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This paper describes the research on the materials and design methods for advanced smart radiator devices (SRDs)

on large-area flexible substrates utilized on spacecraft. The functional material is thermochromic vanadium dioxide.

The coating design of SRD is similar to the design of broadband filter coatings in a mid-infrared region. The multilayer

coatings have complex structures. Coating materials must be highly transparent in a required spectrum region and

also mechanically robust enough to endure the influence from the rigorous environments of outer space. The number

of layers must be very small, suitable for the deposition on large-area flexible substrates. All the coatings are designed

initially based on optical calculation and practical experience, and then optimized by the TFCALC software. Several

designs are described and compared with each other. The results show that the emittance variability of the designed

SRDs is great than 400%, more advanced than the reported ones.
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1. Introduction

The temperature of a satellite must be controlled

according to the requirements for payload and plat-

form. This is of crucial importance for a success-

ful mission. Reducing the launch cost is one of the

large development drives, for the launch cost is ap-

proximately proportional to satellite mass.[1] There is

an increasing tendency to develop miniaturized satel-

lites. Many conventional thermal control systems have

turned out to be too bulky or heavy for these small

spacecraft, thus functional surfaces are of great inter-

est for the space industry. The smart radiator de-

vice (SRD) based on VO2 films is one of most im-

portant structures of the functional thermal control

surfaces, being lighter, more advanced and without

moving devices.[2−4]

A large portion of the heat exchange between

an object in space and the environment is performed

through radiation, which is in turn determined solely

by the object surface properties. The modulating de-

vice is attached to the object surface and thus provides

a thermal window that can adapt to the changing con-

ditions in orbit. The key material property is called

thermochromism, which means that the material can

adjust the infrared emittance automatically with tem-

perature varying.

This paper presents such a surface, a ther-

mochromic device with inorganic thin films based on

VO2 films for modulation of radiation at infrared and

optical wavelengths. The solar absorptance and in-

frared emittance must be simultaneously determined.

Furthermore, the design parameters including the se-

quence and thickness of the multiplayer materials

must be optimized. An important aspect of design-

ing the modern multilayer films is to use computers

to match the multilayer parameters to a set of optical

specifications such as a desired reflectance curve.[5,6]

In the remainder of this paper, we briefly introduce

the design process of multilayer films with the desired

thermal radiative properties. The calculated thermal

radiative properties of the SRD with the designed mul-

tilayer films are also presented. According to the de-

sign, the multilayer films are deposited by using the

pulsed dc magnetron sputtering.
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2. Calculation of emittance and

absorptance

For an opaque coating, the spectral absorption

A(λ) = 1−R(λ), while for a semitransparent coating,

it is given by A(λ) = 1−R(λ)−T (λ), where R(λ), and

T (λ) are the reflection and the transmission, respec-

tively. A(λ), R(λ) and T (λ) are functions of wave-

length. The solar absorptance (αs) and the infrared

emittance (ε) can be calculated by weighting the mea-

sured spectral absorption with the incoming solar ra-

diation S(λ) and the blackbody spectrum BT(λ) (see

Fig.1) for the valid temperature, and integrating over

a particular wavelength interval.

Fig.1. The normalized blackbody spectra at different tem-

peratures.

The used weight function S(λ) is a solar inten-

sity distribution[7] (at an air mass of 1.5). The solar

radiation approximates to BT(λ) at the surface tem-

perature of the sun (ca. 6000 ◦C). The αs and the ε

are obtained from

αs =

∫ 2.5µm

0.3µm

[1 − R(λ) − T (λ)]S(λ)dλ

∫ 2.5µm

0.3µm

S(λ)dλ

,

ε =

∫ 50µm

2µm

[1 − R(λ) − T (λ)]BT(λ)dλ

∫ 50µm

2µm

BT(λ)dλ

.

In this study the emittance refers to the direc-

tional one, since it is obtained from the above expres-

sion using reflectance data at an angle of incidence.

It is an approximation to the hemispherical emittance

that should be used for the thermal radiation of a

satellite. If the emittance is calculated according to

the above expression, the important thing that should

be done is describe the wavelength range used. The

error due to the long wavelength edge cut-off (e.g.

