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There has been signi®cant progress on the fundamental science and technological applications of
complex oxides and multiferroics. Among complex oxide thin ®ms, barium strontium titanate
(BST) has become the material of choice for room-temperature-based voltage-tunable dielectric
thin ®Ims, due to its large dielectric tunability and low microwave loss at room temperature. BST
thin ®Im varactor technology based recon®gurable radio frequency (RF)/microwave components
have been demonstrated with the potential to lower the size, weight, and power needs of a future
generation of communication and radar systems. Low-power multiferroic devices have also been
recently demonstrated. Strong magneto-electric coupling has also been demonstrated in different
multiferroic heterostructures, which show giant voltage control of the ferromagnetic resonance
frequency of more than two octaves. This manuscript reviews recent advances in the processing,
and application development for the complex oxides and multiferroics, with the focus on voltage
tunable RF/microwave components. The over-arching goal of this review is to provide a
synopsis of the current state-of the-art of complex oxide and multiferroic thin ®m materials
and devices, identify technical issues and technical challenges that need to be overcome for
successful insertion of the technology for both military and commercial applications, and provide
mitigation strategies to address these technical challenge013 AIP Publishing LLC
[http://dx.doi.org/10.1063/1.48270]L9
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minimal co-ordination between materials/device research
groups and those with imminent needs in the application
areas, thereby resulting in fewer opportunities for cross-
fertilization. This manuscript is an attempt to provide a com-
prehensive review for researchers on the technical issues
related to application development utilizing thin ®ms of
multifunctional oxides and multiferroics. It is well known
that the future system requirements drive towards smaller
size, lighter weight, lower volume, minimal power consump-
tion, and all of this combined with enhanced performance.
These requirements cannot be met using conventional mac-
roscopicbulk materials® approaches and hence requires a
refocus of research efforts toward innovative micro-nano-
scale technologies, such as the emerging complex oxide and
multiferroic thin ®m materials. Recent research indicates
that thin ®Im complex oxide and multiferroic materials pro-
vide unique opportunities to enable and subsequently ®eld,
innovative next-of-generation systems (e.g., radio frequency
(RF)/microwave communication systems, guidance systems,
antennas, uncooled IR sensors, biological/chemical detec-
tion, and novel energy systems, etc.). Integrated thin ®Im
complex oxide and multiferroic materials are expected to
play a signi®cant role in the development of these applica-
tions in the near future.

One of the key areas where multifunctional oxides and
multiferroics can play a major role is in the RF and micro-
wave systems. RF/microwave systems are increasingly
broadband, leverage digital solutions, demand extremely
high linearity, and seek to minimize size, weight, power, and
cost (SWAP-C). Voltage tunable recon®gurable components
utilizing multifunctional oxides and multiferroics can
provide new capabilities including the possibility of simulta-
neous transmit and receive (STAR). Voltage control func-
tionality of multiferroic devices can be devised with greater
simplicity, ef®ciency, and robustness compared to magnetic
control functionality. It is also less prone to cross-talk and
interference effects compared to the magnetic interference

ffects. With this in mind, this manuscript will be limited
o the complex oxides and multiferroics that are voltage/elec-
tric-®eld controllable. The use of voltage tunable passive
components has attracted signi®cant attention in the past two
decades as RF and microwave engineers wish to have the
“exibility of recon®gurable components so that their designs
are not con®ned to a single frequency band of use. Complex
communication systems including system on a chip (SOC)
or a system in a package (SIP) would bene®t tremendously if
passive and active components can be recon®gured dynami-
cally with ease, provide the option to use the system for

Substantial strides have been made on bulk and singleulti-modes over a wide bandwidth, and support a variety of
crystal complex oxide materials for an array of sensors andommunication protocols. Such an adaptive, exible, recon-

RF/microwave applications. Novel complex oxide and multi-

®gurable electronics is highly desirable for a rf/microwave

ferroic materials are expected to have a signi®cant impact oengineer. Voltage tunable variable capacitors (varactors),
future sensor, communication, and surveillance systems:ariable inductors, and variable resistors (varistors) are of
Therefore, complex oxide and multiferroic integrated thininterest in the next generation recon®gurable multi-modal,
®Im materials represent both an important and an enablingulti-use communication systems as they could play a major
technology for a number of applications. At a fundamentalrole in dynamic impedance matching of power ampli®ers
level, complex oxide and multiferroic thin ®Im materials are (PAs), low-noise ampli®ers (LNAs), recon®gurable anten-
being developed at laboratories without a signi®cant focusas, voltage controlled oscillators (VCOSs), broadband phase
toward speci®c applications. This is a direct result of theshifters for electronically steerable phased array systems,
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vector modulators, and other key components of communi®Ims have constant Q through millimeter wave frequerities.
cation and radar systems. These components will play 8ST thin ®m varactor devices are fast, small, and light-
major role for realization of software de®ned radios andweight and, because they work using an electric ®eld, have
cognitive radios. These radio systems use a single hardwardow power consumption. BST ®Ims exhibit an excellent tun-
front-end and tune their frequency of operation, and operaable behavior at room temperature (in the case of 40%+60%
tional bandwidth, based on software algorithins. concentration of barium), which lays the foundation for the
In the subsequent sections of this manuscript, currenmicrowave tunable device’s. The range of capacitance tun-
state of the art (SOA) for thin ®ms of multifunctional oxides ing in BST varactors is quite large @:1 in the linear region)
and multiferroics is discussed in Sei¢, an overview of and varactor devices are relatively simple in nature. Also,
advances in processing of thin ®ms of multifunctionalBST thin ®Im based varactors have exhibited high power
oxides and multiferroics is provided in Sebll; detailed handling capability which is also attractive for applications
discussions on various technology drivers for the voltagén microwave and millimeter-wave communicatiohs.
tunable devices are given in Sd¥.; major challenges and Another advantage of the BST varactors is that they can han-
possible approaches to overcome the challenges are providelle both positive and negative voltages compared to only
in Sec.V and ®nally conclusive statements, observationspegative bias that can be applied to semiconductor varactor

and technology summary are provided in Sék. devices. The advantages of BST include dc voltage tunable
high permittivity, high capacitance density (10£100
Il. CURRENT STATE OF THE ART OF nF/mnf), bipolar dc bias for tuning the varactor, large capac-
MULTIFUNCTIONAL OXIDE AND MULTIFERROIC itance tuning range>3:1), high power handling capability
DEVICES (>1W), good temperature stability from C to 110 C in

thin ®ms compared to bulk oxides, and quality factor in the
frequency range of 1+10 GHz comparable to semiconductor
Variable capacitors (varactors) are utilized in micro- varactor diodes. Applications demonstrated using BST thin
wave engineering for tunable ®lters, voltage controlled oscil®Im varactors include tunable ®Itérstunable phase
lators, phase shifter circuits, and other applicatidhs. shifters] delay lines,” VCO,'* and recon®gurable anten-
Semiconductor varactor diodes, PIN diodes, RF MEMSnas~? Table| compares the BST thin ®Im varactor technol-
varactors, and ferroelectric thin ®Im varactors are potentiaPgy with semiconductor diode and the RF MEMS capacitor
candidates for varactor applications. Semiconductor varactdechnologies.
diodes and PIN diodes have relatively high Q below 10 GHz,
but the Q degrades drastically above 10 GHz making therré
less attractive for applications above 10 GHz. RF MEMS
varactors offer high Q at microwave and millimeter wave Two types of varactors have been considered for appli-
frequencies, but are complex in nature, and the slow speed @fations to tunable components and circuits. One is the copla-
switching is undesirable for many applications. Bariumnar interdigitated capacitor and the other the parallel plate
Strontium Titanate: Bgry ,TiO3 (henceforth BST) thin  capacitor. Figurel shows both the varactor designs. The
®Ims have been investigated for room temperature tunable garallel plate capacitors have been widely studied for tuna-
recon®gurable RF and microwave components and circuitsle microwave device for low voltage and low power
over the past 20 years. Majority of the studies on BST havepplications.
utilized Ba ¢Srp4TiO3 or Bay /Sy sTiO3 compositions as The interdigitated capacitor requires a single metal layer
they possess critical temperatures)(@t or near room tem- deposited on the BST thin ®Im, and hence it is a simpler de-
perature. Recent developments on tunable dielectrics hawdce to fabricate. The electric ®eld between the ®ngers tunes
shown that the varactors made of complex oxide BST thirthe relative dielectric constant of the BST thin ®Im. Since

A. Oxide thin film varactors

. Types of varactors

TABLE I. Comparison of thin ®m BST varactor technology with semiconductor diodes and RF MEMS varactors. Please note that the typical BST thin ®Im is
only 0.4 m or lower.

