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Lag7Cag»Srp1MnO3 is a thermochromic material which can be used as thermal control
device. However, its solar absorptivity is too high for that in spacecraft application.
To reduce its solar absorptivity, an optical thin film is designed in this paper by using
simulated annealing genetic algorithm. This film can effectively reflect the solar
radiation at the short wave and can be transparent at long wave. A designed optical
thin film is deposited on the surface of thermochromic material by electron beam
evaporation. Experiments show that the solar absorptivity is reduced from 0.78 to 0.28
at short wave, and the transmissivity is 0.87 at long wave. The results match pretty well
with the theoretical predictions in a global view.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Thermochromic materials have received much atten-
tion for space applications for their thermochromic prop-
erties induced by metal-insulator transition. For example,
VO, is used as thermal switches in satellites [1];
Sm;_,CayMnO3; shows great prospect in thermochromic
switch [2]; La;_xSryMnOs can be developed as a thermal
control material [3,4]. Perovskite-type manganese oxide
Lag7Cag2Srg1MnO3; (LCSMO) is promising for thermo-
chromic materials because its emissivity can be changed
automatically with temperature in our previous work [5].
Experiments prove that the emissivity of LCSMO can
reach a high value of 0.62 at 350K and a low value of
0.39 at 243 K. The range of variation is 0.23, which is
suitable for application of thermal control in spacecraft.
However, from the viewpoint of practical application in
spacecraft, its solar absorptivity have a value of 0.78,
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which is too large that the temperature of surface will be
too high if exposed to solar radiation.

Generally, the surface temperature of a spacecraft is
governed by the heat dissipation inside spacecraft, the
heat input from the sun, the reflected solar energy and
infrared radiation from the earth. When a thermochromic
material integrated surface of a spacecraft is exposed to a
harsh thermal environment, its temperature will increase
rapidly beyond the permissible working temperature. In
order to solve this problem, we design an optical thin film
on the top of the thermochromic material. This film can
effectively reflect the solar radiation in the wavelength
region from 0.25 to 2.5 pm and can be transparent above
2.5 um. By this means, the surface temperature of a
spacecraft can be controlled effectively.

2. Characteristics of Lag;Cag,Sro1MnO3

Thermochromic material Lag;Cag;Srg;MnOs is synthe-
sized by conventional solid-state reaction method [5]. Its
crystal structure is characterized by X-ray diffraction
(XRD) (D8 ADVANCE, Bruker Co., Germany) with Cu-Ko
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radiation at room temperature. Its spectral characteristics
are obtained by using an ultraviolet-visible-near infrared
spectrophotometer (Cary5000, Varian Co., America) and a
FT-IR spectrometer (VERTEX80v, Bruker Co., Germany;
NEXUS670, Varian Co., America). The wavelength resolu-
tion of Cary5000 is 0.05 nm in the ultraviolet-visible
region and 0.2 nm in the near infrared region, respec-
tively. The resolution of VERTEX80v and NEXUS670 is
0.07 cm~! and 0.09 cm~ !, respectively. The near-normal
reflectivity (incident angle of 15°) is measured by
using the Transmission-Reflection Dewar of VERTEX80v
between 0.78 and 20 pm with temperature and by using
the NEXUS670 above 20 pum. The solar absorptivity
is determined by measuring a spectral variation in
0.25-2.5 pm region using an integrating sphere at room
temperature. Surface roughness of the polished surface is
measured by an atomic force microscope (CSPM4000,
Being Ltd., Beijing in China). The lateral resolution of the
AFM is 0.26 nm and the vertical one is 0.1 nm.

The XRD pattern of LCSMO in Fig. 1 shows a character-
istic of single phase with perovskite-type structure. All
reflections can be indexed on the basis of the Pnma
orthorhombic space group. The inset image in Fig. 1
indicates that the lattice structure of LCSMO is distorted.

The measured near-normal reflectivity (incident angle of
15°) of LCSMO is shown in Fig. 2. It can be seen that the
reflectivity shows a large variation with temperature at
wavelength above 2.5 um. As the temperature increases,
the reflectivity at long wavelength gradually decreases. The
reflectivity at low temperature is higher than which at high
temperature. This reveals that the reflectivity shows a
transition of metal-insulator with temperature. The reflec-
tion peak, which around 4.2 pum at various temperatures is a
interference of carbon dioxide in ambient air.

