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Abstract

Mo-substituted ZrW,Og (ZrW; 1Mo( ¢Og) thin films have been deposited on quartz substrates by the pulsed laser deposition (PLD) method.
The effects of oxygen pressure, substrate temperature and annealing temperature on the morphologies and phase compositions of the
ZrW 1Moy ¢Og thin films were systematically investigated using X-ray diffraction (XRD) and scanning electron microscope (SEM). The negative
thermal expansion and shift in phase transition temperature in cubic ZrW; ;Mo ¢Og thin films were characterized using high temperature X-ray
diffraction. The results indicate that as-deposited ZrW ;Mog ¢Og thin films show amorphous phases. Crystallized cubic ZrW; ;Mog ¢Og thin films
were prepared by heating at 1050 °C for 7 min. The growth of the ZrW; ;Mo ¢Og thin films was strongly influenced by the substrate temperature
and oxygen pressure. The ZrW; ;Mog¢Og thin film deposited at 500 °C with an oxygen pressure of 10 Pa was smooth and compact, and its
thickness was about 720 nm. The high temperature X-ray diffraction analyses demonstrated that the cubic ZrW; Mo ¢Og thin film exhibited
strong negative thermal expansion and its thermal expansion coefficient was calculated to be —8.65 x 107®K ™" from 100 °C to 600 °C.
The substitution of Mo in ZrW,Og thin film leads to a remarkable decrease in phase transition temperature, with the o to f§ structure phase
transition occurring below 100 °C. However, with increased testing temperature, the substitution results in part of the cubic ZrW; ;Mog ¢Og thin

film gradually changing into a trigonal phase.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Negative thermal expansion ZrW,Og thin films have
attracted much interest due to their important applications in
optics, microelectronics, and thermally sensitive mechanical
devices [1-7]. They can be used as fillers to tailor the thermal
expansion coefficients of functional surface coating layers and
thin films to avoid problems caused by mismatches in thermal
expansion coefficients between layered films and base materi-
als at various working temperatures, such as coating delamina-
tion, mechanical destruction and positional deviation [8—12].

In our earlier work, pure ZrW,Og thin films were success-
fully prepared on quartz substrates by the pulsed laser deposi-
tion (PLD) method for the first time, and the ZrW,Og thin films
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showed strong negative thermal expansion. However, it was
found that the cubic ZrW,Og thin film undergoes a phase
transition from o-ZrW,0g to B-ZrW,Og between 100 °C and
200 °C [13-15]. This phenomenon was also found in ZrW,Og
powders and ceramics between 150 °C and 160 °C. This phase
transition leads to a remarkable deviation from the linear
temperature dependence of the expansion coefficient from
—9.0x107°K™" to —6.0x10"°*K~'[1-2]. The abrupt
change of thermal expansion is disadvantageous for potential
applications if the phase transition temperature (Tc) is within
the working temperature range. The ability to adjust the phase
transition temperature could therefore be of great practical
importance if it allows the temperature of the phase transition to
be moved out of the practical working range of the materials.

In this work, in order to shift the phase transition tempera-
ture of the cubic ZrW,Og thin film, Mo-substituted ZrW,Og
(ZrW; 1Moy 9Og) thin films were synthesized by the pulsed
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laser deposition (PLD) method. PLD is a versatile fabrication
technique that enables preservation of target stoichiometry
while producing high-quality thin films. The magnitude of
negative thermal expansion and phase transition temperature in
resulting ZrW, ;Mog 9Oy thin films were investigated, and the
effect of annealing temperature, oxygen pressure and substrate
temperature on the morphology and phase composition of the
ZrW 1Mo ¢Og thin films was also characterized.

2. Experimental procedure

The ZrW; 1Moy ¢Og ceramic target was prepared by a co-
precipitation route using HyoN19O4 W15 - xH,O (> 99.95%),
NeH24M07,0,4 - 4H,0  (=99.95%) and ZrO(NOs), - 5H,0
(>99.95%) as raw materials [13], which were dissolved
separately in distilled water according to the molar ratio of
Zr:W:Mo=1:1.1:0.9. The Zr solution was added slowly to the
mixture of W and Mo solution dropwise with constant stirring
at about 70 °C. After stirring over 2 h, the precursors were
filtered, dried at 80 °C, and subsequently calcined at 600 °C
for 4 h. Next, the powders were pressed and calcined at
1050 °C for 3 h in air, then quenched in de-ionized water to
obtain the ZrW; Mo ¢Og ceramic target. The ZrW; ;Mo 9Og
ceramic target was polished and cleaned before placing into
the vacuum chamber.

