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Artificial superlattices consisting of dielectric Bag 4gSr;5,TiO3 (BST) and conductive LaNiO; (LNO) were fabricated on an
Nb-doped SrTiO;(001) single-crystal substrate with radio-frequency magnetron sputtering at temperatures in the range of
500-700°C. A symmetric structure with a sublayer thickness of 3 nm was deposited at varied substrate temperatures; the
superlattices contained 10 periods of BST/LNO bilayers. The microstructure of these films was characterized with measurements
of X-ray reflectivity and diffraction at high resolution. The formation of a superlattice structure was confirmed through the
appearance of both the Bragg peaks separated by Kiessig fringes in X-ray reflectivity curves and the satellite peaks of a (002)
diffraction pattern and the secondary-ion mass spectrometry profile. The clearly discernible main feature and satellite features
observed in the (002) crystal truncation rod indicate the high quality of the BST/LNO artificial superlattice structure formed on a
SrTiO; substrate at all temperatures of deposition. The higher the temperature of deposition, the smaller the full width at
half-maximum of the in-plane rocking curve and the better the crystalline quality. These BST/LNO artificial superlattices show a
dielectric constant significantly enhanced relative to the BST single layers of the same effective thickness. Both the lattice strain
and the interface quality affect the dielectric properties of the BST/LNO superlattices.
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Ferroelectric thin films of perovskite structure have attracted
much attention because of their remarkable ferroelectric and electro-
optical proli)erties and large dielectric constant (relative
permittivity). “# Strain in ferroelectric thin films plays a significant
role in influencing their dielectric properties, which are important
for electronic applications, but the manispulation of this strain from
the substrate is limited for thick films.”® An artificial superlattice
structure provides an alternative approach to manipulate the strain of
ferroelectric thin films. Stress is artificially introduced into the het-
eroepitaxial superlattice films through a lattice mismatch at the in-
terface between heterolayers. There is great interest in growing ar-
tificial superlattices of ferroelectric oxides for their ability to
improve the properties of materials through structural
modifications.”

Various techniques including molecular beam epitaxy (MBE)
and pulse laser deposition (PLD) have been used to grow epitaxial
superlattice films of complex oxides. Both these methods offer the
advantage of maintaining control of stoichiometry, crystal structure,
etc. For this reason, epitaxial superlattice films of complex oxides
are typically grepared either by PLD or MBE at high
temperatures.”’1 Sputtering is one of the most important methods
for epitaxial perovskite-oxide film deposition due to high re}iJroduc—
ibility in the chemical composition and easy process control. +16 As
there exists little information on superlattice films prepared with
radio-frequency (rf) sputtering, the investigation of ferroelectric
properties vs the strain dependence of superlattice films prepared
with rf sputtering on a microscopic scale is significant for the devel-
opment of materials in this class. We have fabricated several ferro-
electric suPerlattices of perovskite-oxide structure with rf
sputtering,g’ 1% Our research has focused mostly on the correlation
of dielectric properties with strain and the dependence on thickness;
it is difficult to distinguish whether the variation in dielectric prop-
erties is caused by lattice distortion or increasing thickness because
dielectric properties approach bulk values with increasing film thick-
ness. To discriminate between the dielectric properties based on
thickness and those based on strain dependence, we fabricated
Bag 43St 5,Ti03/LaNiO; (BST/LNO) superlattices with varied tem-
peratures of deposition to induce the different strain states in the
films. According to measurements of X-ray reflectivity and diffrac-
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tion, all these films have a periodic structure and epitaxy; a strain
state that varies with deposition temperature is observable with graz-
ing incident X-ray diffraction (XRD) patterns. In the present work,
we examined the structure and dielectric properties of a BST/LNO
superlattice grown on SrTiO; (STO) with rf sputtering with deposi-
tion temperatures in the range of 500-700°C. We used LNO because
it has a satisfactory crystallographic compatibility for a heteroepi-
taxial growth of a BST layer; a lattice parameter smaller than that of
BST introduces a strain through a lattice mismatch at an
interface.”*** In this superlattice system, the dielectric properties of
the superlattice film result mainly from the portion of dielectric lay-
ers, i.e., BST, because of the conductive property of the LNO ma-
terial. Insulating/conductive superlattice materials of this type are
therefore used for the investigation of the strain dependence of the
dielectric properties of BST layers in superlattice structures.

