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SURFACE MORPHOLOGY AND OPTICAL 
AND ELECTROPHYSICAL PROPERTIES 
OF PIEZOCERAMIC FILMS OBTAINED 
BY LASER DEPOSITION IN VACUUM
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Nanostructured thin fi lms on silicon and glass substrates have been obtained using high-frequency repetitively pulsed 
f ~ 10–12 kHz laser radiation with wavelength λ = 1.064 μm and power density q = 33 MW/cm2 on a piezoceramic 
PZT-19 target at vacuum chamber pressure p = 2.2∙10–2 mm Hg. The morphology of the thin piezoceramic fi lms was 
studied using atomic force microscopy. Transmission spectra of the obtained fi lms were investigated in the visible 
and near- and mid-IR regions. The electrophysical characteristics of PZT-19/Si structures on Si substrate were 
analyzed.

Keywords: high-frequency laser irradiation, structure of thin fi lms, transmission and refl ection spectra, electrophysical 
characteristics.

Introduction. Piezoceramic materials of the lead zirconate–titanate system Pb(Tix,Zr1x)O3 (PZT), which are 
solid solutions of lead zirconate PbZrO3 and titanate PbTiO3, are some of the most eff ective ferroelectrics. They can be 
prepared not only as bulk materials but also as thin fi lms [1–4]. PZT thin fi lms have a high dielectric permittivity, a high 
piezomodulus, and unique electrooptical properties. The piezo- and ferroelectric properties of PZT fi lms depend on their 
formation technology. The ability to form thin ferroelectric fi lms on metallic, semiconductor, and dielectric substrates opens 
broad possibilities for constructing functional electronic devices, facilitating the formation in one technological process of 
both functional ferroelectric elements and signal processing devices [5–11]. The preparation technology of thin-fi lm solid 
solutions is based on various methods, e.g., chemical deposition from solutions and the vapor phase, laser deposition of 
aerosols, sol-gel processes, and magnetron sputtering [1, 3, 7, 12]. Crystallization is an important stage of fi lm formation. 
For this, isothermal or rapid thermal annealing at temperatures from 473 to 1023 K is used. As a result, a fi lm crystallizes 
from an amorphous state to form a perovskite phase that has ferroelectric properties through an intermediate phase with 
the pyrochlore structure [13]. It is noteworthy that the market volume for ultrathin piezoelectric MEMS sensors based on 
PZT and aluminum nitride (AlN) is growing every year, including because of wide use in the automotive industry [14]. 
The composition and structure of the obtained materials must be studied for successful use of materials based on thin fi lms. 
Preparation and study of the PZT/Si structure are critical to the use of these fi lms in microelectronics.

The present work studied PZT-19 piezoceramic thin fi lms deposited in vacuum onto silicon and glass substrates 
using high-frequency repetitively pulsed laser radiation [15]. The morphology of the obtained thin fi lms was studied using 
electron and atomic-force microscope. Transmission spectra in the near- and mid-IR regions and refl ection spectra in the 
visible and near-IR regions were characterized. The voltammetric (VAC) and volt–Faraday characteristics (VFC) were 
studied.
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Experimental. Piezoceramic fi lms were deposited using high-frequency laser sputtering of a ceramic target in a 
vacuum (p = 2.2·102 mm Hg). The experimental laser setup (λ = 1.06 μm) with the laser pulse repetition rate regulated from 
5 to 50 kHz contained a laser-radiation source, optical system for transporting laser radiation to the target being sputtered, a 
vacuum chamber, and a measurement-diagnostic module. The laser pulse repetition rate was changed by varying the pump 
laser level and gate optical density from an irradiated LiF crystal with F2

 color centers. The laser pulse length at half height 
was τ ~ 85 ns. Macroscopically homogeneous thin fi lms were deposited at laser radiation power density q = 33 MW/cm2 
and pulse repetition rate f ~ 10–12 kHz.

The elemental compositions of the target and fi lm were obtained using energy-dispersive x-ray spectroscopy 
(EDX) and an SEM EVO 10 scanning electron microscope with a microfocus x-ray spectral analyzer (Oxford Instruments 
Nanotechnology Tools Ltd.).

The surface morphology of PZT fi lms prepared on silicon and glass substrates was studied using scanning electron 
(SEM EVO 10 microscope) and atomic-force microscopy (AFM) using a Solver P47 PRO scanning probe microscope. 
Contactless silicon cantilevers with hardness coeffi  cient 3.1 N/m, resonance frequency 140 kHz, and probe roundness 
radius <10 nm were used for AFM. The surface morphology was studied in amplitude–frequency modulation mode at 
constant force. Transmission of optical radiation by thin fi lms in the near-IR region was measured on a Cary 500 Scan 
spectrophotometer. Transmission spectra in the mid-IR region were recorded using a NEXUS FIR spectrometer (Thermo 
Nicolet) in the range 400–4000 cm1. VAC and VFC were measured using an E7-20 automated immitance meter at room 
temperature. VFC were measured at signal frequencies 100 and 500 kHz and 1 MHz.

