
Impact of compressive in-plane strain on the ferroelectric properties of
epitaxial NaNbO3 films on (110) NdGaO3
R. Wördenweber, J. Schwarzkopf, E. Hollmann, A. Duk, B. Cai et al. 
 
Citation: Appl. Phys. Lett. 103, 132908 (2013); doi: 10.1063/1.4822328 
View online: http://dx.doi.org/10.1063/1.4822328 
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v103/i13 
Published by the AIP Publishing LLC. 
 
Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/ 
Journal Information: http://apl.aip.org/about/about_the_journal 
Top downloads: http://apl.aip.org/features/most_downloaded 
Information for Authors: http://apl.aip.org/authors 

Downloaded 09 Oct 2013 to 134.94.242.73. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/358598734/x01/AIP-PT/IDEX_APLCoverPg_100913/Pulse-Line-web-ad.jpg/5532386d4f314a53757a6b4144615953?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=R. W�rdenweber&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=J. Schwarzkopf&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=E. Hollmann&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=A. Duk&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=B. Cai&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4822328?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v103/i13?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov


Impact of compressive in-plane strain on the ferroelectric properties
of epitaxial NaNbO3 films on (110) NdGaO3

R. W€ordenweber,1,a) J. Schwarzkopf,2 E. Hollmann,1 A. Duk,2 B. Cai,1

and M. Schmidbauer2
1Peter Gr€unberg Institute (PGI) and JARA-Fundamentals of Future Information Technology,
Forschungszentrum J€ulich, D-52425 J€ulich, Germany
2Leibniz-Institute for Crystal Growth, Max-Born-Str. 2, D-12489 Berlin, Germany

(Received 8 May 2013; accepted 10 September 2013; published online 25 September 2013)

Epitaxial a-axis oriented NaNbO3 films are grown on (110) oriented NdGaO3 substrates. The lattice

mismatch between substrate and film leads to compressive strain of �0.7% in the a-c plane. As a

consequence, the in-plane permittivity and tunability are strongly enhanced compared to bulk

NaNbO3, and a pronounced maximum in the temperature dependence of the permittivity occurs.

Below the maximum at Tmax� 250 K, ferroelectric behavior is observed that seems to vanish

above Tmax. The pristine phase of the film at T<Tmax is antiferroelectric and is easily suppressed

by small applied electric fields. The ferroelectric phase shows a relaxor type behavior.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4822328]

In the last years, alkali niobates have attracted scientific

interest due to their ferroelectric and piezoelectric properties

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

material.1 Intensive studies on the fabrication of alkali

niobate-based ceramics with large ferroelectric and piezo-

electric properties have been carried out.2 Among the family

of alkali niobates, NaNbO3 and NaNbO3-based materials

proved to be very promising candidates due to their com-

plexity of phase transitions and their highly interesting elec-

tronic behavior especially under influence of an applied

electric field.2,3 At room temperature, NaNbO3 exhibits the

antiferroelectric orthorhombic p-phase (space group Pbma).

However, applying an electric field induces a phase transi-

tion to the ferroelectric phase (space group P21ma). At the

Curie temperature of about 628 K, the crystal performs a

transition to the orthorhombic r-phase, where the highest per-

mittivity is encountered.4

The physical properties of epitaxial thin films can sub-

stantially differ from those in bulk materials. Especially, the

two-dimensional clamping can cause considerable strain

(compressive or tensile) that may change profoundly the

phase transition sequence, the Curie temperature, and per-

mittivity in thin films with respect to the bulk material.5,6 In

the present work, the question is highlighted whether com-

pressive strain can reduce the Curie temperature in NaNbO3,

for instance, to room temperature and thus lead to an

increase of the permittivity of this material. For this purpose,

NaNbO3 thin films are grown on (110) oriented NdGaO3

single-crystalline substrates via liquid-delivery spin metal or-

ganic chemical vapor deposition (MOCVD). The choice of

the substrate material leads to a pronounced (slightly aniso-

tropic) compressive misfit strain which determines the crys-

tal structure and orientation of the NaNbO3 film and is

expected to cause a strong modification of the ferroelectric

properties.

