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We have implicitly assumed the HVCs
survive their fall onto the galactic disk. Hydro-
dynamical simulations of HVCs support this
idea (25, 26). In these models, the HVCs lose
most of their H I content within 10 kpc of the
disk and continue to fall toward the disk as warm
ionized matter. This is consistent with the iHVCs
covering more galactic sky and tracing a larger
mass reservoir than do the predominantly neutral
HVCs. Because the iHVCs are still overdense
relative to the halo medium, they can continue to
sink toward the galactic plane, where they de-
celerate and feed the warm ionized medium
(Reynolds layer) 1 to 2 kpc from the galactic
disk. In the Reynolds layer, the clouds have low
velocities and cannot be identified as HVCs
anymore, but as low- or intermediate-velocity
clouds, which is consistent with the observed
absence of iHVCs at low z-height. In this sce-
nario, VHVCs are also not expected to be seen
near the galactic disk because the HVC velocities
decrease with decreasing z-height due to drag.
This is consistent with the lack of VHVCs at
|z| ≲ 10 to 20 kpc and the observed velocity
sky distribution (23).
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Giant Piezoelectricity on Si for
Hyperactive MEMS
S. H. Baek,1 J. Park,2 D. M. Kim,1 V. A. Aksyuk,3 R. R. Das,1 S. D. Bu,1 D. A. Felker,4 J. Lettieri,5

V. Vaithyanathan,5 S. S. N. Bharadwaja,5 N. Bassiri-Gharb,5 Y. B. Chen,6 H. P. Sun,6

C. M. Folkman,1 H. W. Jang,1 D. J. Kreft,2 S. K. Streiffer,7 R. Ramesh,8 X. Q. Pan,6

S. Trolier-McKinstry,5 D. G. Schlom,5,9,10 M. S. Rzchowski,3 R. H. Blick,2 C. B. Eom1*

Microelectromechanical systems (MEMS) incorporating active piezoelectric layers offer integrated
actuation, sensing, and transduction. The broad implementation of such active MEMS has long
been constrained by the inability to integrate materials with giant piezoelectric response, such as
Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT). We synthesized high-quality PMN-PT epitaxial thin films on
vicinal (001) Si wafers with the use of an epitaxial (001) SrTiO3 template layer with superior
piezoelectric coefficients (e31,f = –27 T 3 coulombs per square meter) and figures of merit for
piezoelectric energy-harvesting systems. We have incorporated these heterostructures into
microcantilevers that are actuated with extremely low drive voltage due to thin-film piezoelectric
properties that rival bulk PMN-PT single crystals. These epitaxial heterostructures exhibit very large
electromechanical coupling for ultrasound medical imaging, microfluidic control, mechanical
sensing, and energy harvesting.

Silicon is the gold standard formicroelectronic
devices aswell as formicro-electromechanical
systems (MEMS), which are electrically

driven mechanical devices ranging in size from a
micrometer to a few millimeters. However, the
main drawback in the world of MEMS is that
Si is a passive material; that is, it takes metallic
electrodes to capacitively displace MEMS. On
the other hand, active piezoelectric materials such
as lead zirconate titanate (PZT) enable mechan-
ical displacement (1–3). Piezoelectric materials

transform electrical energy into mechanical en-
ergy and vice versa through their linear electro-
mechanical coupling effect. The highest-performing
piezoelectric MEMS heterostructures, including
energy-harvesting devices and actuator struc-
tures, have been fabricated with PZT piezoelec-
tric layers. A. K. Sharma et al. demonstrated
the integration of epitaxial PZT thin films on Si
substrates with the use of a SrTiO3/MgO/TiN buf-
fer layer (4). Subsequent work further enhanced
PZT thin-film piezoelectric properties and demon-

strated high-functionality active piezoelectric de-
vices incorporating PZT on Si (3–6).

Relaxor ferroelectrics with engineered do-
main states have dramatically enhanced piezo-
response over PZT. Pb(Mg1/3Nb2/3)O3-PbTiO3

