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Abstract

Lead-free (Biy 5Nay 5) 94Bag o6 [105 (BNT-6BT) films are deposited on Pt(111)/Ti/Si0,/Si(100) substrates for various thick-
nesses by pulsed laser deposition. The effects of thickness on the microstructure, Raman spectra, dielectric behavior, and
ferroelectric properties are investigated in detail. The BNT-6BT films with a polycrystalline structure, as well as an increase
in grain size and crystallinity, a decrease in strain, and the appearance of columnar crystals with increasing film thickness are
confirmed by x-ray diffraction and field emission scanning electron microscopy. Obvious aging behavior with an abnormal
double-butterfly shape of dielectric constant—electric field curves is observed in aged BNT-6BT films. Both the dielectric
tunability and dielectric constant increase with increasing film thickness, with 950 nm film exhibiting the highest dielec-
tric tunability of 36.7% and dielectric constant and loss of 572 and 0.032 at 1 kHz, respectively. Moreover, an increase in
the maximum polarization (P,,,) and remanent polarization (P,) with the increase in film thickness is also observed. The
enhanced dielectric and ferroelectric properties of BNT-6BT films are strongly depended on thickness, which suggest the

potential application of BNT-6BT films in film tunable capacitors.

Keywords BNT-6BT films - pulsed laser deposition - defect dipoles - aging effect - dielectric behavior

Introduction

(Bij sNa, 5)TiO5 (BNT) ferroelectric offers multiple advan-
tages in microelectronic applications and microelectro-
mechanical systems (MEMS) to replace lead-based com-
pounds due to its outstanding electrical properties, with
large remanent polarization (P, ~38 uC/cm?), high coercive
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field (E,~73 kV/cm), and relative high Curie temperature
(320°C).! In particular, the morphotropic phase boundary
(MPB) composition (Bi, sNa, 5);_,Ba, TiO; (BNT-BT) with
rhombohedral and tetragonal phase coexistence presents
excellent ferroelectric, piezoelectric, and dielectric prop-
erties.>” Nevertheless, for BNT or BNT-based solid solu-
tions, especially in the form of thin films, the fabrication and
characterization are still hot topics.*® MPB composition of
BNT-BT is characterized by large electrical hysteresis and
high leakage current during the poling process, which may
limit some of their applications. To date, considerable efforts
have been made to overcome the adverse effects of cation
volatilization for BNT and BNT-based films.”~'° However,
the fabrication of high-quality pure BNT-based films with
tunable thickness remains a challenging task. Among film
fabrication methods, pulsed laser deposition (PLD) technol-
ogy is suitable for the synthesis of high-quality stoichiomet-
ric multicomponent oxide films, due to the highly supersatu-
rated ablation plasma plume, the adjustable deposition rate,
and the high uniformity attainable by optimizing various
deposition parameters including laser energy density, laser
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repetition rate, background reactive gas pressure, substrate
temperature, and target-to-substrate distance, resulting in
single, stoichiometric, and homogeneous film.'"12

For designing a device based on ferroelectric films, it
is essential to investigate the thickness-dependent micro-
structure and electrical properties of the films. For instance,
ferroelectricity may be lost below a critical thickness or
critical volume. Dielectric properties also typically degrade
with decreasing thickness.'?> However, most previous works
investigating thickness-dependent behavior have focused
on other systems, such as Pb (Zr,Ti)O; (PZT),'*13 BiFeO,
(BFO).'®!7 Only a few reports involve the study of the thick-
ness dependence of BNT-based films. Yang et al. prepared
Na, 5Bi, 5(T1,Zn)O5_s films with various single-coated layer
thicknesses, where the film of 20 nm per layer (nm/1) with a
typical columnar structure exhibited superior dielectric prop-
erties, with tunability of 43.2% at 240 kV/cm and 100 kHz."®
With the thickness of 0.8(Bi, sNa 5)TiO5-0.2SrTiO5 films
increasing from 150 nm to 210 nm, enhanced ferroelectric-
ity and piezoresponse were achieved due to thermally driven
stress.'® As for the pure BNT films deposited by PLD with
thickness of 208—1300 nm, the microwave dielectric and
nonlinear optical properties of BNT films were strongly
dependent on thickness, i.e., the dielectric constant (&,) obvi-
ously increased with the film thickness, while the nonlinear
optical properties gradually decreased.?” In this paper, MPB
composition (Bi, sNag 5)q ¢4Bag o4 T10; (BNT-6BT) ferroe-
lectric films with different thicknesses on Pt(111)/Ti/SiO,/
Si(100) substrates were prepared by pulsed laser deposition;
the microstructure, dielectric behavior, and ferroelectric
properties were systematically investigated.

