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Abstract—Ferroelectric polarization switching of high as-
pect ratio (>80:1) PbZrg 52Tig 4503 (PZT) microtubes with a
wall thickness of ~200 nm was investigated. A charge-based
technique was used to assess the dielectric and ferroelectric
properties of individual mechanically-unconstrained PZT mi-
crotubes with interdigitated electrodes. An enhancement in
the degree of ferroelastic (non-180°) domain wall motion was
observed in the tubes relative to films of similar thickness on
rigid substrates. The dielectric response of the tubes showed
a Rayleigh-like ac field dependence over a wide temperature
range; the extent of the extrinsic contribution to the dielectric
response dropped as the temperature approached 10K, but
remained finite. This work demonstrates a general methodol-
ogy for directly electrically addressing small, unconstrained
ferroelectric devices, extending the range of driving fields and
temperatures over which these materials can be probed.

I. INTRODUCTION

ERROELECTRICITY scales extremely well, so that co-

herent epitaxial films retain ferroelectricity down to
only a few unit cells in thickness [1]-[3]. However, most
ferroelectric thin films are under hundreds of MPa to GPa
of in-plane stress [4], [5]. These stresses can shift the tran-
sition temperature [6], alter the equilibrium domain struc-
ture [7], change the order of the phase transition, affect
the domain wall mobility, and shift the phase transition
sequence as a function of temperature [8]. An understand-
ing of the mechanical boundary conditions that control
the property scaling in terms of ferroelectric and ferroelas-
tic domain switching is essential to nonvolatile memories,
capacitors, piezoelectric microelectromechanical systems
(MEMS), and tunable photonic devices [9], [10]. Thus, it
is interesting to compare the properties of fully mechani-
cally clamped films on rigid substrates with unclamped
structures.
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Several methods have been reported to process uncon-
strained ferroelectric islands, including e-beam patterning
[11], focused ion beam writing [12], ferroelectric nanopar-
ticle growth [13], deposition by self organization [14], [15],
and template based methods [16], [17]. The majority of the
existing studies on ferroelectric nano-structured islands
were based either on structural or piezoelectric force mi-
croscopy probes [18], [19], with limited high-resolution ca-
pacitance measurements on finely patterned epitaxial films
[20]. However, missing from the literature is direct electri-
cal evidence of ferroelectric switching in these structures
as well as a general methodology that allows the electrical
properties of ferroelectricity in individual microtubes to
be assessed. Direct polarization switching measurements
on ferroelectric microtubes with submicrometer wall
thickness could eliminate large potential artifacts, includ-
ing Maxwell stresses that mimic a piezoelectric response
in poled porous insulators or topology-induced errors in
nanowire piezoforce microscopy measurements [21].

In this work, a mold replication technique that pro-
vides good control of the thickness and composition of
the ferroelectric layers was employed [16]. Unconstrained,
high aspect ratio (80:1) perovskite PZT microtubes with
submicrometer wall thicknesses were prepared in silicon
templates using a liquid source misted chemical deposition
(LSMCD) technique as described by Morrison et al. [22].
A charge-based method was used to assess the dielectric
and ferroelectric properties of individual PZT microtubes
with interdigitated electrodes. In this paper, it is shown
that poling of the microtubes induces more non-180° (fer-
roelastic) domain wall motion than is observed in PZT
films on rigid substrates. In addition, the ac field depen-
dence of the domain wall contributions to the dielectric
response is described using the Rayleigh formalism under
sub-switching conditions [23], [24].

