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High-quality epitaxial films of a ferroelectric oxide Sr2Nb2O7 were successfully fabricated by solid

phase epitaxy (SPE) on (110) LaAlO3 single crystal substrates. In the SPE method, amorphous

Sr–Nb–O films are first deposited by pulsed laser deposition at room temperature and then annealed in

vacuum at elevated temperatures, resulting in the crystallization of Sr2Nb2O7 with highly ordered

atomic arrangement and an atomically flat surface. The refractive index of the resultant film was 2.1,

indicating that the dielectric permittivity of the film was in between 20 and 80, which corresponds

well with that of single crystal Sr2Nb2O7, demonstrating the effectiveness of the SPE method for the

fabrication of high-quality epitaxial films of Sr2Nb2O7. Published by AIP Publishing.
https://doi.org/10.1063/1.4997813

I. INTRODUCTION

Epitaxial films with highly ordered atomic arrangements

and atomically flat surfaces are extremely important for

experiments that aim to extract the fundamental physical

properties of functional oxides, in particular, their optical and

carrier transport properties, and the photochemical reactivity

of their surfaces. Generally, vapor phase epitaxy (VPE) meth-

ods, such as pulsed laser deposition (PLD)1 and molecular

beam epitaxy (MBE),2–5 are used to fabricate high-quality epi-

taxial oxide films at high temperatures (�1000 �C). In addi-

tion to these VPE methods, the solid phase epitaxy (SPE)

method, which involves high temperature crystallization of an

amorphous precursor film, is particularly useful for the epitax-

ial growth of complex oxides with layered crystal structures.6

Since the melting point of complex oxides usually exceeds

2000 �C, a heating temperature of T> 1000 �C, which is

�60% of the melting point, is required to achieve Frank–van

der Merwe growth.7 When using VPE techniques, the chemi-

cal composition has proved to be very difficult to control if

there is a difference in vapor pressure between the different

constituents, as those with higher vapor pressures tend to re-

evaporate during the film deposition process. Furthermore,

control over the degree of oxidation in the vapor phase has

also been found to be challenging; on the other hand, the

chemical composition can be easily controlled by SPE as the

deposited amorphous precursor film is heated either in air or

in a controlled atmosphere.

In this study, we focused on high-quality epitaxial film

growth of a complex layered oxide, Sr2Nb2O7, which is one

of the homologous phases in SrnNbnO3nþ2 phases. In this

homologous phase, n¼ 4, 5, and1 have attracted extensive

attention as active materials in applications such as ferroelec-

tric insulators,8,9 thermoelectric materials,10,11 metals,12,13

and photocatalysts.14–16 Figure 1 presents schematic dia-

grams of the crystal structures of the homologous phases

of SrnNbnO3nþ2: although the n¼1 phase SrNbO3 (space

group Pm3m, a¼ 4.023 Å) crystallizes with a simple perov-

skite structure [Fig. 1(c)], the n¼ 4 phase Sr2Nb2O7 (space

group Cmc21, a¼ 3.933 Å, b¼ 26.726 Å, and c¼ 5.683 Å)

and the n¼ 5 phase SrNbO3.4 (space group Pnnm,

a¼ 3.995 Å, b¼ 56.740 Å, and c¼ 32.456 Å) form layered

structures composed of distorted (110) SrNbO3 slabs: in the

n¼ 4 phase, four distorted SrNbO3 slabs are stacked along

the [010] direction [Fig. 1(a)]; for the n¼ 5 phase, five dis-

torted SrNbO3 slabs are stacked along the [001], as shown in

[Fig. 1(b)]. The number of SrNbO3 slabs in the layered

SrnNbnO3nþ2 structures depends on the degree of oxidation—

the valence states of the Nb ions vary from structure to struc-

ture, with each containing different ratios of Nb5þ (Nb 4d0)

and Nb4þ (4d1): 100% Nb5þ in Sr2Nb2O7; 80% Nb5þ/20%

Nb4þ in SrNbO3.4; and 100% Nb4þ in SrNbO3. Consequently,

the electronic properties of these materials differ greatly:

Sr2Nb2O7 is a wide-bandgap ferroelectric insulator (Eg

¼ 3.9 eV), SrNbO3.4 is a quasi-1D metal,17 and SrNbO3 is a

metal. Interestingly, the SrNbO3.4 phase can be converted into

SrNbO3 by irradiation with an electron beam in vacuum.18

At the time of writing, there are only two existing

reports on the epitaxial growth of Sr2Nb2O7 films: in 1976,

Ishitani and Kimura fabricated such films on single crystal

(010) Sr2Ta2O7 substrates using an RF sputtering tech-

nique,19 while in 2008, Balasubramaniam et al. reported that

(010)-oriented epitaxial Sr2Nb2O7 films could be grown on

(110) SrTiO3 by PLD.20 Therefore, we first tried to fabricate

epitaxial films of Sr2Nb2O7 on single crystal (110) LaAlO3

substrates by PLD at high temperatures (�900 �C) under a

range of different oxygen partial pressures (10�4–101 Pa).

