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Materials by Design	


•  Enhancing Existing Ground States	



–  BaTiO3	



•  Unleashing Hidden Ground States	


–  EuTiO3���

strongest ferromagnetic ferroelectric	



–  Sr7Ti6O19���
highest performance tunable dielectric	
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Creating New Oxides	


[LaMnO3]6 / [SrMnO3]3	
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Enhancing Pb-Free Ferroelectrics	
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BaTiO3���
(a model 

ferroelectric)	



1.7% Strain ���
(by growing it 

commensurately)	



Pb-Free Ferroelectric ���
(with properties comparable 
to best leaded ferroelectric)	



+ = 

Pr ≈ 50 µC/cm2 
Tc ≈ 420 °C 

Pr ≈ 70 µC/cm2 
Tc ≈ 680 °C 

single crystal 
Pr ≈ 26 µC/cm2 
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Predicted Effect of 
Strain on BaTiO3	




Strongest Ferromagnetic Ferroelectric 	
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22 nm thick 
EuTiO3 ���
(a boring 
dielectric)	



1.1% Strain ���
(by growing it 

commensurately)	



Multiferroic ���
(1000× stronger than prior 

ferromagnetic ferroelectrics)	
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Piezoelectric PMN-PT on Silicon	
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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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Polarization versus electric field measurement on a 1-mm PMN-PT thin
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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 theirPr
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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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 theirPr
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
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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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 Products / ParaTune Tunable ICs

ParaTune™ Tunable ICs!
Using its patented ParaScan™ material as the foundational technology, Paratek has developed the ParaTune™ family
of tunable ICs. These remarkable circuits offer the wireless industry a pathway to RF tuning for mobile handset
antennas. Having the ability to tune, antennas can be made smaller and more efficient!

ParaScan is a proprietary doped BST-based material that exhibits exceptionally broad tuning characteristics with high
linearity and high Q (exceeding 100 at 1 GHz and greater than 80 at 2 GHz). Other technologies such as varactor or PIN
diodes, MEMS, and GaAS switches can all be used to improve the tuning function, but they all impose penalties. Some
are too 'lossy,' or too costly, or too large to integrate seamlessly into a highly miniaturized mobile phone.

Paratek can produce very precise and efficient ParaTune circuits that meet the exacting needs of the wireless industry,
providing both frequency- and impedance-tuning capabilities. The passive ICs themselves can be arranged in a highly
customized fashion (either wafer-scale or packaged) to provide networks comprising fixed capacitors along with tuning

capacitors and patterned inductors. In fact, ParaScan allows for the production of tunable passive ICs that can replace
conventional fixed-frequency RF circuits and thus provide low insertion loss and wide tuning ranges. In short, the
ParaTune passive tunable ICs represent a new suite of tools for the RF designer.

Sample/Demonstration kits of Paratek's Tunable ICs are available by request
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f r e q u e n c y  a g i l i t y  a l l o w s  c u s t o m e r s  t o  m a k e  t h e s e  p r o d u c t s  

s i m p l e r ,  b e t t e r  a n d  m o r e  e f f i c i e n t . "
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November 21, 2011 Paratek Selected as Finalist in 2011 Red Herring Top Global 100

June 30, 2011 Paratek Selected as a Red Herring Top 100 North American Tech Startup

June 1, 2009 Cellular Industry Veteran Ralph Pini Joins Paratek

March 6, 2009 Paratek Acquires BST Technology Group From Gennum Corporation

January 13, 2009 STMicroelectronics, Paratek to Jointly Develop and Market Tunable RF
Technology

April 23, 2008 AIMM Introduced for Military and Public Safety Radio Applications

January 4, 2008 Paratek's Tunable Filters Provide Low Loss, Broad Coverage, High IIP3

April 12, 2007 Dr. Ted Rappaport Joins Paratek Advisory Board

March 21, 2007 Paratek Debuts AIMM: Adaptive RF Solution for Wireless Applications

March 7, 2007 Paratek Introduces ParaTune RF Tunable Passive ICs

December 1, 2006 Paratek Expands and Improves ParaScan RF Tuning Material

September 25, 2006 Paratek Opens and Staffs New Chicago-Area Design Center

February 2, 2006 Agile Materials & Technologies, Inc. And Paratek Microwave, Inc. Settle Patent
Litigation

June 14, 2005 Paratek Awarded $1.987 Million DMEA Contract for RFID

June 8, 2005 Paratek Awarded $2.4 Million DMEA Contract for Frequency Agile Filters

May 31, 2005 Paratek Closes $15 Million Funding

March 3, 2005 Paratek Awarded $1.125 Million Contract from University of California, Riverside