Experimental

The BST/LNO superlattice was grown on a conductive Nb-
doped single-crystal STO(001) substrate with a triple-gun rf magne-
tron sputtering system and computer control of the shutter opening;
we thereby precisely controlled the duration of the deposition of
each layer during the deposition of a superlattice. The STO substrate
was cleaned with supersonic rinsing with propanone and ethanol and
subsequently heated at 650°C for 20 min in an oxygen atmosphere
(2 Pa) to clean the surface. To obtain epitaxial superlattice thin films,
we varied the substrate temperature and input power density system-
atically. We found that for a substrate temperature below 500°C,
only partially crystalline or polycrystalline films were grown,
whereas epitaxial superlattice thin films were obtained under condi-
tions of substrate temperatures 500-700°C and power densities
2.5 W/cm? for BST and 1.5 W/cm? for LNO with a highly purified
gas (25% O, + 75% Ar) at a working pressure of 1 Pa. With these
parameters, the rate of growth of a deposited film for a BST or LNO
sublayer was about 2 or 1 nm/min, respectively. The deposition was
interrupted for 12 s between the growths of consecutive sublayers.
The superlattice contained 10 periods of BST/LNO with each 3 nm
thick sublayer deposited at temperatures in the range of 500-700°C.

X-ray reflectivity measurements were performed using Cu Ko
radiation in a standard Huber four-circle X-ray diffractometer oper-
ated at 50 kV and 200 mA in the X-ray Laboratory at National
Synchrotron Radiation Research Center (NSRRC), Hsinchu, Tai-
wan. The incident light was made monochromatic with a flat
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Figure 1. (Color online) Reflectivity curves (circles) of BST/LNO superlat-
tice films deposited at varied substrate temperatures and their best-fit results
(solid line) as a function of momentum transfer.

Ge(111) crystal; two sets of slits served to eliminate Cu Ka, con-
tamination, yielding a wave-vector resolution in the scattering plane
of order 0.015 nm™".

The superlattice structure was also characterized on measuring
the crystal truncation rod (CTR) intensity with a synchrotron X-ray
source; these synchrotron experiments were performed at wiggler
beamline BL-17B1 of NSRRC. Incident X-rays were focused verti-
cally with a mirror and made monochromatic to an energy of 8 keV
with a Si(111) double-crystal monochromator; the sagittal bend of
the second crystal focused the X-rays in the horizontal direction.
With two pairs of slits between the sample and the detector, the
typical scattering vector resolution in the vertical scattering plane
was set to ~1 X 1073 nm™! in these experiments.

The composition depth profile was also examined with a
secondary-ion mass spectrometer (SIMS) and an oxygen-ion source.
The surface morphology of the films was obtained with an atomic
force microscope (AFM). An AFM image was obtained on an in-
strument (Park Scientific, Auto Probe M5) operated under ambient
conditions in a contact mode using a silicon tip (with a diameter of
15 nm). Various areas (2 X 2 pm) of the surfaces were scanned at
a rate of 1.2 Hz. A computer program automatically calculated the
root-mean-square surface roughness. For measurements of electrical
properties, Pt top electrodes were sputtered onto the surface of the
superlattice films near 25°C. The dielectric properties of the super-
lattices were measured near 25°C with a low frequency impedance
analyzer (HP 4192A, frequency of 10 kHz).

