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Uniform orientation and size of ferroelectric domains
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Rochelle salfRS) (NaKC4H,4O¢- 4H,0) single crystals were grown inside an array of alumina pores having
an average diameter of 30 nm and length of aboutu®rb The crystals have a monoclinic crystallographic
structure and uniform crystallographic orientation. High-resolution transmission electron microscopy vertical
cross section images show multiple nanometer-sized 180° ferroelectric domains in each single crystal having
uniform size and orientation along the longitudinal axis of the pores. The nanodomain boundaries consist of a
single crystallographic plane of a rotation twin. This configuration of ferroelectric nanodomains results in
enhanced polarization, which is higher by one order of magnitude than the maximum polarization values
reported for bulk-size RS crystals. The pores stabilize the ferroelectric phase up to @®&E@nposition
temperature of RSwhich is higher by about 30 °C relative to the upper transition temperature of bulk-size RS
crystals. The highly dense array of individual ferroelectric single crystals with uniform polarization orientation
and size of nanodomains, as presented in this paper, is a basis for future high-resolution and high-density
ferroelectric-based devices, where each nanocrystal inside a pore can serve as a detector, sensor, or actuator.
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[. INTRODUCTION entation, which is the main polarization direction of the
ferroelectric phase, along the longitudinal axis of the pores.
The subject of nanoferroelectric domains has gainedNanodomains are formed in each single crystal according to
much attention during recent years, motivated by a desire faits crystallographic orientation and size, and the structure,
miniaturization of ferroelectric-based devices. Two critical composition, and surface energy of the pore walls. The
values mark a pronounced effect of grain size on ferroelechighly dense array of individual ferroelectric single crystals
tric behaviort2 The first one, which occurs in the submi- with uniform polarization orientation and size of nan-
crometer size range, indicates the transition from multido-odomains, as presented in this paper, is a basis for future
main to single-domain grains. The second one, which occurligh-resolution and high-density ferroelectric-based devices,
in the nanometer size range, marks the transition from a
single-domain to a nonferroelectric phase. Various values of
this critical size were reported experimentally, even for the
same material, since it depends on many parameters such as
microstructure, composition, defects, stress, and the quality
of interfaces with conductive electrodes; for example, 49 nm
in BaTiO; thin films?2 3 nm in BaTiQ, thin films under high
tensile stres$, 30 nm in BaTiQ powder particle$,
7-14nm in PbLTIQ thin fims®’ and 4 nm in
Ph(Zrg »5Tip 7905 thin films® These examples demonstrate
that few nanometer-thick ultrathin ferroelectric films can be
applied in ferroelectric-based devices. The presence of nan-
odomains in ultrathin films has been confirmed experimen-
tally. Recent studies have shown, by the x-ray diffraction
(XRD) technique, 180° stripe domains having a width of
3.7-24 nm in ultrathin PbTiQ films?® and by the high- o
resolution transmission electron microscdpiRTEM) tech- 5
nigue, 180° domains having a width of 0.4—1.2 nm in ultra- 20
thin BaTiO; films.* However, the challenge of controlling A — \ 15
the size and orientation of ferroelectric nanodomains, which / I \ 10
is essential for future ferroelectric-based nanodevices, has . LN 5
not been accomplished yet. T‘|
This paper demonstrates a method of controlling the ori- ' 9
) . ; . S 45-50 40-45 35-40 30-35 2530 20-25 15-20
entation and size of ferroelectric nanodomains, which is (b) Diameter (nm)
based on controlled nucleation and growth of single crystals
inside a highly dense arragabout 16*cm?) of alumina FIG. 1. (a) HRSEM top-view image of pores grown on electro-
nanopores, having an average diameter of about 30 nm. Thgemically polished pure aluminum substrate at 25§.Size dis-
single crystals are grown with uniform crystallographic ori- tribution of the alumina pores determined from the HRSEM image.
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FIG. 2. XRD spectra ofa) the empty porous film(b) the RS-filled porous fim{(c) the RS polycrystalline powdefd) a schematic
description of thd100] crystallographic orientation an@00) planes of the RS crystals inside the alumina pores.

