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Abstract:

The effect of annealing temperature on the crystallinity, grain size and hence mechanical and
dielectric properties of Ca(Mg;3Tay;3)O3 (CMT) dielectric films were systematically studied. The
CMT thin films were fabricated by an aqueous solution-gel technology and exhibited uniform,
smooth and dense morphologies. The optimum pyrolysis temperature and time was 550 °C and 330
s. All the CMT films show a single perovskite phase and the crystallization increases with annealing
temperature. The hardness and reduced modulus were effectively enhanced by increasing the
annealing temperature, which can be correlated to the crystallinity and densification improvements.
Higher elastic recovery was observed for CMT films annealed at higher temperatures indicating less
difficult recoveries for those films. We also noticed that the dielectric constants were improved for
the samples annealed at higher temperature, which may enable higher performances for future

microwave communication electronics.
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1. Introduction

With the rapid developments of communication technologies, the microwave dielectric material
Ca(Mg;3Tay3)O3 (CMT) has been widely used in communication systems such as sensors, filters,
antennas and tunable resonators due to its excellent dielectric properties [1-3]. Moreover, compared
with its bulk counterparts, CMT in thin film form is desired for the realization of miniaturized,
integrated and lightweight microwave communication electronics.

Several techniques have been demonstrated to fabricate CMT thin films such as magnetron
sputtering [4], pulsed laser deposition [5], sol-gel process [6,7] and metal-organic chemical vapor
deposition [8]. Among those methods, aqueous solution-gel technology is advantageous over other
technologies in terms of low temperature preparation, low cost, environmental benignity and precise
control of the chemical composition of thin films, making it a very promising method to produce
homogeneous thin films.

Mechanical properties of the CMT thin films are of crucial importance in determining the
delamination, cracking and fracture behaviors of the thin film devices [9-11]. Several techniques
have been used to characterize the mechanical properties of CMT thin films such as impulse
acoustic method [12-14], atomic force microscope [15], Brillouin light scattering [16], micro-beam
cantilever deflection technology [17], etc. However, systematic studies of the effect of annealing
temperatures on the mechanical and dielectric properties of the CMT thin films have not been
reported.

Nanoindentation technique has been widely used to characterize the mechanical properties of
ceramic thin films due to its high sensitivity, high resolution and facile operation [18-22]. However,
most studies on dielectric thin films were focused on ferroelectric and piezoelectric materials
especially the Ba;4SryTiO3 (BST) systems, while fewer attentions have been paid to CMT thin
films. For example, Fang et al. reported the fabrication of Bay;Sry3TiO; thin films through
metalorganic decomposition (MOD) method and investigated the annealing temperature-dependent
mechanical properties [23]. The hardness increases from 1.95 GPa at 600 °C to 2.66 GPa at 800 °C,
and the elastic modulus increases from 39.4 GPa at 600 °C to 80.2 GPa at 800 °C. Jian et al.
reported the MOD deposited BST thin films with variable Ba contents [24]. It was noticed that the
hardness increases from 1.41 GPa to 1.63 GPa and the elastic modulus increases from 59.4 GPa to
75.9 GPa when the Ba content drops from 0.75 to 0.25 [24]. In this work, nanoindentation was used
for the first time to characterize CMT thin films. The mechanical property variations of the CMT
thin films were systematically studied using the nanoindentation technique and were found to be
closely related to the temperature-induced structural changes. Our work about the influence of
annealing temperature on CMT film structure and mechanical properties paves the way in designing

high performance dielectric thin films for practical applications.

2. Experimental procedure
A homogeneous Ta(V)-peroxo-citrato precursor solution was prepared by an aqueous solution

method. Ta;0s5(99.9%) and KOH (A.R., Shanghai, China) were firstly mixed and annealed at 550
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°C for 2 h in an alumina crucible in air. When cooled down to room temperature, deionized water
was used to dissolve the solid product. After filtration, a clear transparent solution was obtained.
HCI (99.5%) was added to form white precipitations of hydrous tantalum oxide (Ta,Os-nH,0), with
the PH value of the solution kept at 2-3. The precipitation was filtered and washed with deionized
water. Finally, it was dissolved in an aqueous solution of citric acid (CA) and H,O, (30 wt%; A. R.)
by continuous stirring and heating at 60 °C to form a transparent, water-soluble
Ta(V)-peroxo-citrato precursor complex.