Results and Discussion

Figure 1 presents the reflectivity curves of BST/LNO superlattice
films deposited at varied substrate temperatures and their best-fit
results. For each curve, the diffuse scattering was measured and

subtracted, so that the data points represent only the specular com-
ponent. As the real part of the refraction index is slightly smaller
than unity for all these materials, total external reflection occurs for
0; = 0, in which 6. is the critical angle of the total reflection and 6;
is the incident angle of the X-ray beam. At a small incident angle,
the footprint of the beam is typically larger than the sample surface,
and only part of the light becomes reflected; the increased reflectiv-
ity intensity is thus due to the surface effect when the incident angle
is less than 0. The presence of clear oscillations indicates that both
the surface and the interface correlate well with each other and are
smooth enough to produce the oscillations. Both the superlattice
peaks and the Kiessig oscillations, which were well pronounced,
reveal the presence of a well-ordered layer structure of a superlat-
tice, providing evidence for a vertically periodic modulation of the
composition.

To acquire the physical parameters of the superlattice, we based
the simulation of the specular reflectivity on the recursive formalism
of Parratt.” We fitted the reflectivity data with the Bede,.;, Mercury
code** to determine the physical parameters of the superlattice, in-
cluding roughness, thickness, and density. This program calculates
the reflectivity of the material using the dynamic Fresnel equations
for multilayer reflectivity, taking into account the absorption, instru-
mental resolution, interface roughness and abruptness, and sample
curvature. According to the best-fit results in Table I, the densities of
the BST and LNO sublayers are slightly less than their bulk values;
this condition likely reflects an increased density of defects that
inevitably occur during the deposition of a thin film at a high
temperature.g”zs'27 We also found that the sublayer thickness de-
creased with increasing substrate temperature, indicating a rate of
growth inversely proportional to temperature; such a decreased rate
is attributed to a smaller sticking coefficient and a greater mobility
of atoms adsorbed on the surface that become more readily resput-
tered away on ion bombardment during deposition at a higher
temperalture‘zg‘29 The reflectivity curve shows that the lower the
deposition temperature, the more clearly present the superlattice
peaks and the Kiessig fringes. Hence, the lower the deposition tem-
perature, the smoother the surface and the less the interface rough-
ness. The fitted result shows not only that the surface and interface
roughness increased with increasing temperature of deposition but
also that the interface roughness increased considerably for a sub-
strate temperature of deposition =650°C.

To verify the vertically periodic modulation obtained from the
X-ray reflectivity, we examined the vertical composition profile of
the superlattices with a SIMS. A SIMS depth profile of the BST/
LNO superlattice sample deposited at 600°C is shown in Fig. 2. The
variations in the signals of Ba, Sr, Ti, La, and Ni are consistent with
the designed period of 10 cycles of a BST/LNO superlattice. The
modulation length (A) obtained from the SIMS depth profile is
~61 nm, which is satisfactorily consistent with the fitted result of
the reflectivity curve shown in Table 1, ie., A = (fggr + f1n0)
X 10 = (3.06 + 3.02) X 10 = 60.8 nm. This result clearly demon-
strates the self-consistency of this analysis of X-ray reflectivity.

Table 1. Parameters obtained from the best-fit results of reflectivity curves of BST/LNO superlattice films deposited on an Nb-doped STO
substrate with varied temperatures of deposition. The surface roughness determined from AFM measurements is listed in the last column for
comparison. The relative standard deviations of the fitted data are for thickness =2%, density =2%, and roughness =6%. The thickness of the
SrTiO; substrate is set as infinite and the bulk density is 5.118 g/cm?. The bulk density of BST is 6.123 g/cm?, and that of LNO is 7.086 g/cm?.

Fitted thickness Fitted density Fitted roughness AFM
(nm) (g em™) (nm) (nm)
Deposition temperature
( ° C) ILno Igst PLNO PBST OLNO/sub interface O surface O surface
500 3.12 3.15 6.805 6.113 0.25 0.46 0.66 0.61
550 3.11 3.08 6.944 6.061 0.27 0.48 0.67 0.59
600 3.06 3.02 6.944 5.98 0.29 0.49 0.68 0.66
650 3.01 2.98 6.805 6.113 0.28 0.82 0.70 0.68
700 2.89 2.92 6.804 6.114 0.27 0.84 0.74 0.71
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Figure 2. (Color online) SIMS depth profile of a BST/LNO superlattice
deposited at 600°C.

To confirm the X-ray reflectivity results, we examined the sur-
face roughness of the deposited films with an AFM. For comparison,
the surface roughness evaluated from AFM images is listed in Table
I. The results obtained from these two methods agree satisfactorily.

