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Epitaxial c-axis oriented NaNbO3 films are grown on (110) oriented NdGaO3 substrates. Due to the

incorporated lattice strain the films show relaxor ferroelectric properties and an in-plane permittivity

that is strongly enhanced with respect to unstrained NaNbO3. Moreover, the lattice mismatch

between substrate and film leads to an anisotropy in the compressive in-plain strain of �0.67% and

�1.33% for the a- and b-direction of the films, respectively. As a consequence, the ferroelectric

properties of the film depend strongly on the orientation of the applied electric field. The small

anisotropy of the compressive in-plane strain leads to a large anisotropy of the permittivity, a shift of

the peak in the temperature dependence of the permittivity, and different freezing temperatures and

activation energies Ea of the relaxor ferroelectric film. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4882296]

I. INTRODUCTION

Due to their ferroelectric and piezoelectric properties

that are comparable to lead-zirconate-titanate (PZT)-based

materials, alkali niobates have recently attracted significant

scientific interest.1–4 Among the family of alkali niobates,

especially NaNbO3 and NaNbO3-based materials proved to

be very promising candidates. Not only their complexity of

phase transitions2,4,5 and their highly interesting electric

behavior6 are of interest but also they represent promising

candidates for lead-free and therefore eco-friendly thin film

applications for instance in sensor and actuator devices.1,7

Generally, the physical properties of ferroelectric thin

films can substantially differ from those in bulk materials.

Especially, the two-dimensional “clamping” of a film onto a

substrate with different lattice parameters can cause consid-

erable strain of the film structure that may change profoundly

the phase transition sequence, Curie temperature and permit-

tivity in thin films with respect to that of unstrained bulk

material.8,9 Although recently the growth of NaNbO3 on

SrRuO3 buffered SrTiO3, MgO, or Rh substrates was

reported,10–13 the corresponding impact of epitaxial strain on

the ferroelectric properties has not been studied in detail.

Recently, we have demonstrated that epitaxial NaNbO3

films can be grown on various single crystalline oxide sub-

strates ranging from SrLaGaO4, NdGaO3, SrTiO3, DyScO3,

TbScO3, to GdScO3.14 As a result of the lattice mismatch,

the films are strained (tensile or compressive) and the ferro-

electric properties are strongly modified.6,15 In this paper, we

focus on the impact of the anisotropy of the in-plane strain

of epitaxially grown NaNbO3 on (110)NdGaO3. We demon-

strate that this anisotropy leads to a large anisotropy in all

ferroelectric properties ranging from the permittivity, Curie

temperature, to the relaxor properties.

II. EXPERIMENTAL TECHNIQUES AND SAMPLE
PREPARATION

NaNbO3 films are deposited via liquid delivery spin

metal organic chemical vapor deposition (MOCVD) at a tem-

perature of 700 �C onto (110) oriented single crystalline

NdGaO3 substrates. The NdGaO3 substrates are slightly

off-oriented (0.1�) and annealed in pure oxygen flow at

1050 �C. This generates a regular step-and-terrace surface

structure with NdO surface termination16 and promotes step

flow growth of the NaNbO3 film. A detailed description of the

MOCVD deposition technique is given in Ref. 14. At room

temperature, the crystal structure of the substrate NdGaO3

is orthorhombic (aNGO¼ 0.5428 nm, bNGO¼ 0.5498 nm, cNGO

¼ 0.7709 nm17) and the (110) surface exhibits a nearly

squared in-plane lattice with lattice parameters 2� 0.3855 nm

and 2� 0.3863 nm in [001] and [110] direction, respectively.

Onto this square in-plane lattice the NaNbO3 film is deposited.