Experimental Procedure

The BNT-6BT thin films were deposited on Pt(111)/Ti/
Si0,/Si(100) substrates by PLD with a KrF excimer laser
(248 nm). The stoichiometric (BijsNa 5)q94Bag 0sT103
ceramic targets were prepared by solid-state reaction using
Na,CO;, BaCO;, TiO,, and Bi,0; powders and sintering
at 1150°C for 2 h. During the laser ablation process, laser
energy density of 2 J/cm? with repetition frequency of 10 Hz
was used. The BNT-6BT films were deposited at a substrate
temperature of 675°C under oxygen partial pressure of
30 Pa. After deposition, in situ annealing was carried out
in a 1 atm oxygen atmosphere for 30 min to reduce oxygen
deficiencies.

The crystal structure of the BNT-6BT films was stud-
ied by x-ray diffraction (XRD) with Cu-K,, radiation
(A=1.5406 A) (Empyrean PIXcel’®, PANalytical, Neth-
erlands). The surface morphology and thickness were
examined by field emission scanning electron micros-
copy (FESEM) (FEG 450, FEI, USA) and atomic force

microscopy (AFM) (MultiMode-8, Bruker, USA). The
Raman spectra were examined by Raman spectroscopy
(LabRAM HR Evolution, HORIBA, France). X-ray photo-
electron spectroscopy (XPS) (ESCALAB 250Xi, Thermo
Fisher, USA) was used to analyze the chemical bonding
states. The Au top electrodes with a diameter of 0.6 mm
were prepared using DC sputtering for electrical measure-
ment. The ferroelectric hysteresis loops and dielectric behav-
ior were measured using a ferroelectric testing system (TF
2000 analyzer, aixACCT, Germany) and impedance analyzer
(E4294, Agilent, USA), respectively.

Results and Discussion

Figure 1a illustrates the XRD patterns of BNT-6BT thin
films with various thicknesses from 150 nm to 950 nm. All
diffraction peaks can be indexed and are in good agreement
with those of the standard diffraction peaks (Bi, sNa, 5)TiO;
(PDF=01-089-3109), suggesting a pure BNT pseudocubic
perovskite structure without secondary phases and a poly-
crystalline structure with no apparent preferential orienta-
tion. Furthermore, Fig. 1b shows the enlarged XRD pattern
of the (110) peak in the vicinity of 32°. The result displays
a slight offset towards lower angles of the (110) diffraction
peak with increasing film thickness, which may be due to an
increase in the lattice constant. Also, the full width at half
maximum (FWHM) of the (110) peak decreases with an
increase in film thickness, suggesting enhanced crystallinity
of the BNT-6BT films.

The XRD pattern can also be utilized to evaluate peak
broadening with crystallite size and lattice strain due to
dislocation. The crystallite sizes (D) and lattice strain (&)
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Fig.1 (a) XRD pattern of BNT-6BT films with different thicknesses;
(b) enlarged XRD pattern of (110) peak in the vicinity of 32°.
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of films can be calculated by the Williamson—Hall (WH)
equation,”!