Figure 3 shows the variation with the substrate temperature of
CTR spectra along the direction [00L] of BST/LNO superlattice
films. Values of H, K, and L given in this paper are expressed in
reciprocal lattice units referred to the STO lattice parameter, 0.3905
nm at 25°C. The intense and sharp feature centered at L = 2 is the
STO(002) Bragg reflection from the substrate, as shown in Fig. 3.
The main feature (marked with arrows in Fig. 3) and the satellite
peaks that are accompanied with clearly discernible Pendellosung
fringes on both sides of the main peak indicate the high quality of
the BST/LNO artificial superlattice structure formed on the STO
substrate with rf magnetron sputtering at all deposition tempera-
tures.

Using grazing incidence scattering geometry, we examined the
epitaxial relationship also from in-plane X-ray scans on these super-
lattice films. The distribution of the in-plane X-ray intensity of the
radial scans from superlattice films with varied deposition tempera-
tures is shown in Fig. 4 The scan was performed in the vicinity of
the STO(200) Bragg peak; the angle of incidence was fixed at 0.3°
with respect to the sample surface during the measurement. A broad
feature coexists with a sharp Bragg peak, which originates from the
substrate. This broad feature, indicated by arrows in Fig. 4, is as-
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Figure 3. Intensity distribution of a (002) CTR spectrum of BST/LNO su-
perlattice films deposited at varied substrate temperatures. An arrow marks
the position of the superlattice main peak, and a dashed line presents the
position of the mean value of the superlattice.
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Figure 4. X-ray intensity of a set of radial scans along the (200) in-plane
Bragg peak of BST/LNO superlattice films deposited at varied substrate
temperatures. An arrow marks the position of the superlattice main peak, and
a dashed line presents the position of the mean value of the superlattice. The
inset shows an azimuthal scan (P scan) of the surface peak and the substrate
Bragg peak for a superlattice film deposited at 550°C.

cribed to the Bragg peak of the deposited layer, which is confirmed
by the variation in relative intensity between the two peaks as a
function of angle of incidence. Furthermore, azimuthal scans of a
superlattice film deposited at 550°C in the vicinity of a surface peak
and the substrate Bragg peak, as shown in the inset of Fig. 4, clearly
exhibit a fourfold symmetry with the same orientation. No other
feature was observed in the intervals between the four peaks, indi-
cating a perfect alignment of the @ and b axes of BST and LNO unit
cells along those of the STO substrate. These results provide firm
evidence for a strong epitaxial layer deposited on the substrate. Fig-
ure 5 shows that the full width at half-maximum (fwhm) of these
in-plane rocking curves decreases with increasing temperature of
deposition. The narrower the fwhm of this rocking curve is, the
better known the crystalline quality is.

The BST and LNO films are describable as having a pseudocubic
structure, with bulk lattice parameters of 0.4018 nm for BST and
0.3887 nm for LNO. In this superlattice system, the BST sublayer is
in a biaxially compressive state, whereas the LNO sublayer is in a
biaxially tensile state.'® These heteroepitaxial sublayers are hence
characterized by either being strongly strained or containing many
misfit dislocations with a modulation length larger than a critical
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Figure 5. (Color online) Rocking curves of the in-plane (200) main peak of
BST/LNO superlattice films deposited at varied temperatures.
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Figure 6. Measured mean out-of-plane (c-axis) and in-plane (a-axis) lattice
parameters of BST/LNO superlattice films with varied deposition tempera-
tures.

value. The critical thickness for the misfit dislocations was roughly
estimated according to a model proposed by Matthews.”*” We cal-
culated the critical thickness of the BST/LNO superlattices to be
~15 nm. The designed modulation length of prepared superlattices
(6 nm) is within the theoretically estimated lengths.