At room temperature, the orthorhombic unit cell lattice

parameters of bulk NaNbO3 are aNNO¼ 0.55047 nm, bNNO

¼ 0.55687 nm, and cNNO¼ 1.5523 nm, respectively.18 For

simplicity, NaNbO3 is often presented in pseudocubic nota-

tion with the corresponding pseudocubic lattice parameters

apc
NNO¼ 0.3881 nm and bpc

NNO¼ cpc
NNO¼ 0.3915 nm.19 Due

to energy minimization, NaNbO3 is expected to grow with the

smallest possible distortion on NdGaO3 which is achieved by

the cpc-orientation of the NaNbO3 film. The resulting lattice

mismatch b¼ (2afilm� asub)/asub in apc- and bpc-direction is

compressive and highly anisotropic, i.e., �0.67% and

�1.35%, respectively. Here, afilm and asub represent the pseu-

docubic lattice parameters in apc or bpc direction of the film

and the corresponding effective in-plane lattice dimensions in

[001] or [110] direction of the substrate.

a)Author to whom correspondence should be addressed. Electronic mail:

b.cai@fz-juelich.de
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The structural properties of the NaNbO3 films are ana-

lyzed via high resolution X-ray diffraction experiments.14

Reciprocal space maps (RSMs) in the vicinity of the asym-

metric (444) and (260) Bragg reflections of the NdGaO3 sub-

strate (exemplarily shown for the (444) Bragg reflection on

an 80 nm thick NaNbO3 film in Fig. 1) reveal epitaxial

growth of the film. Although they indicate the onset of par-

tial plastic relaxation of the incorporated compressive strain

for the films with a film thickness larger than �15 nm toward

the lattice parameters of bulk NaNbO3 (see the mark in

Fig. 1), the in-plane components of the main scattering vec-

tors of the film peaks are identical to those of the (444) and

(260) Bragg reflections of the NdGaO3 substrate. The result-

ing lattice parameters and epitaxial relationships are given in

Table I. Note that the surface normal and in-plane directions

of the NdGaO3 substrate and the NaNbO3 film refer to the

orthorhombic and pseudocubic notation, respectively.

Furthermore, the resulting strain g¼ (afilm� anom)/anom is

compressive in apc- and bpc-direction (�0.67% and �1.33%)

and tensile in cpc-direction (0.77%). Here, afilm and anom rep-

resent the experimentally determined lattice parameter and

the lattice parameter of unstrained NaNbO3, respectively.

Owing to the Poisson effect, the compressive in-plane strain

will automatically result in a tensile strain in cpc-direction.

We estimated the Poisson’s ratio to be � � 0.52 in our sys-

tem, which agrees with the expectation for compressible

materials of � � 0.5 and literature values of �¼ 0.32–0.36

obtained for various oxides.20 From the small vertical split-

ting of the (024)pc Bragg reflection (similar to that we have

observed in Ref. 14), we conclude to a slightly monoclini-

cally distorted unit cell which is obtained by a shearing of

the pseudocubic unit cell in [110]pc direction.21,22

For the investigation of the in-plane dielectric properties

of the NaNbO3 films, planar capacitors based on interdigi-

tated electrodes (IDE) are employed. The IDEs are prepared

via lift-off lithography technique and deposition of a thin

(50 nm) Au layer. In order to obtain a reliable and large sig-

nal, a relatively large gap size s¼ 5 lm is chosen that is com-

pensated by large length d¼ 700 lm of the individual IDE’s

fingers (width of the finger is 10 lm) and a large number

(64) of fingers resulting in an effective length of the capaci-

tor of 44.1 mm.23 In order to avoid stray fields, the gap is

strongly extended at the end of each finger (45 lm). This

guarantees that the electric field E is oriented perpendicular

to the direction of the fingers. Three different orientations of

the IDE are prepared on each sample, which allow to deter-

mine the ferroelectric properties for electric field E with

orientations along the longer axis (E||[110]NdGaO3||[010]

NaNbO3), the short axis (E||[001]NdGaO3||[100]NaNbO3),

and diagonal (E||[111]NdGaO3||[110]NaNbO3), respectively.

In the following, the orientation is denoted by the orientation

a of the electric field with respect to the shorter axis (see

sketch Fig. 2(a)).