(PMN-PT), one of the lead-based relaxor ferro-
electrics, exhibits strain levels and piezoelectric
coefficients that can be 5 to 10 times those of
bulk PZT ceramics and has a large electrome-
chanical coupling coefficient of k33 ~ 0.9 (7, 8).
Performance of piezoelectric MEMS could be
enhanced dramatically by incorporating these
materials. This requires the integration of PMN-
PT films with Si, while preserving their enhanced
piezoelectric properties. The piezoelectric proper-
ties of ferroelectrics depend on both intrinsic (stoi-
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chiometry, orientation) and processing-related
(phase purity, defect density) factors. In many
ferroelectric solid solutions, the physical proper-
ties are maximized at the morphotropic phase
boundary, which occurs at 33% PT in the PMN-
PT solid solution system (8). In rhombohedral or
morphotropic phase boundary PMN-PT, (001)pc
oriented single crystals (pc, pseudocubic) pro-
vide large, nonhysteretic piezoelectric coeffici-
ents compared with (111)pc oriented crystals (7).
One of the major processing difficulties is the

appearance of a pyrochlore phase; a multistep
columbite process was developed to bypass the
pyrochlore phase in bulk PMN-PTceramics, where
magnesium and niobium oxides are reacted with
PbO (9). However, such amethod is not applicable
to thin-film synthesis. Thus, thin-film growth con-
ditions must be carefully controlled to achieve
(001)pc oriented single-crystal PMN-PT films.

To stabilize the perovskite phase and achieve
epitaxial growth of the desired orientation, we
have implemented two approaches: (i) the use of

an epitaxial SrTiO3 buffer layer and (ii) a miscut
Si substrate. The latter approach works well for
growing phase-pure thin films of oxide materials
with volatile constituents (10). We believe that
the effect of high density of steps on the surface
of miscut substrates is to maintain film stoichi-
ometry by effectively incorporating volatile con-
stituents (such as PbO) into the film, suppressing
formation of pyrochlore, which is lead-deficient.
The (001) epitaxial SrTiO3 layer on Si, deposited
by reactive molecular-beam epitaxy, enables us
to grow a single-crystal (001)pc PMN-PT layer on
the epitaxial (001)pc SrRuO3 bottom electrode
(11) using the control provided by heteroepitaxy.
The conventional method has shown that the
structural quality of the SrTiO3 was degraded as
the orientation of the silicon wafers deviated from
exact (001) due to the high density of steps and the
increased reactivity of exposed Si step edges (12).
These growth challengeswere overcome by grow-
ing high-quality SrTiO3 on miscut Si. We used a
four-circle x-ray diffractometer with both a two-
dimensional (2D) area detector and a four-bounce
monochromator to study the phase purity, crystal
structure, and epitaxial arrangements of 3.5-mm-
thick PMN-PT/SrRuO3/SrTiO3/Si. Figure 1, A
and B show the q-2q scans of 3.5-mm-thick PMN-
PT films grown under the same conditions on exact
(T0.1°) and 4° miscut Si substrates, respectively.
The PMN-PT film on exact Si exhibits a large
volume of pyrochlore phase as well as polycrys-
talline perovskite phase. In contrast, the PMN-PT
film on 4° miscut Si shows a dramatic improve-
ment in terms of both phase purity and epitaxy
of perovskite phase. It has no detectable pyro-
chlore phase.

Azimuthal f scans of this phase-pure PMN-
PT film show in-plane epitaxy with a cube-on-
cube epitaxial relation, [100]pc PMN-PT//[100]pc
SrRuO3//[100] SrTiO3//[110] Si (Fig. 1C). The
full width at half maximum (FWHM) of the
002pc w scan and the 101pc f scan is 0.26° and
0.6°, respectively. Commercial PMN-PT bulk sin-
gle crystals have a FWHM of 0.14° and 0.27°,
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respectively. Transmission electron microscopy
(TEM) analysis also confirms epitaxial growth of
the PMN-PT heterostructure on Si. Figure 1D
is a bright-field TEM image with low magnif-
ication. The inset shows the selected-area elec-
tron diffraction (SAED) pattern taken from the
PMN-PT layer along the [010]pc zone axis. The
high-resolution TEM image (Fig. 1E) exhibits an
atomically sharp interface between the SrRuO3

and PMN-PT layers; the epitaxial match between
the layers is clear. Also, chemical composition
analysis by wavelength dispersive spectroscopy
shows that the PMN-PT films are stoichiomet-
ric with 0.67PMN-0.33PTcomposition within ex-
perimental error. These analyses confirm that
PMN-PT thin films on miscut Si in this work are
stoichiometric, phase-pure, (001)pc oriented sin-
gle crystals.