where each nanocrystal inside a pore can serve as a detector,The surface morphology of the porous films was charac-
sensor, or actuator. terized using a high-resolution scanning electron microscopy
(HRSEM) operated at the in-lens mode and low voltages
(1.5—-4 kV). Composition elemental analysis was performed
Il. EXPERIMENT on the surface of the RS-filled porous film using wavelength
dispersion spectroscogyVDS). The crystallographic struc-
Thin porous alumina filmgabout 0.5um thick) were tures of the films were identified using the Bragg-Brentano
formed on the surface of pure aluminum fais5 mm thick  XRD method operated at a range of angles between 10° and
by electrochemical anodization. Prior to anodization, the Al50°, which covers the main peaks of the R%°-359 and
surface was electropolished to a high degree of smoothnese alumina pore wall§35°-509. The XRD beam covers a
using an electrolyte solution of perchloric acid and ethanotectangular surface area of about>8 mn?, which con-
(3:7 volume ratiop under a constant potential at 25 °C. The tains about 18 pores, and penetrates to a depth of about
anodization was done in an aqueous phosphoric solution xm, which covers the entire thickness of the porous film.
(3 vol %) under a constant current density at 25 °C. TheThe microstructure of the RS inside the pores was character-
anodized samples were inserted into a saturated aqueous $ged by observing vertical cross section samples with high-
lution of Rochelle saltRS) [prepared by dissolution of pure resolution TEM. Ferroelectric measurements were done ver-
RS (NaKC4H,O4-4H,0) powder in deionized water at tical to the porous film plane. The top Al contad® mm
40 °C]. After a few minutes the liquid solution was cooled diametey were deposited on the surface of the empty and
down to about 25 °C leading to precipitation of RS crystalsRS-filled porous films. The Al surface at the back side of the
from the supersaturated solution to the anodized surface. Theample was used as a bottom electrode. The top and bottom
cooling process was done slowly at a rate of abouklectrodes were connected with conductive wires to the
0.25 °C min! to enable nucleation and growth of single modified Sawyer-Tower circdt for measuring polarization
crystals in the pores. After a few hours the samples werdysteresis curves at temperatures between 21 and 60 °C.
pulled out from the solution and dried at 25 °C under con-Based on these measurements the following characteristics
trolled humidity for 1 week. Finally, the RS crystals outside of the RS-filled film were determined: spontaneous polariza-
the pores were removed by wiping delicately the surface ofion, remanent polarization, coercive field, and thermal sta-
the porous film with a moist cloth. bility of the ferroelectric phase. The switching time of the RS
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FIG. 3. (a) A TEM vertical
cross section image of the alumina
pores filled with RS(b) Electron
diffraction pattern taken from a
vertical cross section area that
contains 25 poregc) A lattice im-
age showing a single RS crystal in
a pore.(d) A magnified lattice im-
age of the RS single crystal in the
pore, showing defects(darker
lines) having uniform size and ori-
entation. (e) A lattice image that
shows a nanodomain boundary at
each darker line, which consists of
a single (202) plane and 180°
symmetric shear movements of at-
oms on both sides of the domain

> - .
> boundary, indicated by continuous
2 Domain lines drawn on the atoms of a
Rochelle salt = Boundary single row relative to their equi-
249mm| —> librium positions(dashed ling (f)
—, 20%) A schematic illustration of the
— shear movements of atoms on
<_s 2.49 nm both sides of the domain boundary
t toward the[100] direction along
<; the longitudinal axis of the pore.
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ferroelectric domains in the pores was determined by megpores uniformly cover the anodized surface with a narrow
suring the difference in the rise time of a square voltagesize distribution between 20 and 40 rig. 1(b)]. After

pulse(1-5 V) at 1 kHz and 21 °C!

IIl. RESULTS AND DISCUSSION

filing the pores with RS, no empty pores were observed
while scanning a large argabout 80um?) of the surface
with a HRSEM. WDS measurements verified the presence of
sodium and potassium elements and no contaminant ele-

HRSEM images of the electrochemically anodized Al sur-ments in the porous film.

face showfe.g., Fig. 1a)] a continuous porous film that con-
tains a highly dense array of porésbout 18' cm?). The

The XRD spectrum of the empty porous filfRig. 2(a)]
shows the presence of two phasgesalumina and aluminum