The ferroelectric properties are analyzed in cryoelectric

experiments (20 K–320 K) as function of frequency (20 Hz–2

MHz) and dc-bias voltage (�30 V–30 V) using a high preci-

sion capacitance meter (HP4278A) and a LCR meter

(ST2826A). The in-plane real part of the dielectric constant

e0 of the NaNbO3 films is calculated using a partial capaci-
tance model.24–26 The model is based on conformal mapping

and allows to evaluate the capacitive contribution of all com-

ponents (esp., substrate and ferroelectric film) of planar

structures. The model of Gevorgian et al.25 is strictly valid

for our geometry. However, due to the geometrical design of

the IDE and the large permittivity of the NaNbO3 films in

FIG. 1. RSM in the vicinity of the (444) Bragg reflection of the NdGaO3

substrate. The circle marks the position of the corresponding (204) reflex of

unstrained bulk NaNbO3.

TABLE I. Lattice parameters, lattice mismatch, and experimentally determined strain for epitaxial grown NaNbO3 on NdGaO3.

Direction Lattice parameter (nm)

NdGaO3 NaNbO3 NdGaO3
a NaNbO3

a NaNbO3
b Lattice mismatch b (%) Strain g (%)

In-plane [001] [100]pc 2 � 0.3855 (Ref. 17) 0.3855 0.3881 (Ref. 19) 0.67 �0.67

[110] [010]pc 2 � 0.3863 (Ref. 17) 0.3863 0.3915 (Ref. 19) 1.35 �1.33

Out-of-plane [110] [001]pc 0.3945 0.3915 (Ref. 19) 0.77

aExperimental values.
bLiterature data.
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comparison to that of the substrate, all three models yield

nearly identical results. The model proposed by Vendik24 is

employed in this paper. The imaginary part of the dielectric

constant is obtained from the loss tangent tan d¼ e00/e0 of the

layer which is corrected for the contribution of the NdGaO3

substrate. Part of the results measured for the direction of the

electric field along the [100] NaNbO3 (lowest strain) have

been reported in Ref. 6.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Fig. 2 shows the dielectric properties of an 80 nm thick

NaNbO3 film on (110) NdGaO3 for different orientations of

the electric field vector E. For all orientations and the com-

plete temperature range, the in-plane permittivity of the

strained film is considerably larger than the typical permit-

tivity reported for unstrained NaNbO3 bulk material

(e0< 500 for T< 350 K (Ref. 27)). Moreover, in all cases a

distinct maximum is observed at Tmax in the e0-vs.-T de-

pendence. However, the maximum of the permittivity and

its position strongly depend on the orientation of the applied

field. For E oriented along the direction of the lowest strain

(a¼ 0�) permittivity and Tmax are largest, whereas for the

orientation of E along the direction of strongest strain

(a¼ 90�), the smallest values are obtained for permittivity

and Tmax. The maxima are e0max¼ 1296 at Tmax¼ 249 K,

e0max¼ 973 at Tmax¼ 216 K, and e0max¼ 649 at Tmax¼ 121 K

for the orientations 0�, 45�, and 90�, respectively. The ani-

sotropy of the permittivity is quite large. Values up to

e0(0�)/ e0(90�) � 2 are obtained at room temperature (see

Fig. 2(c)). Generally, a peak in the temperature dependence

of the permittivity is an indication of a transition of the fer-

roelectric state which will be discussed in the following

below. However, for all orientations the peak is rather broad

with the tendency of broader peaks for E oriented along the

larger strain.

It is known that substrate-induced biaxial strain may sig-

nificantly increase the spontaneous polarization and induce

structural and, therefore, ferroelectric phase transitions in a

ferroelectric material.8,9,28 These effects not only depend on

the amount of strain but also they are strongly affected by the

sign of the strain (compressive or tensile) and the electric field

direction in which the polarization is measured. For example,

it has been shown that tensile strain significantly increases Tc

for in-plane polarization measurements on SrTiO3 films,

whereas compressive strain does not induce any spontaneous

in-plane polarization in the same material.8,9 In order to exam-

ine the ferroelectric state of the strained film dc bias depend-

ent measurements were performed.

