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Abstract

Pb(Mg1/3Nb23)O3-PbTiO3 (PMN-PT) has attracted a great deal of attention for its use in
capacitors, piezoelectric actuators, sensors, and optical devices in integrated circuits.
For these applications, epitaxially grown PMN-PT thin films on Si wafers are required.
This paper describes the first trial in fabricating epitaxially grown PMN-PT thin films
on a LSCO/Ce0O,/YSZ buffered Si substrate using chemical solution deposition (CSD).
High quality buffer layers make the epitaxial growth of PMN-PT thin films possible,
even by CSD. Despite very thin films that have thicknesses of 170 nm, the resulting
PMN-PT thin films exhibit good electrical properties, such as a high dielectric constant

of 1400 and well-defined P-E hysteresis loops.



1. Introduction

Solid solutions consisting of lead magnesium niobate and lead titanate, i.e.,
(1-x)Pb(Mg13Nb2;3)O3-xPbTiOs  (PMN-PT), are well known as relaxor-based
perovskite-type ferroelectrics with superior electrical properties, such as high
dielectricity (ess'/e0=8200), giant piezoelectricity (ds3=2800 pC/N), and excellent
electromechanical coupling coefficient (k33=94%) [1]. These electrical properties show
maximum peaks at the morphotropic phase boundary (MPB) around a composition of x
= 0.35 at room temperature [2]. Therefore, PMN-PT ferroelectrics with a MPB
composition have attracted much attention as potential applications in many advanced
devices, such as piezoelectric actuators, sensors, energy-harvesting devices, and
electro-optic devices.

Recently, many advanced thin films, including ferroelectric thin films, have been
increasingly used in integrated circuits (ICs). For IC technologies, the Si substrate is
essential, and suitable thin film deposition techniques, such as chemical solution
deposition (CSD) [3-8], sputtering [9,10], and pulsed laser deposition (PLD) [11], have
been modified to enhance the compatibility with the IC technology. Therefore, in this
paper, the epitaxial growth of PMN-PT thin films is investigated on a Si wafer using

high quality buffer layers to allow for the compatibility with the IC technology. To date,



arbitrarily or uniaxially oriented PMN-PT thin films grown on Si substrates have been

established and reported. Epitaxially grown thin films are generally regarded as ideal

structures for exhibiting high electrical properties, reliability of devices, and high

stability of properties [12]. Nevertheless, it is difficult to realize the epitaxial growth of

ferroelectric thin films on Si substrates because of the unavoidable presence of a SiOx

layer. Several attempts have been made to grow epitaxial thin films by introducing

special buffer layers, such as La(Sr,C0)O; (LSCO)/CeO,/YSZ [13], SrRuOs;

(SRO)/SITiO; (STO) [14], SRO/STO/TIN [15], MgO/TiN [16], LSCO/STO [17], and

MgAl,O4 [18] on Si substrates using PLD. Furthermore, the modification of a suitable

deposition technique is extremely important for the deposition of epitaxial PMN-PT thin

films with high stability and desirable properties. Physical vapor deposition techniques

(PVD), such as PLD, have been used for the growth of epitaxial PMN-PT

(perovskite-type) thin films on SrTiO3, MgO single crystals, and even on Si substrates.

However, these PVD techniques have resulted in the formation of an undesired

pyrochlore phase and a high leakage current because of defect formation during

deposition. Furthermore, compositional adjustments in the films, while allowing for

repeatability with the desired phase, is still challenging for PVD techniques. In contrast,

using CSD, it is easy to control the composition from the molecular designed precursor



solutions. To the best of our knowledge, no reports in the relevant literature have

described the fabrication of epitaxial PMN-PT thin films on a Si wafer using CSD.

Our previous report described the growth of CSD-derived uniaxially oriented

PMN-PT thin films deposited on a Si substrate at low temperatures, which showed good

electrical properties. In the previous paper, the importance of the amount of excess Pb in

the precursor solution was stressed, as well as the sintering conditions of the

as-deposited thin films [19]. In reality, excess Pb should be added to the precursor

solutions to compensate for its loss during the heat treatment because Pb can easily

volatilize upon heating. Moreover, Pb deficiency leads to the formation of the

pyrochlore phase and/or atomic defects, which can reduce the electrical properties of the

resulting PMN-PT films. However, too much excess Pb induces the formation of a

residual Pb excess phase, which may diffuse into the Si substrate, leading to reduced

and unstable electrical properties even in the case of ceramics [20,21].