184112-3



D. YADLOVKER AND S. BERGER PHYSICAL REVIEW B71, 184112(2005

0.15 160 T——— r —— T T
kY 04319
0.10 _140] N taE
L $ “\
B o005 & 0]
3] E
Fg.& 0.00 3 1004 a
] 005 :=§ Tl
g £ w0
2 @ T
S 0.10 ..
A N —
o5 : 10 20 30 4 5 6 70
150 100 50 0 50 100 150 Applied Electric Field (KV/cm)
@ Applied Electric Field (KV/cm) FIG. 5. Switching time vs applied electric field measured at
25 —— 1 kHz and 21 °C for RS-filled porous alumina.
20 i ]
15 ’ ] TEM vertical cross section bright field images of the RS-
JE 1.0 1 filled porous film show Fig. 3(a)] the vertical orientation of
I 1’: 1 the pores relative to the film plane, the size uniformity, and
% ) ; the continuity of the pores to the entire depth of the film
g 0.0 ' ‘,/ ] (about 0.5um). The electron diffraction pattern taken from
€ 0.5 F ] the film (a selected vertical cross section area that contains
g 1.0 ] about 25 poresreveals dot patterns characteristic of the
= 15 , ] monoclinic phase of RS crystdlBig. 3(b)]. The dot patterns
R -2.0]-4 correspond to a single zone axj910]), indicating the uni-
251 ] form crystallographic orientation of the RS crystals in the
-100-80 60 40 20 0 20 40 60 80 100 pores, as observed in the XRD spectrum. HRTEM lattice
(b) Appled Electric Field (KV/cm) imageqge.g., Fig. 3c)] show that each pore contains a single

crystal of RS, which completely fills the pore volume, and

FIG. 4. Polarization vs applied electric field measured at 1 kHzthe |attice lines, which correspond to th202) planes, are
and 21 °C for(a) empty porous alumina(b) RS-filled porous  gjigned along the longitudinal axis of the pores. The HRTEM
alumina. images also show darker lines in the RS crystals, which are

phosphate hydroxide hydrate. These phases are characterisr(glréemed only toward the longitudinal axis of the pore and

o : - have a width of about 1 nm and length of about 10[ifigs.
to porous alumina film prepared by electrochemical anodiza . L .
tion in a phosphoric-based electrolyfel3 The XRD spec- a3(c) and 3d)]. A magnified lattice image of these lines shows

trum of the RS-filled porous filniFig. 2c)], shows only a [Fig. 3(e)] a structural defect that consists of a shear dis-

few peaks, which are associated with the RS. In the literaPlacement of atoms on neighboririg02) planes along the
ture, there is only one JCPDS card for the RS, which corref100] direction, which is ended by dislocations at the edges
sponds to the orthorhombic paraelectric phiséle calcu-  Of the line[marked on Fig. @)]. This structural defect cor-
lated the expected positiofangels of XRD peaks of the RS responds to a rotation twin, which has a 180° rotation sym-
monoclinic phase based on the data for the unit cell andnetry relative to théOlO] direction(this direction is vertical
positions of atom&? It turns out that the XRD peaks of the t0 the lattice image planeThe lattice image also reveals a
monoclinic phase are positioned close to those of the orthglecrease of shear displacement of atoms with increasing dis-
rhombic phase but they can be identified with the peaks of
the {400 and {200 crystallographic plane& difference of
about 0.2% between the two phasesccording to this in-
formation, the XRD peaks of the RS in the porous film cor-
respond only to the monoclinic phase. The intensity of the
(200 peak is higher by at least one order of magnitude com-
pared to the other RS peaks, indicating a preferred crystallo-
graphic orientation of the RS crystals in the pores toward the
[100] direction. The measurement geometry is such that the
[100] direction of the RS crystals is along the longitudinal
axis of the poreg$Fig. 2(d)]. The experimental reference for
determining the preferred crystallographic orientation of the
RS crystals in the pores was the XRD spectrum of randomly
oriented RS polycrystalgFig. 2(b)] in a powder, which was
prepared from the same liquid solution used for filling the  FIG. 6. Normalized remanent polarization of RS-filled pores vs
pores. temperature at 1 kHz, and applied electric field of 30 kV/cm.

-
o
N

3,

23 %

IS
1

N
N

30 40 50 0 70
Temperature ('C)