NaNbO3 films with thickness up to 80 nm are deposited

via MOCVD at a temperature of 700 �C (for details, see

Ref. 7). At room temperature, the crystal structure of the

substrate NdGaO3 is orthorhombic (aNGO¼ 0.5428 nm,

bNGO¼ 0.5498 nm, cNGO¼ 0.7709 nm)8 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. In this paper, the parameters a,

b, and c denote orthorhombic lattice parameters, while the

index pc indicates the pseudocubic system of NaNbO3.

The orthorhombic unit cell lattice parameters of the antifer-

roelectric phase of NaNbO3 at room temperature are aNNO

¼ 0.55687 nm, bNNO¼ 1.5523 nm, and cNNO¼ 0.55047 nm,9

which for simplicity is often presented in pseudocubic

notation with the corresponding pseudocubic lattice parame-

ters apc
NNO¼ 0.3938 nm, bpc

NNO¼ 0.3881 nm, and cpc
NNO

¼ 0.3892 nm. Due to energy minimization, NaNbO3 is

expected to grow with the smallest possible distortion on

NdGaO3 which is the apc-orientation. The resulting lattice

mismatch in bpc- and cpc-direction is compressive, i.e., 0.7%

and 0.8%, respectively.10 The structural properties of the

NaNbO3 films are analyzed via high resolution X-ray diffrac-

tion experiments (for more details, see Ref. 7). Although

X-ray reciprocal space mappings indicate the onset of partial

plastic relaxation of the incorporated compressive strain for

the thicker films, the in-plane lattice parameters of all

NaNbO3 films almost match the in-plane unit cell of the sub-

strate. The lattice parameters of the 80 nm thick NaNbO3

film that is used for the cryoelectronic measurements

are bpc
NNO� 0.3855 nm, cpc

NNO� 0.3863 nm, and apc
NNO

¼ 0.3945 nm, respectively. The resulting strain (abulk� afilm)/

afilm is compressive in the plane (0.67% and 0.75% in b- and

c-direction, respectively), and tensile out of plane (�0.18%

in a-direction).

In order to investigate the in-plane dielectric properties

of the NaNbO3 films, planar capacitors in form of interdigi-

tated electrodes (IDE) are employed, which are obtained via

lift-off lithography technique and deposition of a thin

(50 nm) Au layer.11 The IDE is arranged such that the
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electric field E is oriented along the longer axis, i.e.,

E // [110]NdGaO3 // [001]pcNaNbO3. In order to obtain a reli-

able and large signal, a relatively large gap size s¼ 5 lm is

chosen that is compensated by large length d¼ 700 lm of

the individual IDE’s fingers and a large number of fingers

resulting in an effective length of the capacitor of 44.1 mm.

As a result, room temperature capacitances of 5.47 pF and

�13 pF are obtained for a reference sample (without film)

and a sample with an 80 nm thick NaNbO3 film, respectively.

The dielectric properties are analyzed as function of temper-

ature (20 K to 320 K), frequency (20 Hz to 2 MHz), and

dc-bias voltage (�30 V to 30 V) using a high precision ca-

pacitance 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 capacitance
model.12–14 The model is based on conformal mapping and

allows to evaluate the capacitive contribution of all compo-

nents (esp. substrate and ferroelectric film) of planar struc-

tures. The model strictly valid for our geometry is the model

of Gevorgian et al.13 However, due to the geometrical design

of the IDE and the large permittivity of the NaNbO3 films in

comparison to that of the substrate, all three models

yield nearly identical results. The dielectric loss tangent

tan d¼ e00/e0 of the layer is obtained via correction of the

total loss tangent using an identical reference sample without

NaNbO3 layer.