Therefore, this paper is aimed at investigating the suitable amount of excess Pb in the

precursor solution for obtaining better electrical properties of the CSD-derived epitaxial

PMN-PT thin films on Si substrates. For the perovskite-type epitaxially grown thin

films, LSCO/CeO,/YSZ buffer layers have been introduced between the Si substrate

and the PMN-PT thin film using PLD [13]. Few materials can grow epitaxially on Si




because of the very thin amorphous SiO, layer on the surface of Si. Therefore, we

introduce a thin YSZ buffer layer on Si because YSZ is one of the materials known to

grow epitaxially on Si with thin SiO, layer [13]. However, it is known that perovskite

materials cannot grow epitaxially on YSZ. Therefore, CeQ, is introduced as a buffer

layer for the epitaxial growth of perovskite materials on YSZ. LSCO can act as not only

a buffer layer for the epitaxial growth of PMN-PT but also as a bottom electrode.

Subsequently, the electrical properties of the resulting PMN-PT films are compared

with that of PMN-PT films reported elsewhere.

2. Experimental procedures

The starting reagents for the PMN-PT precursor solution with a MPB composition of

x=0.35 were lead acetate trihydrate [Pb(OCOCHS3s), ¢ 3H,0], titanium isopropoxide

[Ti(i-OC3H7)4], magnesium ethoxide [Mg(OC;Hs);], and niobium ethoxide

[Nb(OC;,Hs)s]. The solvent used in this study was ethanol. To remove crystalline water,

Pb(OCOCHs3); * 3H,0 was dried at 150 °C for 2 h, followed by refluxing with NH;

flow in ethanol for 2 h at 50 °C. Excess lead source (0, 5, 10, 15, 20, 25, and 30 mol%

excess) was added to the precursor solutions to compensate for the loss of lead by

volatilization and diffusion into the electrode during heating, although the addition of



too much excess lead will result in residual lead oxide. Therefore, in this study, the

suitable amount of excess lead was optimized by measuring the electrical properties of

the resultant thin films. Then, the sources of the B-site cations of the perovskite

structure, i.e., Ti(i-OCsH7)4, Mg(OC;3Hs),, and Nb(OC,Hs)s, were refluxed in ethanol

for 4 h at 78 °C because the Columbite method is effective in suppressing the formation

of the pyrochlore phase in the case of bulk ceramics [22]. These solutions were mixed

and reacted for 2 h at 78 °C. Finally, 2-aminoethanol was added to stabilize the obtained

precursor solutions. The concentration of the precursor solutions was adjusted to be 0.1

M.

LSCO/CeO,/YSZ buffer layers were deposited by PLD. Details of the

LSCO/CeO,/YSZ buffer layer deposition have already been reported elsewhere [13].

The PMN-PT layers were deposited repeatedly on the LSCO/CeO,/Y SZ/Si substrate

by spin coating to increase the film thickness up to 170 nm. The as-deposited PMN-PT

layer was dried at 150 °C for 10 min and pre-annealed at 450 °C for 10 min. Lastly, the

films were annealed at 650 °C for 5 min, which was the optimum crystallization

temperature for this precursor [19].

The crystal structure was identified using X-ray diffraction (XRD, D8 Advance;

Bruker Corp.) using 626 scan with Cu Ka radiation and a scan speed of 3.3 deg/min.



Dielectricity was measured using an impedance analyzer (HP; 4194A) at 1 kHz.

