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Abstract: Rare earth (RE = La’", Sm’", Pr’") ion doped Pb(Mg;sNb,;3)05~PbTiO; (RE-PMN-PT)
ferroelectric thin films with compositions near the morphotropic phase boundary were grown on the
Pt/TiO,/Si0,/Si(100) substrate using sol-gel/spin coating method. The phase structure, electrical
properties, and photoluminescence performance of thin films were investigated systematically. The
highly (100)-preferred orientation was obtained in pure perovskite Sm—PMN-0.30PT thin films with
an average grain size of 131 nm. After 2.5% Sm’" doping, the PMN-0.30PT thin films exhibited a
triple enhancement of dielectric permittivity with a maximum value of 3500 at 1 kHz, a low dielectric
loss of 1.3%, and high remanent polarization of 17.5 nC/cm” at room temperature. In visible light and
near-infrared band, the transmittance rate increased with PT content and showed the highest value of
85% in 2.5%Sm-PMN-0.31PT. In addition, the films presented strong red-orange emission at 599 nm,
which was sensitively in temperature range of 248-273 K corresponding to the rhombohedral to
monoclinic phase transition temperature.
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mechanical) and photoluminescence (electro-optical)
effects, photoluminescence (PL) characteristics of rare
earth (RE) ion doped ferroelectric materials were
extensively investigated [5,7—10]. Because of the rich ion
energy level and 4f electronic transition characteristics
of rare earth elements, the RE ion doped piezoelectric
materials have been considered to be good candidates
for applications in the field of photonic devices [11,12],
flat panel displays [13], and optical sensors [14].
Pb(Mg;3Nb,3)03—PbTiO; (PMN-PT) ferroelectric
* Corresponding authors. crystals with compositions near the morphotropic phase

E-mail: D. Lin, dabinlin@xatu.edu.cn; boundary (MPB) have been widely investigated due to
L. Zhang, zhanglin.materials@gmail.com

1 Introduction

Multifunctional materials have attracted much attention
owing to their excellent coupling functions such as
electro-mechanical [1-3], electro-optical interaction
[4,5], and electro-caloric effects [6], for various energy
conversion and electronic applications. Recently, on
purpose of the combination of piezoelectric (electro-
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their excellent dielectric (¢, > 6000) and piezoelectric
(ds3 > 2000 pC/N) properties [15-18]. An ultrahigh
piezoelectric coefficient (d3; = 1500 pC/N) was obtained
in Sm*" doped PMN-PT polycrystalline near MPB [1].
Because of the coupling function of excellent piezoelectric
properties, efficient upconversion photoluminescence,
and large electro-optic coefficient, RE (Pr’*, Yb*", La*",
Er*") doped PMN-PT based ceramic were intensively
investigated [7,19-22].

For rare earth element doped ferroelectric thin films,
a double enhanced dielectric permittivity was obtained
in PMN-PT thin films through Pr’" ion doping [23].
PMN-PT based thin films also possess many advantages
of structure [24], electric and optic properties, such as
high transmission [25], high optical damage threshold
[20], low material toughness [26], and excellent chemical
stability [27], making it as a potential candidate for
photoluminescent matrix with RE ions and for optic
device integration with powerful conditions. During the
photoluminescence process, low energy photons were
absorbed while high energy photons were produced. For
example, the La’* doped PMN—PT ceramics represented
a high electro-optic (EO) coefficient on the value of
19.9x10'® (m/V) ?[28,29], and a specific high optical
transparency reaches up to 70% [19]. Therefore, the
PMN-PT thin films doped with RE ions were expected
to be multifunctional optical materials and deserved to
be further investigated.