Device characteristics and performance parameter Semiconductor diodes RF MEMS capacitors Ferroelectric varactor (parallel plate)
Tuning DC voltage Low<£ 10V reverse bias) High (4050 V bipolar) Low L0V bipolar bias)
Capacitance tuning ratio >3:1in the linear range >5:1in the linear range 3:1in the linear range
Tuning speed High ( 10ns) Low ( 101l s) High ( 10ns)
Quality factor (Q) 200 at 1 GHz >500 at 1 GHz 200 at 1 GHz (0V)
Switching lifetime High Low High
Packaging cost Low Very high Low

Power handling Poor ( 1W) Good €5W) Good (up to 5W)
Power consumption Low (nW- W) Low (nW-l W) Low (nW-l W)
Breakdown voltage Low (<25V) Moderate ¥ 50 V) Low (<25V)
Linearity Low High High

Third order intercept (IP3) Low ¢t 28 dBm) High (¥ 55 dBm) High (¥ 55dBm)

Integration capability Very good Good Good
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FIG. 2. The dielectric properties of the 0.2& thick BST thin ®m on a 4

in. R-cut sapphire substrate. The dielectric properties were obtained by
matching measured scattering parameters of a varactor device to an electri-
cal model over a wide frequency range. The dielectric loss-tangent shown is
calculated at 10 GHz. Reproduced by permission from Subramaeyaty

IEEE Trans. Ultrason. Ferroelectr. Freq. Con8a] 1692 (2010). Copyright
Bottom 2010 by IEEE.

Substrate
the BST ®Im has high relative dielectric constant at 0V (and
(b) hence the shunt capacitor providing a high capacitaﬂce to
ground), the RF signal is shunted to ground and re ected
FIG. 1. Two device designs: (a) coplanar interdigitated capacitor and (bpack resulting in the OFF state of the device. Applying a DC
parallel plgte capacitor de_sign. Figure adapted from R@fvith redrawn art voltage to the signal line reduces the dielectric constant of
work, available in the public domain. the ®Im to a lower value (and lower capacitance) allows
most of the RF signal to go to the output port resulting in the
state of the device.
This device has been used as a characterization tool for
ST and other dielectric thin ®Ims, including polymeric thin
Ims due to its simple nature. The equivalent electrical circuit
model for the varactor shunt switch is shown in Figdre
In the electrical equivalent circuit, the C(V) represents
voltage dependent capacitance of the varactor. R(V) is
shunt resistance of the varactor, modeling the leakage
ugh the BST layer, Ris the parasitic series resistance

the electrode ®nger spacing depends on the resolution th
can be achieved in the lithography step, most interdigitate
capacitors have electrode ®nger spacirdd m. The parallel

plate capacitor type varactor is fabricated using two meta
layers with the BST thin ®m sandwiched between the two
Typical BST thin ®Im layer thickness is less than 0w

Because of the thickness of BST layer, the parallel plate P e
has higher electric ®eld compared to the interdigitated typ?he
for the same applied DC potential between the electrode hro

Large capacitance tunability is ach_ieved.u.s ing parallel'plat%f the varactor due to metal electrodes, and L is the parasitic
varactors  60%) compared to the interdigitated €apacitors.;,  ctance associated with the varactor, again due to the

AISO’ _pgrallel plate _varactors have hlgher_ Q compared Ynetal electrodes in the device. Each of these can be precisely
interdigitated capacitors. Best results obtained to date have

been varactors that used pulsed laser deposition (PLD) for
processing of the BST thin ®IM& Fig. 2 shows the dielec-
tric properties of the BST thin ®Im obtained on a 4 in. diame-
ter R-cut sapphire substrate. The dielectric/capacitance
tunability is better than 4:1 and the dielectric loss-tangent is
below 0.01 at 10 GHz?

C. Integrated varactor devices

Figure3 shows a photograph of a BST thin ®Im varactor
shunted to ground showing two distinct metal layers with the
overlap area of the two metal layers de®ning the varactor.
The BST thin ®Im is sandwiched between the two metal
layers. This integrated varactor is implemented in shunt con-
®guration (variable capacitor connected to ground) with co-
planar transmission lines (denoted Ground, Signal, GroundeG. 3. BST thin ®Im based varactor shunt switch. Such devices have been
at the input and output The device is called the VaraCtOIused for characterization of BST thin ®Ims, as well as applications such as

i . ’ . _ switching, phase shifters, and agile antennas. Reproduced by permission
shunt SV\_"tCh- as it _bEhaves like a voltage controlle(_j SWitChrom Subramanyaret al, IEEE Microw. Wirel. Compon. Lett15, 739
for allowing a RF signal to pass or not pass throdgsince  (2005). Copyright 2005 by IEEE.
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FIG. 4. Equivalent electrical circuit for a shunt varactor device (varactor . i .
shunted to ground). Reproduced by permission from Subramareyaah, power. The S21 is the lowest at OV and improved with

IEEE Microw. Wirel. Compon. Lett15, 739 (2005). Copyright 2005 by applied DC bias.
IEEE. From the electrical model, one can obtain the relative
dielectric constant and the loss-tangent of the BST thin ®Im
calculated based on the geometry of the parallel plate varador different dc bias voltages, once we have the thickness of
tor as follows: the BST thin ®Im, and the values for the C(V), R(V), Bnd
L. Figure2 is an example of the voltage dependent dielectric
C.VT"~ g:&:A=d, (1)  properties obtained using this procedure.
The quality factor (Q) of the capacitor can also be
Wheree— is the relative dielectric permltthlty of BST Iayer, obtained from the electrical equiva|ent circuit as
& is the dielectric permittivity of free space, Aisthe areaof Q" capacitive reactance/equivalent series resistance
overlap of the top and bottom electrodes, and d is the BSTESR) at a desired frequency.
layer thickness Quality factor can also be obtained approximately as
. 1/tard, where tad is the loss-tangent of the dielectric thin
RNT™ 1=.x Citandt, ) ®Im. Another ®gure of merit of interest for varactors is the
wherex is the angular frequency in radians, C is the varactoicOmmutation quality factor (CQF)
capacitance, and tdnis the dielectric loss-tangent of the
BST layer. R(V) is typically very high X10MX) at low
frequencies and decreases at higher GHz frequencies

CQF” ..ny 1f=n:tand;:tand,t; (4)

where n is the varactor tunability ratio, de®ned as C(0)/C(V),
Rs™ I=r.w:ith (3) tard, is the loss-tangent at 0V, and thnis the loss-tangent

at the bias voltage V. For the state of the art BST varactors

where | is the length of the bottom electrode metal layels  on sapphire and high resistivity Si, the Q is higher than 100
the conductivity of the bottom metal layer, w is the width of at 1 GHz* For a typical 5 5| m? varactor, conservative
the electrode layer, and t is the thickness of the bottom metalalues of i 3, tard,~ 0.02, and tad,” 0.01 gives a CQF

layer. value of 6650. CQF of greater than 5000 is required for

The parasitic inductance L is typically negligible, lesarth  RF/microwave applications. The current oxide thin ®Im
0.01 nH in most parallel plate varactor devices. L incredses varactor technology can easily achieve this requirement.
interdigitated varactor devices. For interdigitated ctwadevi-
ces, itis mpqr"tapt to keep 'Fhe length of 'the ®ngers small S Multiferroic thin film devices
that the parasitic inductance is kept to a minimum.