II. EXPERIMENTAL PROCEDURE

A. Fabrication of High Aspect Ratio PZT Microtube
Structures

High aspect ratio PZT microstructures were deposited
onto the sidewalls of patterned silicon templates using a
1.1M, lead zirconate titanate (PZT) metal-organic decom-
position precursor (Ferro Technology Co., Higashi-Mat-
suyama City, Japan) via LSMCD (Fig. 1). In the LSMCD
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Fig. 1. Schematic of liquid source misted chemical deposition system.
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technique, the precursor is nebulized into fine mist droplets
under pressurized nitrogen gas using an atomizer. These
mist particles are carried through a showerhead using the
nitrogen carrier gas. Inside the deposition chamber, the
mist droplets are charged and accelerated with a large
electric potential (8 kV) toward an electrically grounded
wafer. Silicon templates prepared using anodic etching
and having <1 pm diameter pore channels with aspect ra-
tios of > 80:1 were employed to fabricate high aspect ratio
PZT submicrometer diameter structures [25]. The pore
channels of the silicon templates were pre-cleaned using an
anhydrous HF (AHF)/methanol mixture in a mist-based
etching module followed by a UV /Cly exposure to remove
residual fluorine from the Si surface.! During PZT deposi-
tion, the chamber pressure was maintained at 500 mTorr
for 5- to 6-min long PZT depositions; the silicon templates
were maintained at 40 to 50°C. The top surface of the
templates was cleaned with 2-methoxyethanol after each
deposition and the wafer was subsequently pyrolyzed at
275°C for 2 min. This process was repeated several times
to build up the PZT layer in the templates to the de-
sired wall thickness (~200 nm). As reported previously,
chemical reactions between the lead in the PZT tubes and
the surrounding Si mold produce secondary phases during
high temperature crystallization [16]. Therefore, after the
final deposition, a brief CF4:09 plasma etch was used to
remove any residual gel as well as the native SiOy layer
from the top of the Si templates. A XeF5 etch operated at
a pressure of 1 Torr with a pulse cycle of 1 min was used
to partially release the tubes (Xetch e’ series, Xactix Inc.,
Pittsburgh, PA). In most cases, 60 to 70 pm of Si was
removed to produce free-standing PZT microtubes an-
chored at the bottom. These microtubes were crystallized
at 750°C for 2 to 3 min in 99.98% oxygen using a rapid
thermal annealer. Subsequently, these tubes were released
from the substrate by rinsing in isopropanol.

I This step is performed to remove the native SiOy before putting PZT
layers on the sidewalls of the silicon. This allowed us to prepare PZT
microtubes without SiOs remaining on the surface.
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Fig. 2. Scanning electron microscope images of (a) PZT layers at the bot-
tom of the template before release and (b) the released and crystallized
PZT tubes with >80:1 aspect ratios.

B. Structural Characterization

A scanning electron microscope image of the released
crystalline tubes is shown in Fig. 2. The synthesized PZT
microtubes have a wall thickness of ~200 nm and extend
to over 80 pm in length. It was shown previously that
tubes processed using similar heating profiles have grain
sizes of ~100 to 150 nm [16]. Structural characterization
on the tubes was carried out via X-ray diffraction (Scin-
tag) using CuKa radiation over a 26 range from 20° to 65°
with a 0.025° step size and a 1 s count time/step. X-ray
diffraction patterns of an array of tubes show polycrystal-
line perovskite phase peaks in addition to the presence of
an oxyfluoride phase, which probably develops during the
XeF, etch [16].

To assess the development of the fluoride phase asso-
ciated with the XeFy etch, planar PZT thin films were
deposited on Pt-coated silicon substrates using the same
chemical precursor. Exposing amorphous PZT thin films
(after pyrolysis) to a XeF; release etch followed by crystal-
lization at 750°C for 2 min confirmed the formation of the
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second phase peak. A mild boric acid can dissolve many
fluorides [26] and hence, the PZT films were exposed to
0.1 M boric acid for 2 min after the XeF, treatment to
minimize the second phase. Subsequently these films were
crystallized in the rapid thermal annealer in oxygen. X-
ray analysis confirms pure perovskite phase [Fig. 3(a)].
The dielectric constant and loss tangent of the resultant
films (boric acid treated) are 980 and 4.5% respectively,
and the dc voltage dependent dielectric data are compa-
rable to PZT thin films (dielectric constant = 980 and loss
= 3.7%) that are never exposed to XeFy and boric acid as
shown in Fig. 3(b) and (c¢). This suggests that the boric
acid treatment following XeFy etch does not degrade the
dielectric properties of the films appreciably. Thus, in this
work the presence of fluoride second phase on PZT micro-
tubes was minimized by mild boric acid treatment.