In this work, three RE ions (La3+, Sm3+, Pr3+) were
selected as activators in PMN-PT thin films. First, the
RE-PMN-PT precursor solution was prepared by the
sol-gel method and coated uniformly by spin coating
method. Highly (100)-oriented RE-PMN-PT thin films
were obtained after a gradient annealing processing.
Second, the structure and electric properties of
RE-PMN-PT thin films were measured. Third, the
photoluminescence and transmittance spectra were
tested at room temperature. Finally, the excitation and
emission spectra were investigated at various energy
levels and temperatures, respectively.

2 Material and methods

2.1 Thin film preparation

First, the Ti metal layer of 100 nm in thickness was
prepared by DC magnetron sputtering in Ar gas
atmosphere [23]. To get pure (100)-oriented PMN—PT
thin films, the Ti layer was annealed in a rapid thermal

processing (RTP) furnace at 700 ‘C for 1 h. After that,
a Pt layer with a thickness of 200 nm was deposited on
the TiO,/Si0,/Si (100) substrate.

Second, for sol-gel solution preparation, lead acetate
trihydrate (Pb(CH3COQ),;-3H,0), niobium ethoxide
(Nb(OC,Hs)s), tetrabutyl titanate (Ti(OC4Hy)s),
magnesium acetate tetrahydrate (Mg(CH3;COO), 4H,0),
praseodymium acetyl acetonate (CisH,;PrOg xH,0),
samarium acetylacetonate (C;sH,;SmQOg4 xH,0), and
lanthanum acetylacetonate (C;sH;;LaO¢xH,O) were
employed as raw materials. 10 mol% more lead acetate
trihydrate was added to reduce lead loss during heating
processing and an excess of 5 mol% magnesium acetate
tetrahydrate was added to promote perovskite phase
production [30]. An organic solvent of ethylene glycol
methyl ether (CsHgO,) and acetylacetone(CsHgO,) was
added to the precursor solution. The mixed solution
was stirred for 4 h until the precursor solution was not
precipitated. Then, the solution was made to volume
again by a medium-pore filter paper, magnetically
stirred for another half hour, and finally passed through
a nylon microporous membrane with a pore size of
0.22 um to obtain a stable solution of 0.35 mol/L. On
the purpose of homogenization, the solution was left
standing for 2448 h.

Finally, the precursor solution was uniformly spin-
coated on a Pt/TiO,/Si0,/Si substrate by homogenization
at 800 rpm for 10 s and subsequently sped up to
3000 rpm for 30 s. The sample was placed in a rapid
thermal annealing furnace, undergoing a gradient
annealing processing, including a preheating at 210 C
for 4 min to remove the organic solvent, a preheating
at 400 ‘C for 5 min to remove organic matter, and a
crystallization step at 630 ‘C for 3 min. Then, the
high ratio perovskite phase 2.5%RE-PMN-xPT (x =
0.28-0.31) thin films were prepared. During the process,
the changing annealing temperature and holding time
would lead to perovskite phase degrading.

2.2 Characterization

The phase structure and preferred orientation of
2.5%RE-PMN—xPT (x = 0.28-0.31) thin films were
analyzed by X-ray diffraction (XRD) (Shimadzu
X-6000, Kyoto, Japan) with a wide angle (20°<<20<
60°) in steps of 0.02 at room temperature. The surface
morphology of thin films was observed by field emission
scanning electron microscope (FE-SEM) (Zeiss Gemini
500, Jena, Germany) and atomic force microscope
(AFM) (Bruker Multimode 8, Billerica, MA, USA).
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The dielectric properties were characterized by an
impedance analyzer (HP4284, Hewlett Packard, CA,
USA) with a precision LCR meter connected to a
heating/cooling stage (THMSE 600, Linkam, UK). The
ferroelectric hysteresis loops and leakage current density
were measured using a standard ferroelectric system
(TF-2000, aixACCT, Germany). The P—E loops were
measured at 1 kHz. To investigate the transmittance, thin
films were deposited on a quartz plate with a diameter
of 15 mm and measured using a spectrophotometer
(U3501, Hitachi, Japan) in a wavelength range of
200-1200 nm. The photoluminescence properties of thin
films were tested at room temperature using a steady-state
fluorescence spectrometer (FLS980, Edinburgh, UK)
with a liquid nitrogen temperature control system and
PL spectra were recorded at different excitation energies.