a)Author to whom correspondence should be addressed: hiromichi.ohta@

es.hokudai.ac.jp
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However, we were not able to successfully deposit the desired

epitaxial films (data not shown), and the films synthesized

using these conditions were composed of two phases, (001)-

oriented Sr2Nb2O7 and (110)-oriented SrNbO3. The epitaxial

relationships between the films and the substrate were (001)

[100] Sr2Nb2O7jj(110)[001] LaAlO3 and (110)[001] SrNbO3jj
(110)[001] LaAlO3, respectively. The film surfaces were

composed of irregularly shaped grains with diameters of

<100 nm, as observed by atomic force microscopy (AFM),

similar to those reported by Balasubramaniam et al.20

Rather than continuing with this technique, we opted to

seek an alternative synthetic route, deciding to proceed using

SPE. Here, amorphous Sr–Nb–O films, deposited by PLD at

room temperature, were heated at high temperatures. We

expected that the most stable phase, Sr2Nb2O7, would crys-

tallize directly during the heat treatment, without forming

the SrNbO3 phase. From the results of this experiment, we

confirm that high-quality epitaxial films of Sr2Nb2O7 can be

successfully grown by SPE, possessing both the highly

ordered atomic arrangements and flat surfaces. The refractive

index of the resultant film was 2.1, indicating that the dielec-

tric permittivity of the film was in between 20 and 80, which

corresponds well with that of the single crystals.

II. EXPERIMENTAL

Sr2Nb2O7 films were fabricated by the SPE technique on

a (110)-oriented LaAlO3 single crystal substrate. First, amor-

phous Sr–Nb–O films were deposited by PLD at room tem-

perature, using a KrF excimer laser (k¼ 248 nm, 20 ns pulse

width, Coherent COMPex Pro 102) to ablate the dense,

ceramic target disk consisting of Sr2Nb2O7. The laser flu-

ence, repetition rate, and deposition rate were �1 J cm�2

pulse�1, 1 Hz, and �17 pm pulse�1, respectively. Then, the

deposited films were heated at 1400 �C in a tube furnace,

which was evacuated during heating by a rotary pump.

The crystallographic orientations of the resultant films

were analyzed by high-resolution X-ray diffraction (XRD,

ATX-G, Rigaku), using monochromated Cu Ka1 radiation

(k¼ 1.54059 Å). The surface morphology of the resultant

films was observed by AFM (Nanocute, Hitachi High-Tech).

Analysis of the cross-sectional microstructure and atomic

arrangement of the films was conducted by transmission

electron microscopy (TEM) and scanning transmission elec-

tron microscopy (STEM). Thin-foil specimens for TEM and

STEM imaging were prepared using a standard Ar ion-beam

thinning process, with an accelerating gun voltage in the

range of 1–4 kV. Bright-field TEM images were taken at

200 kV using a JEM-2010F (JEOL) microscope, and high-

angle annular dark-field (HAADF) images were obtained

using a 200 kV STEM (ARM200FC, JEOL) equipped with a

probe corrector (CEOS Gmbh).

The optical transmission and reflection spectra were

measured using a UV-VIS-NIR spectrometer (SolidSpec-

3700, Shimadzu) at room temperature.

III. RESULTS AND DISCUSSION

Figure 2 summarizes XRD patterns of these resultant

films grown by the SPE method. Only intense diffraction

peaks of (0k0) (k¼ even) Sr2Nb2O7 were seen in the out-of-

plane Bragg diffraction pattern [Fig. 2(a)], together with the

110 peaks from the LaAlO3 substrate. The average crystal

tilting of Sr2Nb2O7 was �0.1�, which was evaluated by mea-

suring the out-of-plane X-ray rocking curve of the (080)

diffraction peak, as shown in the inset of Fig. 2(a): this indi-

cated that the film was strongly orientated in the b-axis.

FIG. 1. Schematic crystal structures of homologous phases of SrnNbnO3nþ2.

(a) n¼ 4 (ferroelectric insulator, Sr2Nb2O7, space group Cmc21), (b) n¼ 5

(quasi-1D metal, SrNbO3.4, space group Pnnm), and (c) n¼1 (metal,

SrNbO3, space group Pm3m).
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Kiessig fringes21 are clearly seen at lower values of qout-of-plane/

2p, indicating that these films possessed smooth surfaces; addi-

tionally, the film thickness was estimated to be �55 nm, calcu-

lated from the fringes around�0.2 nm�1.