Thin films were grown on quartz substrates by PLD method
using a KrF excimer pulsed laser with a wavelength of
248 nm. The substrates were placed into the vacuum chamber
with a base pressure of 5.0 x 10~ * Pa. The distance between
target and substrate was about 3.5 cm. The laser flux approxi-
mately was 356 mJ/cm? and the repetition rate was 5 Hz.
During deposition, oxygen was introduced into the chamber
and kept at a constant pressure between 5 and 20 Pa while
depositing. The deposition time was 50 min. The deposition
temperature of the film was room temperature, 300 °C or
500 °C, respectively. After deposition, the as-deposited films
were post-annealed at 1050 °C for better crystallization.

Phase identification and structural characterization were
carried out using an XRD Rigaku D/max 2500 with CuKa
radiation. Data were collected at 40 kV and 200 mA, with a
scanning speed of 5°/min over an angular range of 10°-60°,
High temperature X-ray diffraction data were also collected on
the XRD Rigaku D/max 2500. HTXRD patterns for the
resulting cubic ZrW; Mo ¢Og thin films were collected in
air at 20 °C, 100 °C, 150 °C, 200 °C, 300 °C, 400 °C, 500 °C
and 600 °C. The heating rate was set at 5 °C/min, and the
samples were annealed for 10 min at each testing temperature
before collecting the XRD data. Surface morphologies and
thicknesses of the as-deposited ZrW; ;Mo ¢Og thin films and
annealed thin films were studied with a Hitachi S-4800 field
emission scanning electron microscope (FESEM).

3. Results and discussion
Fig.1 shows the XRD patterns of the ZrW;;Mo,¢Og

precursors calcined at 600 °C and 1050 °C. When the
ZrW; 1Moy ¢Og precursors were calcined at 600 °C (Fig. 1
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Fig. 1. XRD patterns of the ZrW; ;Mo ¢Og precursors sintered at different
temperatures (a) 600 °C for 3 h; (b) 1050 °C for 7 h and then quenched in
deionized water (before polishing); and (c) 1050 °C for 7 h and then quenched
in deionized water (after polishing).
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Fig. 2. XRD patterns of the ZrW; ;Mog 9Og thin film (a) as-deposited and (b)
post-deposition annealed at 1050 °C.

(a)), some reflections of WO5; (JCPDS 43-1035), ZrO, (JCPDS
65-1025) and trignoal ZrW; ;Mo ¢Og were present. When the
precursors were calcined at 1050 °C for 7 h and then quenched
in deionized water, the cubic ZrW; Moy¢Og target was
obtained, and the XRD pattern of the resulting cubic
ZrW; 1Mo ¢Og target is shown in Fig. 1(b). However, a small
amount of residual ZrO, was detected. This is mainly due to
the volatility of MoO5; and WOs;. It was also found that the
color of the surface layer of ZrW; ;Moy¢Og target was
different from the interior of the target. The surface layer of
the ZrW, Mo ¢Og target was very thin. When the obtained
ZrW{ 1Moy ¢Og target was polished, the XRD pattern of the
interior part of the ZrW, ;Mo ¢Og target did not indicate the
presence of a ZrO, phase, as shown in Fig. 1(c). All diffraction
peaks were accounted for by the cubic unit cell of a-ZrW,0g
(JCPDS #50-1868) which indicates that the resulting
ZrW 1Mo ¢Og target is pure (Fig. 1(c)).

