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Abstract

Silica (SiO2) mono-layer and silica–alumina (SiO2–Al2O3) bi-layer thin films were developed on both SS304 and Ti thin foils by pulsed

rf magnetron sputtering. The solar absorptance (as) and IR emittance (eir) of the films were measured. Both as and eir of SS304 and Ti

were increased after depositing SiO2 and SiO2–Al2O3 bi-layer thin film. The ratio of solar absorptance and IR emittance (i.e. as/eir) can
be tailored in a large range e.g. 3.3–0.850 for SS and 3.66–1.085 for Ti which is useful for many spacecraft subsystems to tailor their

operating temperatures. Further, the microstructure, surface morphology and topography of the films were investigated by field

emission scanning electron microscopy, energy dispersive X-ray spectroscopy and atomic force microscopy.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In space missions metallic thin foils made of Ti, SS and Ta
are often employed as heat shields to protect the adjacent
subsystems from high flux of propulsion flume. High
emittance coatings on such metallic shields are required to
improve their heat radiation characteristics. High emittance
coatings help in maintaining the critical temperature level of
spacecraft subsystems by rejecting the excess heat to space [1].
Oxide and carbide based high emittance thin films/coatings
have been developed on various substrates [2–7]. Studies on
SiO2 based thin films have been reported for applications like
semiconductors, opto-electronics, solar cells, due to their
inherent anti-reflective, high-transmittance and good dielec-
tric properties [10–15]. SiO2 based composite films have
potential of providing high emittance coating with high
temperature withstanding properties [4,8,9]. However, the
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detailed investigation on this application is yet to be explored.
In space missions where radiation is the predominant mode
of heat transfer, development of high emittance thin films on
metallic substrates for thermal control application is of
paramount importance.
The present communication describes the studies related to

the development of SiO2 and SiO2–Al2O3 film on SS304 and
Ti substrates using pulsed rf magnetron sputtering. Process
optimization was carried out with respect to suitable solar
absorptance and IR emittance (as/eir) ratio for spacecraft
thermal control application. Further, microstructure and sur-
face morphology of the film were examined.

2. Materials and methods

SiO2 mono-layer and SiO2–Al2O3 bi-layer films were
deposited on SS304 and Ti (99.9%, B&S Aircraft Alloy Inc.
USA) foils thickness of 75 mm by pulsed rf magnetron
sputtering (SD20, Scientific Vacuum Systems, UK) at room
temperature (2572 1C). Both, SiO2 and Al2O3 targets (dia-
800, thickness- 6 mm and purity better than 99.99%) were
ll rights reserved.
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obtained from Soleras Ltd, USA. Prior to sputtering, sub-
strates were ultrasonically cleaned by GR grade isopropyl
alcohol (Merck, India). Further, SS304 substrate was cleaned
using 60% (V/V) sulfuric acid and Ti substrates using 70% (V/
V) nitric acid for 5 min. This was followed by drying in hot air
oven (UT6060, Heraeus, Germany) at 120 1C for 15 min. The
sputtering chamber was evacuated to an ultimate pressure of
5.0� 10�6 mbar using a combination of rotary pump (D40B,
Oerlikon Leybold Vacuum, Germany) and turbo molecular
pump (1000C, Oerlikon Leybold Vacuum, Germany). Sputter-
ing chamber was maintained at a working pressure of
1.5� 10�2 mbar during deposition by allowing the argon
gas (99.999%). Prior to deposition, SiO2 and Al2O3 targets
were pre-sputtered for 20 min to remove contamination on the
surface, if any. SiO2 films were deposited at a constant rf
power of 400 W for the duration of 2 h to 24 h. Further, an
Al2O3 layer was deposited on corresponding SiO2 layers at a
constant rf power of 700 W for a fixed time of 7 h. The
suitable parameters e.g. rf power and deposition time of Al2O3

layer were judiciously chosen on the basis of good adhesion.

2.1. Characterization of the film

The adhesion test was carried out by utilizing ‘Tape
(�25� 10�3 m width, 3 M-250, 3 M, USA) Peel Method’
as per ASTM D903 [16].