3 Results and discussion

3.1 Structure and surface morphology

The XRD pattern of the A-site doped PMN-0.31PT
thin films is shown in Fig. 1(a), including all samples
deposited with different rare earth elements (Re = La®",
Pr3+, Sm3+) on a Pt/Ti0,/Si0,/S1 substrate. The observed

peaks at 20 = 22.2°, 31.5°, 38.9°, 45.2°, 50.9°, 56.2°,
are related to perovskite phase, corresponding to (100),
(110), (111), (200), (220), (211), respectively. The
pyrochlore phase at 20 = 29.4° is clearly visible in
Pr—PMN-0.31PT thin films. With annealing temperature
increase to 630 C, the pyrochlore phase disappeared,
which is caused by the low lead loss during annealing
[23]. Figure 1(b) shows the XRD pattern of PMN—xPT
thin films with Sm®" dopant at different levels of PT.
All samples exhibit a single perovskite phase structure,
showing two strong peaks at 26 = 22.2°, 45.2°, which
indicates that (100) is the preferred growth direction
for RE-PMN-0.31PT thin films.

Figures 1(c) and 1(d) show the percentage of
(100)-orientation in RE-PMN-PT thin films. The
preferential orientation parameter a;y calculated from
the summation of the peaks from a given family of
planes, is used to define the degree of preferred
orientation [31,32]:

I
Uy = O]
Z hkl

where [, is the relative intensity of the corresponding
diffraction peak. As shown in Fig. 1(d), the highest o
value is found in 2.5%Sm-PMN-0.30PT thin films.
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Fig. 1 XRD patterns of RE-PMN-PT (RE = La*", Sm®", Pr’") thin films: (a) and (b); the percentage of (100)-orientation in

RE-PMN-PT (RE = La*", Sm*", Pr’") thin films: (c) and (d).
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Figures 2(a)-2(c) show FE-SEM images of surface
photomicrographs of RE-PMN-PT (RE = La’", Sm’",
Pr’") thin films. The films possess a uniform, crack-free,
and mirror-like surface structure. Figures 2(d)-2(f)
show the grain size distribution in a region containing
400 grains, giving an average grain size of 133 nm,
131 nm, and 120 nm, respectively. Three-dimensional
AFM images of RE-PMN-PT thin films in the scanning
area of 2 um x 2 pm are shown in Figs. 2(g)-2(i),
representing the root square roughness (Ryys) iS on
order of 2.61 nm, 2.60 nm, and 2.49 nm, respectively.

3.2 Dielectric properties

Temperature dependence of the dielectric permittivity
and loss of La/Sm/Pr—PMN-0.31PT thin films at 1 kHz,
10 kHz, and 100 kHz are shown in Figs. 3(a)-3(c). The
dielectric permittivity of La/Sm/Pr—PMN-0.31PT shows
a frequency-dependent dispersion behavior in the
temperature range from 25 to 150 C, exhibiting relaxor
ferroelectric characteristics. There is no dielectric
permittivity peak observed near 100 C, corresponding
t0 Tax in the Sm** doped PMN-0.31PT ceramic of the
same composition [1]. The dielectric loss of
RE-PMN-0.31PT thin films is in range of 0.01-0.02

and does not exhibit obvious change at different
measuring frequencies at room temperature, indicating
that space charge has an extremely limited impact on
dielectric properties. With temperature increase, a
broad peak was observed at temperature in range of
80-100 C, which is close to Ty [1].

