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We deposited NaNbO3 (NNO)-Nb2O5 (NO) self-assembled heterostructures on LaAlO3 (LAO) to

form ferroelectric-semiconductor vertically integrated nanostructures. The NNO component formed

as nanorods embedded in a NO matrix. X-ray diffraction confirmed epitaxial growth of both NNO

and NO phases. Phase distribution was detected by scanning electron microscopy. The NNO/NO

volume ratio was strongly dependent on the deposition temperature due to the volatility of sodium.

Piezoelectric force microscopy revealed a good piezoelectric response in the NNO component with a

piezoelectric coefficient of D33� 12 pm/V, with SrRuO3 (SRO) acting as bottom electrode. The

current-voltage characterization of NNO-NO/SRO-LAO showed a typical diode rectifying behavior.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4754713]

Two-phase hetero-nanostructures are an important new

class of materials which hold great promise for multifunc-

tional device applications due to a coupling of the different

properties from each component phase.1–3 First, hetero-

nanostructure systems could offer significant advantages

over single components systems. For example, BiFeO3

(BFO)-Sm2O3 (SmO) vertically aligned thin film shows

much smaller dielectric loss compared with that of BFO and

SmO ones due to elastic strain in the perpendicular inter-

face.4 In addition, BaTiO3 (BTO)-SmO self-assembled thin

films have an enhanced phase stability due to the strain from

the SmO nanopillars embedded in the BTO matrix.5 Second,

these two-phase hetero-nanostructures offer the possibility of

achieving multifunctionality. For example, the coupling

between ferroelectric and ferromagnetic properties in

BaTiO3-CoFe2O4 allows exchange between electric and

magnetic fluxes. Such magnetoelectric coupling has potential

importance for magnetic sensors and electric field controlled

magnetic memory devices.6,7 The magnitude of the coupling

between the two component phases is proportional to the

interfacial area between them, where the elastic strain acts as

a coupling mechanism. Vertically aligned heterostructures

have much larger interfacial area compared to traditional

multilayer structures, and in addition suffer less substrate

clamping effect. Thus, we expect much larger coupling

effects and higher multifunctionality for vertically aligned

nanostructures.

Here, we focused on the growth of ferroelectric/semi-

conductor nano-heterostructures due to their possible appli-

cations in multifunctional devices.8,9 The NaNbO3 (NNO)

phase exhibits good ferroelectric properties in thin film form,

and Nb2O5 (NO) is a widely used n type semiconductor. The

NNO-NO composite structure has been reported to have a

phase configuration of NNO nanoplates embedded with NO

nanotubes.10 However, this complex composite structure

occurs only in powder form, and is thus difficult to be inte-

grated on a substrate. To overcome these limitations, we

used pulsed laser deposition for the growth of NNO-NO

layers which spontaneously phase separated into vertically

aligned heterostructural layers on the substrate. Such layers

offer an ease of characterization, and the potential to be inte-

grated with semiconductor technologies.

We designed an oxide target with a composition ratio of

66 at. %NNO-34 at. %NO. The ablation target was made by

mixing and grinding NaCO3 and Nb2O5 powders in the rele-

vant ratios. The targets were pressed and sintered for 4 h at

1000 �C. During sintering the target was contained within a

closed crucible to reduce the evaporation of sodium. NNO

and NO targets were prepared in the same way with stoichio-

metric ratio for comparison of the crystal and electric proper-

ties. Since conditions for growth of NNO on LaAlO3 (LAO)

are well established,11 LAO was chosen as the substrate.

SrRuO3 (SRO) bottom electrode with a thickness of 50 nm

was first deposited on (001) oriented LAO at 650 �C, using

KrF excimer laser (k¼ 248 nm). Then, we deposited

NNO-NO epitaxial thin films at different deposition tempera-

tures of 650 �C, 700 �C, and 750 �C. The laser was focused

to a spot size of about 2 mm2, and was incident on the sur-

face of the target using an energy density of 2 J�cm2. The dis-

tance between the substrate and the target was 6 cm, and the

base vacuum of the chamber was 10�6 Torr. During film dep-

osition, the oxygen pressure was kept at 75 mTorr. The crys-

tal structure of the films was determined using a Philips

X’pert high resolution x-ray diffractometer configured for

single crystal measurements. The morphology of the thin

films was characterized by scanning electron microscopy

(SEM), using a LEO (Zeiss) 1550. Piezoelectric force mi-

croscopy (PFM) in a contact mode was used to image the

ferroelectric regions and measure their piezoelectric coeffi-

cients (Veeco SPI 3100).

