of surface areas in each coating film were made
through a laser-scanning microscope. They were processed into
digital data using a personal computer on which software for
image processing was installed. Data on individual areas of a
coating film were used to evaluate the roughness and porosity
(p), with the roughness and p finally presented as averaged
values for the coating film. By using the images processed by
the software, the surface roughness (Ra) was evaluated as the
centerline average.
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In evaluating the p of a film, it was defined as the fraction
of the total pore area in a measured surface region. Pores in the
measured surface region were identified by an automatic
threshold operation in the image-processing software.

2.3 Hardness Test

To avoid the influence of the substrate hardness on the film
hardness, the penetrating depth of the indenter was kept be-
tween one fifth and one tenth of the tf.

[12] For this situation, a
dynamic microhardness tester with an applicable range of in-
dentation forces from 98 �N to 1.96 N was used to measure the
film hardness. Using a dynamic microhardness tester, ceramic-
coated materials satisfied the aforementioned condition ad-
equately.[10,11] Even though such a microhardness tester was
used, the sputtered Al film was so soft that the effect of the
substrate hardness could not be avoided. Consequently, Al film
hardness was measured using a conventional microhardness
tester of the Vickers type. In this case, the measured hardness
was considered to be the bulk hardness of the coated material
including the substrate hardness. In this experiment, 98 mN
was adopted as the peak indentation force, and the indentation
time was kept at 15 s.

2.4 Bending Test

For bending tests, plate-type specimens with dimensions of
10 mm in width and 40 mm in length were cut from the coated
glass substrates. The bending tests of the coated and non-
coated borosilicate glass were conducted using a three-point
bend configuration with a span length of 20 mm. The load-
ing rate was controlled so that the rate of nominal stress at the
position subjected to the maximum tensile stress in a speci-
men was 100 MPa/s. In setting a coated specimen on the
bend support structure, the coated surface of the specimen was
positioned to be in tension. Fifteen specimens were pre-
pared for each sputtering condition. All tests were carried out
in ambient conditions (i.e., at 289 ± 2 K and at a rela-
tive humidity of 70 ± 8%). The bend strength of the coated
and noncoated specimens was calculated as the maximum

nominal stress at final failure, irrespective of their actual break-
ing position.

3. Experimental Results and Discussions

3.1 Characteristics of Coating Film

Higher RF output power results in a higher rate of film
formation, as shown in Table 1. The Tsi, however, does not
affect the formation rate significantly. Aluminum films sput-
tered under almost all conditions were silver in color, like the
color of Al itself.

The centerline average roughness (Ra) measured on speci-
men surfaces coated with Al is shown in Fig. 1, where the Ra

is plotted with respect to the Tsi. It was found that Ra increases
with increasing Tsi. On the other hand, no significant difference
due to RF output power was seen, even though the surface of
the Al film that was sputtered at a PRF equal to 800 W was a
little bit rougher than that sputtered at 400 W. Since the Ra of
the substrate glass was 13 × 10−3 �m, the surface coating of the
Al film for all sputtering conditions, except when Tsi was equal
to 673 K, was found to be smoother than that of the borosilicate
glass surface.

Figure 2 shows the relationship between the p and the Tsi.
As seen in Fig. 2, the p increased as Tsi increased. In this case,
the p increases for the higher value of PRF, even though the p
difference due to PRF variation is small.

From the above results, it was found that a smoother and
denser film could be formed by decreasing the substrate tem-
perature. This leads to a correlation between roughness and p.
In Fig. 3, the Ra was correlated with the p for all sputtering
conditions investigated in this work, and the film surface tends
to be rougher for coating films with high p.

Table 1 Formation rate of Al film coated on glass

Variables

Radio frequency output power (PRF)

400 W 800 W

Initial substrate
temperature (Tsi), K 293 473 673 293 473 673

Formation rate, nm/s 1.4 1.6 1.5 3.2 2.4 3.4

Fig. 1 Variation of Ra with respect to the Tsi Fig. 2 Variation of p with respect to the Tsi
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3.2 Vickers Hardness

The relationship between Vickers hardness (HV) and the
initial substrate temperature is shown in Fig. 4. As Tsi in-
creased, the coated material as well as the substrate glass soft-
ened. This trend was mainly caused by the softening of the
glass treated at higher temperature. It should be noted that the
glass is harder than the Al, and the hardness of the coated
material includes both Al and glass. Therefore, as seen in Fig.
4, the hardness of the coated material is lower compared with
that of the substrate glass.

In the following discussion, the mean Vickers hardness
(HVm) and the coefficient of variation are dealt with as typical
statistical parameters. As is well known, the coefficient of
variation, or the ratio of the standard deviation to the mean
value, implies the extent of scatter. That is, the scatter of a
related random variable is larger for a larger coefficient of
variation. Table 2 presents the HVm values and the coefficient
of variation of Vickers hardness (COVHV) with respect to
the sputtering condition. As seen in Table 2, COVHV is higher
for large values of PRF and tends to decrease for high values
of Tsi. It should be noted that the hardness decreases in the
porerich area of a sample but increases in the pore-free regions.
This implies that the hardness may change broadly in porous
materials, with a wide variation of hardness resulting in a
larger COVHV. Therefore, the aforementioned dependence of
COVHV on the sputtering condition may be associated with the
p variation, because the p is also found to increase for higher
values of PRF and Tsi, as shown in Fig. 2. Since the average
COVHV for the substrate glass is about 0.3 (Table 3), the
COVHV for the coated material is smaller than that of the sub-
strate glass.