The calcium citrate solution and magnesium citrate solution were synthesized by separately
adding calcium carbonate and magnesium carbonate to citric acid solution under continuous stirring
and heating at 40 °C. Then, the citrate metal solutions were mixed according to the stoichiometric
formula of CMT and concentrated to final concentration of 0.1 M by distillation.

The CMT precursor solutions were deposited by spin coating on the cleaned Pt/Ti/Si0,/Si (100)
substrates at 2500 rpm for 30 s, followed by drying at 120 °C for 120 s and rapidly heat-treated at
550 °C for various time from 150 s to 600 s to remove organic species. These procedures above
were repeated 10 times until the desired thickness was obtained. After deposition, the films were
finally annealed at 650 °C, 700 °C, 750 °C and 800 °C, respectively. The arrays of platinum dot of
0.5 mm in diameter were coated on the film surface by using dc sputtering, which are used as top
electrodes for dielectric performance measurement.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) of the dried
CMT gel sample was conducted using a STA409 instrument (NETZSCH, Selb). The crystalline
structure of the films was determined by X-ray diffraction (XRD) technique (X’pert PRO MPD)
using CuK,; radiation in parallel optical mode. The surface and cross-sectional morphologies were
characterized by a field emission scanning electron microscope (FE-SEM, JEOL, JSM-6700F,
20KV), a high-resolution transmission electron microscope (HRTEM, JEOL JEM-2010FEF
microscope) and an atomic force microscope (AFM, SPI 4000N PROBEATATION & SPA-300HV
SPM UNIT). The X-ray photoelectron spectrum (XPS) measurements were carried out using a PHI
Quantum 2000 XPS system with a monochromatic Al Ka source and charge neutralizer.

The dielectric properties were measured by an impedance analyzer (HP4294A) ranging from 1
KHz to 1 MHz. The characterization of the mechanical properties of the CMT thin films-substrate
system was employed by a nanoindentation (NANOVEA US) with a Berkowich type diamond tip.
A holding time of 10 s was applied when the load was ramped to peak values to avoid possible
viscoelastic deformation. Before measurements, the machine compliances and tip area functions of
both indenters were precisely calibrated by using a fused silica sample and a poly-fitting formula.
When the mechanical properties of CMT thin films were measured, all the indentations should be
spaced 500 pm apart to prevent adjacent indentation interplaying. At least six indentations should

be made to remove contingency.

3. Results and discussions

Fig. 1 illustrates the thermal decomposition behavior of the CMT precursor gel. TG and DSC
3



analyses were carried out in air at a heating rate of 10 °C/min. A significant weight loss is observed
below 200 °C on TG curve due to the evaporation of water and amomonia, relating to two
endothermic peaks on DSC curve at 132.0 °C and 190.4 °C. An exothermic peak at 540.9 °C
appears in the DSC curve, corresponding to the decomposition of the gel network and the change in
the metal complexes into their corresponding metal oxide. The highly exothermal decomposition is
also accompanied by a rapid weight loss of 30%, implying the complete removal of organic matrix.
The weak exothermic peak at 600 °C on DSC curve is not accompanied by obvious weight loss.
This behavior is caused by crystallization of CMT and the formation of a perovskite phase.
Pyrolysis is a very important step in obtaining high quality thin films by aqueous solution-gel
methods. The temperature and time used for pyrolysis are critical factors, because the thin film
structure and properties such as crystallinity and surface morphology can be significantly affected
by the volatilization of organic compounds during pyrolysis. XRD characterization of the films
pyrolyzed at 550 °C for various time is shown in Fig. 2. Weak perovskite phase and a secondary
phase are observed in the film pyrolyzed at 550 °C for 150 s and 210 s. By increasing time, the
CMT thin film pyrolyzed at 550 °C for 330 s shows a pure perovskite phase. However, the
MgTa,0¢ phase appears again when the time was further increased to 600 s. One possible reason for
the formation of this secondary phase is that in the B-site complex perovskite CMT, B-site Mg ion
has the similar size and valence state with the Ca®" ion, so the Mngr may enter into the A-site when
pyrolysis time is too long or too short, which is undesired for the formation of perovskite CMT.