B cos @ = kA/D + 4e sin 0 (D)

where S, is the full width of the diffraction peaks at half
maximum (FWHM), @ is the diffraction angle, k is the shape
factor (for spherical; k=0.89), 1 is the wavelength of the
radiation (for Cu-K ; A=1.5406 A), D is the average crystal-
lite size, and ¢ is the strain of the films (A//]). The W-H plots
(Bpcosd versus 4sinf) are shown in Fig. 2. The intercept
(kA/D) on the p, cos@ axis and slope (&) are given by linear
fitting in the W-H plots. The values of D are estimated as
63 nm, 74 nm, 95 nm, and 116 nm for 300 nm, 450 nm,
600 nm, and 950 nm films, respectively. On increasing the
film thickness, the crystallite size increases monotonically,
which dominates the left shift of the diffraction peak. More-
over, the calculated values of € are shown in Fig. 2 from the
W-H plots, which suggests that the 300 nm film has higher
strain than the 450 nm film. The 450 nm film exhibits the
smallest strain of 0.001.6 and then increases slightly with
a further increase in thickness. The results are similar to
those of a previous report of BNT films by PLD.?**? Hence,
the residual strain of the film may be another cause of peak
shift, in that the shrinkage and expansion of the lattice
would cause the peaks to shift right and shift left, which is
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attributed to the compressive strain and tensile strain of the
deposited films, respectively.* During the film deposition by
PLD, the strain caused by the crystal distortion is inherently
present in the films due to the difference in lattice constants
between the film and the substrate.?* At the early stage of
film deposition, compressive strain is formed at the interface
between the grown films (BNT-6BT) and the substrate and
relaxed in the direction of film thickness. Then, with increas-
ing thickness of the films, the strain is reduced to the lowest
value at a critical thickness which is related to the quality
of the film and the process conditions.> Hence, a critical
thickness of 450 nm in BNT-6BT films is obtained and the
residual tensile strain is enhanced with a further increase in
thickness.2? Moreover, lattice strain is a manifestation of the
change in lattice constant caused by crystal defects, such as
lattice dislocations, grain boundary triple junctions, inter-
contactor stress, stacking faults, and coherent stress.20 It can
be expected that the reduction of lattice strain of thin films
will promote the growth of grains.

Figure 3a—e presents the surface and cross-sectional
(inset) morphology of the BNT-6BT films with various
thicknesses. All deposited films exhibit irregular grains
with clear grain boundaries, which indicates good crystal-
lization. The 150 nm and 300 nm films reveal a relatively
dense surface structure, while some fine grain gaps are
scattered on the film surface above the critical thickness
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Fig.2 W-H plots of BNT-6BT films for (a) 300 nm, (b) 450 nm, (c) 600 nm, and (d) 950 nm.
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Fig.3 FESEM surface morphology of BNT-6BT films for (a) 150 nm, (b) 300 nm, (c) 450 nm, (d) 600 nm, and (e) 950 nm. The inset shows the
corresponding cross-sectional images. (f) The average grain size of BNT-6BT films with different thicknesses.

of 450 nm, which may be due to grain growth or volatiliza-
tion of the A-site cation during the fabrication process.?’
The average grain size is calculated by measuring 100
randomly selected grains in the FESEM images. Values
of 58.3 nm, 68.7 nm, 80.4 nm, 95.9 nm, and 113.4 nm are
obtained for film thickness of 150 nm, 300 nm, 450 nm,
600, nm and 950 nm, respectively, which is consistent
with the XRD results (crystallite size). Moreover, from
the cross-sectional morphology, the grain growth by the
formation of columnar grains along the thickness direction
can be clearly observed with increasing thickness above
450 nm. Clearly, the grains of 450 nm film present two
forms at the initial stage of columnar growth, as shown
in Fig. 3c.