The relative dielectric permittivity &, as a function of
rare-earth dopants at 25 “C is shown in Fig. 3(d). After
doping, 50% double and triple enhancement of & were
observed, showing values of 1800, 2400, and 3500 in
La3+, Pr3+, and Sm>" doped PMN—0.31PT thin films at
1 kHz, respectively, which were attributed to its highly
(100)-oriented texture. Owing to the MPB composition,
a high permittivity is caused by the co-existence of
rhombohedral and tetragonal phases, which can enhance
the polarization isotropy and induce a low energy
barrier for polarization rotation [33]. In addition, the
substitution of RE would suppress Pb ion volatilization
during the annealing process and inhibit the formation
of intrinsic oxygen vacancies [34]. Thus, the improvement
of dielectric permittivity can be partially ascribed to
the effect of the reduction of defects and lattice
distortion in RE-PMN-PT thin films. It is well known
the dielectric permittivity of thin film is strongly

GUALTIEEEE

“:SI)

100 150 200 250
Grain size(nm)

average size 133nm

BERREA ARG (o

averege size 131nm

100 150 200 250 300
Grain size(nm)

average size 120nm|

50

100 150 200 250

Grain size(nm)

Fig. 2 Surface morphology of RE-PMN-PT (RE = La**, Sm**, Pr'") thin films: (a)~(c) SEM images, (d)—(f) grain size

distributions, and (g)—(i) 3D AFM images, respectively.
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affected by microstructure, substrates, and grain size.
As shown in Fig. 2, the microstructures and grain size
are similar in La3+, Sm3+, and Pr’* doped PMN-PT thin
films, respectively. The possible reason is the smaller
jonic radius of Sm*" (0.96) than that of La* (1.03) and
Pr’* (0.99) adverse to lattice distortion in PMN—PT
thin films. Comparing with NdScOs/LaAlO; crystal
substrates [27,35], the Sm** doped PMN-0.30PT thin
films also present higher dielectric permittivity, as shown
in Table 1, giving a new way to prepare high-quality
thin film on Pt substrate. The high permittivity and low
dielectric loss make it suitable for capacitor applications.

3.3 Ferroelectric properties

As shown in Fig. 4, the ferroelectric hysteresis loops
(P-E) and leakage current density (J—E) of pure and
RE-PMN-0.31PT were comparatively investigated. The

largest remnant polarization P; value of 17.5 pC/cm’
was obtained in Sm®* doped PMN—0.30PT thin films
under an electric field of 400 kV/cm, as shown in
Table 1. Comparing with pure PMN—PT thin films, the
RE-PMN-PT thin films present higher remnant pola-
rization (P;) and lower leakage current. In ferroelectric
thin films, defects such as oxygen vacancies near domain
walls result in the domain wall pinning, which will
lower the movement of domain walls, and eventually
reduce remnant polarization (P;) value and high leakage
current density [34]. Furthermore, A-site vacancies
will benefit the domain wall motion which will lead to
the low coercive field and slanted P—E loops [36].
Therefore, enhancement of P, values can be attributed
to the increased domain wall mobility through doping
[37]. Figure 4(b) shows the J~E curve of pure and RE
doped PMN-0.31PT thin films. The leakage current

Table 1 Dielectric and ferroelectric properties in Sm** doped PMN-PT thin films at room temperature

Thin films Substrates Thickness (nm) Method &@ 1 kHz tand (%) P, (uClem?) Ref.
2.5%Sm-PMN-0.30PT Pt/TiO,/Si0,/Si 450 Sol-gel 3500 1.3 17.5 This work
2.5%Pr-PMN-0.30PT Pt/TiO»/Si0,/Si 450 Sol-gel 2400 1.5 17.3 [23]
PMN-0.30PT Pt/TiO»/Si0,/Si 350 CSD 1710 0.8 — [30]
PMN-0.32PT Lag sSrosCo05/LaAlOs 150 PLD ~2500 ~7 ~11 [26]
Nb/La-PZT Pt/Ti/Si0,/Si — CSD 1350 2.5 26 [36]

& dielectric permittivity; tand dielectric loss; P, remanent polarization.
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Fig. 4 (a) Ferroelectric hysteresis loops of RE-PMN—-0.31PT (RE = La*", Sm®*, Pr*") thin films; (b) leakage current density of

RE-PMNO.31PT (RE = La**, Sm**, Pr*") thin films.

density is much lower in Sm®" doped PMN-PT than
that of pure PMN-PT thin films due to compensation
of oxygen ion vacancy, coinciding with the low dielectric
loss, as shown in Fig. 3(b).