The solar absorptivity is calculated by using the near-
normal spectral reflectivity data at 293 K over the wave-
length region of 0.25—2.5 pum in the inset of Fig. 2. It is
0.78, which is too large to reject excess heat from LCSMO
surface exposed to harsh space environment.

Fig. 3 shows the emissivity of LCSMO at various
temperatures from 243 K to 350 K. It is obvious that the
emissivity of LCSMO increases with temperature and
has a significantly rise in the vicinity of transition
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Fig. 1. XRD pattern of Lag;Cag,Sro;MnOs.
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Fig. 2. Spectral reflectivity of Lag;Cap,Sro1MnO3 at various tempera-

tures in the wavelength region of 0.78—-20 um. The inset shows the
spectral reflectivity at 293 K in the wavelength region of 0.25—-2.5 um.
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Fig. 3. Temperature dependence of the emissivity of Lag;Cags
Srp.1MnOs.

temperature T,=293 K. Similar to the spectral reflectivity
(Fig. 2), the emissivity also shows a transition from
metal state to insulator state with temperature. This is a
strong coupling between the optical and the thermal
processes.

The surface of LCSMO is polished since a smooth surface
can decrease the trapping of incident radiation, thereby
decreasing its emissivity below transition temperature
[6,3]. The root-mean-square roughness, which is accessed
from AFM, is about 6 nm. The AFM image, in Fig. 4, shows
that the LCSMO surface is dense and uniform. No cracks or
defects have been observed.

3. Calculation method for solar absorptivity of film
system

In this section, the solar absorptivity of a film system
which contains thin film and a LCSMO substrate is
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deduced from its spectral reflectivity. The structure of the
film system is shown in Fig. 5. The spectral reflectivity is
calculated by using a characteristic matrix method [7].
When the interference is taken into consideration, the
characteristic matrix of a film system which contains
multiple reflections at the boundary surface between jth
and j+1th layers can be expressed as

B N [ cosd; isind;/n; 1
{C} - {]1:[1 [inj sind;  cosJ; Mo |’ @

where J; = 2nf;d; cos 0;/4, 0; is the incident angle of the
electromagnetic wave, d; is the geometric thickness, f; is
the complex refractive index of the jth layer, N is the total
number of layers, 7, , is the optical admittance of sub-
strate medium, and 1 is the wavelength of incident wave.
n; is defined in two polarization modes as

n;/cos 0; for p-waves. 2)

{ n;cos 0; for s-waves,
7]1 =

If the incident angle of an air layer 6, (in Fig. 5) is
given, the cos 0; can be obtained from Snell’s law. Thus,
the spectral reflectivity R(4,0) as a function of incident
angle 6 and wavelength 1 is expressed as

R,(2,0)+ R, (2,0)

ROLO= = 3

and

R(4,0)=

B—C?

noB+C

where 1, denotes the optical admittance of air layer.

For thermochromic materials, the solar absorptivity of
the film system can be calculated by as equation as
follows [8]:

25 [1—ROLO)Is(A) dA

os(0) = 2023 (5)
2o Is(A) dA

where R(/,0) denotes the reflectivity of film system in the
wavelength region of 0.25-2.5 pum, and Is(4) is the solar
radiation intensity [9]. In the wavelength range of
0.25—-2.5 pum, it contains about 96% of the solar radiation
intensity at room temperature.

4. Optical constants of Lag;Cag,SroMnO3

In order to calculate the spectral reflectivity of a film
system, the optical constants of LCSMO should be known.
In the 0.25—2.0 pum region, it is measured by ellipsometry
at room temperature as shown in Fig. 6. However, at the
wavelength above 2.0 pum, the data has not been obtained
for technical limitation. As an alternatively way, the
optical constants are also calculated by K-K analysis using
a measured near-normal reflectivity in 0.25—100 pm
region. The calculated results are illustrated in Fig. 7.
Comparing with the measured optical constant in the
wavelength region of 0.25—-2 um, the refractive index
from K-K analysis is larger, and the extinction coefficient
is smaller. This difference may be attributed to the usage
of near-normal (incidence angle of 15°) spectral reflectiv-
ity in K-K analysis. In this paper, the optical constant in
0.25—-2.0 um region is selected from experimental mea-
surement and which above 2.0 um is selected from
calculation value. The refractive index n and extinction
coefficient k are given by
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Fig. 6. Measured optical constants of Lag;Cap;Sro;MnO; at room
temperature.
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Fig. 7. Calculated optical constants of Lag;Cag,Sro1MnOs; from K-K
analysis.