Fourier transform infrared spectroscopy is often lim-

ited to about 25µm) will be significant if the sample is

at −50 – +25 ◦C, which are not unlikely temperatures

on the outer wall of a satellite in orbit.

3. Choice of materials for multi-

layer films

3.1.VO2 material

VO2 material is a functional material for the

thermochromic multilayer thin film SRD. It is also a

good thermochromic material with significant changes

in the crystallographic structure, and corresponding

electrical and optical characteristics in response to

external stimuli such as temperature, electric field

and/or optical control signal.

The metal-insulator transition in VO2 is associ-

ated with a change in structure from a monoclinic

structure below the transition temperature (Tc) to a

tetragonal rutile structure above the transition tem-

perature.

Additional dopants, M , such as Ti and W, can be

used to shift the transition temperature and tailor the

resulting dynamic thermo-optic characteristics. For

example, appropriate W and Ti dopants can tailor the

transition temperature relative to the intrinsic value

of about 68 ◦C over a wide range from below −30 ◦C

to above 70 ◦C.[2]

The optical properties are studied extensively.[8−10]

The optical constants for the IR region are given by

Guinneton et al,[10] as shown in Fig.2.

3.2. IR transparent materials

A set of documents describing the relevant prac-

tical materials has been built up for space usage at

Lanzhou Institute of Physics, China. Dielectrics, plas-

tics and metals have all been used in spacecraft coat-

ings with their optical properties documented. Bulk

data may not be used to describe thin-film materials,

because thin-films and their corresponding bulk ma-

terials normally are different in both packing density

and crystalline structure, which results in their differ-

ent refractive index and absorption features.

Spacecraft SRD coatings require dielectric mate-

rials to be highly transparent in a desired spectrum

region. The chosen materials are some oxides, like



1706 Feng Yu-Dong et al Vol. 16

SiO2, Al2O3, TiO2, ITO; fluorides, like MgF2, BaF2;

and semiconductor materials used for IR, like Ge, Si,

ZnS, PbTe, etc. In order to be compatible with sput-

tering deposition on large-area flexible substrates, the

optimal options are just SiO2, Al2O3, TiO2, Ge, Si,

etc.

It is well known that these oxides do not have

good transparencies in a far infrared region, especially

an IR region for wavelengths longer than 10µm. So

the oxides cannot be used in general. Ge is a good IR

transparent material, but has a large absorptance in

a range of short wavelengths of solar radiation.

Fig.2. Optical index (n) and extinction coefficient (k) versus wavelength of the thermochromic VO2 for

T = 380 and 300 K.

3.3.Antistatic coating materials

Spacecraft run in the environments of space

plasma, the surface of spacecraft accumulates static

electricity easily and heavily and then the electro-

static discharge (ESD) will occur. ESD can destroy

the SRD, even the whole spacecraft. In order to elim-

inate the ESD effects, the outer surface of the SRD

must be electrically conductive. The optimal anti-

static materials are indium tin oxide (ITO) and Ge

coatings, which are also good materials against atomic

oxygen in a low orbit.

4. Design

4.1.Conventional design of ther-

mochromic SRDs based on VO2

Figure 3 shows a simple structure of ther-

mochromic SRD,[2] in which the VO2 film is deposited

on the aluminium surface of aluminized substrate. αs

is about 0.25, ∆ε about 0.35, and ∆ε/ε about 140%.

Fig.3. Simple structures of passive thermochromic SRDs

based on VO2 with different values of emittance E.

Figure 4 shows an improved structure for passive

thermochromic and active electrochromic SRDs based

on VO2.
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Fig.4. Improved structure for passive thermochromic and

active electrochromic SRDs based on VO2.

The structure has high-emissivity dielectric

coating/Al/high-emissivity dielectric coating/VO2/ITO.