The as and eir of the deposited films were measured at room
temperature and ambient humid condition by solar spectrum
reflectometer (SSR-E, Devices and Services Co., USA) and
emissometer (AE, Devices and Services Co., USA), respec-
tively. Calibration of the solar spectrum reflectometer was
performed by the standards provided by machine supplier for
the high reflectance (0.886) and black body reflectance (0).
Further, calibration of the emissometer was performed by the
standards provided by machine supplier for the high emittance
(0.88) as well as low emittance (0.05) before measurements. An
average as and eir data can be obtained digitally from the
aforesaid instruments over entire solar or IR spectrum region.
Further, as and eir data was reported in the present study with
an average of at least five readings with an error of 1–3%.

Further, for thickness measurement and coating-
substrate interface investigation, field emission scanning
electron microscopy (FE-SEM: Supra VP35 Carl Zeiss,
Germany) was utilized. The cross-sections of the coatings
were cold mounted and polished with diamond paste
(Eastern Diamond Products Pvt. Ltd., Kolkata, India) of
0.25 mm grit size and finally with an alumina suspension
(average particle size, d50–0.03 mm). Elemental line profile
analysis of the deposited films was carried out by energy
dispersive X-ray (EDX: X-Max, Oxford Instruments, UK)
spectroscopy. Atomic force microscopy (AFM: diInnova,
Bruker, USA) was also employed to investigate the surface
morphology and roughness of the films. The etched silicon
cantilever probes (RTESP, Bruker, USA) of 125 mm were
used at a drive frequency of �260–320 kHz. A first order
flattening was done for all the AFM images for optimum
clarity in visual presentation.
3. Results and discussions

The SiO2 mono-layer and SiO2–Al2O3 bi-layer films
showed excellent adhesion with both the metal substrates
e.g., SS304 and Ti. No peel off or damage on the coating
surfaces was observed after the tape peel adhesion test
carried out as per ASTM D903.
The variation of as, eir and the ratio of as and eir as a

function of deposition time of SiO2 on both SS304 and Ti
are shown in Fig. 1a–c, respectively.
The as of bare SS304 and Ti thin foils were measured as

0.33 and 0.53, respectively. It was increased to �0.59 (for
SS) and �0.76 (for Ti) after deposition of SiO2 for 24 h.
The as was almost unchanged introducing mono-layer of
Al2O3 on SiO2, except for 12 h. Similarly, the eir of bare
SS304 and Ti thin foils were measured as 0.12 (for SS) and
0.16 (for Ti), respectively. After 24 h deposition of SiO2

layer, eir of both the substrates increased to �0.7. Further,
Al2O3 layer on SiO2 gave a sharp increase of eir value for
the corresponding SiO2 layer from 8 to 12 h. The increase
in eir with SiO2–Al2O3 bi-layer combination was 68% vs.
19% that with the corresponding mono-layer of SiO2.
However, after 12 h deposition time of SiO2, eir increased
very sluggishly. Further, at 24 h, SiO2–Al2O3 bi-layer
showed marginally lower eir than that of corresponding
SiO2 mono-layer. The corresponding ratio of as and eir was
�3.3 for both the bare metal substrates. Initially, 2 h
deposition of SiO2 on SS showed as/eir value of 2.75,
afterwards it was decreased up to 0.85 after 24 h of
deposition. However, Al2O3 on corresponding SiO2 layer
of 8 h showed as/eir value of 1.53 which dropped sharply to
0.94 and from 12 h to 24 h it almost remain constant.
Similarly, as/eir increased initially from 3.31 to 3.66 after
2 h of SiO2 deposition on Ti, afterwards, it was decreased
to 1.08 after 24 h deposition of SiO2. However, Al2O3 on
corresponding SiO2 layer of 8 h showed as/eir value of 2.69
which dropped sharply to 1.15 at 12 h and was remaining
almost constant up to 24 h.
It may be concluded from the data presented in Fig. 1c

that after 12 h deposition of SiO2 the variation of as/eir was
almost insignificant. Therefore, further increase in thick-
ness (i.e. deposition time as the thickness is directly
proportional to the deposition time) of SiO2 layer beyond
12 h did not affect the thermo-optical properties of the
surface. The combination of Al2O3 layer with SiO2 layer
deposited for 12 h showed an optimized condition because
further increase in deposition time (i.e. increase in thick-
ness) did not show any significant deviation of as, eir, as
well as as/eir.
The SiO2 film thickness of 3.75 mm on aluminum by