Ferroelectricity was evaluated using a ferroelectric test system (FCE-PZ type; Toyo

Technica Inc.) at 1 kHz. Both ®-scan and ®-scan were measured using an advanced thin

film X-ray grazing-system (ATX-G; Rigaku Corp.) with Cu Ka radiation. The thin film

microstructure, electron diffraction pattern, and energy dispersive X-ray spectrometry

(EDS) were observed using transmission electron microscopy (TEM, JEM-2001F;

JEOL) with an operating voltage of 200 kV. The local piezoelectric response was

observed using an atomic force microscope (AFM, SPI3800N; SII Nano Technology

Inc.) equipped with a piezoelectric force mode. A Rh-coated Si tip with a resonance

frequency of approx. 129 kHz (14 N/m tip stiffness) was used for these measurements

(Hitachi High-Tech Science Corp.). An electric field (10 V, 60 Hz) was applied

between the top Pt electrode with a diameter of 50 um on the PMN-PT surface and the

LSCO bottom electrode of the thin film to observe the local displacement induced

electric field. Each measurement was taken at room temperature.

3. Results

3.1. Identification of the crystal phase and optimization of the lead content



Fig. 1 presents the XRD 0-260 pattern for PMN-PT/LSCO/CeO,/YSZ/Si thin films

with different excess Pb contents from 0-30 mol% in the precursor solutions. All

PMN-PT thin films grown on the LSCO/CeO,/YSZ/Si substrate exhibited a

single-phase (100)-oriented perovskite structure independent of the amount of excess Pb

content. These results suggested that the (100)-oriented LSCO bottom electrode acted as

a seeding layer to control the orientation of the resulting PMN-PT thin films and

suppressed the pyrochlore phase formation effectively. The reported crystallization

temperature for CSD-derived PMN-PT thin films was higher than 800 °C (Table 1).

However, these thin films were crystallized to the (100)-oriented perovskite structure at

lower temperatures because of the molecule designed-precursor solution and the

(100)-oriented perovskite-type LSCO bottom electrode.

Fig. 2 presents the dielectric constants and dielectric loss for the PMN-PT thin films

on LSCO/CeO,/YSZ/Si substrates measured at a frequency of 1 kHz and at room

temperature as a function of the excess lead content in the precursor solution. The

dielectric constants and the dielectric loss were observed to be almost constant, i.e., at

1400 and 0.06, respectively, for films grown from 0-20 mol% of excess lead content in

the precursor. However, the films prepared with an excess Pb content greater than 20

mol% exhibited an increment in the dielectric constant, as well as the dielectric loss, as



a function of to the excess Pb mol%. This increment can be attributed to the increase of

remnant lead in the resultant films, which formed a residual Pb excess phase. The

absence of its reflection in the XRD measurement was ascribed to a lower crystallinity

or lower content of the secondary phase. This increase in the dielectric loss was also

ascribed to lead diffusion into the substrate during the annealing process (650°C).

Therefore, the analysis of elemental diffusion for the resultant films is described in the

next section.

Fig. 3 demonstrates the P—E hysteresis loops of PMN-PT thin films grown on

LSCO/CeO,/YSZ/Si substrates measured at room temperature and 1 kHz as a function

of excess Pb mol%. In Fig. 3, it is readily apparent that the PMN-PT thin films with an

excess Pb content above 20 mol% in the precursor solution exhibited saturated and

well-defined P—E hysteresis loops even under high electric fields (860 kV/cm). Leaky

loops were observed for films grown with precursor contents of less than 20 mol%

excess lead. This leakage can be ascribed to the formation of defect centers in the

PMN-PT thin films prepared with lower (<20 mol%) excess Pb content in the precursor

solution, which probably caused a Pb deficiency in the films. The shortage of lead in the

films may be attributed to lead volatilization during heat treatment. Therefore, leakage

in the current appeared in the P-E loops when high electric fields were applied.



Based on these results, we concluded that the optimum amount of excess Pb % added
to the precursor for the growth of perovskite type PMN-PT thin films with better
electrical properties was between 15-20 mol%. This result was attributed to the
avoidance of negative effects caused by the lead excess phase and lead deficiency,
which significantly affected the electrical properties of PMN-PT thin films on Si
substrates.

Furthermore, these thin films with thicknesses of 170 nm prepared from the
precursor solution with an excess lead content of 20 mol% exhibited superior electrical
properties, with good mean values of the dielectric constant (g: 1438), dielectric loss
(tand : 0.051), and remnant polarization (P, : 9.1 uC/cm?). These observations agreed
closely with those of epitaxially grown PMN-PT thin films deposited by PLD (Table 1).
However, measuring the electrical properties of a ferroelectric material with a thickness
of approx. 100 nm is difficult. As reported, we successfully grew high-quality PMN-PT
thin films with thicknesses of 170 nm with good electrical properties despite of the low

sintering temperature. Comprehensive results are listed in Table 1.