To characterize the thin ®ms of BST, the swept fre- Multiferroic composite materials consisting both a mag-
quency scattering parameters are obtained for differenbetic phase and a ferroelectric phase are of great interest, as
applied voltages using a RF/microwave probe station and ¢hey offer the possibility of magneto electric (ME) coupling,
vector network analyzer (VNA). The data ®les are imported.e., electric ®eld manipulation of magnetic properties
to AWR software tool, in which the schematic electrical (converse ME effect) or vice versa (direct ME effetfj°
equivalent circuit for the varactor device is drawn, simulated,and have led to many novel multiferroic devic€s:° One
and the S-parameters of the electrical circuit are matched tamportant series of such multiferroic devices is the electro-
the S-parameters to the measured data. An example of statically tunable microwave multiferroic signal processing
matched simulated and measured data ®les are shown devices, including tunable resonatéfghase shifters? and
Figure5fora’5 51 m?BST thin ®m varactor at 0V. The tunable ®Iters/ Compared to conventional tunable micro-
S21(dB) stands for the ratio of the output power to the inputwave magnetic devices that are tuned by magnetic ®eld,
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these electrostatically tunable microwave multiferroic devi-
ces are much more energy ef®cient, less noisy, compact, and
light-weight. The magneto electric effect can be realized in
multiferroic composites through a strain/stress mediated
interactiot™?° which enables effective energy transfer
between electric and magnetic ®elds and leads to important
new functionalities and new devices. A key component for
recon®gurable RF/microwave electronics is a voltage tunable
inductor. Tunable inductors have been demonstrated using a
multiferroic thin ®Im deposited on a piezoelectric substrate,
up to low GHz frequencie$: A voltage applied to the piezo-
electric thin ®Im substrate physically deforms the conductor
and tunes the self-inductance of the conductor. Multiferroic
device research is still in its infancy compared to oxide thin
®Im varactor technology. Tablé summarizes the technol-
ogy areas that voltage tunable oxides and multiferroics can
make a signi®cant impact. The table also includes key refer-
ences that have demonstrated RF/microwave applications.

Ill. ADVANCES IN GROWTH-PROCESS SCIENCE
METHODS

There are a variety of techniques for growing/fabricating
complex oxide (BST and other oxides) thin ®Ims, namely,
PLD, RF magnetron sputtering, molecular-beam epitaxy
(MBE), chemical solution deposition (CSD), and metal or-
ganic chemical vapor deposition (MOCVD). For the purpose
of this discussion, CSD includes all liquid based deposition,
techniques including sol-gel and metal organic solution depg
osition (MOSD) processes. Although very promising§
research results have spawned from utilizing each of thesg
growth methods, it must be noted that most of the Iiteratureﬁ
based demonstrations of complex oxide (BST-based) thig
®Ims have employed growth techniques characterized b§
small area deposition, high cost, and/or low-throughputZ
These research techniques have (and will continue to) ad?
signi®cantly to the knowledge base of complex oxide ®Ing
properties and the relationships between processing paramﬁ-
ters and ®Im properties. However, other deposition technolce
gies will be required for implementation of BST-based®
devices in large volume, for both military and commercial&
applications. Selecting the most appropriate technique foré
particular situation will depend on many factors, including g
the requirements of the device, the requirements of the sul‘é
strate, and the economics of ultimate implementation in thes
®nal application. Tabldl presents a summary of the attrib-
utes and disadvantages of each of the ®Im growth techniqu
considered in this discussion.

is®e

A. PLD

that can be s@

PLD is a thin ®m growth technique whereby a highy
power pulsed laser beam is focused on a target (the targ§t
material which is evaporated by the laser is normallyz
mounted on a rotating disc attached to a support) of the
material (in a vacuum chamber) that is to be deposited ontoé
substrate (Figuré). 3

The material is vaporized from the target (laser plasma,
plume) which deposits it as a thin ®m on the desired sutm
strate. Due to its ease of operation, rapid deposition times

Key
references

Complex oxide thin film

Physical implementation Key advances to date

device drivers

Critical specifications

Technology need

30

Capacitdeosity
(up to 100 nF/mrf)

Parallel plate capacitors

Thin ®Im capacitors

High capacitance per unit area, low
leakage current, low parasitic series

Decoupling capacitors

resistance, high self-resonance frequency

Low insertion loss< 3 dB) for

Parallel plate varactors, IDC

Oxide thin ®Im varactors, variable

inductors

Low insertion loss, high Q, tunable
bandwidth, wideband tuning, high speed

tuning, good out-of-band rejection

Bandpass ®lters

1+3 GHz wireless communication

bands

varactors Multiferroic thin ®lm on

piezoelectric substrates

Frequency of 0360 phase shift,
insertion loss< 5 dB, phase shift

0 +360

Parallel plate, IDCs, and multi-

ferroic thin ®Im inductors

Oxide thin ®Im varactor, variable

inductors

Continuous phase shif860, low
insertion loss, broadband of operation,

low power consumption

Phase shifters (analog)

J. Appl. Phys. 114, 191301 (2013)

12

Frequency tunability, bandwidth,

radiation ef®ciency

Parallel plate, IDCs, and multi-

ferroic thin ®Im inductors

High speed tuning/recon®gurability, ®xed Oxide thin ®Im varactor, variable

bandwidth over the tuning range, high

radiation ef®ciency

Agile antennas

inductors

31

10% Bandwidth, additional

Parallel plate, IDCs, and multi-

ferroic thin ®m inductors

Oxide thin ®Im varactor, variable

inductor

Low additional insertion loss, ®xed

Tunable impedance matching
networks for power-amps

insertion loss< 1 dB possible

bandwidth, broadband capability, ease of
biasing, and integration with the PA

11

High Q, high speed tuning, high dynamic Oxide thin ®Im varactor Parallel plate, bulk single crystal ~ 10% bandwidth of tunability
resonators

range

Voltage controlled oscillators
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TABLE Ill. Summary of the attributes and shortfalls of the various complex oxide thin ®m growth techniques.