February 7, 2005 Paratek Forms Advisory Board of Industry Experts

January 24, 2005 Paratek Serves Patent Infringement Lawsuit on Agile Materials

December 13, 2004 Paratek Strengthens Commercial Business Development Team

October 21, 2004 Paratek and In-Q-Tel Sign Strategic Investment and Development Agreement for
Tunable Radio Front Ends

January 12, 2004 Paratek Closes $15 Million Financing, Bolsters Executive Management Team for
2004

M e d i a  F i l e s

December
08, 2009

Paratek nominated for GSMA Innovation Award
Interview with COO Tom Lambalot, by David Pringle on behalf of Telcoprofessionals, in San Francisco.

September
22, 2006

Presentation at IWPC Conference: Improving Talk Time, Data Rates and Link Margin Using Adaptive Impedance
Matching Module

January 15,
2004 Interview with Paratek CEO Jim DiLorenzo on WBIX radio

 

 

P A R A T E K  N E W S

Research In Motion acquires
Paratek

We are pleased to announce that RIM has
acquired Paratek Microwave Inc.

As a part of RIM, a technology leader and
pioneer in the smartphone category,
Paratek will continue to innovate and to
bring leading edge adaptive tuning
solutions to the industry. We are very
excited about this transaction and the
opportunity to serve RIM and realize our
vision.

As always, we will continue to pursue the
development of state-of-the-art adaptive
tuning technologies. We look forward to
working with our new colleagues and
integrating our solutions into RIM’s
BlackBerry product offerings.

~Ralph Pini, Paratek Microwave,
President and CEO.
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 Tunable Dielectrics 

for RF Circuits 
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In most electronic materials the change in dielectric constant with applied electric field is an 
effect too small to be useful or even easily measurable. But for a special class of high-
permittivity materials the effect can be quite pronounced.  This chapter explores some 
challenges and opportunities for exploiting tunable dielectrics to make reconfigurable, 
adaptive, frequency-agile RF devices.  We will focus on thin-film barium strontium titanate 
(BST) materials, discuss design and modeling of BST varactors, and survey some circuit 
implementations and heterogeneous integration efforts.  

4.1 Introduction 

BST Ceramics 
The field-dependent permittivity 
(i.e. the “tunability”) of high-
permittivity dielectrics has been 
known for quite some time, and 
its potential for use in RF 
circuits was recognized 
immediately [1]-[7].  Barium-
titanate, BaTiO3 (abbreviated as 
BTO) and related compounds 
are now considered the 
prototypical “high-ț” or high 
dielectric constant materials for 
this purpose.   In bulk ceramic 
form, barium-titanate is a ferroelectric at room temperature, with a ferroelectric-paraelectric 
transition at cT ~116qC, the so-called Curie temperature.  Figure 4-1 illustrates the behavior 
of a ferroelectric material around the Curie temperature.  In the ferroelectric phase below cT  
the material exhibits memory effects or hysteresis in the polarization-field response that can 
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Figure 4-1 – Behavior of ferroelectric materials with 
temperature around the Curie point. 
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Tunable (Ba,Sr)TiO3	
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The big problem	



Loss!	





Issue with (Ba,Sr)TiO3 Thin Films	


Ø Dielectric Loss in best (Ba,Sr)TiO3 Films is 

10× Higher than best Bulk (Ba,Sr)TiO3���

���

Why?���
Low Tsub for Film vs. Bulk ���
Challenge of Composition Control in Films ���
Inhomogeneous Strain in Films ���
…	
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The Sorcerer’s Apprentices	





T. Birol, N.A. Benedek, and C.J. Fennie, Physical Review Letters 107 (2011) 257602.	



Ferroelectric Instability in���
Srn+1TinO3n+1 / DyScO3 Depends on n	



Dielectric	


Energy 

Polarization 

P = 0 when E = 0 	
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50 nm Srn+1TinO3n+1 / (110) DyScO3 (n = 1 to 6) 
Rocking Curves	



FWHM ≤ 22 arcsec (0.006°)	





Initial SrO Double-Layer Missing!	


Example:  n = 6 (Sr7Ti6O19) 	



X Wrong interface! 

!

Target Result 

6 SrTiO3 

6 SrTiO3 

12 SrTiO3 

Y.F. Nie, Y. Zhu, C.-H. Lee, L.F. Kourkoutis, J.A. Mundy, J. Junquera, P. Ghosez, D.J. Baek, S. Sung, X.X. Xi, 
K.M. Shen, D.A. Muller, and D.G. Schlom, Nature Communications 5 (2014) 4530 .	