3.2. Epitaxial growth

The structural analysis of CSD-derived PMN-PT thin films with excess lead contents



of 15-20 mol% on LSCO/CeO,/YSZ/Si substrates was conducted using several

analytical methods.

To confirm the epitaxial growth and the in-plane orientation for the PMN-PT thin

films on a LSCO/CeO,/YSZ/Si substrate, XRD ®-scan measurements were carried out

for the PMN-PT thin films. Fig. 4 displays the typical ®-scan results of PMN-PT (101)

and LSCO (101), as well as Si (202). Four diffraction peaks were observed for each

PMN-PT, LSCO, and Si layer and were rotated by 90 degrees, which represented the

four-folded symmetry of PMN-PT, LSCO, and Si. The diffraction peaks of PMN-PT

and LSCO were at the same ®-position, which indicated the epitaxial growth of

PMN-PT thin films with a cube-on-cube relation on the (100) surface of the LSCO

bottom electrode. On the other hand, the diffraction peaks of LSCO were located on Si

with a 45 degree rotation. This result showed good agreement with that presented in

previous reports [13], i.e., YSZ and CeO, layers were grown heteroepitaxially on a Si

(100) substrate with a cube-on-cube relation; on CeO, thin films, LSCO and PMN thin

films were grown heteroepitaxially with a 45 degree rotated relation. These results

confirmed that CSD-derived PMN-PT thin films were grown epitaxially on a Si

substrate using sophisticated buffer layers with PLD.

The out-of-plane crystallinity was examined by a rocking curve (w-scan) of the



PMN-PT (200) diffraction peak, as presented in Fig. 5. The full width at half maximum

(FWHM) of the rocking curve was 0.57°. This value was relatively narrow compared to

that reported elsewhere in the literature [8, 15, 23, 24, 25]. The narrowness of the

rocking curves of the PMN-PT films indicated a high degree of oriented growth and

excellent crystallinity. This result was attributed purely to the superior in-plane lattice

matching of the very thin PMN-PT film with the LSCO bottom electrode layer.

The surface morphologies of the epitaxial PMN-PT thin film on the LSCO electrode

and LSCO on the CeO,/YSZ/Si template were examined using AFM measurements.

Fig. 6 presents AFM images for (a) the LSCO surface of the LSCO/CeQO,/YSZ/Si

substrate and (b) the PMN-PT surface on LSCO/CeO,/YSZ/Si substrates. The surface

roughness values (RMS) of both surfaces were approx. 2 nm, demonstrating a very

smooth growth of PMN-PT and LSCO films on LSCO/CeO,/YSZ/Si and CeO,/YSZ/Si

multilayered templates, respectively. This value was lower than the reported value (6.1

nm) [23] of a 300-nm-thick PLD-derived PMN-PT thin film grown on the same buffer

layer. These observations indicated that CSD was a suitable method for the deposition

of single-phase perovskite type PMN-PT thin films with smooth surface roughness.

Cross-sectional TEM measurements were conducted on the

PMN-PT/LSCO/CeQ,/YSZ/Si heterostructured thin film. Fig. 7(a) shows its



cross-sectional bright field TEM micrograph from which the thickness of each layer was

estimated for the PMN-PT/LSCO/CeO,/YSZ multilayers on Si. The measured

thicknesses of the PMN-PT, LSCO, CeO,, and YSZ individual layers were 170, 30, 35,

and 20 nm, respectively. No marked inter-diffusion was detected between PMN-PT and

the LSCO bottom electrode.

Selected area electron diffraction measurements further confirmed the epitaxial

growth of PMN-PT thin films. Fig. 7(b) portrays the electron diffraction pattern for the

cross-sectional PMN-PT thin film deposited on a LSCO/CeQO,/YSZ/Si substrate. The

00l spots from PMN-PT were observed in the in-plane direction, and the h0O spots from

PMN-PT were observed in the out-of-plane direction. In the in-plane direction, the hhO

spots of the Si substrate and 00h spots of PMN-PT corresponded mutually. These

observations were congruent with the XRD ®-scan measurements, confirming the

epitaxial growth of PMN-PT thin films on Si substrates.