Effects of annealing temperature on the crystalline structure of the CMT thin films are shown in
Fig. 3a. All the CMT thin films are well-crystallized with perovskite structures. No impurity phases
were detected except the peaks from Pt substrate. The intensities of diffraction peaks increase at
higher annealing temperatures, showing enhanced crystallization. Detailed crystalline structures of
the CMT films were further characterized using HRTEM (Fig. 3b). The film was annealed at 700 °C
and shown well-defined lattice fringes. The inset in Fig. 3b is an enlarged view of the crystal lattice
showing an interspacing distance of 0.276 nm corresponding to the (112) plane of the perovskite
CMT phase.

XPS technique was used to investigate the chemical compositions of the CMT film. Full
spectrum of the CMT film annealed at 700 °C is shown in Fig. 4a, revealing XPS peaks for Ca, Mg,
Ta and O. Detailed views of the XPS peaks from different elements are shown in Fig. 4b-e,
respectively. The Ca 2p core level XPS spectrum (Fig. 4b) has two peaks at 347.75 eV (2p3/2) and
351.29 eV (2pl/2), corresponding to the Ca-O bond. The Mg 1s core level spectrum (Fig. 4c)
indicates that there is a peak at 1304.73 eV, which originates from Mg ion. Fig. 4d shows the high
resolution XPS spectra of the Ta4f 5/2 and Ta4f 7/2 at the binding energies of 28.49 and 26.56 eV,
respectively, which is in good agreement with the values for Ta’*ion [25]. The Ols spectra in Fig,
4e show that two chemical states of oxygen coexist, and the peak located at 532.75 eV belongs to
the O> , while the peak located at 531.07 eV proves the existence of surface-adsorbed hydroxide
(OH), which is physically adsorbed on the surface.

Fig. 5 shows top and cross-sectional SEM images of the CMT thin films annealed at different
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temperatures. Smaller grains were observed for thin films annealed at relatively lower temperatures
(Fig. 5a and 5b). Some pores can also be found which might be attributed to the solvent evaporation
at low annealing temperature. At higher annealing temperatures, the grain sizes increase and the
increased grain sizes fill the pores. The CMT films at higher temperature exhibit a dense, crack free
and uniform surface (Fig. 5¢ and 5d). Fig. 5e is a cross-sectional SEM image of the thin film
annealed at 750 °C, revealing a film thickness of 260 nm. Fig. 6 shows the AFM images of CMT
homogeneous thin films annealed at different temperatures. As the deposition temperature of CMT
films increases from 650 °C to 800 °C, the root mean square (RMS) surface roughnesses of CMT
films are 4.292, 3.702, 3.138 and 1.779 nm, respectively. This phenomenon should also be owing to
organic complex decomposition during annealing process, which eliminates the adsorption sites for
metal ions. Also, higher temperature enhances the metal ion activity and surface energy.

It has been recognized that mechanical properties play a crucial role in the integration of CMT
thin films with substrates in MEMS. However, for anisotropic materials including CMT thin films,
the mechanical properties of materials can usually be reflected by the hardness and reduced
modulus. The hardness and reduced elastic modulus can be evaluated by the depth-sensing
indentation technique developed by Oliver and Pharr [26]. In this technique, a widely used equation

for determining the reduced modulus E, is given as the following:

Jrn s
E="r ()
2 4
where A is the area of indent at the peak load, and S is the contact stiffness from the initial slope of
the unloading curve. The hardness is commonly defined as the peak load (Py,) divided by the area
(A) of indent [27]:
P