Two-fold symmetry was clearly observed in the in-plane

X-ray Bragg diffraction patterns in Fig. 2(b). In the upper

figure (azimuth [001] LaAlO3), the 200 Sr2Nb2O7 diffraction

peak was seen alongside the 002 LaAlO3 substrate peak,

whereas in the lower figure ([110] LaAlO3), the diffraction

peaks from the 00l (l¼ even) were observed. The epitaxial

relationship between the film and the substrate was found to

be (010)[100] Sr2Nb2O7jj(110)[001] LaAlO3. Furthermore,

we recorded the reciprocal space mappings of the resultant

films around the LaAlO3 222 diffraction spots [Fig. 2(c)].

Intense 2200 diffraction spots were seen at (q[100]/2p, q[010]/

2p¼ 5.06 nm�1, 7.51 nm�1) together with the 222 LaAlO3

(5.27 nm�1, 7.48 nm�1), clearly demonstrating that incoher-

ent epitaxial growth had occurred in these films. The lateral

grain size of the Sr2Nb2O7 film was calculated to exceed

500 nm, although a precise calculation was not possible due

to the resolution limitations of the technique.

The surface morphology of the films was observed using

AFM, with RHEED patterns also used for complementary

surface analysis. Figure 3(a) shows a typical topographic

AFM image (2� 2 lm2) of a Sr2Nb2O7 film deposited by

SPE. Large, hexagonally shaped grains with a stepped sur-

face structure were observed, with step increments of

�1.3 nm, which corresponds well with the value of half of

the b-axis length for Sr2Nb2O7 (b/2¼ 1.34 nm) (data not

shown). Intense diffraction spots were seen in the RHEED

patterns shown in Fig. 3(b), indicating that the surface of

each grain was atomically flat and that the grains were of

high crystal quality.

Figure 4(a) shows cross-sectional bright-field TEM

images of the SPE-derived Sr2Nb2O7 films, acquired using

an incident electron beam direction of [001] Sr2Nb2O7

(�[110] LaAlO3). Here, the topmost part of the film was

observed to be atomically flat, and the film thickness was

FIG. 3. Surface characterization of a Sr2Nb2O7 film grown by the solid

phase epitaxy method on a (110) LaAlO3 substrate. (a) Topographic AFM

image (2� 2 lm2). The step increments in the surface structure were esti-

mated to be �1.3 nm. (b) RHEED patterns (upper: azimuth [100] Sr2Nb2O7;

lower: azimuth [001] Sr2Nb2O7). Kikuchi lines are observed alongside the

diffraction spots in both cases.

FIG. 2. X-ray diffraction analyses of a Sr2Nb2O7 film grown by the solid
phase epitaxy method on a (110) LaAlO3 substrate. (a) Out-of-plane Bragg
diffraction patterns. The peaks associated with the (110) LaAlO3 substrate
are appended with “s.” Kiessig fringes observed at lower qout-of-plane/2p
(�0.2 nm�1) were used to calculate the film’s thickness, yielding a value of
55 nm. The inset shows an out-of-plane X-ray rocking curve acquired around
the (080) Sr2Nb2O7 peak. (b) In-plane X-ray Bragg diffraction patterns

(upper: azimuth h001i LaAlO3; lower: (110) LaAlO3). The epitaxial rela-
tionship between the film and the substrate was found to be (010)[100]
Sr2Nb2O7jj(110)[001] LaAlO3. (c) X-ray reciprocal space mapping around
the (222) diffraction spot from LaAlO3. The intense 2200 diffraction spot
originated from Sr2Nb2O7, while the spot labeled 222s originated from the
LaAlO3 substrate.
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found to be �55 nm, a value that corresponds closely to

those calculated from the XRD results. Many stripes were

seen in the film, indicating that the (110) SrNbO3 slabs were

stacked along the b-axis. A darker layer with a thickness of a

few nanometers was observed at the heterointerface; in order

to clarify the origin of this layer, we collected data on the

atomic arrangements around the heterointerface using

HAADF–STEM, with a collection semi-angle of 68–280

mrad—these results are shown in Fig. 4(b). Interfacial steps

and misfit dislocations (indicated by the yellow arrows) were

seen around the heterointerface, which were considered to

lead to the presence of stress concentration at the interface

and the dark contrast seen in Fig. 4(a). In the region above

the interface, a highly ordered, periodic layered structure

with SrNbO3 slabs located every 1.3 nm can clearly be

observed. From these results, we concluded that the resultant

Sr2Nb2O7 films were enough to discuss its intrinsic physical

properties.