Complex oxide film growth techniques

Method attributes PLD RF sputtering MBE CsD MOCVD
Industry standard No Yes Yes Yes Yes
Large area% 4 in. diameter) No Yes Yes Yes Yes
Throughput Moderate High Low High High
Deposition rate High High (low for off axis) Low High High
Equipment cost Moderate Moderate High Low Moderate
Compositional control Excellent Moderate Excellent Excellent Excellent
Large area compositional Fairt Fairly good Good Good Excellent
uniformity (4-in. wafer)
Large area thickness Fair (< 7%) Moderate Good Good Good
uniformity (4-in. wafer)
Microstructure Highly oriented to Highly oriented/textured  Highly oriented, epitaxial, Polycrystalline to highly  Highly oriented
epitaxial single crystal oriented/textured to epitaxial
Large area uniformity Fair Good Good Good Good
Surface morphology Moderate Moderate smoothness Excellent (very Excellent (very Good (fairly
(surface smoothness) smooth surfaces) smooth surfaces) smooth surfaces)
Film adhesion Excellent Excellent Excellent Good Good
Conformal deposition No No No Yes Yes
Processing temperatures High-moderate High-moderate High-moderate Moderate to low Moderate

AWith beam pro®Ie control.

and excellent target-®Im stoichiometry transfer, PLD is byprocess inherently creates macro particles/particulate debris
far the most popular growth method for complex oxides/BSTon the ®Im surface. In addition, the PLD technique is not
thin ®ms3*3° The PLD method is excellent for depositing standard to the semiconductor industry and is not part of a
high quality crystalline ®Ims, epitaxial ®ms, multi-layer andtypical semiconductor foundry fabrication line. These draw-
various superlattices with high deposition ratéd’ The de- backs make PLD less suited to meeting the surface “atness
velopment of new laser technology, such as lasers with higland large area uniformity criteria required for complex oxide
repetition rate and short pulse durations, have made PLD tunable device performance and scale-up. Recent advances
very competitive tool for the growth of thin, highly crystal- by companies, such &seoceraandSolMateS*® have devel-
line ®Ims with complex stoichiometry. Factors which in"u- oped PLD tools which are capable of large area ®m deposi-
ence ®Im deposition that must be optimized to grow hightion of complex oxides over 6 in. or 8 in. diameter wafers
quality complex oxide thin ®ms include composition of the with minimum droplet/particles. These systems are targeting
target material, pulse energy of laser, distance from target tthe MEMS market, and the PLD tools offer high-yield piezo
substrate, and the type of gas and pressure in the chambgerformance and “exibility primarily for customized lead
(oxygen, argon, etc.). Although the PLD possesses mangirconate titanate (PZT) compositions. At presedm|MateS
quality ®Im growth attributes, the length scale of the ®mhas not quali®ed other complex oxide ®ms (non PZT-based
thickness uniformity is limited (typically 1 in.), and the = ®Ims) via this method. Also, Varanastial. showed that pro-
cess optimization for large area PLD can produce highly tun-
able uniform ®Ims over 4 in. diameter wafers utilizing the

Laser beam Neocera Pioneer 180 PLD systéAlthough no semicon-
3 ductor foundries possess such large area PLD growth tools
Port with in-their manufacturing lines, the development and increased

quartz window  salas of such tools holds signi®cant promise for these large
i area PLD tools to enter into foundry manufacturing lines in
sample stage the future. For now, PLD is an excellent lab-scale research

tool for screening new and novel complex oxide ®m compo-
7] sitions and material designs.

Target
carrouse|

B. RF sputtering deposition

In simplest terms, sputter deposition is a physical vapor
deposition (PVD) technique which 2sputters® or dremoves®
Rotating target Vacuum chamber material from a target source and deposits this ejected mate-
rial onto a substrate support or wafer (Figuje

FIG. 6. Schematic diagram of a typical PLD system (Reprinted from source: It magnetron_ sputter d_eposition of comple?( oxide ®|n_15:
http://www.andor.com/Portals/0/Pulsed%20Laser%20Deposition.jpg such as BST, using a multicomponent BST oxide target, is a

Laser plume
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—  Substrate and film growth demonstrated using a stoichiometric B8y sTiO3 target
. by control of the background processing gas pressure.
zi:‘:“er%-l [ ] L Speci®cally, Imet al*® determined that the (BRSr)/Ti
- P ratios of these BST ®Ims could be adjusted from 0.73 to 0.98
by changing the total (Af O,) process pressure, while the
O,/Ar ratio did not strongly affect the metal ion composition.
O O O It was determined that there was signi®cant interplay between
Ar+ the total process pressure, dielectric response, and ®Im struc-
ture and surface quality. It was found that (B&r)/Ti ratios
of 0.9 or higher, exhibited a polycrystalline microstructure,
% P , and possessed root-mean-square/rms roughness on the order
Spwiteriog Taret of 3nm. In contrast, ®Ims with (BaSr)/Ti ratios below
FIG. 7. Schematic diagram of a typical sputtering system. Diagram depicts ®-85, the BST became nanocrystalline with a much smoother
asputter-up® con®guration. surface morphology exhibiting a rms roughnesg nm. In
terms of dielectric response, the near-stoichiometric BST ®Im
widely used deposition/growth method to produce high-(Bat Sr)/Ti ratios of 0.95 displayed the largest tunability,
quality complex oxide thin ®ms. RF sputtering, like most 74%, while the lowest dielectric loss of 0.0047 at zero bias
PVD techniques, results in highly textured/oriented thinwas found for the BST ®Im with a (BaSr)/Ti ratio of 0.73.
®Ims (FigureB). A special con®guration of the rf sputtering Mechanistically, these results are easily explained by the fact
techniques, referred to as off-axis rf magnetron sputteringhat the pressure dependencies of the individual "uxes of Ba,
technique, consists of a target and of a substrate placed onS, and Ti impinging on the substrate (i.e., the different con-
grounded sample holder positioned at @0 the target off-  stituents have different, pressure dependent angular scattering
axis con®guration, yields highly crystalline growth of thin distributions in the gas phase, due to their different magses).
®Ims on single crystal substrates, offering a well-de®ned In general, achieving precise control over ®Im stoichi-
orientation which de®nes epitaxy. Unfortunately, the off-axisometry is more complex, compared to the PLD technique;
sputtering process is hampered by its very low depositiorhowever, it can be accomplished by selecting the proper pro-
rate. cess pressure. In other words, the deposition process pressure
Although RF sputtering offers large area depositioncan be experimentally tailored to achieve the desired dielec-
(>4 in. wafer) and is an industry standard deposition tooltric response to be optimized. Although, it must be kept in
however, there are issues with controlling the stoichiometrymind that level of stoichiometric control is limited to
in ®Ims. As with all ®m growth techniques, it is important to major constituents of the ®m, for example, the Ba, Sr, and
highlight that the effect of ®Im processing parameters on thd&i in BST ®Ims, hence, deposition of undoped BST (3
composition and microstructure of the complex oxide ®mscomponents) thin ®ms has been fairly successful via
such as BST, are critical for achieving the optimum materialsputtering®*** However, successful fabrication of multi-
properties. Speci®cally, it has been shown by a number afomponent (4 or more elemental components, i.e., doped
authors that the electrical properties of BST ®Ims are quit8ST) and designer/compositionally tailored/graded BST
sensitive to Ti nonstoichiometry, which is conventionally based ®Ims has not been successfully accomplished with pre-
denoted by the (B& Sr)/Ti ratio. It is typically observed that cise control of ®Im stoichiometry. One of the major reasons
sputtering from a single multicomponent stoichiometric oxidefor this is that the yield and sticking coef®cients of the vari-
target produces a nonstoichiometric oxide thin ®m. To avoicbus components are not equal, and therefore, precise control
this problem, researchers have deposited/grown ®Ims undef the ®Im stoichiometry is often dif®cult. Therefore, the
high gas pressure, employed target-substrate off-axis geomaajor shortfall of stoichiometry control in rf sputter deposi-
tries, and have used compositionally adjusted targetdion occurs for dopant-level ®Im constituents, for example, a
Compositionally controlled rf sputtered BST ®Ims have beerBST ®Im that is doped 1% with Mg. In such cases of low

R,€8.7.nm
.R,‘m,'=l__‘8.3_1 nh\‘ ),

Si/SI0,(5000A)BSTB0/M0T,,=B00C

A L G A P e TN
BST 200nm

Si0; 500nm/Si substrate

(@) (b)

FIG. 8. BST thin ®Im deposited on Pt bottom electrode on,&idwafer. (a) Cross-section FESEM micrograph, (b) enlargement of BST ®m showing textured
®Im, and (c) AFM micrograph showing surface morphology of the rf sputtered BST ®Im. Figure courtesy of M. W. Cole's research group, Army Research
Laboratory-WMRD, 2012.
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Another drawback of this ®Im growth technique is that some
Precursors of the ®Im precursors require chemical distillation, which

\, adds unwanted complexity and time to the ®Im fabrication

process. However, overall, this is an excellent technique to

Pyrolysis Mix grow ®Ims of complex oxides.