Fig. 3 shows examples of the dc electric field dependence

of the strained NaNbO3 film for different temperatures and

field orientations. The dc bias is oriented parallel to the ac

field of the measurement. In all cases, a butterfly shape is

observed indicating the presence of spontaneous polarization

and tunability. Spontaneous polarization has also been

recorded by piezo force microscopy and Sawyer-Tower meas-

urements at room temperature. Nevertheless, they cannot be

excluded, that the butterfly shape is also partially caused by

motions of domain walls.29 At room temperature, the tunabil-

ity and spontaneous polarization (and possibly domain wall

motions) are largest for the 0� orientation (smallest strain).

More details of the ferroelectric properties of the sample

can be obtained by the analysis of the hysteretic behavior of

the bias dependence of the permittivity. Fig. 4 shows

De0 ¼ e0(increasing bias) � e0(decreasing bias) for the E orien-

tation a¼ 0� that yields the largest tunability and hysteresis at

room temperature. For all measured temperatures, the pres-

ence of a spontaneous polarization is indicated and a maxi-

mum De0max is visible at an electric fields Emax that coincides

with the coercive voltage of the ferroelectric film.30 The tem-

perature dependence of Emax (inset of Fig. 4(a)) as well as the

decrease of De0max above room temperature indicate that the

FIG. 2. Temperature dependence of the real (a) and imaginary (b) part of the dielectric constant for an 80 nm thick NaNbO3 film on (110) NdGaO3 measured

at 1 MHz for different directions a of the electric field vector E. Additionally, the anisotropy of the permittivity for electric fields in the different crystallo-

graphic directions is given in (c). The angle a defines the orientation of the electric field direction with respect to the shorter crystallographic axis of film and

substrate, i.e., for 0� the electric field E is oriented along [001] NdGaO3||[100]pc NaNbO3 (see sketch in (a)). The dashed line in (a) marks typical value for the

permittivity of unstrained bulk NaNbO3.27

224103-3 Cai et al. J. Appl. Phys. 115, 224103 (2014)
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ferroelectric state will most likely disappear at higher temper-

atures. The linear decrease of Emax–vs.-T (inset of Fig. 4(a))

hints at a transition temperature close to 400 K.

Unfortunately, this temperature cannot be established in our

experimental setup.

A closer look at the dc-bias dependence of De0 (Fig.

4(b)) around zero bias reveals more details of the ferroelec-

tric properties of the strained film. At high temperatures

(T> 270 K), De0 shows the classic ferroelectric behavior,

i.e., a linear increase around zero bias. However, at lower

temperature the bias dependence shows an “S” shape which

is indicative for antiferroelectric behavior or antiferroelectric

contributions. In particular, the data recorded at 260 K show

a clear plateau at zero bias, i.e., the film behaves antiferro-

electric. At lower temperatures, the plateau inclines, i.e.,

there seems to be antiferroelectric and ferroelectric behavior

in the sample. Finally, at the lowest temperatures

(T< 100 K, see Fig. 4(a)) the dependence is again linear.

Either the antiferroelectric contribution has vanished or it is

too small to be detected in our measurement. Strained

NaNbO3 is known to be a relaxor-type ferroelectric.6 The

transition from ferro- to antiferroelectric behavior at temper-

atures around 270 K might be connected to properties of po-

lar regions of the relaxor ferroelectric state of the sample

which is discussed below. Another possible interpretation of

the plateau in the dc-bias dependence of De0 is given by pin-

ning of domain walls.31 However, it is questionable why this

effect vanishes at lower temperature where the pinning

increases.

Relaxor ferroelectrics or relaxors represent a class of

disordered ferroelectric crystals with particular structure and

properties.32 At high temperature, they exist in a non-polar

paraelectric phase that is similar in many respects to the

paraelectric phase of classical ferroelectrics. Upon cooling,

they transform into the ergodic relaxor state which is caused

by polar nanoregions (PNR) with randomly distributed direc-

tions of electric dipoles. In principle, this transformation is

not considered to be a structural phase transition since it is

not accompanied by any change of crystal structure on mac-

roscopic or mesoscopic scale. Nevertheless, the PNRs

strongly affect the ferroelectric properties of the crystalline

material and the state is often considered to be a new phase,

the relaxor ferroelectric phase.