The expected mean lattice parameter (ape,,) of a superlattice
film is calculated according to

2 _ 1 . 1 1]
mean  @oulk BST  @bulk LNO

With the bulk values of BST and LNO inserted therein, we thus
calculated a,e,, = 0.39514 nm, larger than 0.3905 nm, which is
characteristic of the single-crystal substrate STO, and indicated as a
dashed line in Fig. 3. The position of the main peak (zeroth-order
peak) in the (002) CTR spectra of the superlattices, as shown in Figg.
3, is determined by the average c-axis length of the superlattice. 2
The L index of the main peak (marked with arrows in Fig. 3) of the
BST/LNO superlattice is smaller than the weighted mean value (in-
dicated as a dashed line in Fig. 3) from unstrained BST and LNO
films, i.e., L = 1.9764. The main lattice parameter ¢ of the BST/
LNO superlattices is larger than the weighted mean of the lattice
parameter ¢ of unstrained BST and LNO films, indicating an elon-
gation of the average c-axis lattice of the superlattice along [00L]
through the heteroepitaxial strain in the superlattice structure, i.e.,
enhancing the tetragonality of BST sublayers in the superlattice
structure. Moreover, the position of the main peak of the BST/LNO
superlattices shifts slightly to a decreasing L index with increasing
temperature of deposition. This condition indicates that the superlat-
tice films become subject to the increased tensile stress along the ¢
axis (plane normal direction) on increasing the temperature of depo-
sition. In contrast, the position of the in-plane main peak for all
superlattice films (marked with arrows in Fig. 4) is larger than the
mean value of the superlattice (indicated as a dashed line in Fig. 4)
and approaches the STO substrate Bragg peak with an increasing
temperature of deposition. Increasing the temperature of deposition
thus subjects the superlattice films to increased compressive stress
parallel to the surface plane. Superlattice films deposited at a higher
temperature thus have an enhanced tetragonality of BST sublayers in
a superlattice structure relative to films deposited at a lower tem-
perature.

The in-plane lattice parameter of BST can be determined directly
from the in-plane (200) reflection shown in Fig. 4.”*! Although the
c-axis parameter of a BST layer cannot be determined directly with
the (002) CTR spectra shown in Fig. 3, we can still evaluate the
parameter through the elastic relationshig between the strain normal
to the interface in the cubic structure.’** Figure 6 shows the mea-
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Figure 7. In-plane compressive strain of a BST layer as a function of depo-
sition temperature.

sured mean out-of-plane (c-axis) and in-plane (a-axis) lattice param-
eters of superlattices with varied deposition temperatures. The mean
c-axis parameter of the superlattice increases slightly with increas-
ing temperature of deposition, whereas the g-axis parameter de-
creases. An elongation of the ¢ axis of the BST lattice by the het-
eroepitaxial strain in the superlattice clearly occurs. Under the
conditions of biaxial strain, which apply for a BST epitaxial layer on
(0O0L), the in-plane nonvanishing compressive strain component is
defined as (aBST — Apylk BST)/abu|k BST> in which AagsT is the lattice
parameter of the strained BST layer that is obtainable from the mea-
sured in-plane lattice parameter of the superlattices and ay,y gst 1S
the bulk lattice parameter of unstrained BST. The evaluated strain of
BST layers in the superlattice is shown in Fig. 7. An in-plane lattice
parameter of 0.3905 nm is necessary for the fully strained pseudo-
morphic growth of BST/LNO superlattices on a STO substrate. The
critical thickness of a superlattice depends on the elastic properties
of the constituent sublayers, but there is still a critical thickness for
a superlattice having a modulation length with thickness not exceed-
ing its critical value.'”!®3! The lattice mismatch between the in-
plane lattice parameter of the least strained BST-LNO bilayer,
which is 0.3945 nm, and that of the STO substrate is 1.02%, which
allows pseudomorphic growth for only a few nanometers.” The su-
perlattices of BST/LNO with a total thickness of ~60 nm exceed
the critical value to generate misfit dislocations from a prediction of
Matthews’ law.”** The fully strained pseudomorphic growth of each
layer is thus not proceeding in the superlattice during deposition,
even though the thickness of individual BST and LNO layers is less
than the critical thickness.””"'® The BST/LNO superlattice films re-
veal a partial strain relaxation and not a fully strained state for all
temperatures of deposition, as shown in Fig. 7. Deposition at a
higher temperature also clearly results in a larger in-plane compres-
sive strain of the BST sublayers in the superlattice.