25322 . A schematic for the MOSD ®Im growth technique and

; representative complex oxide ®Ims fabricated by this tech-
vl Spin Coat nique are displayed in Figur&sand10, respectively*"*® In

A é e 1) the MOSD process, in addition to the alkoxide/organic me-

'\ " / tallic precursors required to form to the complex oxide ®Im,
y various other chemicals, such as acetic acid and 2 methox-

Repeat S yethanol, are employed as solvents and solution viscosity

modi®ers. The stoichiometric precursor solutions are
FI_G. 9. Schematic diagra_m qf the MOSD spin-coating process for complexhen concentration optimized and spin/dip coated onto the
oxide (BST) thin ®Im fabrication. desired substrates. Subsequent to each layer coating,

the ®Ims are pyrolyzed (temperatures 350+500C for
dopant concentrations within a multi-component ®Im, suchl0+30 min) in order to evaporate solvents and organic ad-
as BST, rf-sputtering is not the most suitable ®Im depositiolenda and form an inorganic amorphous ®lm. The spin/dip
technique. coat pyrolization process is repeated until the desired nomi-
nal ®Im thickness is achieved. The as-deposited ®Ims are
amorphous, hence ®Im crystallinity is achieved via a post
deposition annealing step. It should be noted that the fabri-

CSD was adopted for the fabrication of PZT in the cation of high quality complex oxide ®Ims via CSD/MOSD

1980s?® The CSD technique has attracted extensive attenis highly dependent on the preparation of optimized precur-
tion in recent years as a cost-effective technique for largesor solutions with desired solubility, reactivity, concentra-
scale fabrication and manufacture of high quality complextion, and viscosity, substrate selection, and buffer layer
oxide ®Ims. In general, CSD includes all wet chemical proc-development. In addition, it is important to optimize the
esses involving solution based chemical reactions of precutthickness for each coating layer in a CSD/MOSD process to
sors during the formation of the ®Ims. The term 2sol-gel°® isyield non-cracking and non-porous ®Ims. It has been dem-
often used to refer to a CSD route beyond the original de®nienstrated that a layer-by-layer automated dip-coating pro-
tion of a sol-gel process, which involves hydroxylation andcesé® allows nano-layer engineering and complete organic
condensation of organometallic precursors containing netspecies burnout, leading to high quality and high density
work formers (e.g., silicon, titanium, etc.). The processingthin ®Ims with performance comparable or superior to
techniques applied in the CSD route can be categorized afe ones produced by PLD or sputteritfg:> BST50/50
spin coating, dip coating, spray coating, stamping (or print-®ms biaxially grown on LaAl@ substrates via this process
ing), etc. The MOSD technique is analogous with CDS,exhibit a very low loss as shown in Figurgl. The
whereby alkoxide precursors are employed for growth offull-width-half-maximum (FWHM) of a rocking curve scan
complex oxide thin ®Ims. The CDS and/or MOSD techniqueat the (002) plane is as small as 0.0 Shown in Figurel2
using carboxylate-alkoxide precursors is one of the simplesis a cross-section SEM image of a Pb%i®Im coated on
techniques available to prepare pure and doped stoichiomeglass substrate via the layer-by-layer dip coating process,
ric multicomponent complex oxide thin ®ms. Among the indicating a very dense ®Im.
advantages of the CSD/MOSD processing are low process- In addition to thin ®m growth, thick ®ms>@0l m)
ing temperature, precise composition and thickness controhave also been demonstrated via spin coafiagd printing”
low equipment cost, high deposition rates, uniform depositechniques with porosity levels acceptable for certain applica-
tion over large area substrates, and it is an industry standatibns. It is also worth mentioning that Atet al>° have suc-
®Im fabrication techniqu®&. Although CSD/MOSD has ceeded in low temperature fabrication of polycrystalline ®Ims
numerous attributes, it is often problematic to achieve sucef spinel structure ((M, FgD4, M~ Fe, Co, Ni, Zn, Mn, etc.)
cessful chemical compatibility of the chemical precursors.via a spin spray plating (SSP) process. Nonetheless, no work

C. CsD

FIG. 10. Cross-sectional FESEM
micrographs of a BST thin ®m grown
by the MOSD technique, (a) the as-
grown ®Im, (b) the post deposition
annealed ®Im, and (c) AFM image
showing the smooth uniform surface
morphology of the crystallized BST
®Im. Figure courtesy of M. W. Cole's
research group, Army Research
Laboratory 2012.

1pm X 1 pm Rgys = 2.67 nm
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—400KHS ) 0:018 functionally compositionally graded material structures; and
—=— Capacitance . . . . .
7.0 { ~~ Dielectric Loss | .. ®nally (vi) MBE offers extreme ®Im uniformity with precise
control of coverage area.

Low energetic, high-purity techniques, such as MBE,
have the potential to produce epitaxial complex oxide ®Ims
with low intrinsic defect concentrations and atomic-layer
control>® Oxide MBE growth of cation and oxygen stoichio-
metric perovskite titanate ®Ims has, however, proved chal-
lenging due to the fact that complex oxides, such as SgTiO
do not have a wide MBE growth windoWw in which the
cation stoichiometry is self-regulating. Low growth rates
severely limit practically achievable ®Im thicknesses needed

450 0.001 for ®ms in device structures. A popular variant of MBE is

o 0 3020 %na;e (\1;) 20030 080 the use of volatile metal organic source materials; this is
called metal organic MBE (MOMBE) and it is being applied
FIG. 11. Capacitance and dielectric loss of &B%% sTiO; ®Im grownona  to an increasing variety of complex oxides:? For example,
LaAlO3 substrate via CSD. Reproduged by permission from Jiqr\gl., the Stemmer research group at UCSB is using MOMBE for
Integr. Ferroelectr28, 68 (2000). Copyright 2000 by Taylor & Francis. the growth of SrTiQ ®Ims that combines an effusion cell for
) Sr, a plasma source for oxygen, and a metal-organic source
has been § eported on other complex oxide systems by th(‘?itanium tetra isopropoxide) for T#° Advantages of the
SSP technique. metal-organic source include a vapor pressure that is orders
of magnitude higher than solid ff. The MOMBE growth
D. MBE approach has enabled the growth of nearly stoichiometric
insulating SrTiQ ®Ims with scalable growth rates and excel-

MBE is an industry standard tool for the growth of thin |ent structural quality, as evidenced by the very narrow rock-
®Ims. This technique offers excellent stoichiometric COMPOing curves and nearly ideal surfaces with root mean square
sitional control and the ability to grow compositionally gyrface roughness values of less than 0.1.
graded dielectric thin ®Ims. The major advantages of the  The apjlity to produce thin ®ms with uniform material
MBE growth technique include: (i) Outstanding microstruc- properties renders MBE desirable for complex oxide device
tural control whereby the microstructure of the depositedigprication. Although MBE is an industry standard ®Im dep-
®Im is closely controlled, ranging from dense, epitaxialgsition tool used in commercial semiconductor foundries, the
highly oriented, and single crystal ®Irfs(ii) high degree of  growth rate of complex oxides via MBE is very slow and
composition control whereby the ®Im properties are eaS")éxpensive. Recently, BST ®Ims fabricated via MOMBE
adjustable to allow for great versatility in depositing a wide technique achieved device quality dielectric properfies.
variety of complex, multi-component compounds with pre-The MBE technique is also limited by low throughput/yield
cisely targeted stoichiometries; (iii) the MBE growth processang is an expensive technique to use and sustain. However,
allows deposition on a wide range of substrate materials ang the cost of this technique becomes commensurate with that
offers ability for large areaX4 in. diameter) wafer coverage; of cvD and PVD growth techniques, properly optimized