The polarization–versus–electric field (P-E)
hysteresis loops were measured for 1-mm-thick
PMN-PT films on Si (Fig. 2A). We observe that
the P-E loops are negatively imprinted, indicat-
ing the existence of a built-in bias of magnitude
–38 kV/cm. As shown in Fig. 2B, the relative
dielectric permittivity and loss tangent versus elec-
tric field measurement exhibits the same negative
shift. This has a number of important consequences.
First, the built-in bias increases the magnitude
of the remanent polarization (Pr). Typically, a
compressive in-plane stress results in a counter-

clockwise rotation of the P-E loops of perovskite
ferroelectrics, increasing the measured remanent
polarization, whereas in-plane tensile stresses act
in the opposite way (13). Because of the differ-
ence of thermal expansion coefficients between
PMN-PT and Si, PMN-PT films on silicon are
typically under a tensile strain, decreasing their Pr
values. Here, the preferred polarization direction
(imprint) displaces the somewhat tilted hysteresis
loop, increasing the positive remanent polariza-
tion to ≈19 mC/cm2, which in turn increases the
piezoelectric response at zero applied field. Sec-
ond, the built-in bias stabilizes the polarization
of PMN-PT in a certain direction (downward for
these films). As a result, piezoelectric devices built
from these films should show substantially less
aging in the piezoelectric response (14) and will
be more robust against depolarization due to
voltage or temperature excursions (15). This miti-
gates one of the known problems with undoped
PMN-PTsingle crystals; i.e., that the low coercive
field limits the reverse drive voltages that can be
applied. The high levels of imprint achieved here
exceed those reported for Mn- and Zr-doped
PMN-PTcrystals (16). Third, the built-in bias de-
creases the permittivity at zero field, as shown
in Fig. 2B. This increases the figure of merit for
sensors operating in a voltage-sensing mode, as
well as for piezoelectric energy-harvesting sys-
tems. One contribution to the built-in bias arises

from the asymmetry of the top and bottom elec-
trodes (as shown in fig. S4) (17).

The effective transverse piezoelectric coeffi-
cients e31,f were obtained via a modified wafer
flexure method (18). The induced charge was
measured while subjecting the 1-mm-thick PMN-
PT films to a cyclic ac strain to obtain e31,f. The
e31,f coefficient is the material’s figure of merit
for the majority of micromachined piezoelectric
charge-based sensors as well as actuators (3), en-
abling performance comparisons between systems
of different detailed geometries. The substantial
self-polarization translated into high e31,f coef-
ficients (from –12 to –22 T 3 C/m2) for the as-
deposited PMN-PT films. After short poling steps,
the highest e31, f measured was –27 T 3 C/m2.
Figure 2C compares these PMN-PT e31,f values
to a wide range of previous work, demonstrating
that these values are the highest reported for any
piezoelectric thin films. This translates directly to
a reduction in the required driving voltage for
piezoelectric MEMS actuators. As an example,
replacing the randomly oriented PZT actuators
in the radio frequency MEMS switches reported
in (15) with these PMN-PT films would decrease
the voltage required to minimize contact resistance
from ≈8 to 10 V to ≤2.5 V. This, in turn, enables
actuators that can be driven by low-voltage com-
plementary metal-oxide semiconductor circuits
with high actuation authority.We have confirmed

Fig. 3. Fabrication and char-
acterization of PMN-PTmicro-
cantilevers. (A) SEM image
of a PMN-PT cantilever. (B)
Schematic illustration of the
measurement set-up. Both dc
and ac fields can be applied
between the top and bottom
electrodes. LED, light-emitting
diode; DUT, device under test.
(C) PMN-PT cantilever profile
as a function of dc voltage.
(D) Tip displacement of the
34-mm-long cantilever versus
applied dc voltage. (Inset)
Linear scale of tip displace-
ment. The dotted red line
denotes the simulation re-
sult for a PMN-PT cantilever
with the same geometry.
The blue dotted line repre-
sents the modeled result for
an electrostatic cantileverwith
comparable geometry.DZ, tip
displacement.
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this figure-of-merit analysis with comparative nu-
merical modeling of PZT and PMN-PT actuators
of similar geometries (see table S3) (17).

In addition to the large e31, f values, the PMN-
PT films also provide large values for a figure of

merit of energy-harvesting devices,
e231; f
e0e33

, where

e33 is the relative dielectric permittivity and e0
is the permittivity of free space. The efficiency
of a piezoelectric energy-harvesting device is very
generally related to both its piezoelectric and
elastic responses (19). But in piezoelectric thin-
film energy-harvesting devices, in which passive
layers dominate the elastic response (20–22), the
above figure of merit describes the performance
of PMN-PT relative to other piezoelectric ma-
terials (23, 24).