H="e @

Fig. 7 shows load-displacement curves of CMT thin films annealed at different temperatures. The
hardness, indentation modulus, elastic recovery ratio and plasticity index of all CMT films were
evaluated based on those measurements. These measured parameters of CMT thin films are
summarized in Table 1. The hardness H increases from 3.5 GPa (at 650 °C) to 5.6 GPa (at 800 °C)
and the reduced modulus E; increases from 96 GPa (at 650 °C) to 133 GPa (at 800 °C). It is
suggested that the hardness and reduced modulus of CMT thin films depend on their grain sizes and
densifications. At higher annealing temperatures, the grain sizes of CMT films grew larger resulting
in less grain boundaries and consequently harder films, which is in agreement with previous reports
[28, 29]. It is noticed that the hardness of the CMT thin films shows a dependence on the surface
roughness of the films. The CMT thin film annealed at 800 °C exhibits lower surface roughness and
higher hardness as compared to those samples annealed at lower temperature. Based on the XRD
and SEM images, we proposed that the improvement of thin film hardness and reduced modulus
results from the larger grain sizes and thus higher densifications of the films annealed at higher
temperatures. The improved mechanical properties of CMT thin films make them much
mechanically robust.

The plasticity index (H/E;) has been proposed as the key factor to differentiate elastic and
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elastic-plastic behavior of nanocrystalline thin films. In particular, higher value of hardness to
reduced modulus implies higher resistance to plastic deformation. A relatively lower value of
hardness to reduced modulus for CMT film indicates that more work is consumed in plastic
deformation, and large plastic strain is expected when contacting such a material. With the
increasing of the annealing temperature, the plasticity index (H/E;) of CMT thin films increases
from 0.036 at 650 °C to 0.042 at 800 °C, indicating that less work was consumed in plastic
deformation.

Meanwhile, load-displacement curves were employed to estimate the percentage of elastic
recovery and energy dissipation using elastic recovery work r. and energy dissipation r4. It can be
defined and calculated by [27]:

r, =h—f 3)
h —h
r, =(mh—f) (4)

where h;,, and hrare the displacement at the maximum load and residual impression after unloading,
respectively. During a cycle of loading and unloading, the total mechanical work from the indenter
is transformed into energy dissipation rq (due to plastic deformation and microcracks) and elastic
recovery energy t., i.e. rgtr.=1. The higher the value of r. is, the greater the elasticity of the film.
The values of all CMT thin films annealed at different temperatures are depicted in Table 1. The
elastic recovery energy slightly increases with the increase of annealing temperature. This
phenomenon can also be attributed to the enhanced crystallization and hence larger grain sizes and
higher densifications. The maximum elastic recovery of 63.4% was observed for CMT thin films
annealed at 800 °C.

Fig. 8 shows the effect of the annealing temperature on the dielectric constant and loss tangent
of CMT thin films in the frequency range of 1 KHz - 1 MHz. The dielectric constants of CMT films
show no appreciable dispersion with the frequency variation. In addition, the dielectric constants of
CMT films increase from 15.3 to 19.4 while the loss tangent decrease from 0.05 to 0.02 when the
annealing temperature is increased from 650 °C to 800 °C. The frequency dependence of the
dielectric constants in CMT thin films has been suggested to be the presence of space charges
between the electrodes and the CMT thin films [30, 31]. Characterization in Fig. 8 reveals that the
dielectric properties can also be effectively tuned by varying the annealing temperature and hence

controlling the crystal structure of the thin films.

4. Conclusions
Ca(Mg;;3Tay3)O3 (CMT) microwave dielectric films were fabricated on Pt/Ti/Si0,/Si
substrates by an aqueous solution-gel technology. The synthesized CMT precursor solutions were

stable. The optimum pyrolysis temperature and time was 550 °C for 330 s. A single perovskite
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phase with dense and uniform morphology was obtained at different annealing temperatures.
HRTEM characterization reveals that interplanar spacings are approximately 0.276 nm
corresponding to the (112) plane of CMT thin films. XPS technique further verified the existence
and valance states of Ca, Mg, Ta and O in the CMT thin films. Mechanical properties of the CMT
thin films were characterized by nanoindentation technique, which indicates that the annealing
temperature has a significant influence on the hardness and reduced modulus of the CMT thin films.
The hardness increases from 3.5 GPa (at 650 °C) to 5.6 GPa (at 800 °C) and the reduced modulus
increases from 96 GPa (at 650 °C) to 133 GPa (at 800 °C). It is suggested that the hardness and
reduced modulus of CMT thin films depend on their grain sizes and densifications. Further
characterizations of the CMT dielectric properties reveal that the dielectric constants and dielectric
loss can also be effectively tuned by varying the annealing temperature and hence controlling the
crystal structure of the thin films. We also noticed that the dielectric constants were increased for
the samples annealed at higher temperature, which may enable higher performances for future

microwave communication electronics.
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Captions to table and figures