C. Interdigitated (IDT) Electrode Integration onto Single
PZT Tube

A schematic process flow of single PZT tube integration
for electrical characterization is shown in Fig. 4. The PZT
microtubes were electrically characterized using an IDT
electrode capacitor structure, as shown in Fig. 5(a). Fully-
released crystallized microtubes were randomly dispersed
from an isopropanol solution onto a pT-silicon substrate
(p ~0.001 Q-cm) covered with 500 nm of thermally grown
Si0,. The electrodes (with fingers 4 pm wide, 2 pm spac-
ing) and a surrounding shielding layer were defined by
optical lithography followed by liftoff of a 100-nm-thick
sputtered Pt film. The surfaces of the microtubes were
treated with boric acid before depositing the Pt electrodes
and also after the liftoff to minimize the oxyfluoride phase
contamination. To improve the electrical interface between
the electrodes and the PZT microtube, the structures were
annealed at 550°C for 5 min. A schematic and an SEM
image of a fully-integrated IDT microtube structure are
shown in Fig. 5(b). The capacitance versus dc voltage
and small signal dielectric properties were measured as a
function of temperature using a cryogenic probe station
(model TTP6, LakeShore Cryotronics, Inc., Westerville,
OH) in conjunction with a temperature controller (model
332, LakeShore Cryotronics, Inc.).

III. RESULTS AND DISCUSSION

It is critical in measuring small dielectric structures
(~femtofarad) to minimize the effect of stray capacitances
(that can be much greater than that of the device) [20],
reduce the effect of conduction from leaky dielectrics or
surfaces [27], and achieve the signal-to-noise ratio neces-
sary for attofarad resolution. To accomplish this, measure-
ments of the IDT PZT microtube structures were done
with a charge-to-voltage converter (1 V/nC) and a lock-
in amplifier (model 730, Stanford Research Systems Inc.,
Sunnyvale, CA) combination with a 10 attofarad reso-
lution capability. A schematic of the electrical circuit is
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Fig. 3. (a) X-ray diffraction patterns of PZT thin films annealed without
and with boric acid treatment after the XeFy etching step. Capacitance
and tangent loss values as a function of dc bias in annealed PZT films
(b) not exposed to XeFs and boric acid treatments and (c¢) XeFs-exposed
followed by boric acid treatment.

shown in Fig. 5(c). The shield layer deposited over the free
surface of the sample served to reduce stray capacitances
caused by fringing field effects. To reduce stray capaci-
tance between the shielded probe tips, the contact pads
were spaced widely. To minimize fringing through the sub-
strate, heavily doped Si was employed. The substrate was
fixed to the copper surface of a printed circuit board using
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Fig. 5. (a) Schematic of electrical test bed structure, (b) scanning elec-
tron microscope image of integrated PZT microtube, and (c) electric
circuit model for low capacitance measurements. V is voltage, and Q is
charge.

conductive epoxy; the circuit board was connected to the
system shield, effectively turning the entire substrate into
an electrical shield [Figs. 5(a) to 5(c)].

To quantify the stray capacitance and leakage effects,
IDT electrodes of the same geometry on the same sub-
strate, but without a PZT tube, were analyzed as a func-

tion of both ac field amplitude and dc bias voltage (with a
superimposed 1 Vs ac signal) between 10 Hz and 10 kHz
over a temperature range of 10 to 300K, as shown in the
inset of Fig. 6. The capacitance of the bottom thermal
oxide layer measured with IDT electrodes was found to
be constant with ac voltage and temperature variations as
shown in Figs. 6(a) and 6(b), respectively. The estimated
temperature coefficient of the stray capacitance was ~(1.2
+0.1) x 107°K~!, which is close to the reference value for
SiOy 2.44 x 1075 K~ [28], [29]. The stray capacitance is
primarily a result of two dielectric media, the thermally
grown SiO and the surrounding air between the IDT elec-
trodes. A constant capacitance value of ~2.84 fF was mea-
sured for the empty IDT between —60 to +60 V dc bias
voltages superimposed with a 1 V4 ac signal [inset of
Fig. 6(c)]. On the other hand, individual PZT microtubes
with IDT electrodes exhibited a clear butterfly behavior
in the capacitance-voltage response measured at 1 kHz, as
shown in Fig. 6(c). The measured loss tangents were less
than 5% over a wide temperature and field range. The
observed hysteresis is direct confirmation of ferroelectric-
ity in the PZT microtubes. After subtracting the stray
capacitance, the zero bias capacitance of the PZT tube
is ~5.75 fF at 1 kHz. To the authors’ knowledge, these
are the first direct electrical measurements of ferroelectric
behavior in such PZT microtubes.

