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Thermochromic films are prepared on the substrate of yttria stabilized zirconia by radio frequency magnetron
sputtering technique. Crystalline structure and surface morphology are characterized. Characterization result
shows that the films are of perovskite structure exhibiting a dense and smooth surfacemorphology. Composition
analysis is performed and the result indicated that the element composition of films can be adjusted to close its
stoichiometric ratio by controlling the oxygen flow ratio. Temperature-dependent reflectivity and emissivity are
studied. Reflectivity spectra show that the filmundergoes a transition from ametallic state to a non-metallic state
with increasing temperature. Emissivity of the films is large above the transition temperature and it decreases
sharply below the temperature. The emissivity increment at 97–373 K can approach 0.39 by controlling
sputtering pressure, working gas and film thickness.
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1. Introduction

Manganese oxides A1 − xBxMnO3 (A = La, Sm, Pr, Nd; B is alkaline
earth) are a typical thermochromic material which can change their
thermal radiative properties with the variation of temperature. With
this property, it is finding many applications in thermal furtivity and
thermal control. For example, P. Laffez et al. [1–3] reported that Sm
doped thermochromic material Sm0.35Ca0.65MnO3 (SCMO) can be used
as thermal furtivity coating because its emissivity decreases with
increasing temperature. If a warm object coated SCMO appears on a
cold background, it is difficult to be detected by the infrared camera in
view of the weakened radiation sign from the object.

Another important application is the thermal control of miniature
spacecraft, which has been reported in La doped thermochromic
materials [4–8]. Contrary to the furtivity application, thermochromic
materials for thermal control need a low emissivity at low temperature
tomaintain the heat, whereas at high temperature it is expected to have
a high emissivity for dissipating the excess heat. If the material is fitted
on the spacecraft surface, it can automatically control the emissive heat
transfer from the spacecraft without assistance of any moving parts.
Over the past years, many efforts on improving the applicability of the
material have been carried out. Investigations from the Japan Aerospace
Exploration Agency and Nippon Electric Company showed that the
emissivity increment of two bulk materials La0.825Sr0.175MnO3 and
La0.7Ca0.3MnO3 is 0.4 in a temperature range of 173–373 K [5–8]. Their
results revealed that the material can be fabricated to a thin tile with a
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dimension of 40 × 40 × 0.2 mm3 and a weight of 1.2 kg/m2. We have
also reported that the increment of normal emissivity is 0.5 at
173–373 K for the sample of Ca and Sr doping La1 − xAxMnO3 in our pre-
vious work [9]. The size of the sample is 40 mm × 40 mmwith 400 μm
thick and weight is 1.23 kg/m2. J. Fang et al. [10] and J. Huang et al. [11]
attempted to enhance the emissivity above Tp through introducing
micro-structures or gratings on the material surface. In order to over-
come the material drawback absorbing solar radiation, K. Shimazaki
et al. [12,13] and D. Fan et al. [14,15] designedmulti-layer optical struc-
tures on thematerial surface to reduce its solar absorptivity, and the re-
ported solar absorptivity of the structured material can be reduced to
0.28. Moreover, the simulated experiment of space particles exposure
revealed that the structured material possesses stabilized thermal radi-
ative properties [5,16].

One can find these investigation efforts, which aremainly devoted to
the performance of bulkmaterial. Although thematerial can be fabricat-
ed into a ceramic tile with thickness in sub-millimeter dimensions to
perform the temperature adjustment, it is still bulky or heavy in certain
applications, especially in the spacecraft. In addition, it is also impossible
to further reduce the thickness of bulk material in view of mechanical
strength considerations. Meanwhile, the ceramic tile fabrication is
inconvenient and low productive because of its low toughness. By com-
parison, thin film devices based on La1 − xAxMnO3 are more obvious to
realize the weight reduction and there is no above-mentioned draw-
back. However, there exist only a few literatures to report the
thermochromic film based on La1 − xSrxMnO3. M. Soltani et al. [17]
and D. Nikanpour et al. [18] prepared the La1 − xSrxMnO3 (x = 0.175
and 0.3) thin films by reactive pulsed laser deposition method, but
their emissivity variation remains modest. A. Boileau et al. [3]
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synthesized SCMO thin films using dc reactivemagnetron co-sputtering
and indicated that SCMOfilms showa thermochromic effect over awide
wavelength range at room temperature. M.R. Ammar et al. [19]
investigated the thermochromic behavior of SCMO pigment-polymer
coating for thermochromic applications. The result shows that the opti-
cal transmittance of the coating exhibited a large variation between
173 K and 343 K in the wavelength range of 8–14 μm. C. Wu et al. [20]
prepared the La0.8Sr0.2MnO3 thin film by magnetron sputtering, whose
emissivity increases from 0.53 at 173 K to 0.72 at 310 K. Obviously,
the emissivity variation of these thin films is much smaller than that
of their bulk counterparts. Therefore, further investigation will be
required to access the bulk material properties in emissivity as much
as possible.