Elemental diffusion analysis was used to elucidate the phase evolution and the

interface of the samples. STEM-EDS analysis was used for a PMN-PT/LSCO/

Ce0,/YSZ/Si sample to obtain the elemental depth profile. Then, Pb, Co, Ce, Zr, and Si

atoms were measured to investigate their distributions. The results are presented in Fig.

8. In many cases of Pb-based thin films, diffusion of Pb towards the substrate was



reported [26]. However, elemental diffusion was not observed in our thin films. The
presence of a Si peak signature in the other layers might be attributed to a partial
overlap between the detected energies of the other elements. Therefore, the reacted
phase between lead and the other elements could be ignored in the discussion of the

electrical properties.

3.3 Factors affecting the piezoelectric properties of PMN-PT thin films

The effective piezoelectric constants (ds3™)

for epitaxially grown PMN-PT thin films
on a single crystal substrate, such as STO, have been reported [27, 28]. To date,
however, no report in the literature has described a study on the piezoelectric properties
of CSD-derived PMN-PT epitaxial thin films grown on versatile Si substrates. Fig. 9
presents the typical piezoelectric response of CSD-derived epitaxially grown PMN-PT
thin films on a Si substrate. In this study, the displacement of PMN-PT thin film on a
LSCO/CeO,/YSZ/Si substrate was estimated as 200 pm at an applied voltage of 10 V,

" was calculated to be 20 pm/V. This smaller dsz™ of 20 pm/V

meaning that dss
compared to that reported elsewhere [9,19,27,28,29] should be ascribed to the negative

effect of the residual stress. When the PMN-PT thin film (thermal expansion coefficient,

TEC: 6.3x10°/K [30]) was deposited on a Si substrate with low TEC (2.6x10°/K [31]),



tensile stress should remain in the resulting PMN-PT thin films, which arose from the Si
substrate during cooling. On the other hand, compressive stress was expected to remain
in PMN-PT when PMN-PT was deposited on substrates with large TECs, such as MgO
(TEC: 8x10°%/K [32]) or STO (TEC: 9x10°/K [33]), to exhibit their higher
piezoelectricity. Han et al. reported that when PZT thin films were deposited on Si
wafers, tensile stress was applied to the PZT thin films, leading to a lower ds*" and
remnant polarization (£) [34]. From these results, we can assume the existence of
tensile stress in the epitaxially grown PMN-PT thin films on Si substrates. On the other
hand, for PMN-PT thin films deposited on a Si substrate, remnant polarizations have
been reported to be around P =7 uC/lecm? [3,9,23]. Our thin film showed a higher P
value of 9.1 uC/cm? because of the high crystallinity or small FWHM as shown in Fig.
5, despite the very thin thickness of the film. This can be confirmed from the results of
previous research, in which 2 exhibited over a value of 10 uC/cm? [24,25,29,36] for
PMN-PT thin films deposited on substrates with large thermal expansion coefficients
because compressive stress remained in these films. Therefore, we concluded that the
epitaxial PMN-PT thin film deposited in this study could be tensile, leading to the lower
dss™. To increase this value, we can control the residual stress in the ferroelectric thin

films on the Si wafer. We already reported the control of stress in PMN-PT thin films



using porous LaNiOs layers, leading to a much higher ds5 [19]. Although dss® in this
study was smaller than those of the previous films, we can expect the presence of other
superior properties, such as optical and electro-optical effects, for the epitaxially grown
PMN-PT thin film on a Si substrate using CSD because of the very thin thickness and
high crystallinity. In this work, we successfully demonstrated that very thin epitaxially
grown PMN-PT films could be deposited even on a Si substrate if a high quality buffer

layer was suitably inserted between the ferroelectric thin film and the substrate.