evaporation method showed eir value of 0.55 [9], whereas
SiO2 film thickness of 2.2 mm on copper–indium–gallium–
diselenide solar cell gave eir value of 0.65 [4]. An additional
Al2O3 layer and a total layer thickness of 2.5 mm offered
further increase of eir to 0.77. The comparable eir values were
also achieved in the present case. However, in the present
work, both thicknesses of mono-layer of SiO2 and bi-layer of



Fig. 1. Variation of (a) solar absorptance, (b) IR emittance and (c) ratio of solar absorptance and IR emittance as a function of deposition time of SiO2

on both SS304 and Ti substrates (dotted line represents the data of Al2O3 coating at a constant deposition time of 7 h on corresponding SiO2 layer).
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SiO2–Al2O3 on SS and Ti were much lesser than reported
values [3,9].

In space; radiation is the predominant mode of heat
transfer. The steady-state temperature of any system or
spacecraft excluding internal heat dissipation, if any can be
expressed by the following relation [17]:

Tabs ¼
SApas
sAteir

� �1=4

ð1Þ

where ‘Tabs’ is the absolute temperature of the spacecraft,
‘S’ is the solar constant of 1353 W m�2 and s is Stefan–
Boltzmann constant of 56.7� 10�9 W m�2 K�1. ‘Ap’ is
the projected specified surface area perpendicular to the
solar rays and ‘At’ is the total surface area of the spacecraft
or subsystem. Here, we assume ‘Ap/At’ as unity and the
surface is isolated on one side and the other side is exposed
to the space. The ‘as’ and ‘eir’ are the solar absorptance of
the specified surface of projected area and IR emittance of
the exposed surface to the space, respectively. From the
above relationship one can understand that the tempera-
ture of the spacecraft or subsystem is controlled by only as/
eir, as other parameters in the Eq. (1) are constants for a
steady state condition.
Further, this model was applied to the present work to
realize how ‘as/eir’ value can affect the temperature of the
spacecraft. The reduction of surface temperature can be
achieved after introducing a SiO2 mono-layer and SiO2–
Al2O3 bi-layer on SS and Ti as as/eir was decreased.
Therefore, tailoring as/eir is achievable with suitable com-
bination of thickness of SiO2 and Al2O3. This will facilitate
in achieving the desirable operating temperature range of
spacecraft subsystem. The ‘as/eir’ of bare SS and Ti
substrate were 2.75 and 3.31, respectively. This indicates
an absorbing surface. Introducing SiO2–Al2O3 film, the
emittance was increased and thereby the ratio was reduced
from 0.85 to 1.085 for the respective substrates.
Therefore, it was noticed from preceding discussion and

experimental data that the bi-layer i.e. SiO2 deposited for
12 h and Al2O3 deposited for 7 h showed an optimum
combination to decrease ‘as/eir’ resulting in reducing the
surface temperature. Typical FE-SEM photomicrograph of
the cross-section of SiO2 thin film deposited for 12 h on
SS304 with a thickness of �925 nm is shown in Fig. 2a. A
smooth interface between SiO2 film and substrates (SS and
Ti) resulted into a good adhesion [14]. Typical FE-SEM
photomicrographs of cross-section of SiO2–Al2O3 bi-layer
film deposited for 12 h and 7 h on both SS304 and Ti are



Fig. 2. Typical FE-SEM photomicrographs of cross section of the (a) SiO2 mono-layer depositing for 12 h on SS304 substrate. SiO2–Al2O3 bi-layers: SiO2

depositing for 12 h and Al2O3 depositing for 7 h on (b) SS304 and (c) Ti substrate.