Room temperature XRD patterns of as-deposited and
annealed ZrW; ;Mo ¢Og films are shown in Fig. 2. All XRD
patterns of as-deposited ZrW; MogoOg thin films are
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amorphous (Fig. 2(a)) regardless of O, pressures and substrate
temperatures. This is a common observation in compound
sputtering, where the components in the compound may differ
from each other in preferred crystal structure, lattice constants
and chemical properties. The interaction of different compo-
nents greatly inhibits the diffusion of the atoms, which results

in an increased likelihood of forming amorphous phases in
compound sputtering [15]. When the high-energy particles
impinge on the substrate at low temperature, they do not have
adequate time and energy to diffuse. Thus post deposition
annealing is needed to induce crystallization, and XRD
analysis shows that the film crystallinity is dependent on

Fig. 3. SEM images of the ZrW, ;Mo ¢Og thin films grown on quartz substrates at different conditions (a) 10 Pa and without heating; (b) 10 Pa and 300 °C; (c)
10 Pa and 500 °C; (d) 10 Pa and 500 °C (high resolution image); (¢) 5 Pa and 500 °C; (f) 20 Pa and 500 °C; (g) Cross sectional SEM image of ZrW; ;Mo ¢Og thin
film deposited at the oxygen pressure of 10 Pa and substrate temperature of 500 °C; and (h) post-deposition annealed at 1050 °C for 7 min.
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post-deposition annealing temperatures. Annealing an as-
deposited ZrW; Moy ¢Og thin film at 1050 °C for 7 min
followed by quenching in distilled water, gave a phase pure
cubic ZrW; ;Mog ¢Og thin film (Fig. 2b). By comparison with
the ZrW 1Mo ¢Og target in Fig. 1(c), it is shown that there are
no impurity peaks in the XRD pattern.

Fig. 3 shows the surface morphologies of the ZrW,
Moy 9Og thin films prepared under different conditions. The
surface morphologies of ZrW; ;Mo ¢Og thin films are strongly
dependent on the substrate temperature when the oxygen
pressure and laser energy are fixed [17,18]. Fig. 3 shows the
surface morphologies of ZrW; ;Mo ¢Og thin films deposited at
different substrate temperatures. Room temperature deposition
results in the formation of distinct particles. This is mainly
because the particles do not have adequate energy to diffuse.
As a result, lots of particles appear. The surface morphology
changes with substrate temperature (Fig. 3(b) and (c)), with
increasing substrate temperature, the particles almost disap-
pear. When the ZrW; Moy ¢Og thin film was deposited on
quartz substrates at 300 °C, the quality of the thin film was
enhanced, but there were still some defects. When the
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Fig. 4. XRD patterns of the cubic ZrW; Mog¢Og thin film collected at
different temperatures.
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ZrW{ 1Moy ¢Og thin film was deposited at 500 °C, the thin
film was smooth and compact (see Fig. 3(c)), and the surface
of the film did not show significant grain growth, which also
indicates the amorphous state of the thin film. Fig. 3(d) is a
high resolution image of Fig. 3(c), which shows the as-
deposited ZrW; Moy¢Og thin film is composed of
nanoparticles.

The oxygen partial pressure also has a large effect on the
surface morphologies of the films. Fig. 3(e), (c) and (f) shows
SEM images of ZrW, Mo ¢Og thin films deposited at oxygen
pressures of 5Pa, 10Pa and 20 Pa. Intermediate oxygen
pressures can improve the quality of ZrW; ;Mo ¢Og thin
films. When the oxygen pressure reaches 20 Pa, collisions
between atoms in the plasma plume and oxygen atoms are very
strong, causing the surface mobility of adatoms to reduce
significantly. Consequently, a number of defects are formed
(Fig. 3f). When the oxygen pressure was 5 Pa, some particles
were visible in the micrograph of the ZrW; ;Mo ¢Og thin film
(Fig. 3(e)). The ZrW; Moy ¢Og thin film deposited at an
oxygen pressure of 10 Pa is most smooth and compact. It is
mainly because the atoms gain an appropriate energy by
scattering of oxygen atoms, which prompts the adatoms to
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Fig. 6. The lattice constant dependence on temperature for the cubic
ZrW | 1Mo ¢Og thin film.
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Fig. 5. Sections of the XRD patterns of the cubic ZrW, ;Mo ¢Og thin film (a) XRD patterns of the 210 peak and 211 peak of the cubic ZrW, ;Mo ¢Og thin film at
different temperatures; and (b) sections of the XRD patterns of the cubic ZrW; ;Mo ¢Og thin film obtained at 25 °C, 100 °C and 150 °C.
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reach thermodynamically stable locations through surface
migration. Therefore, the thin film deposited at10 Pa shows a
relatively flat surface [17-18]. Fig. 3(g) shows the cross-
sectional FESEM image of the ZrW; MoyoOg thin film
deposited under an oxygen pressure of 10 Pa on a quartz
substrate at 500 °C, which has a thickness of about 720 nm.
The SEM micrograph of the cubic ZrW; Moy ¢Og thin film
annealed at 1050 °C for 7 min is shown in Fig. 3(h), which
shows that the crystallized ZrW; Mo ¢Og thin film is poly-
crystalline and many uniformly sized grains are formed.