In the work, the aim is to prepare the La0.7Sr0.3MnO3 (LSMO) films
on the substrate of yttria stabilized zirconia (YSZ) by magnetron
sputtering technique, and investigate the variable emissivity properties
of the films. Furthermore, some key parameters that influence the per-
formance of the LSMO film, such as working gas, sputtering pressure
and film thickness, are also discussed. The encouraging results have
been obtained, which can provide fundamental data for developing a
light-weight thermal control device for application in spacecraft.
2. Procedure for experiment

LSMO films were prepared on YSZ substrate by the radio frequency
(RF) magnetron sputtering system (JGP800, Shenyang Scientific
Instrument Co., China). The LSMO target used during sputtering was
synthesized by the conventional solid-state reaction method using
La2O3, SrCO3 and MnO2 powders as starting materials [9]. LSMO films
were grown on YSZ (100) single crystal substrate at different sputtering
pressures and different working gas, which is a mixture of argon
containing different volume oxygen. An RF power of 90 W was used
and the substrate temperature was kept at room temperature during
deposition. The distance of between LSMO target and YSZ substrate is
50 mm. Other parameters in the experiment were listed in Table 1. In
order to improve the oxygen content, the LSMO films were annealed
ex-situ at 1073 K in flowing oxygen for 1 h. The film structure was
characterized by X-ray diffraction (XRD, D8 ADVANCE, Bruker Co.,
Germany) using a Cu Kα (λCu = 1.5406 Å) radiation source at 40 kV
and 30 mA. The scanning was performed from 20 to 80° with steps of
0.05°. Microstructure of the film was analyzed by field emission
scanning electron microscopy (SEM, S-4800, Hitachi Co., Japan) using
an accelerating voltage of 15 kV. Composition analysis was performed
in the SEM at an acceleration voltage of 20 kV and magnification of
1290 times by the energy dispersive X-ray spectroscopy (EDS, Thermo
Electron Co., USA) with Noran System Six evaluation software and
silicon drift detector. The film's thickness was also determined by
cross-sectional SEM images with accelerated voltage of 20 kV. Surfaceww.sp
Table 1
Deposition condition and characteristics of LSMO films.

Sample P
(Pa)

GFR
(%)

t
(min)

La:Sr:Mn
atom ratio

ARS
(nm)

FT
(μm)

ϵl ϵh Δϵ

LSMO1 0.8 0 170 0.85:0.13:1 0.60 0.90 0.28 0.52 0.24
LSMO2 0.8 20 180 0.71:0.12:1 0.60 0.90 0.24 0.62 0.38
LSMO3 0.8 33 195 0.71:0.14:1 0.64 0.89 0.27 0.67 0.40
LSMO4 0.8 50 215 0.61:0.22:1 0.66 0.90 0.27 0.67 0.40
LSMO5 0.5 20 173 0.71:0.12:1 0.71 0.91 0.22 0.56 0.34
LSMO6 1.2 20 182 0.66:0.15:1 0.69 0.89 0.15 0.52 0.37
LSMO7 2.0 20 198 0.66:0.29:1 0.65 0.90 0.17 0.56 0.39
LSMO8 0.8 20 150 0.71:0.13:1 0.53 0.76 0.53 0.55 0.02
LSMO9 0.8 20 240 0.69:0.13:1 0.75 1.19 0.28 0.67 0.39
LSMO10 0.8 20 300 0.70:0.12:1 0.90 1.49 0.29 0.65 0.36

P: sputtering pressure, GFR: gas flow ratio of O2 / (O2 + Ar), t: sputtering time, ARS:
average roughness, FT: film thickness.

w

roughness of the film was measured by the atomic force microscope
(AFM, CSPM4000, Being Ltd., Beijing in China). The lateral resolution
of the AFM is 0.26 nm and the vertical one is 0.1 nm. Infrared emissivity
ϵ(T) determining thermal radiative properties of film was derived from
reflectivity spectra according to ECSS-Q-70-09 [21], as expressed by

ϵ Tð Þ ¼

Z 25

2:5
1−ρ λ; Tð Þ½ �Eλ;b λ; Tð Þd λ
Z 25

2:5
Eλ;b λ; Tð Þd λ

ð1Þ

where Eλ,b(λ,T) is blackbody radiative intensity. Temperature-
dependent reflectivity ρ(λ,T) can be measured by an accessory of
Transmission-Reflection Dewar (catalog no. DER-300, Harrick Scientific
Products, Inc., America) mounting on the Fourier transform infrared
spectrometer (FT-IR, VERTEX 80 v, Bruker Co., Germany). Themeasured
wavelength and temperature ranges are 2.5–25 μm and 97–373 K, re-
spectively. A gold filmwas employed as a referencemirror to determine
the reflectivity.