3.4 Photoluminescence properties

Based on the high dielectric and ferroelectric properties,
the Pr’* and Sm’" doped PMN-PT thin films were
selected to further investigation. Figures 5(a)-5(c) show
photoluminescence excitation spectra and photolumi-
nescence emission spectra of 2.5%RE-PMN-0.3PT

thin films in the wavelength range of 300—550 nm and
550-675 nm, respectively. To discuss the excitation and
emission processes, the energy level diagrams of RE
ions are shown in Figs. 5(d) and 5(e).

The luminescence spectra and the emission mechanism
of Pr’*-doped perovskite materials have been investigated
in many works, on the purpose of combined ferroelectric/
piezoelectric and luminescence properties in lead-free
piezoelectric crystals and thin films [38—41]. For
PMN-PT thin films, the piezoelectric properties have
been extensively reported [2,3,42,43]. As shown in
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Fig. 5 Room temperature PL excitation spectra and emission spectra of RE-PMN-PT thin films: (a) P—PMN-0.31PT, (b)
La—PMN-0.31PT, and (c) Sm—PMN—xPT (x = 0.28,0.29,0.30, 0.31); the energy level diagram of (d) Pr*" and (e) Sm*®*.
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Fig. 5(a), Pr-doped PMN-PT thin films exhibit a strong
red-light emission characteristic and concentrate at
611 nm and 645 nm peaks under blue light excitation
(440-505 nm). The spectrum consists of three strong
absorption peaks at 397 nm, 468 nm, and 492 nm, which
are mainly attributed to the 3Po, 3P1, and * P, excited state
of Pr’* ion from the *H, ground state to the typical f—f
transition of Pr’" ion. Similar to Pr’" doped (Ca, Sr,
Ba)TiO; [44] and NBT-STO [40] thin films excited by
a UV light, there is a red emission at a wavelength of
611 nm, corresponding to the 'D,—’Hy transition. The
other red emission peak was observed at a wavelength
of 643 nm belong to the 1Dz—3 H; transition.

As a comparison, the La—PMN-PT thin films were
investigated, because there is no energy level in the 4f
energy layer of La’* ion. In previous work, La’" ion
can be used to improve the ferroelectric and dielectric
properties in RE doped ferroelectric thin films with
strong photoluminescence properties [45]. Figure 5(b)
shows the excitation spectrum monitoring at 668 nm
and emission spectrum excited at 431 nm. A strong
excitation peak is detected at a wavelength of 380 nm
and broad peaks are recorded in the wavelength range
of 410460 nm. For the emission spectra, there is no
peak observed.

The effect of PT content on the photoluminescent
excitation spectrum monitored at 599 nm emission and
the emission spectrum excited at 481 nm is shown in
Fig. 5(c). Six excitation peaks are observed in the
wavelength range of 300-500 nm, corresponding to a
typical f—f transition from the ground state 6H5/2 to excited
states 4G7/2,4P5/2,6P7/2,419/2,4F3/2, and 4G5/2, respectively.
The maximum absorption is located at 482 nm. As PT
content increases, the excitation intensity firstly increases,
and reaches up to the maximum value at PT = 0.30,
then decreases. On the other hand, a strong red-orange
emission is observed at a wavelength of 599 nm
(4G5/2—6H7/2) under blue light excitation at 481 nm, and
other three emission peaks are found in the wavelength
range of 550-730 nm, corresponding to 565 nm
(‘Gsp—"Hsp), 629 nm (*Gsp—"Hop), and 662 nm
(4G5/2—6H11/2). Obviously, the intensity of emission
peaks presents a rising tendency as the increase of PT
content in 0.25%Sm-PMN-xPT (x = 0.28-0.31) and
reaches the maximum value when x =0.31.