When running in a passive thermochromic mode, the

∆ε/ε is quite small (see Table 1).[3] When running in

an active electrochromic mode, the ∆ε/ε is relatively

large. ε = 0.75 ± 0.05 when the voltage is lower than

2V, ε = 0.3 ± 0.05 when the voltage is larger than

5V, and ∆ε is about 0.4, ∆ε/ε about 133%.[2]

Table 1. Preliminary emissivity (ε) measurements of pas-

sive thin-film SRDs based on VO2

Sample No. ε(T < Tc) ε(T < Tc) ∆ε (∆ε/ε)/%

1 0.45 0.72 0.27 60

2 0.32 0.58 0.26 81.25

3 0.29 0.54 0.25 86.2

4 0.23 0.48 0.25 108

4.2. Ideal Multilayer film SRD

If there exists a kind of material(H) with a

high transparency between ultraviolet and far infrared

spectra, an ideal Multilayer film SRD can be de-

signed. In the design, the ideal material is chosen

to be Al2O3, but it has a good transparency in the in-

frared region. The refractive index (n) and extinction

coefficient (k) are assumed to be 1.7 and 0 respec-

tively. The designed film structure adopts a substrate

of Al2O3/Ag/Al2O3/H/VO2/H/VO2/H/Ge, and the

designed optical reflectance is shown in Fig.5. The

solar absorptance αs and thermal emittance are cal-

culated. αs is about 0.37, and ε changes dramatically,

∆ε is about 0.8, ∆ε/ε about 1500% (see Fig.6).

Fig.5. Optical reflectance of ideal multilayer film SRD.

Fig.6. Emittance of ideal multilayer film SRD vs temper-

ature.

4.3.Multilayer film design based on

metallic oxide

The above ideal design seems to be encouraging,

but unfortunately the ideal material is nonexistent.

Among many metallic oxides, TiO2 is the most in-

terested material due to its durability in space envi-

ronments and a wide transparent region (0.4–12µm).

A design based on TiO2 is performed and further,

optimized. The structure of multilayer films adopts

a substrate of Al2O3/Ag/Al2O3/TiO2/VO2/TiO2/

VO2/TiO2/Ge.

The designed optical reflectance is shown in Fig.7.

The solar absorptance αs and thermal emittance are
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calculated. αs is about 0.4, and ε has a small change,

∆ε is about 0.5, ∆ε/ε about 130% (see Fig.8).

Fig.7. Optical reflectance of multilayer film SRD based

on metallic oxides.

Fig.8. Emittance of multilayer film SRD based on metallic

oxides versus temperature.

4.4.Multilayer film design based on Ge

Germanium is the most interested material in the

IR region due to its durability in space environments

and a wide transparent region (2–23µm). A design

based on Ge is carried out and, further optimized.

The structure of multilayer films utilizes a substrate

of Al2O3/Ag/Al2O3/Ge/VO2/Ge/VO2/SiO2/Ge.

The designed optical reflectance is shown in Fig.9.

The solar absorptance αs and thermal emittance are

calculated. αs is about 0.44, and ε has a relatively

large change, ∆ε is about 0.44, ∆ε/ε is larger than

400% (see Fig.10).

Fig.9. Optical reflectance of multilayer film SRD based

on Ge.

Fig.10. Emittance of multilayer film SRD based on Ge

versus temperature.

5. Experiment and test of de-

positing multilayer film SRDs

VO2 films are studied and deposited success-

fully by reactive pulsed-laser deposition[2] and reac-

tive sputtering.[11,12] Ge, Al2O3, SiO2 and VO2 films

are deposited separately in our laboratory by pulsed

d.c. magnetron sputtering. The optical constants of

Ge, Al2O3, SiO2 and VO2 films are measured, and

the results show that all the measured data match

the design data. The complete thermochromic SRDs

based on Al2O3 are prepared. The results show that

thermochromic SRDs based on Al2O3 are not a good

option for advanced thermochromic SRDs as designed.

The complete thermochromic SRDs based on Ge are

in preparation.
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6. Conclusion

Three kinds of thermochromic multilayer SRDs

are designed and optimized. The results show that

the ideal design is very encouraging, although the

ideal material is nonexistent. It is a tendency to pre-

pare more satisfactory thermochromic SRDs by find-

ing more appropriate materials. The SRD based on

metallic oxides is not good enough, but the thermal

radiation property is better than that of traditional

thermochromic SRD. The SRD based on Ge is per-

fect, it has a large emittance change, and ∆ε/ε being

larger than 400%, which is much better than that of

traditional thermochromic SRD.
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