3. Results and discussion

XRD detection was performed to determine if desired crystalline
structures were obtained under the designed conditions, where LSMO
films have been annealed and corresponding bulk target is the as-
prepared specimen by solid state reaction. Fig. 1 shows the XRD
patterns of four LSMO films and one bulk target. The bottom pattern is
the La0.7Sr0.3MnO3 JCPDS card (no. 51-0409). All diffraction peaks
match well with that of bulk target and films. It is clear that our bulk
target contains split peaks at 32.9°, 40.6°, 58.6°, 68.9°, and 78°, where
corresponding films only exhibit a single peak. This perhaps is induced
by the preferable orientation of particles in films. It is noted that bulk
target and LSMO films are single perovskite phase with rhombohedral
structure. In addition, YSZ peaks can be observed in LSMO3 and
LSMO8films asmarked by symbol□, which is related to theirminimum
film thickness (See Table 1).

Fig. 2 shows the SEM microstructure of thermochromic film. No
matter how they are seen from the surface morphology of Fig. 2(a) or
the cross-sectional micrograph of Fig. 2(b), it is still dense, crack-free,
and uniform.

Sputtering pressure and working gas are two important factors to
influence the performance of LSMO film. Therefore, they are taken
into account in this study as follows. The effect of sputtering pressure
and working gas on the roughness and composition of LSMO films are
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Fig. 1. XRD patterns of LSMO target and LSMO film.
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Fig. 2. SEM micrographs of (a) LSMO2 film surface and (b) LSMO5 film cross-section.
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listed in Table 1. The thickness of LSMO films is also listed to be an av-
erage value of multiple measurements from the cross section SEM
morphology. For example, LSMO5 film thickness is determined to
be 0.91 μm as shown in Fig. 2(b). The roughness of films is deter-
mined by the AFM. For instance, the average roughness and root
mean square roughness of LSMO2 film, which is estimated from
Fig. 3 with 10 μm × 10 μm areas and 512 × 512 pixels, is 0.6 nm
and 0.81 nm, respectively.

Under the same sputtering pressure condition, the film rough-
ness scarcely shows any change with the increase of gas flow ratio
O2 / (O2 + Ar) from 0% to 50%. Similarly, the change of film roughness
is small when the sputtering pressure increases from 0.5 Pa to 2.0 Pa
keeping the film thickness at 0.90 μm and working gas flow ratio for
20%. The results show that the effect of sputtering pressure andworking
gas on the film roughness is small enough. Moreover, when the
sputtering pressure and the flow ratio of working gas are respectively
set to 0.8 Pa and 20%, film roughness increases from 0.53 nm for the
0.76 μm thick sample to 0.90 nm for the 1.49 μm thick sample. The
relationship between the film roughness and film thickness can be
attributed to the film growth mode [22]. The growth mode of LSMO
film on unheated YSZ substrate should be seen as Volmer–Weber
type. In this mode, an island-like structure (see Fig. 3) is formed after
an initial nucleation and it becomes large with the increase of film
thickness, which in turn increases the film roughness. sp
Fig. 3. AFM patterns
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Composition analysis in Table 1 checked by EDX shows that the

LSMO target and LSMO films have a comparable stoichiometry. It can
be observed that the La content is close to a stoichiometric ratio and
Sr shows a lower concentration under the low sputtering pressure and
low flow ratio. As theworking gas is only argon, a notable difference be-
tween the result of composition analysis and the stoichiometric ratio
can be found, i.e., an excess La content and a deficient Sr or Mn content
in the composition analysis. When the gas flow ratio of O2 / (O2 + Ar)
increases to 20% or 33%, the element composition of film is closer to
the stoichiometric ratio. However, the La content is deficient in the
case of film with the gas flow ratio approaching 50%. This means that
the element composition of film can be adjusted by increasing the gas
flow ratio of O2 / (O2 + Ar). This occurs because the oxygen content in-
creases, which in turn increases its collision with the sputtered atoms
during the sputtering process. Among the sputtered atoms, the mass
of La atom is the largest. This implies that the energy loss of La atom is
larger than that of Sr or Mn in the process of collision. Therefore, the
La atom which arrived at the substrate is smaller than other atoms
with the increase of the flow ratio O2 / (O2 + Ar). In addition, the influ-
ence of film thickness on the element composition of the film is
unobvious.