Due to the small, temperature dependent mobility of the

PNRs, characteristic features should be observed in frequency

dependent measurements of the ferroelectric properties in the

relaxor regime. Especially, at the transition to the relaxor fer-

roelectric state the permittivity and the maximum in the e0-
vs.-T characteristic are expected to be frequency dependent.

Fig. 5(a) shows the temperature dependence of the permittiv-

ity for different frequencies. Especially at the peak in e0 large

differences in the permittivity are recorded for different

frequencies. With increasing frequency the permittivity

decreases and the temperature of the maximum permittivity

FIG. 3. Electric field dependence of the permittivity of the 80 nm thick

NaNbO3 on (110) NdGaO3 measured at 1 MHz for different orientations a
of the electric field E and different temperatures 320 K (dashed lines in (a)),

290 K (solid lines in (a)), and 20 K (b).

FIG. 4. Electric field dependence of the

hysteretic behavior of the permittivity

De0 ¼ e0(increasing bias)� e0(decreasing

bias) of the 80 nm thick NaNbO3 film on

(110) NdGaO3 measured at 1 MHz for

a¼ 0�. The inset in (a) represents the

temperature dependence of the position

of the maxima as indicated by an arrow

for one temperature in (a), (b) represents

an enlarged plot of the bias dependence

of De0 around zero bias for selected

temperatures.

224103-4 Cai et al. J. Appl. Phys. 115, 224103 (2014)
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Tmax increases. This behavior is characteristic for many

relaxor ferroelectrics,33,34 it is described by the Vogel-

Fulcher equation35

f ¼ ð2psoÞ�1
exp � Ea

kBðTmax � TVFÞ

� �
; (1)

with the attempt frequency fo¼ (2pso)�1, the activation

energy Ea, Boltzmann constant kB, and the static freezing

temperature TVF.

A Vogel-Fulcher equation fit of our permittivity data

measured for frequencies ranging between 1.5 kHz and

1.5 MHz is given in Fig. 5(b). It demonstrates the predicted

linear relation between the reduced frequency [ln(f/fo)]�1

and Tmax. Inserting a reasonable value fo¼ 4 GHz for the

attempt frequency yields, the static freezing temperature TVF

and the activation energy Ea. Values of TVF¼ 219.7 K and

Ea¼ 21.2 meV, TVF¼ 187.8 K and Ea¼ 21.5 meV, and

TVF¼ 61.4 K and Ea¼ 61.6 meV are obtained for 0�, 45�,
and 90� oriented IDEs, respectively. The values obtained for

Ea are comparable to values reported for activation energies

of a relaxor ferroelectric in the literature.33,36 It should be

noted that an increase of the compressive strain by a factor

of about 2 reduces the freezing temperature by �150 K and

enhances the activation energy by a factor of about 3.

IV. CONCLUSION

We have demonstrated that the lattice mismatch

between (110) oriented NdGaO3 substrates and NaNbO3

films leads to significant and anisotropic modifications of

structural and ferroelectric properties of the NaNbO3 films.

Generally, the in-plane permittivity of the strained film is

strongly enhanced as compared to bulk NaNbO3 and shows

relaxor type behavior. The small anisotropy of the compres-

sive in-plane strain in the c-oriented NaNbO3 film of

�0.67% and �1.33% for the apc- and bpc-direction, respec-

tively, leads to a significant anisotropy of the ferroelectric

properties: (i) a large anisotropy of the permittivity

(e0(a¼ 0�)/e0(a¼ 90�) � 2 at room temperature), (ii) the

maxima in the permittivity-vs.-temperature plots depend on

the orientation of the electric field (Tmax(a¼ 0�)¼ 249 K and

Tmax(a¼ 90�)¼ 121 K), and (iii) the relaxor properties

expressed by the freezing temperature TVF and the activation

energy Ea differ strongly for different orientations of the

electric field. Furthermore, dc-bias dependent measurements

of the permittivity seem to reveal a transition from ferro- to

antiferroelectric behavior at about 270 K. The antiferroelec-

tric state vanishes or cannot be detected anymore at low tem-

perature. In summary, anisotropically strained NaNbO3

represents an ideal and extremely complex candidate for the

examination of “strain engineering” of structural and ferro-

electric properties of thin ferroelectric films.
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