(iv) MBE growth tools are suitable for continuous production \gg grown complex oxide thin ®ms will become wide-
whereby MBE production systems have demonstrated operapread and mainstream.

tion without failure around the clock for extended time peri-

ods; (v) MBE offers growth of complex multi-layered and
E. MOCVD

T 0.011

T 0.009
6.00 1

T 0.007

Capacitance (pF)
Dielectric Loss

T 0.005

5.00 1
3 0.003

CVD is a process in which gaseous source materials are
chemically reacted to produce ®lms and coatings. MOCVD
is a variation of CVD, for which the precursors are com-
pounds of metal atoms and organic ligands. MOCVD of
complex oxides is usually (but not always) accomplished at
reduced pressure. Similar to MBE, MOCVD reactions are
driven solely by thermal energy. Each atom arrives at the
surface of the growing ®Im with no kinetic energy, enabling
very high quality ®ms. Similar to MOSD, MOCVD can pro-
duce conformal coatings on three dimensional substrates and
over device topography. This was the main incentive to
investigate both MOSD and MOCVD to deposit high dielec-
tric constant BST ®Ims for DRAM applications, in order to
build high density, non-planar capacitor geometfies’

FIG. 12. Cross-section SEM image of a PbTi®Im coated on glass sub- Similar to other vacuum techniques, MOCVD requires a
strate, showing a very dense ®Im formed via a layer-by-layer CSD route. large up-front capital investment for the equipment.

D=2.7um}
A
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However, when implemented in high volume production, «= Precursor
MOCVD can provide low overall cost-of-ownership, due to c“:::]\;zr Solution
its high throughput and high source material utilization.

For small substrates, MOCVD of complex oxides can be
0000
\ Flash
Evaporator

= Carrier Gas

accomplished in a variety of reactor geometries. Scaliegéeh
processes up to large wafers and high volume production
requires MOCVD reactors designed speci®cally to provide
uniform gas distribution across the substrate. Uniform precur-
sor distribution prevents gas depletion effects, which can cause
variation of ®Im thickness and composition across the wafer.
Uniform wafer temperature is also important for uniformity of
®Im thickness, composition, and properties. Commerciati, 13. Schematic illustration of a typical MOCVD reactor with liquid
MOCVD reactors for high volume production of complex o0X- injection system, for deposition of BST and other complex oxide ®Ims.

ide ®Ims follow designs developed for compound semiconduc-

tor ®Ims. The reactor chamber is typically a cold-wall orthe “ash evaporator. This technique requires that the precur-
warm-wall vertical cylinder, with an upper gas showerheadsor solution is fully vaporized faster than the solution injec-
and a large horizontal platter for single or multiple wafer tion rate, in order to maintain consistent composition of the
loads. Two basic strategies are used to achieve uniform gasurce vapor. All surfaces in the vapor transport path after
distribution; planetary reactors and high speed rotating diskhe “ash evaporator must be maintained at or above the
reactors. Planetary reactors use complex wafer motion tevaporator temperature, to avoid precursor loss due to con-
ensure that each section of the wafer sees a similar thermaensation. Cold spots in the vapor transport path can shift
and gas “ow history. In high speed rotating disk reactors, the®lm composition through selective loss of low vapor pres-
source gases are drawn down to the disk surface by viscodsire components. Ef®cient and reliable liquid delivery and
drag, then pushed outward, creating a very thin boundagyr lay “ash evaporation systems have been developed for commer-
and eliminating recirculation. The high speed rotating diskcial MOCVD reactors and demonstrated for deposition of
design has been demonstrated analytically and experimentallyniform BST ®Ims on large wafef§°®

to provide excellent uniformity*®° Both reactor designs are For MOCVD of complex oxides, such as BST, molar
theoretically scalable to any size wafer platter. Uniform depo-incorporation rates for the individual metal species are
sition of BST ®Ims has been demonstrated in both plarfétary precursor and process dependent. The typical procedure for
and high speed rotating disk MOCVD reactbfs. initial process development is to deposit several ®ms and

MOCVD processes for complex oxide ®Ims are highly de-determine their actual composition using a technique such as
pendent on the precursor chemicals. The most commonly useRlutherford Backscattering Spectroscopy (RBS). This calibra-
precursors for BST are Ba(thd)Sr(thdy and Ti(i-OPr}(thd),.  tion requires consistent precursor materials and stable
In these designations, "thd"2,2,6,6-tetramethyl-3,5-heptane- MOCVD process parameters. The composition of BST ®Ims
dionato and "i-OPr" isopropoxide. These precursors have thehas been shown to vary with substrate temperature during
metal species bonded to oxygen. However, an oxygen bearinlOCVD, particularly with regard to the (Bh Sr)/Ti
gas is usually added to the MOCVD process, to ensure conratio °%® Within these constraints, initial MOCVD process
plete oxidation of the ®Im and removal of organics. The gfpic development and subsequent process control can be done reli-
BST precursors are solids at room temperature, and requirgoly and effectively. Once this calibration is established,
heating to achieve suf®cient vapor pressure. The Group IIIOCVD can easily produce compositionally graded ®Ims of
precursors require temperatures around Z0D@o 240 C to  nearly any pro®le. The ®Im composition is a linear function
volatize. At these temperatures, the precursors are near th of the molar precursor injection rates. MOCVD can also pro-
decomposition point. If these precursors are used in cenverduce compositionally doped ®Ims and interface layers with
tional bubbler geometry, and held at high temperature fotailored composition. Compositionally graded BST ®Ims de-
extended time, their vaporization behavior can change oposited using liquid injection MOCVD have shown extremely
"age." This aging effect is due to chemical reactions such agemperature stable dielectric properties, as well as low leak-
decomposition or polymerization of the precursor. Addwdts age current and high tunability of dielectric permittivfty.
the Group lla precursors have been developed, to improve the
stability and temperature resistance. The common adducts
include tetraethylene glycol dimethyl ether (tetraglymegn- R/Ngfﬂziﬁﬁégggoﬁ)gyjﬁsl: :T_?E?SSE
te_lmethyldlethylenetnam|ne (pmdeta), and other supysjee- RE/MICROWAVE APPLICATIONS
ci®c compounds.

Another strategy for MOCVD of complex oxide ®Ims is Currently, RF front-end applications support various
to dissolve the precursors in a suitable solvent and inject th&requency bands. The replacement of ®xed frequency band cir
solution into a heated pre-vaporization chamber, known as auits with recon®gurable circuits will save space and amst f
“ash evaporator. Figuré3 shows a schematic illustration of communication system$.Figure14 shows a typical front-end
a typical MOCVD reactor and direct liquid injection system. of a single frequency band RF communication system.
Thermal aging effects are minimized, since the precursors Extending the RF front end to wide-band frequencies
are stored at ambient temperature until they are injected intoecessitates the requirement of a large number of PAs,
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FIG. 14. A typical RF front-end of a single frequency band RF communication system.

®lters, duplexers, LNAs, and VCOs. Tunable devices givehe parasitic inductance with an equivalent value Qf:.L

the opportunity to implement these circuit blocks by optimiz- Delta-I noise can reduce the driver bias voltdgen this

ing their performance for a given bandwidth by varying ei- case, the effect is called the ground bounce. Disturbances of

ther inductance or capacitance or both. several millivolts to 1V have been reported. These distur-
Technology drivers utilizing BST thin ®Im varactors for bances may jeopardize the operation of sensitive ICs on the

RF/microwave applications can be classi®ed into followingPCBs. Delta-I noise waveforms typically consist of two com-

three categories: ponents, an initial peak followed by a resonating waveform.