It is well known that the functional properties in fer-
roelectrics are influenced by the mechanical boundary
conditions. In bulk PZT ceramics, domain wall motion
contributes ~30 to 50% of the dielectric and piezoelectric
properties at room temperature [30], [31]. On the other
hand, the extrinsic contribution to the piezoelectric re-
sponse in ferroelectric thin films is heavily limited, in part,
because of clamping of non-180° domain wall motion by
the substrate. To examine the domain wall motion in the
PZT microtubes that are largely decoupled mechanically
from the substrate, the dielectric response was investi-
gated under sub-switching field conditions and described
using Rayleigh analysis. In the Rayleigh approach, when
an oscillating field with an amplitude E, (< E,, coercive
field) is applied, the resultant polarization, P(E), and di-
electric permittivity, €, can be described as [32], [33]:
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Fig. 6. Capacitance of an empty IDT structure as a function of (a) ex-
citation electrical signal V,, (b) temperature at 1 kHz with a 1 Vi
oscillation level, and (c) capacitance and loss tangent of a PZT tube as
a function of dc bias. The inset in (c) represents the variation of capaci-
tance with dc bias of an empty IDT structure.

P(E) = (einie + aB,)E F 5(B2 — B (1)

oP
E(E) = aiE = Einit + @ - Ev

(2)
where E (= E, - sinwt) is the applied ac field, e, is
the initial dielectric permittivity (the sum of the intrin-
sic lattice response and reversible domain wall contribu-
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0 50

tions), and « represents the irreversible contribution due
to domain wall motion. Validation of Rayleigh behavior in
a PZT microtube between interdigitated electrode struc-
tures was carried out in terms of measured capacitance, C,
as a function of excitation voltage (V).

C = Cinit + O‘(’Y : Vac)7 (3)
where Cl;; is the initial capacitance, V. is the ac excita-
tion voltage, and - is the geometrical factor (in farads per
meter) of the capacitor structure. For an IDT capacitor
associated with n gaps and thin film capacitor structure,
~ can be expressed as

n - €, - (Area of capacitor)

")/:

(4)

(Electrode spacing)?

€, - (Area of capacitor)
(Film thickness)?

’y:

(5)

The scaling factor v is used for normalizing geometries in
estimating the electric field distributions and to compare
the electrical measurement results of tubes with those of
thin films. Following (3), the response of a PZT microtube
capacitance versus scaled voltage (v - V,.) over a tempera-
ture range of 10 to 300K is shown in Fig. 7. As can be seen
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from Fig. 7(a), the linear dependence of the capacitance
on the voltage confirms Rayleigh-like behavior in the un-
constrained PZT microtube down to 10K.

As temperature is reduced, the domain wall contribu-
tions to the dielectric response decrease [30], [34]. As a
result, the ratio of the reversible to irreversible Rayleigh
parameters increases compared with the room tempera-
ture value [35], [36]. As shown in Fig. 7(b), in the un-
constrained PZT microtubes, the normalized irreversible
Rayleigh parameter ||| is ~40 to 45% higher at 300K
relative to 10K. In contrast, normalized Cj,, (intrinsic
lattice + reversible domain wall motion) is decreased only
~6 to 7% at 10K compared with 300K. Although domain
wall motion decreases as temperatures approach 0K, it is
worth noting that at 10K, the observation of a nonzero «
value for the PZT tubes suggests that domain walls can
still be excited at larger ac electric fields [37].

A similar analysis was conducted on Pb(Zrg 59, T 43)
O3 thin films prepared from the same solution chemistry
using comparable processing conditions on rigid Pt-coated
Si substrates [32], see Fig. 8. The ey, (or Ciy) at E,. =
0 decreased from 540 (~3.9 nF) to 320 (~2.2 nF) as the
temperature decreased from 300K to 10K. Thus, the room
temperature ey (or Cii) is approximately 70% larger
than the value at 10K and exhibited an increase of ~250%
in ||| between 10 and 300K.
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Fig. 9. Normalized irreversible to reversible Rayleigh parameters in PZT
thin film (~220 nm) and PZT microtubes.