Fig. 4 shows the measured reflectivity of LSMO film in the tempera-
ture range of 97–373 K. It is noted that the reflectivity of film decreases
with increasing temperature below 313 K and remains almost constant
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of LSMO2 film.



Fig. 4. Variation of the reflectivity of LSMO film with temperature.
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Fig. 5. Emissivity of LSMO target and LSMO2 films.
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with the increase of temperature above 313 K. A sharp infrared peak at
the wavelength of 17 μm under a different test temperature can be ob-
served, which dues to the transverse optical phonons. In theory, there
are three strong transverse optical phonon peaks in perovskite sample
[23–25]. The other two phonon peaks occur at 30 μm and 60 μm,
corresponding to Mn\O\Mn bending mode, and La-site external
mode, respectively. In view of the limited spectral range of spectrometer,
we only observed the optical phonon peak corresponding to Mn–O
stretching vibration in our samples. The phonon peak toward the low
temperature 97 K is still sharp comparing with that of LSMO bulk
material, which has been reported in the previous works [9,25].
The fact suggests that LSMO film is “more nonmetallic” than its
bulk counterpart at low temperature zones. For the LSMO bulk mate-
rial, the lower temperature is, the smoother peak at 17 μm becomes.
The phenomenon has been explained by a dielectric screening effect
[23,26]. Namely, the electron activity in bulk material is heightened
under a lower temperature. Therefore, it is considered that the contri-
bution of optical phonon in LSMO film is still dominant under the
lower temperature, which leads to LSMO film exhibiting more nonme-
tallic features. The sharp peaks under low temperature zones seem to be
common in manganite film as reported by these authors [4,27]. With
the increase of temperature, a broad peak appearing around 6 μm in
our films. Similar feature has been observed by previous authors in
both single crystalline [28] and thin film manganites [4,29,30]. H. Lee
et al. [28] suggested that the broad peak appearing in Nd0.7Sr0.3MnO3

single crystal comes from the optical transitions between electronic
levels. And, C. Hartinger et al. [29] reported that the broad peak is
related to the large polaron excitation in La2/3Sr1/3MnO3 thin film.

Infrared emissivity of LSMO films are obtained by integrating the re-
flectivity spectra of films [15]. The results are shown in Figs. 5–8. It can
be seen from these figures that the LSMO films exhibit thermochromic
properties, of which their emissivities are small at lower temperature
but large at a higher temperature. The emissivity variation has been
listed in Table 1.

Comparisons are given for the emissivity of LSMO target and LSMO2
film in Fig. 5. For the substrate, its emissivity remains constant with the
increase of temperature. However, thefilm and target showa significant
emissivity variation upon heating. It is noticed that the emissivity of the
target is lower than that of the film in the whole temperature range
owing to themultiple reflection in film sample. Transition temperature,
which can be approximately determined from the turning point of
temperature dependent emissivity, is about 273 K for LSMO target and
LSMO2 film. The metal-insulator transition temperature of LSMO target
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is much lower than that of numerous literature results (about 350 K)
[31,32]. The reason may be related to the oxygen deficiency. According
to the double exchange theory, the occurrence of oxygen deficiency
could break the hopping of electrons in addition to decreasing the den-
sity of charge carriers, which leads to a lowermetal-insulator transition.

It can be found that from Fig. 5, the transition temperature of
films are low even though it has been post-annealed. This results
are consistent with that of literatures [33,20,30]. S. Jiang et al. [30] re-
ported that the transition temperature of LSMO film after annealing is
only 168 K, while it can be adjusted to 267 K by 50 KeV oxygen ion im-
plantation. D. Sahu et al. [33] indicated that the transition temperature
of as-grown LSMO films can be enhanced significantly up to 270 K by
annealing at 1273 K. Indeed, as already observed in manganite films,
the transition temperature is strongly affected by the oxygen content.
Besides the oxygen content, it is reported that the metal-insulator
transition can be driven by many physical mechanisms such as poor
electrical connection between grains [34], non-stoichiometric composi-
tion [35], strain effect and interstitial oxygen incorporation [36,37]. The
low transition temperature of LSMO film in our experiment cannot be
described to unique mechanisms. The apparent influences of oxygen
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Fig. 6. Emissivity of LSMO film at different flow ratio of O2 / (O2 + Ar).
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flow ratio, sputtering pressure, and film thickness will be discussed in a
later section.