XRD patterns of the resulting cubic ZrW; Moy ¢Og thin
films were collected from 20 °C to 600 °C using in-situ high
temperature XRD (Fig. 4). It can be seen that the entire XRD
peaks of the cubic ZrW; ;Mo ¢Og thin film gradually shifts to
higher 26 as the testing temperatures increase (Fig. 5(a)).
This is consistent with a decrease of the lattice constants and
contraction of the cell volume of cubic ZrW; ;Mog¢Osg.
The lattice constants of the cubic ZrW; ;Mog¢Og thin film at
various temperatures were calculated by the cell parameter
calculation method using the powder X software [19]. Fig. 6
shows the lattice constants of the cubic ZrW; ;Mo ¢Og thin
film at various temperatures. The lattice constants decrease
with increasing temperature, due to the negative thermal
expansion of the obtained ZrW; ;Moy¢Og thin film. The
average linear thermal expansion coefficient of the cubic
ZrW, ;Mog ¢Og thin film was calculated as —8.65 x 10~°
K~! in the temperature range of 100600 °C using linear
regression. However, it was also found that part of the cubic
ZrW{ 1Moy ¢Og thin film gradually changed into trigonal
ZrW, 1Mo 9Og with increased testing temperatures (Fig. 4).
This phenomenon was not observed in cubic ZrW,Og thin
films in our previous work [14,16], which indicates that the
phase transformation from metastable cubic to stable trignal is
caused by the substitution of Mo ions.

As shown in Fig. 5b, several XRD peaks of the cubic
ZrW1 1Mo 9Og thin film such as the (221), (310) and (410)
peaks are present at 20 °C, but disappear at temperatures above
100 °C. In reports of cubic ZrW,Og ceramics, the (221), (310)
and (410) peaks are considered to be the indicators of the
order-disorder-type phase transition, since these diffraction
peaks disappear above the o to [ structural phase transition
temperature [19,20]. This indicates that a structural phase
transition occurred in the cubic ZrW; ;Mo ¢Og thin film from
o to B in the temperature range of 20-100 °C. In our previous
work, the (221), (310) and (410) peaks of cubic ZrW,Oyg thin
film still existed at 100 °C, which indicated that the cubic
ZrW;,0g thin film underwent an o to [ structure phase
transition between 100 °C and 200 °C. It was found that the
structural phase transition temperature decreased with the
introduction of Mo, which is similar to the Closmann's reports
[21]. This is mainly due to the difference in bond strengths
of Mo-O and W-0O. With the introduction of the weaker
Mo-O bond, the reversal of adjacent MO, tetrahedra becomes
easier. The relationship between the substituted mass of Mo
ions and the shift in phase transition temperature in
ZrW,_ Mo,O thin films will be discussed in detail in our
future paper.

4. Conclusion

Cubic ZrW; Moy ¢Og thin films have been successfully
prepared on quartz substrates by the PLD method using a
ZrW; 1Mo 9Og ceramic target after annealing at 1050 °C for
7 min. The resulting cubic ZrW; ;Mo ¢Og thin film shows
excellent negative thermal expansion and its thermal expansion
coefficient is calculated to be —8.65x 10" °K™' from
the100 °C to 600 °C. On the one hand, the substitution of
Mo ions can effectively decrease the structural phase transition
temperature, and the substitution also causes the cubic
ZrW; 1Mo ¢Og thin film to gradually change into a trigonal
phase with increasing testing temperatures.
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