4. Conclusion

This paper described the first investigations of CSD-derived epitaxially grown
PMN-PT thin films on a Si substrate using PLD-derived LSCO/CeO,/YSZ buffer layers.
The electrical properties of CSD-derived PMN-PT thin films were strongly affected by
the excess lead contents in the precursor solution. These films exhibited superior
electrical properties, i.c., dielectric constant (average €: 1438), dielectric loss (average
tand: 0.051), and remnant polarization (average P,. 9.1 uC/cm?), despite their very thin
film thickness of 170 nm and low sintering temperature of 650 °C. Furthermore, the
piezoelectric response of the film was measured as dsz™ =20 pm/V. Although ds3" was

smaller than that reported previously because of the residual tensile stress in the film,



the epitaxial PMN-PT thin film can be applied in optical and electro-optic devices due

to its high crystallinity and very thin film thickness.



Figure captions

Figure 1. XRD 6-26 patterns for PMN-PT/LSCO/CeO,/YSZ/Si thin films.

Figure 2. Dielectric constants and dielectric loss for PMN-PT thin films on

LSCO/CeO,/YSZ/Si at room temperature and 1 kHz as a function of the lead content.

Figure 3. P—E hysteresis loops for PMN-PT thin films on LSCO/CeO,/Y SZ/Si with

various lead contents at room temperature and 1 kHz.

Figure 4 XRD ®-scan for Si (202), LSCO (101), and PMN-PT (101) of

PMN-PT/LSCO/CeO,/YSZ/Si.

Figure 5. Rocking curve (-scan) for PMN-PT (002) of PMN-PT/LSCO/CeQO,/YSZ/Si.

Figure 6. AFM images for (a) LSCO surface of the LSCO/CeO,/Y SZ/Si substrate and

(b) PMN-PT surface on LSCO/CeQO,/YSZ/Si.

Figure 7. (a) Cross-sectional bright field image and (b) electron diffraction pattern of

PMN-PT/LSCO/CeO,/YSZ/Si from TEM.

Figure 8. Line profiles for the main elements in the PMN-PT films on

LSCO/Ce0,/YSZ/Si from STEM-EDS.

Figure 9. Piezoelectric response of epitaxially grown PMN-PT thin films on Si

substrates.



Table title
Table 1. Electrical properties of PMN-PT thin films with a MPB composition deposited

by different methods on different substrates reported in the literature
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Table 1

composit substrate Pr ¢  d33eff Thickne growt method epitaxi referen
ion structure (uClc (pm/V ss h al ce
m) ) (nm) temp.
(oC)
65/35 Porous-LaNiO3/ 27.7 400 210 600 650 CSD Our
Si 0 previo
us
study
[19]
67.5/32.5 LaNiO3/Si 75 219 - 500 800 CSD [3]
4
65/35 Pt/r-sapphire - 240 - 500 840 CSD [35]
0
65/35 SrRuO3/ - - 125 400 850 CSD o [27]
SrTio3
67/33 SrRuO3/ 20 100 - - 600  Sputteri o [36]
SrTio3 0 ng
70/30 LaNiO3/Pt/Si -~ 7.44 65 600 450  Sputteri [9]
ng
65/35 SrRuQ3/ 120 2000-30 650 CVD o [28]
SrTio3 00
70/30 SrRuO3/ 20 150 - - 600 PLD o [24]
LaAlO3 0
70/30 LSCO/MgO (20) (70 (120) 500-100 660 PLD [29]
0) 0
65/35 LaNiO3/LaAlO 108 - - - 600-7 PLD o [25]
3 00
72/28 SrRuO3/ 15 164 700 560 PLD o [15]
SrTiO3/TiN/Si 5
65/35 LSCO/Ce02/YS 6.34 163 - 300 550 PLD o [23]
Z/Si 1

65/35 LSCO/Ce02/¥YS 9.1 143 20 170 650 CSD o This
Z/Si 8 study



Highlights

* Pb(Mg1/3Nb/3)O3-PbTiO; (PMN-PT) epitaxial thin films were obtained on a Si wafer.
* Optimized Pb content in the precursor solution enhanced the electrical properties.

* Despite its 170-nm thickness, the PMN-PT thin film showed a permittivity of 1400.

* The 0.65PMN-0.35PT thin film showed a piezoelectric constant of 20 pm/V.