Normalized Remanent Polarization (a.u.)
N
=3

184112-4



UNIFORM ORIENTATION AND SIZE OF.. PHYSICAL REVIEW B 71, 184112(2005

tance from the defect center until a distance of four interpla60 to 160 ns under an applied electric field of

nar spacing 0f202) planes(2.49 nn, where the position of 70—10 kV cm*, respectively(Fig. 5), decreases with in-
the atoms returns to about their regular orfdeg., Fig. 3¢)].  creasing applied electric field according to a power law de-
The displacement of atoms on one side of the defect centéiendence as expected from domain-wall movemeénts.
toward the[100] direction, which is the main polarization In situ measurements of polarization as a function of tem-
direction in the RS monoclinic phase, creates electric dipoleperature during heating sholi¥ig. 6) that the RS crystals in
oriented in the same direction, which is a ferroelectric do-the pores exhibit a ferroelectric behavior continuously from
main. The displacement of the atoms on the other side of th21 up to about 55 °C, which is higher by about 30 °C above
defect center creates also a ferroelectric domain, which ighe upper transition temperature of bulk-size RS crysfals.
oriented at 180° relative to that in the first side of the defectThis result indicates that the pore walls stabilize the ferro-
The boundary between the 180° ferroelectric domains is @lectric monoclinic phase of the RS crystals, probably due to
(202 plane, oriented toward thglOQ] crystallographic di- electrostatic interactions between polar bonds. The relatively
rection, that separates the two regions where shear displacemall loss(about 20% of remanent polarization between 25
ment occurred Fig. 3(e)]. Bulk-size RS crystals have the and 40 °C(Fig. 6) is attributed to thermal annealing of some
same type of ferroelectric domaionly 1809 and the same of the nanodomain boundaries, which are located “far” from
domain-boundary orientatio{100]).'6 The width of the the pore walls and are therefore less affected by their elec-
nanodomains is restricted to the distance between neighbotrostatic forces. The major and sharp fall of the remanent
ing defect lines, which is about 8—13 nm. The length of thepolarization at about 55 °C is attributed to the decomposi-
domains is equal to the length of the defect line, which istion of RS crystals into sodium tartrate and potassium tartrate
about 7-12 nm. The lattice imag@ig. 3(c) and 3d)]  as observed for bulk-size RS cryst&fsyhich means that the
clearly shows multiple defect lines separating 180° nanRS crystals in the pores maintain the ferroelectric behavior
odomains in the RS single crystal, which are all alignedup to their decomposition temperature, which is not affected
along the longitudinal axis of the pore and have about thdoy the pore walls.

same sizéschematically illustrated in Fig.(B].

Dielectric measurements of the empty porous fillm at V. SUMMARY
1 kHz and 21 °C show a linear dependence of polarization
on the applied electric fielfFig. 4(a)], dielectric constant of Rochelle salt single crystals were grown inside pores hav-

about 8, high electrical resistivity of about %30’ Q0 cm, ing an average diameter of 30 nm and length of about
and quality factor of about 10. These dielectric propertie.5 um. The crystals have the monoclinic crystallographic
correspond to the alumina pore walls. The dielectric meastructure and uniform orientation p£00] along the longitu-
surements of the RS-filled porous film shdWwig. 4b)] a  dinal axis of the pores. Their formation requires nucleation at
nonlinear dielectric behavior characterized by a polarizatiorthe bottom of the pores and preferred growth due to a tight
hysteresis loop, remanent polarization, and coercive field ofontrol on various parameters such as temperature and com-
about 0.284C cni? and 13 kV cm?, respectively. The mea- position. Nanometer-size 180° ferroelectric domains were
sured polarization of about 20C cni? at 100 kVcmtis  observed, by HRTEM studies, in the RS crystals, which are
higher by one order of magnitude compared to saturated patniformly oriented along the longitudinal axis of the pores.
larization values reported for bulk-size RS crystdl§his  Each domain boundary consists of a single crystallographic
polarization enhancement is attributed to a higher density oplane of a rotation twin. The presence of multiple nan-
domain walls in the nanocrystals as observed in HRTEModomains with uniform orientation along the direction of ap-
imageg/e.g., Figs. &) and 3d)]. The polarization increases plied electric field results in enhanced polarization values,
with increasing density of domain boundaries according tovhich are higher than those reported for bulk-size RS crys-
the known domain-wall motion mechanism. The measuredals. The pores stabilize the ferroelectric phase of the crystals
value of the coercive field, which is higher by a factor of until their decomposition temperature. The formation of a
about 65 compared to reported values of nonrestrained bulktighly dense array of ferroelectric single crystals, having
size RS crystal¥ indicates the relatively high difficulty of uniform size and crystallographic and domain orientation, as
reversing the polarization direction of the nanodomaingpresented in this paper, is the initial step toward the devel-
within the confined volume of the pores. The switching timeopment of ferroelectric-based sensors and detectors with
of the RS nanodomains in the pores, which is in the range ofianometer-size lateral resolution.
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