Figure 1(a) shows a schematic of the phase distribution

of a NNO-NO self-assembled structure on LAO. The NNO

component formed as nanorods embedded in a NO matrix.

NNO has a complex sequence of temperature-induced phase

transitions and the thin film form often shows different phase

configurations compared with bulk materials. Here, the NNO

component has a pseudocubic perovskite structure with a

crystal lattice parameter a¼ 3.91 Å, and it has a modesta)E-mail: zgwang@vt.edu.
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lattice mismatch with the cubic LAO substrate (a¼ 3.82 Å).

Therefore, growth of NNO films on a LAO substrate follows

a layer-on-layer growth mechanism. The NO phase is ortho-

rhombic with crystal lattice parameters of (a0,b0,c0)

¼ (6.168 Å, 29.312 Å, 3.936 Å), where b0¼ 8� 3.664.10

Thus, the NO phase can grow on LAO substrates with

the following lattice heterostructural configurations:

(001)NOjj(100)LAO and (010)NOjj(010)LAO in the in-plane

direction, and (100)NOjj(001)LAO in the out-of-plane direc-

tion. Evidence of such a growth condition for NO on LAO

was found by XRD line scans, which exhibited a diffraction

peak near 2h¼ 28.2� corresponding to the (200) plane of the

NO thin film. Figure 1(b) compares the XRD line scans for

NNO, NO, and two phase NNO-NO epitaxial thin films on

LAO. The top (black) curve is the line scan for a pure NNO

layer on LAO. Two sharp peaks located at 2h¼ 22.7� and

46.38� were apparent near that of LAO substrate peaks, which

correspond to the (100) and (200) peaks of NNO, respec-

tively. The middle (red) curve is the line scan for a pure NO

layer. One sharp diffraction peak was observed at 2h¼ 28.2�

corresponding to the (200) peak of NO. The bottom (blue)

profile is the XRD line scan for the NNO-NO composite thin

film. Diffraction peaks from both the NNO and NO compo-

nent phases can be seen. Clearly, NNO and NO form sponta-

neously separated phases when grown on LAO.

Figure 2 shows SEM images of NNO-NO heterostruc-

tures grown at different temperatures. Sodium suffers from

evaporation during high-temperature deposition. Thus, thin

films grown at different temperatures had different NNO/NO

ratio. We studied the three different deposition temperatures

of 650 �C, 700 �C, and 750 �C. Parts (a), (b), and (c) of this

figure show the morphological evolution as the deposition

temperature was increased. It is obvious that the thin films

deposited at the lower temperatures contained a considerably

higher number of NNO nanorods, whereas the ones prepared

at higher temperature had fewer and more isolated NNO

nanorods presumably due to volatilization of sodium. Ele-

mental analysis showed that the NNO/NO volume ratio

changed from 2:1 to 1:2 as the deposition temperature was

increased from 650 �C to 750 �C as shown in Fig. 2(e): con-

firming this sodium volatilization. In addition, we deter-

mined the average size of the NNO nanorods by analysis of

the SEM images. Figure 2(f) shows that the average diameter

of the nanorods varied by about 10 nm between the various

deposition temperatures. Zheng et al.12 have previously used

diffusion rate versus temperature relationships to analyze the

diameter change in self-assembled thin films. However, in

our NNO-NO thin films, the diameter change was not monot-

onous, and the thin films probably had larger diameters due

to abundant Na elements at lower deposition temperatures

(D650 �C > D700 �C > D700 �C). Figure 2(d) shows the cross-

sectional SEM of the NNO-NO thin films deposited at

700 �C. It is obvious that NNO nanorods stand vertically on

the substrate with uniform diameter of about 90 nm.

Figure 3 shows PFM images and PFM-D33 measure-

ments for a NNO-NO composite thin film deposited at

700 �C. Part (a) shows the topography of the thin film, where

NNO nanorods stand out from a relative smoother NO ma-

trix. Line profile of the topography was shown in Fig. 3(b).