In the BST/LNO superlattice system, the dielectric properties of
the superlattice film result mainly from the portion of the dielectric
layer, i.e., BST layers, because of the conductive property of the
LNO material. Figure 8 depicts the dielectric constant and the value
of dielectric loss, tan 3, measured at 10 kHz, of the BST layer evalu-
ated from the measured capacitance without taking the influence of
the interface structure into consideration. The surface of the free-
energy minimum in a strained system is not atomically smooth but
three-dimensional growths in form. Hence, the presence of strain
forces the close-to-equilibrium surface of the strained epilayer to-
ward a three-dimensional island growth.35 Moreover, the conformal
structure was found in the prepared superlattices from nonspecular
scattering herein. The interface roughness of the BST/LNO interface
is attributed to the conformal roughness.” Moreover, no Bragg re-
flections resulted from the interface compound due to atomic inter-
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Figure 8. Dielectric constant (&) and value of dielectric loss (tan ) of a
BST layer measured at 10 kHz as a function of deposition temperature. For
a single-layer film of BST 30 nm thick, &; = 130.

diffusion between the BST and the LNO that was observed in the in-
and out-of-plane synchrotron XRD patterns. Both facts support that
the interface roughness might not be caused by the interdiffusion
between the constituent layers. Because an interfacial roughness re-
sulting from the lattice strain is formed between BST and LNO
layers, the effective thickness of the BST layers must exclude the
interfacial portion, and the dielectric contribution from the rough
interface should also be taken into account separately. Thus, the
capacitance of the superlattice can be treated to a series capacitance
of the effective BST and the interface,”””*® ie., A/ Crieas
= A/Cggt + A/C;, where A is the area of the top electrode, C e, 1S
the measured capacitance, Cggr iS the capacitance of the effective
BST layer, and C;j is the capacitance of the interface. The dielectric
constant of the effective BST layer, eggr, is then obtained from the
following equation

A/NCyeqs = (dpst — di)/epst + dil€; [2]

where N is the number of BST sublayers, dggr is the thickness of the
BST sublayer, d; is the thickness of the interface, which is estimated
from the interface roughness, and &; is the dielectric constant of the
interface. All the thickness data can be obtained from the fitted result
of X-ray reflectivity. To estimate the dielectric constant of the effec-
tive BST layer, we prepared one extra sample with 12 periods of
BST/LNO superlattice deposited at 600°C. The dielectric constant
of the effective BST layer obtained from the above equation is
(eggt ~ 436) three times larger than the 30 nm thick single BST
layer film (e ~ 130) prepared under the same sputtering condition
at 600°C. This result clearly indicates that the strained BST layers of
the superlattice film show the significant dielectric enhancement
relative to the single BST layer films. Furthermore, these large di-
electric constants can be maintained at a high frequency of 400 kHz,
as shown in Fig. 9. The dielectric constant of BST/LNO superlat-
tices decreased gradually with the increasing applied frequency,
whereas the dielectric constant of the 30 nm thick single BST layer
film is maintained nearly constant. It is considered that the dielectric
dipole moment consists of the oriented, ionic, and electric polariza-
tions above the frequency of 1 kHz.*’ In the superlattices, the di-
electric constants decrease rapidly below the applied frequency of 1
kHz. This may be due to the space charge and dipolar polarizations
at the interfaces between BST and LNO layers. Space charge and
dipolar polarizations are relaxation processes and are strongly tem-
perature dependent; ionic and electric polarizations are resonance
processes and sensibly temperature independent. Tabata et al.* re-
ported that the dielectric enhancement in the BaTiO5/SrTiO5 super-
lattice system is related to the soft-mode coupling with the expan-
sion of the average out-of-plane (c-axis) lattice parameter.
Therefore, there is a strain (or a lattice distortion) that causes soft-
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Figure 9. Dielectric constant of a BST layer as a function of measured
frequency for BST/LNO superlattice films deposited at various substrate
temperatures.