and

_ —2J/Rsin0

" 1+R—2+vRcosO’
where R is the measured spectral reflectance of LCSMO.
The parameter 0 represents phase shift, which is a func-
tion of frequency. It can be defined as

w °°1nR(w) lnR(cu)d ,
/ CU/Z

Q)

O(w) = )
In the wavelength region of 0.25—100 pum, the R(w) is
obtained from experiments. Above 100 pum, the R(w) is
treated as a constant. Additionally, the reflectivity R(w) is
treated as a constant in the wavelength region of
0.1-0.25um, and as the exponential extrapolation
(Roc w—*) at the wavelength below 0.1 um [10].

5. Design principle and method of optical thin film

The design of optical thin film is basically an optimiza-
tion problem. The objective is to minimize the deviation
between the actual spectral characteristics and the target
spectral characteristics of film system by adjusting the
film structures including the complex refractive index of
film materials and film thickness. Therefore, it is neces-
sary to construct an evaluation function which describes
the relationship between the deviation and the film
structures. A numerical method is then followed for the
optimal solution of evaluation function.

Traditional thin film design methods (gradient,
damped least squares method) always need a good initial
thin film structure. A computer is then employed to adjust
the structures of thin film to achieve its desired perfor-
mance. However, these methods hardly meets the multi-
ple-layer systems. Moreover, they can only get a local
convergence value near the initial structure. If the initial
structure is far from optimal solution, it is hard to obtain
the desired solution. To overcome these shortcomings, the
genetic algorithm (GA), which is a highly efficient

stochastic search algorithm [11], is introduced. It has
been successfully applied to optical thin film designs
[12-14]. GA is different from the traditional design
methods in many ways. Firstly, it searches for the opti-
mum solutions through a population of solutions instead
of a single solution [15]. Secondly, GA shows a special
interest in the field of optical thin film design that it can
incorporate both continuous optimization variables (such
as the film thickness) and discrete variables (such as the
selection of film materials). Finally, GA does not need a
good initial structure to ensure convergence because it
would not been easily trapped in a local optimum.

In the design process, a simulated annealing genetic
algorithm (SAGA) based on the genetic algorithm (GA)
and simulated annealing (SA) is employed in this paper.
SAGA inherits the advantage of GA, and its selection space
of population is enlarged by introducing the SA. In this
algorithm, the search space and its coded strings is
established. These coded strings determine the structure
of each individual. An initial population, which contains
an appropriate number of individuals, is created at ran-
dom. Each individual is assigned a fitness value. A new
population is produced from the old population by
genetic operations, i.e., selection, crossover and mutation.

In the present study, the variable search space (the
film thickness and film material of each layer) in our
optimization problem is a 2N dimensional parameter,
where N is the number of layers in the film system.
An individual X can be expressed as a 2N dimensional
vector X =(dq,nq,...,d,n;, ...,d,n,), where d; and n;
represent the thickness and the complex refractive index
of ith layer, respectively. The search space can be written
as [U, VIV, where U = [dpin,dmax] and V =[fi, A5, ..., Ap]",
where P < N. Vector V is a discrete space including the
complex refractive index of available materials. The
search space [U,V]" is determined before the running of
program. The geometric thickness of each layer is set as

=[0,400]" and is coded with real number. The max-
imum number of the layers is set to 10 which is large
enough to make sure that the solar absorptivity can be
reduced to the desired value, and is small enough to
obtain a transparent film structure at the wavelength
above 2.5 um. The available materials for film include
ZnS, ZnSe, MgF,, Si and Ge. These materials are mapped to
integer numbers. Comparing with the metal, these dielec-
tric and semiconductor materials can provide a lower
absorption loss and a higher reflectivity. Furthermore,
these materials are common infrared-transparent materi-
als. For the optical constants of these materials, the data
including dispersion and absorption is obtained from the
literatures [16,17].