Results and Discussion. Table 1 presents the elemental compositions of the target and fi lm in wt.% and at.% that 
were obtained using EDX. Figure 1 shows the areas of the target and fi lm surfaces from which the results were obtained. 
The results agreed well with the targetfi lm compositions.

Figure 2 shows the sample surface from electron microscopy at magnifi cation 500× and 5000×. The surface had 
sharply pronounced relief (Fig. 2a) consisting of round formations up to 5 μm in size. In turn, the round formations were 
formed by separate nanometer-sized particles, which is visible in Fig. 2a at magnifi cation 5000×. Cracks were observed on 
the surface under an optical microscope. The average fi lm thickness measured under the optical microscope was 5.5 μm.

Figure 3 shows AFM images of the surface of PZT fi lms prepared on silicon and glass substrates. AFM showed 
that a developed fi lm surface with a large variety of structural elements of various shapes and sizes formed upon deposition 
of fi lms onto glass and silicon substrates. For example, formations of closed and open rings and elongated formations 
were found besides large spherical particles of diameter 1–5 μm. Scanning of an area 5 × 5 μm revealed that the fi lm also 
consisted of a fi nely disperse phase with small structural elements varying in size from 50 to 300 nm. The average height 
of the surface relief of PZT fi lms prepared on silicon and glass substrates was 880 nm with a mean-square roughness of 
384.2 nm.

The transmission coeffi  cient of the silicon substrate increased sharply to T = 52.8% at λ = 982 nm and remained 
practically unchanged up to λ = 2500 nm (Fig. 4a). The transmission coeffi  cient in the near-IR region of the laser-deposited 
piezoceramic fi lm on silicon was T = 34.8% at λ = 1155 nm, increasing smoothly to T = 47.1% at λ = 2500 nm.

Two absorption bands at ν = 607.4 and 1107 cm1 with the transmission coeffi  cient reaching a constant T = 53.8% 
in the range 1200–3783 cm1 were observed in the transmission spectrum of the silicon substrate in the mid-IR region 
(Fig. 4b) [16]. The transmission coeffi  cient of the PZT fi lm on the silicon substrate increased sharply from T = 6.1% at 
ν = 403 cm1 to T = 34.9% at ν = 1232 cm1 with T = 36.4–38.2% in the range 1232–3783 cm1.

The refl ection spectrum of the silicon substrate (Fig. 4c) exhibited two maxima at λ = 243.2 and 369.1 nm and a 
broad band from λ = 460.0 nm (R = 24.9%) to λ = 1021 nm (R = 28.8%), which was characteristic of single-crystalline 
silicon [16]. The refl ection coeffi  cient of the piezoceramic fi lm on the silicon substrate R = 4.8–9.0% in the range 
200–1098 nm.

The transmission coeffi  cient of the glass substrate in the visible and near-IR regions (Fig. 4d) increased sharply 
from T = 0.2% at λ = 298 nm to T = 87% at λ = 358 nm and remained constant up to λ = 2622 nm. The transmission 
spectrum of the laser-deposited piezoceramic fi lm on the glass substrate exhibited two areas of growth and almost constant 
transmission T = 27% in the range 1549–2685 nm.

The dependence of the transmission coeffi  cient of the glass substrate in the mid-IR spectral region (Fig. 4e) 
contained two steps. The transmission of the piezoceramic fi lm increased sharply from T = 0.95% at ν = 2119 cm1 to 
T = 18% at ν = 2514 cm1 and from T = 12.9% at ν = 3567 cm1 to T = 21.8% at ν = 3708 cm1. The shape of the transmission 
spectrum in the mid-IR region of the PZT fi lm on the glass substrate repeated the shape of the transmission spectrum of the 
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Fig. 1.  Areas of target (a) and fi lm (b) from which EDX data were obtained.

Fig. 2. Film surface morphology at magnifi cation 5000× (a) and 500× (b).

TABLE 1. Elemental Composition of Target and Film

Element
Target composition Film composition

wt.% at.% wt.% at.%

C 4.80 21.62 3.57 17.54

O 13.91 47.06 12.57 46.30

Ti 6.46 7.30 7.10 8.74

Zr 13.47 7.99 15.41 9.96

Pb 61.36 16.03 61.34 17.45

Total 100.00 100.00 100.00 100.00

glass substrate. However, the transmission coeffi  cient of the PZT fi lm in the range 2514–3567 cm1 varied from 10 to 15% 
because of absorption in the fi lm.