ening of the optical phonons; the dielectric constant is expected to
increase greatly. “3 Previous authors have shown that a large di-
electric constant was obtainable at a degree of strain modified on
inserting a thin interlayer.42’43 As illustrated in Fig. 7, the BST sub-
layers in the superlattices experience a larger compressive strain (or
a larger lattice distortion) that greatly elongates their unit cells along
the electric field in the parallel-plate capacitor structure relative to
the single BST epilayers of the same effective thickness that have an
in-plane strain of —0.21% only. This result clearly reveals that an
effective strain manipulation of BST sublayers in a superlattice
structure by alternating insertion of LNO sublayers greatly enhances
the dielectric constant of the BST sublayers. In a parallel capacitor
structure, the dielectric constant of ferroelectric thin films increases
with increasing in-plane compressive stress.” ~ Thus, increasing
the temperature of deposition of BST/LNO superlattices results in
an increased in-plane compressive strain in the BST sublayers, fur-
ther enhancing the tetragonality of BST unit cells; this effect results
in an increased dielectric constant of BST/LNO superlattices with
increasing temperature of deposition. The dielectric property results
(Fig. 8) show that the dielectric constant increases with increasing
temperature of deposition except for films deposited at 650 and
700°C. The fitted result of the X-ray reflectivity curve shows that
the interfacial roughness for superlattice films deposited at 650 and
700°C is much larger than the others. Although these superlattice
films have greater tensile stress along the ¢ axis and superior crys-
talline quality, they also have narrower effective BST layers. The
slightly decreased dielectric constant of superlattice films deposited
at 650 and 700°C might be attributed to the poor interface structure
of BST/LNO.

Figure 10 shows the current-density—voltage (J-V) curve of the
BST/LNO superlattice films with varied deposition temperatures
and a single BST layer film. It shows high current densities of leak-
age in this superlattice system for all temperatures of deposition
compared with the 30 nm thick single BST layer film. Indeed, in an
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Figure 10. (Color online) J-V curves of BST/LNO superlattice films with
varied deposition temperatures.

insulating/conductive superlattice system, i.e., the BST/LNO super-
lattice, there is a metallic layer in between, which leads to an in-
crease in leakage current. An asymmetry feature of J-V curves may
be due to the different Schottky barrier heights of the top and bottom
electrodes or the different amount of interface defects at both
sides.***" The leakage current densities decreased with the increas-
ing temperature of deposition, and it seems consistent with the ten-
dency of the crystalline quality of the films. The higher the tempera-
ture of deposition, the smaller the fwhm of the in-plane rocking
curve and the smaller the mosaic structure of the film to reduce the
probability of leakage from the top electrode to the bottom elec-
trode.

Conclusion

BST/LNO superlattice structures, well defined and of great crys-
talline quality, were fabricated on a Nb-doped STO substrate
through rf magnetron sputtering at temperatures in the range of
500-700°C. With X-ray reflectivity and diffraction techniques, we
characterized the structure of the buried interfaces and the surface
morphology of these films. Azimuthal scans of a superlattice film in
the vicinity of a surface peak and the substrate Bragg peak that
clearly exhibit a fourfold symmetry with the same orientation pro-
vide firm evidence for an epitaxial relationship between the film and
the substrate. The fitted result from X-ray reflectivity curves shows
that the densities of the BST and LNO sublayers are slightly less
than their bulk values. X-ray measurements show that these super-
lattice films become subject to greater tensile stress along the ¢ axis,
increased compressive stress parallel to the surface plane, and in-
creased crystalline quality with increasing temperature of deposi-
tion, but the superlattices also acquire a rougher interface for a tem-
perature of deposition =650°C. The BST/LNO superlattices show
an enhanced tetragonality of BST unit cells with increasing tempera-
ture of deposition, resulting also in an increased dielectric constant,
but superlattice films deposited at 650 and 700°C also have a large
interface roughness that decreases the dielectric constant and in-
creases the dielectric loss. These results demonstrate that both strain
and interface state might influence the dielectric properties of the
BST/LNO artificial superlattices.
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