In this paragraph, the optical properties of film mate-
rials are clarified during the calculation. The extinction
coefficient of MgF, is neglected in the wavelength range
of 0.25—10 pm because the material is transparent in this
spectral region. In 10—100 um region, the extinction
coefficient of MgF, varying with the wavelength is con-
sidered since the absorption loss of MgF, is considerable.
The wavelength-dependent refractive index of MgF, is
used over the wavelength range of 0.25-100 pm.
For germanium, its wavelength-dependent extinction
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coefficient covers a wavelength range from 0.25 to
100 pm; its refractive index is a function of wavelength
in 0.25—4 pm and is treated as a constant at the wave-
length above 4 pm. For silicon, its refractive index varies
with the wavelength in 0.25—-3 pm and is a constant of
3.4 over the wavelength range 3—100 um; its extinction
coefficient is a function of wavelength below 1 pm and is
assumed as zero above 1 um because of a sufficiently
small value [16].

To simplify calculation, a normal incident light from an
air layer is considered in this work. The population size is
30 and the maximum iteration generation is 3000. The
genetic operation of the selection simulated annealing
[18] and the adaptive crossover and mutation [11] is
utilized. The probabilities of crossover and mutation vary
with the fitness values of solutions. In this process, it is
advantageous that the high fitness values are protected
and the values with subaverage fitness are totally
disrupted.

To evaluate the performance of each individual, the
evaluation function F that determines the fitness of each
individual, and the fitness function Fit are respectively
defined as

st—6i\ 2 100 L 172
F:( R ) +{/2.5 [RCAL,0)—R? d2 9)
and
Fit=1/F, (10)

where do; is a tolerance factor (o = 0.01), &, and R are
the target values of solar absorptivity and of spectral
reflectivity of film system above 2.5 um, respectively.
R(4,0) and o are calculated from Eqs. (3) and (5). The
spectral region (2.5-100 um) contains approximately
99% of radiative power from the surface of film system
at room temperature.

6. Results and discussion

The measured o of LCSMO is 0.78 in the present study
which is too high. In order to decline the solar radiation to
the surface of LCSMO in spacecraft application, we
develop a film system, which has a small solar absorptiv-
ity in 0.25-25um region and is transparent in
2.5-100 pm region, using a SAGA. In this algorithm, the
target absorptivity &g is set to 0.2. The absorptivity is
expected to become as small as possible. However, if the
absorptivity is too smaller, it is difficult to ensure a
transparent structure in such wide region from 2.5 to
100 pum simultaneously. The target reflectivity R is set to
zero to ensure a transparent structure beyond the wave-
length of 2.5 pm.

The evaluation values of evaluation function of the
best individual in SAGA are shown in Fig. 8. The evalua-
tion, that is the number of individuals which can reach
goal, is rapidly decreasing before the tenth generation.
A good individual suddenly appeared at around 400th
generation, though the variation of evaluation value is
smooth from the tenth generation to the last one. The
individual with the maximum fitness values which are
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Fig. 8. The evaluation values of the best individual in SAGA.

Table 1
Optimal solution of film system obtained by the SAGA.

Layer number Material Thickness (nm)
1 Si 24
2 MgF, 125
3 Si 36
4 MgF, 160
5 Si 37
6 MgF, 163
7 Ge 96
8 MgF, 172
9? Ge 125

2 The ninth layer is situated on the LCSMO substrate.

generated by evaluation functions contains the optimum
solution. Table 1 lists the optimum solutions that depict
the information of film material and the film thickness of
each layer. Although the total number of film layers is set
as 10, the calculated results only show nine layers with
938 nm thick. This is caused by the film thickness of zero
in SAGA.

Fig. 9 shows the simulated spectral reflectivities of the
film system at 253 K, 293 K and 333 K. It can be observed
that the reflectivity at 253 K is higher than the other
temperatures in the far infrared region. This may indicate
that the thermal radiation from the LCSMO be reflected by
the thin film at the temperature below Tp, thereby the
thermal loss is reduced.