Figure 2C compares our films’ figure of merit
with that of PZT and other piezoelectric mate-
rials, demonstrating the advantages of these PMN-
PT films for energy-harvesting applications. We
have confirmed this figure-of-merit comparison
with comparative simulations of end-loaded PMN-
PT and PZT cantilevers using a self-consistent
data set (shown in table S4) (17). The high figure
of merit observed here is a consequence of both
the large piezoelectric response and the imprint in
the hysteresis loop, which reduces the permittiv-
ity at zero applied field. Note that in cases where
the elastic energy is stored primarily in the piezo

electric, a more useful figure ofmerit is
e231; f ð1 − vÞ2

e0e33Y
,

where Y and v are Young’s modulus and Poisson’s
ratio, respectively. Given the comparable Young’s
modulus and Poisson’s ratio between PMN-PT
(115 GPa) (25) and PZT (~100 to 150 GPa)
(26, 27), PMN-PT still shows at least a twofold-
higher figure of merit than the best-reported PZT.

It is also important to verify that these large
piezoelectric coefficients are not degraded by
the microfabrication process. To confirm this, we
have fabricated PMN-PT cantilevers, a prototyp-
ical structure for electromechanical devices using
the 31 mode. We then compared the resulting
behavior with a model based on parameters
from single-crystal PMN-PT. Figure 3A shows the
scanning electron microscopy (SEM) image of a
cantileverwithPt (60nm)/PMN-PT(270nm)/SrRuO3

(100 nm)/SrTiO3 (13 nm) fabricated by conven-
tional microfabrication techniques (shown in
fig. S1) (17). The motion of the PMN-PTcanti-
levers was characterized by white light interfer-
ometry while applying dc or ac voltages across
the top and bottom electrodes, as shown in Fig.
3B. These measurements were performed at
room temperature and ambient pressure.

Figure 3C shows the measured profile of a
34-mm-long cantilever as a function of applied
voltage. Note that all the cantilevers are bent
downward after release from the Si substrate.
This is attributed to the relaxation of the epitaxial
strain between PMN-PT (apc = 0.402 nm) and
SrRuO3 (apc = 0.393 nm). When an electric field
is applied parallel to the remanent polarization
(i.e., a positive voltage is applied on the top elec-

trode), the PMN-PT contracts laterally. The ver-
tical displacement arises from bending of the
cantilever due to the structural asymmetry be-
tween the top (60-nm Pt) and bottom (≈110-nm
SrRuO3/SrTiO3) layers. Figure 3D shows the tip
displacement of the cantilever as a function of the
applied voltage. The tipmoves 0.375 T 0.005 mm/V,
as shown in the inset of Fig. 3D. Finite element
simulation was performed using the material pa-
rameters reported for bulk single-crystal 0.67
PMN-0.33PT from (25) (fig. S3) [see also (17)].
The experimental and modeled results are con-
sistent, as shown by black and red lines in Fig. 3D,
respectively. Note that the actual displacement
of the cantilever also depends on geometry; for
example, the thickness of the passive layer be-
neath the piezoelectric layer (28). Here, we em-
phasize that high piezoelectric coefficients are
still manifested in the devices made from the
PMN-PT films.

A commonly used technique for actuating
MEMS devices is electrostatics, which is straight-
forward to implement as it requires only reasonable
conductivity of the device structural materials
(2). A major drawback of electrostatic actuation,
however, is the required high control voltage,
which places a serious demand on the drive elec-
tronics, often preventing scaling down and denser
integration of the electronic drivers for actuator
arrays. Piezoelectric actuation considerably lowers
the driving voltage while achieving the same dis-
placement. The simulation shows that an electro-
static cantilever with comparable geometry to our
PMN-PTcantilever requires much higher voltages
for similar displacement, as shown in Fig. 3D.

The strong piezoelectric activity of these
PMN-PT thin films will dramatically enhance
the freedom of designing small electromechan-
ical devices with better performance. These thin
films can provide a wide range of piezoelectric
device applications such as ultrasound medical
imaging, microfluidic control, piezotronics, and
energy harvesting. The geometries fabricated and
discussed here take advantage of the 31 piezo-
response. Devices with PMN-PT thin films ex-
ploiting the 33 response (20) would also benefit
from the enhanced piezoresponse of PMN-PT
over PZTand additionally from the higher coupling
factor in the 33 mode (21). Although technically
challenging for thin films, shear-mode–based struc-
tures would also benefit. Silicon on insulator sub-
strates will enable more complex device structures
with precisely controlled passive-layer thicknesses
to control stiffness and displacement. Beyond
electromechanical devices, epitaxial heterostruc-
tures with giant piezoelectricity will open a new
avenue to tune andmodulate multifunctional prop-
erties such as ferroelectric, ferromagnetic, super-
conducting, andmultiferroicmaterials by dynamic
strain control.
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