Initial SrO Double-Layer���
Always Missing!	



Y.F. Nie, Y. Zhu, C.-H. Lee, L.F. Kourkoutis, J.A. Mundy, J. Junquera, P. Ghosez, D.J. Baek, S. Sung, X.X. Xi, 
K.M. Shen, D.A. Muller, and D.G. Schlom, Nature Communications 5 (2014) 4530 .	





How to Grow Oxide Superlattices?	





Growth does not Follow Cartoon	





Missing SrO Layer Rides the Surface	



+1 [SrO] +2 [SrO] 

Target 1 Result 1 Target 2 Result 2 Target 3 Result 3 

Y.F. Nie, Y. Zhu, C.-H. Lee, L.F. Kourkoutis, J.A. Mundy, J. Junquera, P. Ghosez, D.J. Baek, S. Sung, X.X. Xi, 
K.M. Shen, D.A. Muller, and D.G. Schlom, Nature Communications 5 (2014) 4530 .	





Switching of SrO and TiO2 Layers ���
during Growth	





In situ Synchrotron X-ray Scattering 
during Oxide MBE	



J.H. Lee, G. Luo, I.C. Tung, S.H. Chang, Z. Luo, M. Malshe, M. Gadre, A. Bhattacharya, S. M. Nakhmanson, J.A. Eastman, 
H. Hong, J. Jellinek, D. Morgan, D.D. Fong, and J.W. Freeland, Nature Materials 13 (2014) 879-883.	





Theory Shows Applicable to Other 
Families of An+1BnO3n+1 Phases	



J.H. Lee, G. Luo, I.C. Tung, S.H. Chang, Z. Luo, M. Malshe, M. Gadre, A. Bhattacharya, S. M. Nakhmanson,���
J.A. Eastman, H. Hong, J. Jellinek, D. Morgan, D.D. Fong, and J.W. Freeland, Nature Materials 13 (2014) 879-883.	





Achieve Desired Interface by ���
Precisely Non-Stoichiometric Growth	



Y.F. Nie, Y. Zhu, C.-H. Lee, L.F. Kourkoutis, J.A. Mundy, J. Junquera, P. Ghosez, D.J. Baek, S. Sung, X.X. Xi, 
K.M. Shen, D.A. Muller, and D.G. Schlom, Nature Communications 5 (2014) 4530 .	



Deposit one extra SrO layer at the beginning! 



50 nm Srn+1TinO3n+1 / (110) DyScO3 (n = 6) 

•  Measurements span 8 order of 
magnitude (1 kHz - 125 GHz)	



•  Loss is fit to a line above 10 GHz	


•  ~ 20% tuning at 50 kV/cm	



Broadband K11	

 E-Field Tunable K11	



C.H. Lee, N.D. Orloff, T. Birol, Y. Zhu, V. Goian, E. Rocas,���
R. Haislmaier, E. Vlahos, J.A. Mundy, L.F. Kourkoutis, Y. Nie, 

M.D. Biegalski, J. Zhang, M. Bernhagen, N.A. Benedek,���
Y. Kim, J.D. Brock, R. Uecker, X.X. Xi, V. Gopalan,���

D. Nuzhnyy, S. Kamba, D.A. Muller, I. Takeuchi, J.C. Booth,���
C.J. Fennie, and D.G. Schlom, Nature 502 (2013) 532-536. 	





Tunability of (Ba,Sr)TiO3 vs. Sr7Ti6O19	



Figure  =      ∆K     	


K tan δ	



What’s 
different?	



Loss!	



Sr7Ti6O19���
(n = 6) has 

highest FOM 
of any known 

material	



Ba0.5Sr0.5TiO3 results from G. Houzet, L. Burgnies,���
G. Velu, J-C. Carru, and D. Lippens,	



Applied Physics Letters 93 (2008) 053507. 	


of Merit  



Oxide NanoSandwich Makers	





2DEL at SrTiO3 / LaAlO3 Interface	



M. Huijben et al., Nature Mater. 5, 556 (2006).	



"  
AlO2 
LaO 
TiO2 
SrO 
" 

electronic reconstruction 



Interfaces between Ruddlesden-Poppers	





Outlook for Oxides by Design	


•  Lots of Emerging Opportunities for both 

Fundamentals and Technology	



•  Exploit Exceptional Known Properties of Oxides	



•  Use Thin Film Tricks to Access Hidden Properties 
of Oxides	



•  Need to Create Interfaces and Heterostructures 
with Atomic-Layer Precision	



•  Huge Opportunity for Materials-by-Design ���
(provided can understand how oxide films grow!)	