Fig. 3. Line profile EDX data of the cross-section of SiO2–Al2O3 bi-layers on (a) SS304 and (b) Ti substrate (inset: corresponding cross-sectional FE-

SEM image).
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shown in Fig. 2b and c. The thickness of the Al2O3 layer
was �1000 nm. Good adhesion of the film revealed due to
the smooth interface between SiO2 and Al2O3. The standard
deviation of the measured thickness data was less than 5%.
Further, EDX line profile data of SiO2–Al2O3 bi-layer
coating on SS304 and Ti are shown in Fig. 3a and b,
respectively. The data showed only the signature of silicon,
aluminum and oxygen which are the elemental constituents
of SiO2 and Al2O3. A gradient interfacial diffusion of the
silicon and aluminum ensured excellent adhesion between
SiO2 and Al2O3 layers.
The thickness was also measured from AFM photo-

micrographs by creating steps of individual layer of SiO2

(deposited for 12 h) and Al2O3 (deposited for 7 h) on
SS304 (Fig. 4a and b). The film thicknesses measured by
AFM micrographs matched with FE-SEM data. AFM
photomicrograph of the top surface of the 12 h deposited
SiO2 mono-layer are shown in Fig. 5a and b for SS304 and



Fig. 4. AFM photomicrographs of the step of (a) SiO2 and (b) Al2O3 mono-layers on SS304 substrate.

Fig. 5. AFM photomicrographs of the plan-section of SiO2 mono-layer on (a) SS304 and (b) Ti substrate and Al2O3 mono-layer on (c) SS304 and (d) Ti substrate.
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Ti substrate, respectively. Similarly, Al2O3 mono-layers on
SS304 and Ti are shown in Fig. 5c and d, respectively. The
dense distributions of nano-particles of spherical shape were
observed for both individual SiO2 and Al2O3 mono-layer as
also reported by others [15]. The ranges of nano-particle size
of SiO2 and Al2O3 were 20–54 nm and 25–60 nm, respectively.
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However, seldom agglomeration of nano-particles was obser-
ved in SiO2 film. The Ra value of SiO2 film was marginally
increased e.g. 28.6 nm (vs. 25.7 nm) for SS and 24.5 nm (vs.
19.4 nm) for Ti than that of bare substrate. Similar trend of
data was also observed for Al2O3 coating. The measured Ra

values were 22 nm and 14 nm for SS and Ti substrate,
respectively. The surface morphology of the SiO2 and Al2O3

individual layer was similar to the reported data [18,19]. The
Ra values reported [18,19] for both SiO2 and Al2O3 thin films
were much lesser than the present observation because highly
polished non-metallic materials like Si, glass etc. were utilized
as substrate.
4. Conclusions

Pulsed rf magnetron sputtering was employed to develop
SiO2 and SiO2–Al2O3 coatings on SS304 and Ti foils. The
deposition time of SiO2 monolayer was varied from 2 h to
24 h. For SiO2–Al2O3 bi-layer coating; the deposition time
of SiO2 was varied from 2 h to 24 h and thereafter Al2O3

was deposited for 7 h. Both the solar absoptance and
infrared emittance values were increased after deposition
of SiO2 mono-layer and SiO2–Al2O3 bi-layer films. How-
ever, the increase was predominant in infrared emittance
(Das�0.25,Deir�0.56). The ratio of ‘as/eir’, which is sig-
nificant in a spacecraft thermal design can therefore be
tailored in a wide range of 3.30–0.85 for SS and 3.66–1.09
for Ti substrate. The optimized SiO2–Al2O3 coating was
obtained by a combination of SiO2 deposition for 12 h
followed by Al2O3 deposition for 7 h. The corresponding
thicknesses of SiO2 and Al2O3 were �925 nm and 1000 nm,
respectively. Further increase in SiO2 film thickness has not
resulted into significant variation/ reduction in as/eir ratio.
FE-SEM cross section of the film showed a uniform deposi-
tion and smooth interfaces between SiO2 and metal sub-
strates and SiO2 and Al2O3 layers. EDX elemental line
profiles showed a gradient interfacial diffusion of Si and Al
revealing a good adhesion between SiO2 and Al2O3 bi-layer.
AFM photomicrograph showed dense distribution of sphe-
rical shaped nano particles 20–54 nm for SiO2 and 25–60 nm
for Al2O3, respectively. Ra values were marginally increased
after deposition of SiO2 and Al2O3 films on the SS and Ti
substrates.
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