3.3 Bending Strength

Figure 5 presents the variation of the mean bending strength
�fm with respect to the Tsi. Table 4 summarizes statistics on the
bending strength of Al-coated borosilicate glass, while the sta-
tistical properties of the glass strength are listed in Table 3. In
these tables, COV� is the coefficient of variation of bending
strength.

The following discussion summarizes the results from Fig.
5 and Table 4. Generally, substrate glass strength degrades for
higher Tsi, while the strength of the coated material decreases
with increasing Tsi. For the same Tsi, the strength of the coated
material produced under higher PRF conditions is a little bit
greater than that produced under lower PRF. As seen in Table
4, the COV� for the Al-coated materials did not change sys-
tematically on the sputtering conditions. Compared with the
COV� for the substrate strength (Table 3), the scatter in the
strength for the Al-coated material was comparable to that of
the substrate glass.

Figure 6 shows examples of the strength data plotted on
Weibull probability coordinates, which are obtained for Tsi

values equal to 293 K. The solid and broken lines represent
lines drawn by fitting the strength data to the two-parameter
Weibull distribution function F(�f):

Table 2 Vickers hardness of Al-coated glass

Variables

Radiofrequency output power (PRF)

400 W 800 W

Tsi, K 293 473 673 293 473 673
HVm 491 423 376 489 433 415
COVHV 0.22 0.14 0.13 0.48 0.16 0.09

Tsi, initial temperature of substrate; HVm, mean Vickers hardness; COVHV,
coefficient of variation (hardness)

Table 3 Vickers hardness and bend strength of
substrate glass

Temperature of substrate (Tsg)

293 K 473 K 673 K

HVm 866 793 704
COVHV 0.23 0.39 0.29
�fm, MPa 85.0 82.1 65.7
COV� 0.14 0.22 0.22

HVm, mean Vickers hardness; COVHV, coefficient of variation (hardness);
�fm, mean bending strength; COV�, coefficient of variation (strength)

Fig. 3 Relationship between R
a

and p Fig. 4 Variation of hardness with respect to the Tsi

590—Volume 13(5) October 2004 Journal of Materials Engineering and Performance



F��f� = 1 − exp�−��f

� ��� (Eq 1)

where � and � are, respectively, the shape and scale param-
eters. The values for the parameters � and � are listed in Table
4. The shape parameter � is also associated with the scatter
range of the strength (i.e., a larger value of � corresponds to
less scatter). Similarly to the COV� variation, no systematic
trend in �-variation is seen with respect to the sputtering con-
dition.

Fracture morphologies of broken specimens were exam-
ined, and the cracking pattern was classified into the following
two groups. In the first group, specimens broke into two pieces,
which resulted from a single crack without branching. In the
second group, specimens broke into three or more pieces with
crack branching observed. The solid symbols in Fig. 6 indicate
those specimens classified into the first group. As seen in Fig.
6, the solid symbols are located in the lower-strength region,
and such a trend is confirmed irrespective of the PRF and
the Tsi of the substrate.

3.4 Relationship Between Strength and Hardness

It was observed that the hardness and strength of the sub-
strate glass decreased when the substrate temperature was in-
creased. As mentioned previously, the hardness of coated ma-
terials reflects not only the hardness of the Al coating film, but
also that of the substrate glass. Therefore, a relation is expected
to exist between the hardness and strength of a coated material.
In Fig. 7, the bending strength is correlated with the hardness
for coated materials. Figure 7 also shows good correspondence
between the two, which is represented by the relationship:

�fm = 0.204 HVm (Eq 2)

Consequently, it is suggested that the strength degradation
of the coated material, due to heat treatment, is primarily at-
tributed to glass softening, which is a phenomenon that is
sometimes observed at higher temperatures.

4. Conclusion

A commercial borosilicate glass was coated with aluminum
of 99.996% purity by RF magnetron sputtering using several
conditions. Under the sputtering conditions examined in the
present work, dense films were formed on the glass substrate.

Table 4 Bend strength of Al-coated glass
radiofrequency of output power

Variables

PRF

400 W 800 W

Tsi, K 293 473 673 293 473 673
�fm, MPa 96.8 87.5 76.8 98.7 89.9 86.0
COV� 0.15 0.21 0.21 0.13 0.11 0.25
Shape parameter � 6.62 4.97 5.14 8.36 9.01 3.77
Scale parameter

�, MPa 101.0 95.4 83.4 104.0 101.0 95.6

Tsi, initial temperature of substrate; �fm, mean bend strength; COV�, co-
efficient of variation (strength)

Fig. 5 Variation of �fm with respect to the Tsi

Fig. 6 Weibull distribution of bending strength

Fig. 7 Relationship between bending strength and hardness
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The Ra of Al film on the borosilicate glass substrate was less
than that of just the substrate glass.

The hardness and three-point bending test results of the
coated specimens and the substrate glass were determined, and
the effects of the sputtering condition on these properties were
investigated. The strength of the coated glass improved relative
to that of the uncoated substrate glass, while the hardness of the
coated materials was lower than that of the substrate glass. The
hardness and strength of the coated materials were lowered by
heating the substrate to a higher temperature. However, no
remarkable effect of PRF on hardness and strength was identi-
fied. Strength degradation was observed for the situation when
specimens broke into two pieces. Since the PRF did not affect
the hardness and strength, a higher PRF is recommended to
form the films more quickly. For improvement of the hardness
and strength properties, it is suggested that the temperature of
the substrate be kept as low as possible during the sputtering
process.
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