The altitude difference between nanorods and the matrix

area is around 50 nm. Part (c) shows the PFM response of the

NNO-NO thin film. NNO nanorods show much stronger pie-

zoelectric response than the NO matrix, resulting clear color

contrast in the image. Specific piezoelectric coefficient was

measured by applying an AC voltage of 3000 mV through

the conducting PFM tip. NNO-NO phase distribution could

be determined by PFM image, then we could move the tip to

specific positions to measure the piezoelectric response of

NNO and NO, respectively. The NNO phase was piezoelec-

tric, whereas the NO one was semiconducting. Part (d) shows

well-defined D33 butterfly shape for NNO component with a

piezoelectric coefficient of D33¼ 12 pm/V. On the contrary,

no obvious piezoelectric response could be detected in the

NO matrix area.

Figure 4 shows rectifying behavior of the NNO-NO thin

films with SRO as bottom electrode. Part (a) shows the modi-

fied Sawyer Tower circuit to measure the rectified conduct-

ing property of the NNO-NO/SRO heterostructure. Au

square pattern with side of 50 lm was prepared by sputter-

ing, acting as top electrode. Reference capacitor Cr¼ 10 nf

was used to collect the charge through the sample. A triangu-

lar wave Vs was introduced from signal generator. Part (b)

shows the voltage on Cr as a function of the triangular signal

with a frequency of 1 Hz. A diode rectifying effect is

obvious: the NNO-NO/SRO heterostructure allows electric

charges to flow in one direction, but not in the opposite

direction, thus we could only detect triangular response Vc

on the reference capacitor when Vs was positive. Part (c)

shows the current-voltage (I-V) characterization of the Au/

NNO-NO/SRO under a DC bias voltage. A turn-on voltage

of 4 V and a forward current of 110 lA were observed at 6 V.

Au has a work function of 5.1 eV, while that of n type semi-

conductor NO is 3.4 eV.13 Thus, electron has to overcome a

Schottky barrier in order to move from NO to Au. In contrast

to the disordered interface between Au and NO, SRO is a

good heteroepitaxial metallic oxide for its eligible lattice

mismatch with NNO-NO thin film. Although SRO has a

larger work function (5.2 eV) than NO,14,15 the diffusion

between SRO and NNO-NO prevents formation of a

FIG. 1. (a) Schematic of a NNO-NO self-assembled thin film on a LAO sub-

strate; (b) XRD line scans comparing the NNO-NO composite thin films

with pure NNO and NO ones on LAO substrates.
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FIG. 2. (a)-(c) Top-view SEM images of

NNO-NO thin films grown at different

temperatures; (d) cross-sectional SEM

of NNO-NO deposited at 700 �C; (e)

NNO/NO volume ratio as a function of

deposition temperature; and (f) diameter

of the NNO nanorods as a function of

deposition temperature.

FIG. 3. (a) Topographic AFM image of

NNO-NO a self-assemble thin film

(scale-bar: 30 nm); (b) line profile of the

height in selected area in (a); (c) PFM

image of NNO-NO thin films taken from

the same area, showing distinct piezo-

electric responses in the NNO and NO

areas; and (d) comparison of D33 in

NNO and NO component regions.
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Schottky connection. SRO is a n type connector based on

Hall measurement,16 so the NO/SRO could form a n-nþ het-

erojunction which has a built-in electric field with direction

from NO to SRO. In this way, the NO/SRO heterojunction

only allows electron to move from SRO to NO when external

electric field is larger than the n-nþ barrier. The turn-on volt-

age is the summation of the Au/NO Schottky barrier and the

NO/SRO n-nþ barrier.

In summary, we have deposited NNO-NO (piezoelectric-

semiconductor) self-assembled heterostructures on LAO

single crystal substrates with a controllable NNO nanorod

dispersion density. The NNO nanorods had good piezoelec-

tric properties of D33¼ 12 pm/V, which were measured by a

PFM characterization. I-V measurement showed a good rec-

tifying behavior due to the formation of Au/NO Schottky

barrier and NO/SRO n-nþ heterojunction barrier. Our results

show that NNO-NO self-assembled epitaxial layers have the

dual properties of both their piezoelectric and semiconductor

component phases, and thus show potential for applications

in multifunctional devices.
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