When the drivers switch from one state to another state

1. Varactors for passive recon®gurable RF/microwave CIrZIogicOto logic 1 for example in digital systems), a transient

Cu'ts.' In this category_, varicaps or varagtors are US.Ed Plcurrent ows through the connections between the ICs and
marily for recon®guring passive RF/microwave circuits

.the power planes. These transients excite a voltage drop on
such as tunable resonators, band pass ®lters, band rejec L !
e parasitic inductance of the power/ground connection,
®lters, and antennas. oo . S .
thus, resulting in peak noise, which is typically large and

2. Adaptive RF electronics. In this category, varactors are ST .
occurs for a short duration in comparison to the resonance

integrated with active devices such as impedance match-
component of the power planes.

ing networks for PAs and VCOs are the main technology Use of decoupling capacitors is a convenient and ef®-

drivers. cient way to decouple the power ground noise. By placing a
3. Phase shifters for electronic steering of antenna arrays. In yloc P! P g - BY placing
. L proper capacitor, which has small impedance at the noise fre-
this category, varactors are used primarily for analog

(continuous 0+360 phase shift) or digital (®xed phase quency, close tp each driver, the noise_can be gffectively ®I-
shift based on number of bits) phase control over a ban tf?red- C_:onveqtlonal ®x_ed-va|ue cgpq0|tors typ|cally employ
. . . dielectrics which have linear polarization to the applied ®eld
width for electronic steering of phased array antennas or ; . . h )
digital beam forming applications. a.m'd have nominally Iowl value_s of relative dielectric permit-
tivity (e.g., & < 100). Oxide thin ®Ims, such as BST, can be
This section describes technologies that can bene®t fromttractive for the decoupling applications due to their high
the use of oxide and multiferroic thin ®m devices. The tech+elative dielectric constant.
nology drivers for thin ®Im varactors include discrete decou-  Decoupling capacitors are normally implemented directly
pling capacitors for printed circuit boards (PCBs) to passivebetween power bus and ground to reduce the noise in the
rf circuit components, impedance matching networks forpower bus. While bulk decoupling capacitors are responsible
power ampli®ers and low noise ampli®ers, voltage controlleébr the decoupling of low frequency noise in a section of a
oscillators, and analog continuous phase shifters. The teciRCB and have larger capacitance (1tlLB) local decou-
nology drivers for thin ®Im multiferroic devices include volt- pling capacitors are responsible for the decoupling of higher
age tunable passive RF components to low frequencyrequency noise from particular IC and have smaller capaci-
magnetic ®eld sensors. tance (pF-nF). Multilayer ceramic caps and low inductance
chip arrays are commonly used at low frequencies below 50
MHz. High & oxide thin ®Im capacitors could be useful from
100 MHz to several GHz applications. Figurg shows meas-
Noise control is very important for the design of high ured impedance of parallel plate BST capacitors of 5 and
speed digital integrated circuits (ICs) and PCBs for moder20 20l m? area. The slope of the impedance below the res-
electronic systems. There are several kinds of noise, one ahance frequency depends on the capacitance, the impedance
which is the Delta-l noisé* This noise consists of an atthe resonance frequency (the lowest impedance point) gives
unwanted voltage on the parasitic inductance power planéhe ESR of the capacitor, and the slope above the resonance
connections, caused by the transient currents associated wittequency depends on the effective series inductance (ESL).
switching. Assuming a current changé happens in a time For the varactor with an area of 55| m?, the imped-
interval ofdt, it will generate a voltage of/y~ Leg dl/dton  ance reduces with the sweeping frequency in all the

A. Decoupling capacitors
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1000 . ' ' which is currently in the order of X for thin metal electro-
des ( 11 m thick). SectionV discusses further on how to
o = Bine OV improve the ESR. This is a key area of interest for the suc-

. cessful insertion of oxide thin ®m based capacitors. There is
—~ Bias 4V immense potential for oxide thin ®Im based decoupling
— Bias8V capacitors.
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\ J 1. Tunable filters
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—r— Filters are one of the most important circuit blocks for
- e ] modern communication systems. Multi-functional receiver
4 9 12 1 =0 subsystems require broad bandwidth to support multiple
Frequency (GHz) bands and still maintain good selectivity in the midst of inter-
(@) 5%5 i i fering signals. This has led to an increased demand for prese-
lect ®lters. Tunable band pass ®Iters offer the opportunity of
; : replacing a bank of ®xed bandwidth ®lters with a single ®Ilter
to cover a wide frequency range. Traditional band pass ®lters
—.—.- Bias OV 1 are realized using combline resonators for RF/microwave
______ — Bias 2V applications. Tunable band pass ®lters can be realized mono-
—— b lithically or using discrete components. Tallld compares
Bias 6V the different Funab_le ®lter technologies. As one can see, BST
and other oxide thin ®Im based voltage tunable varactors can
meet many of the ®lter parameters and compete with other
technologies well. Most signi®cant advantage of BST thin
®Im varactor based tunable ®lters is the cost since the thin
s ®Im varactor technology needs less stringent process steps
compared to semiconductor or MEMS based technologies.
Most of the research reported in the literature on BST based
12 18 20 tunable ®lters are with BST interdigited capacitors or parallel
Freque:‘rcy (GHz) plate capacitors. Tombadt al. demonstrated the ®rst tunable
(b) 20420 pm* ®lters with discrete inductors and tunable interdigited
FIG. 15, Im _ _ EST capacitors as early as 20813An electronically tunable
. 15. Impedance of BST varactors at different bias voltages. Reproduced . . . . . .
by permission from H. Li and G. Subramanyam, IEEE Trans. UItrason.m'Crosmp combline band pass ®lter using thin ®Im inter-
Ferroelectr. Freq. Contrdl5, 2552 (2008). Copyright 2008 by IEEE. digested BST varactors was demonstrated in 2005.
Application of 0+200V bias varied the central frequency of
the ®lter from 2.44 GHz to 2.88 GHz. Kalkat al. reported
the results of third order combline band pass ®lters imple-
measured frequency range. Resonance frequency is muchented with parallel plate BST discrete capacitdnsack-
higher than the measurement range for this capacitor, sinceged using a conductive epoxy. These ®lters can be tuned at
the capacitance is approximately 1 pF at OV. For a varactolow voltages from 0 to 5V. The schematic of the prototype
with an area of 20 20l m?, the voltage dependent ESR and ®lter is shown in Figurdé6. The measured center frequency
self-resonance frequency are extracted as follows: 0VX1.2 of the ®lter can be tuned from 1.35GHz to 1.45GHz by
at 6.9GHz, 2V, 1.4X at 7.9GHz, 4V, 1.6X at 8.8GHz, applying a tuning voltage of 3 V. Recently, tunable band pass
6V, 1.8X at 9.8 GHz'? ®lter with MOCVD deposited graded BST ®Ims to reduce the

As one can see, the resonance frequency is shifted temperature coef®cient of capacitance on sapphire substrate
higher frequencies as the dc voltage reduces the capacitandeas been demonstratéd.

The experimental results of the BST varactors con®rm that A resonator can also be implemented using a shunt con-
they can be effective decoupling capacitors over a wide frenected capacitor and an inductor to form a tank circuit that

quency range as it has very low ESL Z5 pH). The BST exhibits resonance at frequency fL/[2pl (LC)].

capacitors typically have lower ESR compared to ferroelec-

tric capacitors, such as PZT and Batgj@ue to their para-

electric phase at room temperature.