3.5 Transparent spectra

Considering the potential application in photodetectors,
the optic transmission of 0.25%Sm-PMN—xPT (x =

0.28, 0.29, 0.30, 0.31) thin films is measured in a
wavelength range of 200-2000 nm, as shown in Fig. 6.
Different from the RE-PZT and RE-PMN-PT ceramics
[46,47], the absorbing is slight in the UV below
400 nm. It is interesting that the transmittance of
0.25%Sm-PMN—xPT thin films represents dependence
on the PT content, which shows the highest value at
x=0.31. In wavelength range of 600-1200 nm,
corresponding to red/orange light band and the
near-infrared band, the transmittance rate is higher than
85% in 0.25%Sm—PMN-0.31PT thin films.

3.6 Photoluminescence spectra at various powers
and temperatures

To further understand the mechanism of photolumi-
nescence of Sm®" doped PMN-PT thin films, the
photoluminescence spectra of 0.25%Sm—PMN-0.31PT
thin films as a function of pump power and temperature
are investigated, as shown in Fig. 7. Figure 7(a) shows
photoluminescence excitation spectra and photolu-
minescence emission of 2.5%Sm—PMN-0.31PT thin
films under the 599 nm emission and 481 nm excitation
with various powers from 130 to 335 mW. The peak
value of each emission band increased gradually with
incident power. It is known that the photoluminescence
intensity is related to the site symmetry change of RE’
ions in the host materials [39,40]. There is a phase
transition path of R-M—-T-C in (100)-oriented PMN—PT
crystal as temperature increases [48]. As shown in Fig.
7(b), the temperature dependent PL excitation spectrum
and PL emission spectrum of 2.5%RE-PMN-0.31PT
thin films under the 599 nm emission and 481 nm
excitation are investigated at various temperatures in
range of 248-398 K. An obvious increase in intensity
of three peaks at 459, 513, and 543 nm can be observed
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Fig. 6 Optical transmittance spectra of 2.5%Sm-PMN-xPT
(x = 0.28, 0.29, 0.30, 0.31) thin films in the wavelength
range of 200-1200 nm.
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during temperature increase from 248 to 273 K,
corresponding to rhombohedral to monoclinic phase
transition temperature of host PMN-0.31PT [1]. On
the other hand, a clear decrease in the red-orange
emission is detected at 599 nm during the temperature
increases from 248 to 273 K. In temperature range
from 273 to 398 K, there is no clear change tendency
in the excitation and emission spectrum, due to the
mixed symmetry in Sm’” ion-doped PMN-PT thin
films with MPB compositions [1].

4 Conclusions

Highly (100)-oriented dense pure perovskite
2.5%RE-PMN-PT (RE = La*", Sm’", Pr’") thin films
have been prepared by sol-gel/spin coating method.
Dielectric properties were enhanced significantly in RE
doped PMN-PT thin films. Especially, the dielectric
permittivity reaches 3500 and 2400 at 1 kHz with
dielectric loss of 1.3% and 1.5% in Sm’" and Pr’*
doped PMN-PT thin films, respectively. Moreover,
high remanent polarization of 17.5 pC/cm’ and low
leakage current density of 2.5x10° A/ecm® at 400
kV/ecm was obtained in the Sm®* doped PMN-PT thin
films. For optical properties, low absorption in the UV
band below 400 nm, and high transmittance with value

of 85% at wavelength in range of 600—-1200 nm were
found in Sm’" doped PMN-PT thin films. A red
emission at 611 nm and red-orange emission at 599 nm
were observed in Pr’” and Sm®" doped PMN-0.31PT
thin films, respectively, indicating the potential application
in a multifunctional optoelectronic device.
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