Two maxima were observed in the refl ection spectrum of the glass substrate with R = 6.3% at λ = 204.2 nm and 
R = 7.7% at λ = 352.7 nm. The refl ection coeffi  cient of the PZT thin fi lm (Fig. 4f) reached a maximum R = 6.3% at 
λ = 190.7 n and a minimum R = 2.9% at λ = 1095 nm. The refl ection spectrum R(λ) exhibited two maxima at 309 and 
650 nm.
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Figure 5a shows the VAC of the PZT/Si structure. The polarity of the potential in the VAC corresponded to the 
polarity of the potential applied to the PZT fi lm. The dependence of the current on the applied potential was asymmetric. 
The ratio of the currents for positive and negative potentials of 15 V was 2.16. This asymmetry of the VAC could be 
attributed to the diff erent values of the potential barriers localized at the lower and upper fi lm interfaces upon polarization. 
Figures 5c, d, and e show the VAC in linear, Mott, and PooleFrenkel coordinates, respectively [17]. The VAC were linear 
in the potential range from 0 to 1.5 V and from 0 to 5 V (Fig. 5c), which was consistent with an ohmic mechanism of 
conductivity. Figure 5d shows a linear dependence of the VAC for potentials from 1.5 to 9 V and from 5 to 9 V, which 
suggested a PooleFrenkel conductivity mechanism, according to which the type of potential barriers for charge carriers 
between atoms of the crystal lattice changed with these electric fi elds applied to the structure. The VAC were linear in Mott 
coordinates at positive and negative potentials >9 V (Fig. 5d). This indicated that the dominant conductivity mechanism at 
these potentials was by space-charge limited current (SCLC) [18].

Fig. 3. AFM images of surface of laser-deposited thin piezoceramic fi lm on silicon (a) 
and glass (b) substrates.

Fig. 4. Transmission spectra in the visible, near- (a, d), and mid-IR regions (b, e) and 
refl ection spectra (c, f) of laser-deposited piezoelectric fi lm on silicon (a, b, c) and glass 
(d, e, f) substrates.
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Figure 5b shows the VFC of the PZT-19/Si structure that were measured at frequencies 100 kHz, 500 kHz, and 
1 MHz. Several peculiarities were observed in the characteristics, e.g., a maximum near potential 10 V and a step in the 
function of the signal frequency in the potential range from 5 to 0 V. The capacitance was observed to vary as a function 
of the frequency. The maximum of the capacitance at potential 10 V decreased with increasing frequency of the measuring 
signal. The hysteresis of the step and its height decreased. The capacitance dropped at positive potentials. The hysteresis at 
frequencies 100 kHz, 500 kHz, and 1 MHz were 4, 1.1, and 1.7 V, respectively.

The presence of hysteresis at positive potentials indicated that the studied structures demonstrated a charge response 
that could be explained by the presence of ferroelectric phases and charge defects. Considering that Pb is highly reactive 
with Si and easily diff uses into silicon substrates, generation of an extended defect region with a broad energy spectrum of 
surface states at the PZT-19/Si interface could be proposed. This could explain the presence of the maximum and the steps 
at negative potentials. The shape of the VFC (Fig. 5b) could also be explained by the SiOx interphase layer being capable of 
reducing the total capacitance and the actual potential applied to the ferroelectric and by the strong electric fi eld applied to 
the SiOx interface, which often causes signifi cant problems with charge injection [7].

Conclusions. High-frequency laser sputtering of a ceramic target in vacuum formed fi lms of Pb(Tix,Zr1x)O3 with 
a developed surface morphology on silicon and glass substrates. The elemental composition of the fi lm correlated with 
that of the target. The average height of the fi lm surface relief was 880 nm with a mean-square roughness of 384.2 nm. 
The refl ection coeffi  cient of the piezoceramic fi lm on the silicon substrate was R = 4.8–9% in the range 200–1098 nm. The 
electrical properties of the unannealed PZT-19/Si structure were determined by uncompensated charges of the ferroelectric 
phases and charge defects in the fi lm and at the PZT-19/Si interface. An analysis of the VAC showed that the PZT-19/Si 
structure characteristically had several conductivity mechanisms, i.e., ohmic (at low potentials from 0 to 1.5 V and from 0 
to 5 V), PooleFrenkel emission (from 1.5 to 9 V and from 5 to 9 V), and space-charge limited current (at potentials 
greater than ±9 V).

Fig. 5. Voltammetric (a) and volt–Faraday (b) characteristics of PTZ/Si structures and 
representation of VAC in linear (c), Mott (d), and PooleFrenkel (e) coordinates.
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