Fig. 1 shows the dielectric constant, e0, and dielectric

loss, tan d, of an 80 nm thick NaNbO3 film on (110) NdGaO3

. In contrast to unstrained NaNbO3 which shows a character-

istic sharp peak at the Curie temperature and a nearly

constant permittivity of e0 � 500 at temperatures below the

phase transition at about 628 K (Ref. 4) (see inset of Fig. 1),

we observe:

(i) a peak in the temperature dependence of e0 of compa-

rable height (e0max� 1400 for 1.5 kHz) but much

broader and with a maximum shifted to a temperature

slightly below room temperature (e.g., Tmax¼ 252 K

for 1.5 MHz),

(ii) a frequency dependence of the permittivity and the

temperature of the maximum permittivity Tmax,

(iii) accompanied by losses that are small at room temper-

ature (tan d� 0.01) and increase with decreasing tem-

perature to a maximum of about 0.032 at T� 120 K.

It is known that substrate-induced biaxial strain may

significantly increase the spontaneous polarization and

induce structural, and therefore, ferroelectric phase transi-

tions in a ferroelectric material.5,6,15 These effects not only

depend on the amount of strain but also they strongly

depend on the direction of the strain (compressive or ten-

sile) and the electric field direction in which the polariza-

tion is measured. For example, it has been shown that

tensile strain significantly increases Tc for in-plane polar-

ization measurements on SrTiO3 films, whereas compres-

sive strain does not lead to any spontaneous in-plane

polarization in the same material.5,6

As demonstrated via X-ray experiments, in our sample,

the compressive in-plane strain enforces a monoclinic struc-

ture (r-phase) of NaNbO3 at room temperature.7 This sym-

metry does not exist in the parent bulk compound but is

expected to exhibit large dielectric and piezoelectric proper-

ties as predicted16 and experimentally demonstrated17 for

other strained ferroelectric oxides. In agreement with these

expectations, our electronic data clearly show a strong

enhancement of the permittivity compared to unstrained bulk

material4 at the regime around room temperature. Moreover,

the peak in the e-vs.-T plot indicates the presence of a phase

transition. The broadness of the peak might be caused by the

onset of plastic strain relaxation that has been observed for

NaNbO3 films thicker than 10 nm via X-ray analysis. The re-

stricted temperature regime of the measurement and the

broadness of the peak do not allow to identify a Curie-Weiss

behavior for this transition. In the following, we will discuss

the electronic phase (and a possible phase transition) of our

strained film and the frequency dependence of the permittiv-

ity that indicates a relaxor-type behavior.

A direct test of (anti-)ferroelectricity is provided by

permittivity-versus-bias characteristics in Fig. 2. The com-

plete electric field sweeps (Fig. 2(a)) show butterfly-shaped

hysteretic curves for all temperatures demonstrating the pres-

ence of ferroelectricity. At low temperature, the curves are

non-symmetric which represents another indication of the

relaxor-type behavior that is discussed below. At higher tem-

peratures, the curves become symmetric and maxima at non-

zero bias develop. Comparing the different temperatures,

the width of the hysteresis, the position of the maxima, and

the tunability seems to be largest for the temperature close to

Tmax� 250 K (see Fig. 2(c)), the maximum in the e0-vs.-T

plot. This might be taken for another indication of the ferro-

electric phase transition which seems to set in at this temper-

ature, and due to the partial plastic strain relaxation of the

film, leads to the broad peak in the temperature dependence

of the permittivity.