In order to compare the physical properties of the resul-

tant Sr2Nb2O7 films with those of Sr2Nb2O7 single crystals,8

we measured optical properties including transmission (T),

reflection (R), and absorption (Abs.) spectra at room temper-

ature. Figure 5(a) shows T, R, and Abs. spectra of a

Sr2Nb2O7 film (Thickness: 60 nm). The absorption edge is

�320 nm, indicating that the direct bandgap of the film is

3.9 eV. In the whole wavelength region, R exceeds 20%,

FIG. 4. Atomic arrangement of a Sr2Nb2O7 film grown by solid phase epi-

taxy method on a (110) LaAlO3 substrate. (a) Cross-sectional bright-field

TEM image acquired with an incident electron beam direction along the

[010] Sr2Nb2O7 (� [110] LaAlO3). The scale bar is 50 nm. The film

thickness was measured to be �55 nm; (b) HAADF-STEM image (scale

bar¼ 2 nm). The magnified image focuses on the periodic layered structure,

with a calculated distance of 1.3 nm between SrNbO3 slabs. Interfacial steps

and misfit dislocations (indicated by the yellow arrows) are seen in the heter-

ointerfacial region.

FIG. 5. Optical properties of a

Sr2Nb2O7 film grown by the solid

phase epitaxy method on a (110)

LaAlO3 substrate. (a) Transmission

(T), reflection (R), and absorption

(Abs.) spectrum at room temperature.

(b) Wavelength dependence of the

refractive index (n) of the Sr2Nb2O7

film. The n at 589.3 nm (the sodium D

line) is 2.1. (c) Relationship between

dielectric permittivity at dc limit (er)

and n for the several dielectric oxides.

The er of the film was in between 20

and 80, which corresponds well with

that of the single crystals.
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indicating the large refractive index (n) of the film. In fact,

we obtained rather large n¼ 2.1 at 589.3 nm (the sodium D

line) from the R spectrum [Fig. 5(b)]. We then speculated the

dielectric permittivity at dc limit (er) of the Sr2Nb2O7 film.

Figure 5(c) shows the relationship between er and n of sev-

eral dielectric oxides. The er of the film was speculated to be

in between 20 and 80, comparable to that of the single crystal

(era¼ 75, erb¼ 46, and erc¼ 43).8 These optical properties

clearly indicate that the resultant Sr2Nb2O7 films are enough

high quality to discuss its intrinsic physical properties.

Finally, we discuss the differences between direct VPE

and SPE in the formation of Sr2Nb2O7 on (110) LaAlO3 sub-

strates. In the case of VPE (PLD), both (001)-oriented

Sr2Nb2O7 and (110)-oriented SrNbO3 phases formed, and

the epitaxial relationship between the Sr2Nb2O7 film and the

substrate was (001)[100] Sr2Nb2O7jj(110)[001] LaAlO3, in

which the SrNbO3 slabs were stacked along the in-plane

direction. We consider that the formation of perovskite

SrNbO3 is more favorable in comparison to Sr2Nb2O7 during

VPE, due to the insufficient oxidation of the material in the

vapor phase. The formation of perovskite SrNbO3 domains

may lead to a decrease in the degrees of freedom of the

direction of crystal growth in neighboring Sr2Nb2O7

domains; (110) SrNbO3 slabs were not found to be stacked

in the out-of-plane direction due to the differences in the

out-of-plane atomic arrangement between Sr2Nb2O7 and

SrNbO3. Therefore, when depositing the films by PLD, the

(110) SrNbO3 slabs were stacked along the in-plane direc-

tion; on the other hand, in the case of SPE, Sr2Nb2O7 was

able to crystallize directly from the amorphous state into the

structure with the most stable epitaxial relationship.

IV. SUMMARY

In summary, high-quality epitaxial films of Sr2Nb2O7

were successfully fabricated by solid phase epitaxy on (110)

LaAlO3 single crystal substrates. Amorphous Sr–Nb–O

films, deposited by PLD at room temperature, crystallized

epitaxially as Sr2Nb2O7 films at a high temperature of

1400 �C, resulting in the formation of a highly ordered

atomic arrangement and an atomically flat surface. The epi-

taxial relationship between the film and the substrate was

(010)[100] Sr2Nb2O7jj(110)[001] LaAlO3. The refractive

index of the resultant film was 2.1, indicating that the dielec-

tric permittivity of the film was in between 20 and 80, which

corresponds well with that of the single crystals. These results

clearly demonstrate the effectiveness of the SPE method for

the fabrication of high-quality epitaxial films of Sr2Nb2O7.
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