Table 1 RMS roughness and mechanical properties for CMT thin film annealed at different

temperatures.

Fig. 1 Thermogravimetric (TG)-differential scanning calorimetry (DSC) curves of CMT precursor
gel.

Fig. 2 XRD patterns of CMT thin films pyrolyzed at 550 °C for various time , and annealed at 700
°C for 1 h.

Fig. 3 (a) XRD patterns of CMT thin films pyrolyzed at 550 °C for 330s, annealed at different
temperatures for 1 h and (b) HRTEM images of CMT thin films annealed at 700 °C, the inset is an
enlarged image of circular A areas.

Fig. 4 High resolution XPS spectra of the CMT film annealed at 750 °C (a) full spectrum, (b) Ca 2d,
(c) Mg 1s, (d) Ta 4f, and (e) Ols.

Fig. 5 SEM images of CMT thin films annealed at different temperatures (a) 650 °C, (b) 700 °C, (¢)
750°C, (d) 800 °C, and (e) cross-sectional view SEM image of the CMT thin films from Fig. 5(c).
Fig. 6 AFM images of CMT thin films annealed at different temperatures (a) 650 °C, (b) 700 °C,
(c) 750 °C, and (d) 800 °C.

Fig. 7 Typical load-unload curves of CMT thin films annealed at different temperatures.

Fig. 8 Dielectric constant (a) and dielectric loss (b) of CMT thin films annealed at different

temperatures in the frequency range of 1KHz-1MHz.
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Table 1 RMS roughness and mechanical properties for CMT thin film annealed at different

temperatures
Total ResidualReduced Elastic
CMT  RMS depth depth modulus Hardness recovery Plasticity
film roughness hy, h¢ E; H ratio index
(nm) (nm) (nm) (GPa) (GPa) r.(%) (H/E))
650C 4292 2580 16.25 96 3.5 0.629  0.036

700°C  3.702 2523 15.92 111 4.4 0.630  0.039
750C  3.138 2499 15.83 120 4.9 0.633  0.041
800C 2779 2484 1575 133 5.6 0.634  0.042
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Fig. 1 Thermogravimetric (TG)-differential scanning calorimetry (DSC) curves of CMT precursor gel.
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Fig. 2 XRD patterns of CMT thin films pyrolyzed at 550 °C for various time, and annealed at 700 °C
for 1 h.
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Fig. 3 (a) XRD patterns of CMT thin films pyrolyzed at 550 °C for 330 s, annealed at different
temperatures for 1 h, and (b) HRTEM image of CMT thin films annealed at 700 °C, the inset is an
enlarged image of circular A areas.
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Fig. 4 High resolution XPS spectra of the CMT film annealed at 750 °C (a) full spectrum, (b) Ca 2d, (c) Mg ls, (d)

Ta 4f, and (e) Ols.
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Fig. 5 SEM images of CMT thin films annealed at different temperatures (a) 650 °C, (b) 700 °C, (c¢) 750°C, (d)

800 °C, and (e) cross-sectional view SEM image of the CMT thin films from Fig. 5(c).
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Fig. 6 AFM images of CMT thin films annealed at different temperatures (a) 650 °C, (b) 700 °C, (c¢) 750 °C, and

(d) 800 °C.
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Fig. 7 Typical load-unload curves of CMT thin films annealed at different temperatures.
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Fig. 8 Dielectric constant (a) and dielectric loss (b) of CMT thin films annealed at different temperatures in the
frequency range of 1KHz-1MHz.
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