Fig. 10 represents the spectral reflectivity of LCSMO
and the simulated reflectivity of film system at room
temperature. It is noticed that the spectral reflectivity of
simulation for the film system is higher than that of pure
LCSMO layer in the wavelength range of 0.25-2.5 um.
The simulated average reflectivity of film system is 0.76 in
0.5—2.0 pm region and 0.13 in 2.5-20 pum region. Accord-
ing to Eq. (5), a high reflectivity implies a low solar
absorptivity. The simulated solar absorptivity «s of film
system is 0.21, which is very close to the target value 0.2.
For an infrared-transparent structure, its absorption loss
is very low; and accordingly, the transmissivity of film
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Fig. 10. Reflectivity curve of LCSMO and film system. Solid line denotes
film system which was calculated by SAGA; broken line denotes
substrate LCSMO which was measured by experiment.

system here can be considered as 0.87 over the wave-
length range of 2.5—20 pum. This result indicates that the
infrared radiation from LCSMO can penetrate the thin film
with low loss. In the far infrared region, three intrinsic
reflection peaks of LCSMO do not have much changes,
though the optical thin film is coated on the surface
of LCSMO.

The effect of number of film layer on the simulated
spectral reflectivity is represented as Fig. 11. For the thin
film of six layers, the film materials contain the MgF,, Ge,
and ZnSe. In 0.25—-2.5 pm region, the spectral reflectivity
of six layers is lower than that of nine layers. This shows
that a small number of film layers is not enough to
decrease the solar absorptivity to a desired value.
In 2.5—-25 pum region, the spectral reflectivity of 13 layers
is higher than that of nine layers. It is noticed that a large
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Fig. 11. The simulated spectral reflectivity of film system with different
film layers in SAGA.
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Fig. 12. Reflectivity and solar absorptivity of film system. Solid line
denotes the calculation value using SAGA; broken line denotes the
experiment value.

number of film layers is hard to ensure a transparent
structure. Therefore, the thin film of nine layers success-
fully satisfy the requirement.

According to the above designed structure, we depos-
ited a thin film on the surface of LCSMO by electron beam
evaporation. Fig. 12 shows the simulated and measured
reflectivity and solar absorptivity of the film system in
0.25-2.5 pm region. A small mismatch between the
measured spectral reflectivity and the calculated one is
discovered. The measured spectral reflectivity has a blue
shift compared to the calculated value, which may be
caused by the error of optical constant of the film material
[8]. The strong absorption at 0.36 um may be due to the
introduction of silicon, which has a absorption at the
wavelength region from 0.25-0.37 pm. The difference of
calculated and measured results at 0.36 pm is attributed
to the change of optical constant of Si in the evaporation
process. Furthermore, the error of film thickness of each
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Fig. 13. The results of experiment and calculation of reflectivity of film
system.

layer is also an influence factor of mismatch because the
thickness has the same order of magnitude as the wave-
length. However, experimental results indicates that the
solar absorptivity of LCSMO can be reduced experimen-
tally from 0.78 to 0.28 with optical thin film on its surface.
Both measured and calculated reflectivity of the film
system in the wavelength range of 1-100 um is illu-
strated in Fig. 13. Similar blue shift is found in the
wavelength region of 2.5—17 pum. The strong absorptions
at 22 um and 46 pm can be attributed to the introduction
of MgF,, which has a strong absorption around 22 pm and
45 pum, respectively. Comparing with the calculation
value, the positions of absorption at 22 pm and 46 pm
exhibit a red shift in experiment. For such a phenomenon,
during the process of thin film deposition, the optical
constant of MgF, is influenced, and the MgF, material
in film system is not ideally isotropic but anisotropic.
In spite of the deviation discussed above, the simulated
and experimental curves match pretty well in a global
view. This results suggest that the solar absorptivity of
LCSMO can be reduced successfully by integrating optical
thin film on its surface.

7. Conclusions

In this work, the optical properties of Lag7Cag 2Srg1 MnO3
are investigated. In order to reduce its high solar absorptivity,
a simulated annealing genetic algorithm is applied to develop
a film system, which contains the thin film of nine layers
with 938 nm thick and a LCSMO substrate. The thin film is
deposited experimentally on the surface of LCSMO by elec-
tron beam evaporation. Experiment results show that the
solar absorptivity of film system is much less than that of

pure LCSMO. It is suggested that the thin film relax the
restriction of LCSMO on the space application.
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