It is believed that the strain of films will be relieved by
a series of misfit dislocations perpendicular to the sub-
strate—film interface with increasing thickness. When the
thickness exceeds the critical thickness, the introduced dis-
location releases the strain energy of the film and induces
pseudocrystalline growth.”* The growth of columnar
grains can be promoted due to minimum lattice strain and
lower surface energy of the films deposited at high tem-
perature.’®® In addition, the surface morphological char-
acteristics of FESEM images are consistent with the AFM
images recorded over a 2x 2 um? scan region in Fig. 4. Root-
mean-square (RMS) surface roughness values of 6.107 nm,
7.388 nm, 10.45 nm, 12.83 nm, and 23.71 nm are calculated
for the deposited films with thickness of 150 nm, 300 nm,
450, 600 nm, and 950 nm, respectively. The increased rough-
ness may be due to the formation and growth of columnar
grains.

The structure and phase evolution of films can also be
revealed by Raman spectroscopy due to its sensitivity to
tiny changes in local structure over a short range.”” The RT
Raman scattering spectrum of BNT-6BT films with various
thicknesses tested in the range of 100-1100 cm™! is shown
in Fig. 5a. The experimental data were fitted by considering
a Gaussian function, and six vibration modes are present
for all films. The results for vibration modes and the full
width at half maximum (FWHM) of various thicknesses of
films are displayed in Fig. 5b and c. As stated by group
theory, for BNT and BNT-based film, the vibration mode at
a low wavenumber below 200 cm™" (denoted as A) is related
to stretching vibrations of A-site elements, such as Bi-O,
Na-O, and Ba-O. The Raman wavenumber in the range of
200-400 cm™! (denoted as B) corresponds to Ti-O stretch-
ing vibration, and the vibration modes associated with the
TiO4 oxygen octahedral (denoted as C,;, C,, C;, and C,)
are found at a higher wavenumber of the spectrum (above
400 cm™").0-!

With increasing thickness, an obvious blue shift of A,
B, C,, and C, modes towards the higher wavenumber and
a gradual decrease in the FWHM at 450 nm are observed.
When the thickness increases above 450 nm, a shift back
to a lower wavenumber and a slight increase in the FWHM
are seen. The decrease in the FWHM indicates an increase
in crystallinity due to the decreased lattice distortion of
the film.2° The shift in the wavenumbers and the change
in the FWHM of the vibration peaks directly reflect the
subtle structural changes of the films and suggest the pres-
ence of MPB composition.*? Thus, the effect of strain vari-
ation within the films with different thicknesses can also be
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Fig.4 AFM micrograph of the films recorded over a 2x2 pm? scan region for (a) 150 nm (b) 300 nm, (c) 450 nm, (d) 600 nm, and (e) 950 nm.

(f) Surface roughness as a function of film thickness.

suggested. Raman spectroscopy results are consistent with
XRD, FESEM, and AFM results.

It is known that the electrical properties of perovskite
films are strongly affected by chemical defects.** In order to
identify the chemical valence of the BNT-6BT film, x-ray
photoelectron spectroscopy (XPS) studies were performed,
and the results are displayed in Fig. 6.

The asymmetric XPS peaks are fitted by Gaussian—Lor-
entzian distributions. Three peaks can be fitted with O 1s
spectra. The lower binding energy peak at 529.6 eV is asso-
ciated with lattice oxygen, and includes Na-O, Ti-O, Bi-O,
and Ba-O bonding.** The peaks at 531.5 and 531.3 eV are
contributed by singly charged (V(')) and doubly charged
vacancies (Vé), respectively.®® The Ti 2p peaks at 457.9 eV
and 458.4 eV are attributed to Ti** and Ti**, respectively.*®
Thus, the volatilization of the A-site cation during fabri-
cation of BNT-based films leads to the formation of cat-
ion vacancies and oxygen vacancies (Vé) By following
Kroger—Vink notation,>’

2Biy; + 307 — 2V + 3V + Bi,0; 1 )
2Nay + OF — 2V{ +V; +Na,O 1 3)

On the other hand, the presence of Ti3* ions at B-sites
results in the nonequivalence of neighboring O~ sites

@ Springer

because the charged Ti** ion is slightly displaced from
Ti** sites.

iy, - TS+, @
2T, = 21T + v )

Hence, the formation of Vb or V6 occurs to compensate the
overall charge neutrality.