It has been reported that the intrinsic dielectric con-
stant in PZT (52/48) ceramics is ~350 to 400 and un-
dergoes a drop of ~10% from 300K to 0K [38]-[41]. The
larger temperature dependence for the permittivity of the
film is attributed to the progressive reduction in domain
wall contributions to the total permittivity, as has been
described elsewhere [4], [31], [38]. The relatively small
temperature dependence of the initial parameters of the
PZT microtube (below that of the intrinsic temperature
dependence for PZT), suggests 1) existence of defects in
the PZT microtube or an interfacial layer between the
electrodes and PZT (even with mild boric acid rinsing);
2) differences in the electric field distribution in the cases
of the PZT microtube with IDT electrodes and the metal-
PZT-metal thin film configuration. Either of these fac-
tors influences the field distribution across the thickness
of PZT microtube and can also decrease the irreversible
Rayleigh parameter and its temperature dependence.

The temperature dependence of the ratio of the Ray-
leigh parameters was also examined to evaluate irrevers-
ible to reversible domain wall contributions in PZT micro-
tube and thin film structures, as shown in the Fig. 9. It
was found that the normalized («/ ;) value for the mi-
crotube increased by ~35%, compared with the PZT thin
film (20 to 28% change) over the temperature range from
10 to 300K. At least three factors complicate the interpre-
tation of the temperature dependence of «/ C 5 First, the
dielectric thickness between electrodes is different for the
tubes and the films (~2000 versus 220 nm), and there is
a finite thickness dependence of the permittivity and non-
linearity in constrained films [34]. Second, the existence
of structural imperfections and/or field distributions will
necessarily introduce artifacts in the temperature depen-
dence of the Rayleigh parameters of the tube (relative to
the temperature dependence of the PZT making up the
tube). As a result, no strong conclusions can be drawn as
to the relative mobility of domain walls in the tubes versus
films based on this data set. Third, differences in grain
size may also contribute [42].
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~220 nm. (b) PZT tube capacitance as a function of dc bias before and
after poling with a 10 MV /m field.

To provide additional insight, the room temperature
capacitance was examined after poling a microtube. The
data were compared with those for 220-nm-thick (i.e., ap-
proximately the PZT tube’s wall thickness) and 2-pm-
thick (i.e., approximately the spacing between the IDT
electrodes) PZT films on Pt-coated SiO9/Si substrates.
In all cases, samples were poled for 10 min at room tem-
perature at various dc bias fields. Fig. 10(a) compares the
capacitance values measured at 1 kHz with a 1 V.4 oscil-
lation voltage as a function of the poling field. In the PZT
thin films, increased poling field strength has little effect
on the measured capacitance until electrical breakdown,
suggesting that non-180° domain switching is strongly
clamped in the PZT films [4]. In contrast, the capacitance
of a PZT tube decreased by ~6% upon poling, indicating a
change in the low-field dielectric response in the poled mi-
crotubes. To confirm that the decrease in the capacitance

of PZT microtube is caused by domain switching and is
not an artifact associated with electrode delaminations or
sample degradation etc., the ferroelectric hysteresis was
measured again after poling at 10 MV /m for 10 min. Fig.
10(b) shows the hysteresis measurements on a PZT micro-
tube before and after poling. The resultant data was found
to fall within experimental error of the unpoled value,
suggesting that the drop in the capacitance upon poling
[Fig. 10(a)] was indeed caused by the ferroelastic domain
state change in the microtube. That is, most perovskites
have smaller dielectric constants parallel to the polariza-
tion axis than perpendicular to it. Ferroelastic switching
thus decreased the permittivity at low fields on poling.
These measurements indicate that the degree of non-180°
domain wall motion is substantially larger in the tubes
than the films. It is likely that this difference stems, at
least in part, from the release of the stresses and mechani-
cal constraints imposed by the substrate. Differences in
grain size may also contribute.

IV. SUMMARY

In summary, ferroelectric polarization switching of un-
constrained PZT microtubes having capacitance values of
~5 fF was characterized using a charge measurement tech-
nique. It was found that non-180° domain switching in the
continuous films is heavily restricted, presumably, at least
in part, because of mechanical clamping from the sub-
strate. However, non-180° domain reorientation is possible
in unconstrained PZT microtubes having 220 nm thick
walls. It is also possible that a difference in grain size may
have contributed to the observed disparity between the
tubes and the films. The general methodology outlined in
this paper allows the functional properties of ferroelectric
materials to be probed to even smaller wall thicknesses.
This, in turn, will facilitate understanding of the effect
of mechanical boundary conditions on the scaling of the
dielectric properties.
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