The influence of the O2 / (O2 + Ar) flow ratio on the emissivity of
film are shown in Fig. 6. The sputtering pressure of LSMO1 to LSMO4
film is fixed to 0.8 Pa and their O2 / (O2 + Ar) flow ratios is 0%, 20%,
33% and 50%, respectively. The emissivity increment of film increases
with the O2 / (O2 + Ar) flow ratio below 33% and then becomes small
at 50%. This is revealed that LSMO films have reduced oxygen
deficiencies with increasing oxygen flow during deposition. The
reduced oxygen contents in films leads to hole doping through an en-
hancement of Mn4+/Mn3+ ratio, which would explain why transition
temperature increase [33]. The higher the temperature, the larger
emissivity increment becomes. Thus, the continued increase of oxygen
content leads to an increase of La site deficient in LSMO film resulting
in non-stoichiometry as discussed above. Therefore, the emissivity tran-
sition of LSMO4 filmwith oxygen flow ratio of 50% occurs at a relatively
low temperature at about 213 K.

The emissivity of LSMO film at different sputtering pressure is given
in Fig. 7. The sputteringpressure is 0.5 Pa, 0.8 Pa, 1.2 Pa and 2.0 Pa for the
sample LSMO5, LSMO2, LSMO6 and LSMO7, respectively. It is seen that
the emissivity transition seems to occur at a relative higher temperature
with sputtering pressure increasing. Film growth in a low pressure en-
vironment contains high densities of defects and oxygen deficiency
due to less oxygen content. With the increase of pressure, the oxygen
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Fig. 7. Emissivity of LSMO film at different sputtering pressure.
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content increases, which enhances the transition temperature [38].
Moreover, the influence of sputtering pressure on LSMO emissivity
may be due to interface problems and change in the strain effect be-
tween the film and substrate. Other possibilities may be existing but it
is still unclear in our experimental results. The emissivity increment as
listed Table 1 in the whole temperature range exhibits a slight rise
with the increase of sputtering pressure.

Fig. 8 shows the influence of film thickness on film emissivity. The
sputtering pressure is kept at 0.8 Pa and the O2 / (O2 + Ar) flow ratio
is set to 20%. The film thickness is 0.76 μm, 0.90 μm, 1.19 μm and
1.49 μm for the LSMO8, LSMO2, LSMO9 and LSMO10, respectively. It
can be found that the film with thickness near or exceeding 0.89 μm
shows a thermochromic property, whose emissivity increases with
temperature. For example, the emissivity of LSMO9 and LSMO10
shows a quick rise below 273 K and the rise becomes slow above
273 K. However, the emissivity of film almost does not change with in-
creasing temperature when the film thickness is less than 0.89 μm, like
the LSMO8 sample, Δϵ= 0.02. In fact, a proper film thickness is impor-
tant for a variable emissivity device because the infrared radiation of a
material is mostly determined by the thin layer of material surface
(i.e., skin depth). If the film thickness is slightly larger than that of the
skin depth, the infrared properties of the film is comparable to that of
its bulk counterpart. Conversely, it is subjected to the substrate. As
shown in Fig. 8, the film thickness of LSMO8 sample is thinner than its
skin depth (300–800 nm), which have been reported by Y. Shimakawa
et al. [4]. Consequently its infrared radiation includes the reflected
infrared radiation from the YSZ substrate. The high emissivity property
of YSZ leads to a high emissivity for the film sample even at a low
temperature resulting in an inconspicuous emissivity variation.
Therefore, it is necessary to ensure a proper LSMO film thickness to
maintain the emissivity variation of device.

4. Conclusion

LSMO films were prepared on YSZ substrate by the RF magnetron
sputtering technique. Surface morphology indicated that the film is
dense and smooth. XRD analysis showed that the film exhibits the char-
acteristics of a perovskite structure. The result of composition analysis
suggested that the element composition of the film can be adjusted to
close its stoichiometric ratio by regulating the O2 / (O2 + Ar) flow
ratio. Reflectivity spectra showed that the film undergoes a transition
from a metallic state to a non-metallic state and an intrinsic phonon
structure at wavelength of 17 μm can be observed. The measured emis-
sivity indicated that LSMO filmexhibits a small emissivity value at lower
temperature and a large emissivity value at higher temperature. The
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influence factors on the film emissivity have been discussed. The emis-
sivity increment of film can be arrived to 0.39 at 97–373 K by keeping
the sputtering pressure for 0.8 Pa, the O2 / (O2 + Ar) flow ratio for
20% and film thickness exceeding 0.89 μm. The encouraging results
can provide fundamental data for developing a lightweight thermal
control device for application in spacecraft.
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