The DC electric field dependence of the small-signal €,
of the BNT-6BT films with various thicknesses measured
under 1 kHz is shown in Fig. 7. The dielectric con-
stant—electric field (¢ ~E) curves were tested by sweeping
the DC voltage from a negative to a positive bias (up-
sweep) and then sweeping back (down-sweep). All films
show an abnormal e ~FE curve with four peaks, which is an
obvious feature of the aging phenomenon. Similar dielec-
tric behavior has been reported in other systems, such as
Nay, sBi 5(Tig 94Fe( 06)03.5° and BiFeO;-Na, sBij sTiO5.%
It has been confirmed that the aging behavior is a volume
effect and strongly depends on the content of defect
dipoles.*’ In the BNT-6BT films, the defect dipoles can be
formed between acceptor cation defects V{ /Vy! or Ti(Ti;i)l
and oxygen vacancies V or,V(')' based on the XRS analysis,
such as VI/\Ia / Vl’a’i’ -V, Ti(Ti::) — V. and/or Ti(T3i4++) - V. The
defect polarization (Pp) is constituted and gradually
aligned along the spontaneous polarization (P,) direction
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Fig.5 (a) Room-temperature Raman spectra of BNT-6BT films. Thickness-dependent peak position (b) and FWHM (c) of the vibration modes

for BNT-6BT films.

to fulfill the lowest energy principle during aging of films
samples.*! When an electric field (E) is applied on the
aged film, domain switching occurs, with P, following the
field direction, while the P remains in the original state
because E is too low to overcome the electrostatic attrac-
tion force between the defect dipoles. After removing E,
the Pp, provides a restoring force to reverse the switched
P, to its original orientation.** Thus, an abnormal double-
butterfly-shaped loop with four peaks is observed. In addi-
tion, the electric field of the peak position in the ¢ -FE
curve decreases slightly with the film thickness, which can

be attributed to the increase in grain size with increasing
thickness of the films, resulting in larger domain sizes.
Figure 8a shows the ¢ ~E curve of BNT-6BT films
under a down-sweeping DC electric field at 1 kHz. Clearly,
all e —E curves with a typical single-butterfly-type shape
and strong field asymmetry are observed to shift towards
the positive electric field. As discussed above, the emer-
gence of the single-butterfly-type shape can be explained
by the breaking of defect dipoles under the higher E,
because the defect can obtain sufficient migration energy
under a higher electric field.*®** The asymmetry of the
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Fig.7 The ¢—~F curves of BNT-6BT films with different thicknesses of (a) 300 nm, (b) 450 nm, (c) 600 nm, and (d) 950 nm.

e,—E curve may be related to point defects and domain wall
pinning (freezing or clamping).** In addition, when E
increases to 200 kV/cm, the strong reduction of ¢, can be
evaluated by the dielectric tunability Ae /e, where Ae, is
the difference in the dielectric constant, and ¢ is the die-
lectric constant without E. The tunability calculated at
200 kV/cm is tabulated in Table I, suggesting that increas-
ing the thickness of films helps to improve the ¢, response

@ Springer

to the applied bias field. The RT dielectric constant (¢,)
and dielectric loss (tan §) as a function of frequency were
investigated in the range of 40 Hz to 200 kHz and are
shown in Fig. 8b. The estimated ¢, and tan J values at
1 kHz are listed in Table I. All films exhibit frequency-
dispersive behavior. Based on the XPS analysis and
Kroger—Vink notation, the space charge would be trapped
in Vl’\la / Vl;,i, -5 TiH — V¢, and/or Tigﬁ -V, defects,

Ti**
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Fig.8 (a) The dielectric constant (¢,) with down-sweeping DC electric field and (b) dielectric constant (&) and dissipation factor (tan 8) as a

function of frequency for BNT-6BT films with different thicknesses.