A detailed analysis of dc electric field sweeps restricted

to the positive field range (Fig. 2(b)) shows a first strong

increase of permittivity of the virgin material that vanishes

already in the second cycle. This effect is also known for

unstrained NaNbO3 which is antiferroelectric in the virgin

FIG. 1. Permittivity and loss tangents of a NaNbO3 film on (110) NdGaO3

as function of temperature measured for different frequencies (tan d is only

shown for 1 MHz) and an ac-voltage of 1 V. The inset shows the characteris-

tic temperature dependence of the permittivity of unstrained NaNbO3 (single

crystal) taken from Ref. 4.
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state and for which electric polling leads to ferroelectric

properties, i.e., already a small applied electric field induces

a phase transition from the antiferroelectric to the ferroelec-

tric phase.18 Moreover, the width of the hysteresis decreases

with increasing numbers of cycles. The latter observation

and the frequency dependence of the permittivity point

towards a relaxor type behavior that has also been reported

for other strained ferroelectric materials.11

Finally, we discuss the frequency dependence of the

permittivity which is an indication for a relaxor-type ferro-

electric behavior.19 For a relaxor ferroelectric phase, char-

acteristic features should be observable especially at the

transition to the relaxor ferroelectric state, i.e., at the max-

imum in the e0-versus-T plot. The inset of Fig. 3 shows

the temperature dependence of the permittivity for differ-

ent frequencies. Especially, at the peak in e0, large differ-

ences in the permittivity are recorded for different

frequencies. With decreasing frequency, the permittivity

increases and the temperature of the maximum Tmax

decreases. This behavior is characteristic for many relaxor

ferroelectrics,20,21 it is described by the Vogel-Fulcher

equation22

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. 3. It demonstrates the predicted lin-

ear relation between the reduced frequency [ln(f/fo)]�1 and T

max. Inserting a reasonable value fo¼ 4 GHz for the attempt

frequency yields TVF¼ 219.7 K and Ea¼ 21.2 meV for the

static freezing temperature and activation energy, respec-

tively. The evaluated activation energy value represents a

typical value for an activation energy of a relaxor

ferroelectric.20,23

In summary, we demonstrated that the lattice mismatch

between (110) oriented NdGaO3 substrates and NaNbO3

films leads to significant modifications of structural and fer-

roelectric properties of the NaNbO3 films. The slightly aniso-

tropic compressive in-plane strain in the NaNbO3 film

leads to a low symmetry monoclinic or triclinic r-phase

with reduced in-plane parameters (bpc
NNO� 0.3855 nm,

cpc
NNO� 0.3863 nm) and an expanded out-of-plane lattice

parameter (apc
NNO¼ 0.3945 nm). As a consequence, the in-

plane permittivity and tunability are strongly enhanced (e.g.,

e0 � 1250 and n(6 V/ lm) �21% in cpc-direction, at room

temperature and 1 MHz). Furthermore, the broad peak in the

temperature dependence of the in-plane permittivity is indic-

ative for the onset of a phase transition at about 250 K.

Although the broadness of the peak does not allow to iden-

tify a Curie-Weiss behavior for this transition it might be of

FIG. 2. Dc bias dependence of the permittivity of a NaNbO3 film on (110) NdGaO3 measured at 1 MHz for continuous electric field sweeps at different temper-

atures (a) and for positive electric field sweeps (0 to 6 V/ lm) at room temperature (b). In (b), the first 1.5 cycles are highlighted by dots, arrows indicating the

direction of the sweep and numbers distinguish the starting point of the 1st (virgin) and 2nd cycle. Figure (c) shows the temperature dependence of the dc bias

fields of the maxima in e0(Edc) and the tunability n¼ [e0(0)� e0(Edc)]/e0(0) for Edc¼ 6 V/ lm that are obtained from figure (a).

FIG. 3. Vogel-Fulcher equation fit according to Eq. (1) using an attempt fre-

quency of fo¼ 4 GHz. The inset shows the temperature dependence of the

permittivity for different frequencies, the maxima are indicated by symbols.
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advantage for applications, since the permittivity stays large

for a large temperature regime. The antiferroelectric phase is

easily suppressed, already small applied electric fields induce

a phase transition from the antiferroelectric to the ferroelec-

tric phase. The (anti-)ferroelectric phase shows relaxor

behavior, i.e., permittivity and the maxima in the permittiv-

ity are frequency dependent. In general, it is demonstrated

that NaNbO3 represents an ideal candidate for “strain engi-

neering” of structural and ferroelectric properties.
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