Table | Thickness-dependent dielectric and ferroelectric properties of
BNT-6BT films

Film thickness &, tan 6 Agley  Prax P,
(nm) @1 kHz @1kHz (%) (uC-em™2)  (uC-cm™?)
300 320 0.046 7.6 10.06 1.76
450 502 0.045  23.1 19.55 6.78
600 534 0.039 323 2344 572
950 572 0.032 367  25.19 8.46

and the hole and ionic conduction are the dominant con-
duction mechanisms. In particular at low frequency, the
increase in the dielectric constant and loss tangent is due
to space charge polarization and ionic conductivity.*
Moreover, the dielectric properties of BNT-6BT films can
be effectively improved by increasing the thickness of the
films, since €, of the films increases and tan & decreases.
The 950 nm film shows the maximum value of €, (572) and
the minimum value of tan § (0.032) at 1 kHz. It is well
known that the dielectric response of ferroelectric film is
affected by the microstructure and grain size, where films
with larger grain size have higher ¢, and lower tan §. In
thicker films, the motion of the domain wall and domain
switching are easier due to the larger grain size and
domain size, leading to an increase in €. In contrast, in
small-grained films, grain boundaries are greatly
increased, resulting in domain walls that can trap space
charges.*

It is well known that ¢, is proportional to the slope of
the ferroelectric polarization—electric field (P—E) hyster-
esis loop at a certain electric field. The RT P-E hyster-
esis loops of BNT-6BT films with various thicknesses

were measured under 250 kV/cm at 1 kHz, and the results
are shown in Fig. 9a. The corresponding variation in the
maximum polarization (P ,,) and remanent polarization
(P,) are shown in Fig. 9b and tabulated in Table I. The
BNT-6BT films with the thickness of 450 nm, 600 nm,
and 950 nm show saturation P—FE hysteresis loops under
250 kV/cm, while the 300 nm film is unsaturated shape
of that. Furthermore, the rounded P—E hysteresis loop of
the 450 nm film with larger P, and E| is clearly observed,
which indicates the significant contribution of leakage
currents to the polarization. At the critical thickness of
450 nm, various defects will appear at the initial stage
of columnar crystal growth, such as oxygen vacancies,
which can pin ferroelectric domains and cause large leak-
age. Generally, the polarization properties of ferroelectric
films are mainly derived from the asymmetry of the inter-
nal lattice and the motion and switching of the external
domain wall.*”**® For BNT-6BT thin films, the existence
of columnar crystals greatly increases the grain size along
the film normal direction due to the effective release of
mechanical strain. On the other hand, of particular impor-
tance is that the P, ,, increases with the film thickness,
which may be due to the increased grain size of BNT-6BT
films. The grain size increases with the film thickness, and
the films transform into the multi-domain state, resulting
in easier domain wall motion and domain switching.'® In
addition, all the P—E hysteresis loops exhibit a slight shift
toward the positive electric field. The horizontal offset of
loops may occur for two reasons: one is the nonequiva-
lence between the Pt bottom electrode and Au top elec-
trode,*® and the other is the presence of a built-in electric
field originating from the defect dipoles during the film
deposition process.>”
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Conclusions 2. T. Takenaka, K. Maruyama, and K. Sakata, (Bi;;,Na,,)TiO;-

In conclusion, BNT-6BT thin films with various thick-
nesses were deposited on Pt(111)/Ti/Si0,/Si(100) sub-
strates by PLD. The thickness-dependent structure,
morphology, and dielectric and ferroelectric properties
of the BNT-6BT films were systematically investigated.
Polycrystalline films with a pseudo-cubic structure were
obtained. With increasing thickness of the films, an
increase in crystallinity and grain size, a decrease in strain,
and the appearance of columnar crystals were realized.
The obvious aging phenomenon with abnormal double-
butterfly ¢,—E curves was observed in aged BNT-6BT
films. The calculated dielectric tunability increased gradu-
ally with increasing film thickness, reaching a maximum
value of 36.7%. Furthermore, an enhanced dielectric con-
stant of 572 and dielectric loss of 0.032 were observed at
1 kHz for 950 nm film, and P, and P, increased with film
thickness, indicating the potential application of BNT-6BT
films in film capacitors.
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