Desirable characteristics of decoupling capacitors are: (i
high capacitance density1l F/cn?, (ii) dielectric break- Recently, tunable thin ®Im BST and ST acoustic resona-
down ®eld> 500 MV/m, (iii) low ESR< 0.1X, and (iv) low  tors are attracting the attention of many investigafGrs.
ESL< 30 pH. Current BST thin ®Im varactors can meetThese resonators have applications as switchable ®lters in cell
most of the desirable characteristics except the low ESRhones over surface acoustic wave devices because of their

@
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2. Tunable bulk acoustic wave resonators with BST
}hin films
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TABLE IV. Comparison of tunable ®Ilter technologies for viégs communication bands (1+5 GHz).

Subramanyam et al.

Multiferroic

MEMS BST varactor

Switched filter banks YIG

MMICs

Parameter

Large & 250 mnf) Small < 100 mnf) Very small € 25 mnf) Small & 100 mnf)

Small & 100 mnf)

Very smalk 25 mnf

Form factor

Moderate (2+3 dB)

Good ¢ 20 dB)
Very good $ 10%)
Fast (potentially 100 ns)

Very low < 1dB) Moderate (2+3 dB)
Very good ¥ 30dB)

Very good ¥ 30 dB)

Low (<2dB)
Very good ¥ 30dB)

Low?2 dB) Low (<2dB)
Very good ¥ 30 dB)

Very good~@30 dB)

Pass band insertion loss
Out of band rejection

Good ¢ 5%)
Fast €100 ns)
Good ( 30dBm)

Good ¢ 5%)

Medium ( 101 s)
Good (f 30dBm)

Good ¢ 5%)
Slow ( 10 ms)
Good (f 30dBm)

Very good ¥ 10%)
Very fast€ 25 ns)

Very good$ + 30dBm)
DC bias, discrete (digital control)

Good 6%)
Fas&(100ns)
Goodf 30dBm)
DC bias, analog continuous

Pass band tunability

Tuning speed

N/A

Linear dynamic range (IIP3)
Tuning mechanism

Relative cost

DC bias, analog continuous  DC bias, analog continuous  DC bias, analog continuous

Moderagh

Current, analog continuous

Low-moderate

Low

High Moderate-high

Very good

Low-moderate

Good Good

Very good

Good

Very good

Thermal stability

J. Appl. Phys. 114, 191301 (2013)

Coupled Resonators
l E—

SMA
Conrfector

| t
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T T T

SMA
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=
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FIG. 16. Schematics of a combline band pass ®lter tuned with BST capaci-
tors. Reproduced by permission from Kalletral,, Integr. Ferroelectrl26,
28 (2011). Copyright 2011 by Taylor & Francis.

small size, high quality factor, sharp ®lter skirts, and ease of
integration. They can also be used in voltage controlled oscil-
lators with reduced phase noise. There are generally two
approaches to implementing thin ®m bulk resonators. In one
approach, free standing piezoelectric ®Ims between metal
electrodes are fabricated by bulk micromachining techni-
ques’” In another approach, the substrate is acoustically iso-
lated using Bragg re ectoré Figure 17 shows the cross
section of a solidly mounted thin BST bulk acoustic resonator.
The BST ®Im was deposited by metal organic decomposition
(MOD) technique® Multiple layers of tantalum oxide and sil-
icon dioxide layers act as acoustic re ectors. Figligshows

the return loss variation with frequency for various applied
DC voltages as measured by a network analyzer. The reso-
nance frequency of the resonators can be shifted by various
applied DC voltages. Figur#8 shows resonance characteris-
tics for 8+10V DC applied to the BST resonator.

3. Miniaturized reconfigurable antennas

Another example of an adaptive/frequency agile RF
component is a miniaturized recon®gurable antenna
Tanamum 2t
DRHE . electrode

I siiiconDioxide

™ Platinum
Bottom
Electrode

High ressitivity
Sjilicon

FIG. 17. Cross sectional view of solidly mounted bulk acoustic resonator
with BST ®Im. Reproduced by permission from Kalket al, in
Proceedings of the IEEE Symposium on Applications of Ferroelectrics
(ISAF)(2012), pp. 1+4. Copyright 2012 by IEEE.
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FIG. 18. Variation of return loss with frequency for solidly mounted thin

®Im BST resonator for various DC applied voltages. The resonance freEIG. 20. Magnitude of the return loss for the antenna in Figiidor DC
quency is tuned to higher frequency as one applies from 8 V to 10Vlb?as voltages 0 to 7V show?ng_the recon®gurabi|ity of the antenna with DC
Reproduced by permission from Kalket al, in Proceedings of the IEEE ~ bias. Reproduced by permission from Jiagtyal, |[EEE Trans. Antennas
Symposium on Applications of Ferroelectrics (ISA@012), pp. 1x4. Propag60, 2111 (2012). Copyright 2012 by IEEE.

Copyright 2012 by IEEE.

The size of the miniaturized antenna is reduced to
demonstrated by Jiangt al*2 A patch antenna is loaded 9-06%o 0.06%o without ground, and OKp 0.1ko with
with BST varactors at the back end as shown in Figlge 9round, wherek, is the free-space wavelength at the fre-
Using complex oxide BST thin ®Im varactor technology, ad4€ncy of interest. The resonance frequency of the miniatur-
miniaturized coplanar waveguide (CPW) square ring-slotiZed antenna can be recon®gured from 5.3 GHz to 5.8 GHz
antenna is successfully designed, fabricated and veri®ed %f applying a DC voltage as shown in Figuté. Note that
experiments. The resonance frequency of the miniaturize§e S@me paich radiates at 8 GHz without the varactor load-
antenna is also recon®gurable through applying DC voltage@9- BY combining the varactor, the antenna is forced to op-
on the BST varactors. With loading of the BST varactors, noerate at Iovyer_frequenues, resulting in miniaturization. V\_/|t_h
other higher resonances were observed for the antenna. ule bC blas_l_ng of the varactors, the antenna exhibits
of high dielectric constant BST thin ®Im results in a reduced €cOn®gurability.
size antenna. Loading of the BST varactors allows for recon- _ :
®gurability. The BST varactors are very compact in size andt: Adaptive electronics based on tunable BST
also require low DC voltage which saves power and reduceg""pacItorS
unwanted emitted radiation. This work demonstrates thel. Impedance matching networks
complex oxide BST thin ®Im varactor technology has great

o NS . Adaptive RF/microwave systems are needed to make
potential in antenna miniaturization and recon®guration.

signal transmission and reception more immune to the envi-
ronment. Matching networks or tuning networks (commonly
referred as RF tuners) are used to optimize the performance
of the ampli®er by providing proper termination at the input
and the output ports of the transistdrTypical impedance
matching networks are designed for maximum power trans-
fer between the source and the load in a communication sys-
tem. Making these networks tunable/adaptive allows for
higher ef®ciency of the system under all operating condi-
tions. Simple matching networks are effectively low pass
and high pass ®lters. A shunt capacitor or a series inductor
acts as a simple low pass ®Ilter. A combination of these two
elements creates a higher-order ®lter which has a sharper

<
cutoff for the skirt of the ®ltef? Figure 21 shows example

o
( topologies of the simple low pass ®lters used in matching
ttom layer metal networks.

5

<« Top layer metal

BST thin film

L L
P Sapphire ]:-.J_("G E‘“\_Alﬁ |: .-ﬂﬂ-]_{l_“ ]
< i) <
< & c <z
FIG. 19. Miniaturized and recon®gurable CPW square ring antenna witt T < T f
BST varactors loaded at the back. Reproduced by permission from Jian[ﬁl I3

et al, IEEE Trans. Antennas Propag0, 2111 (2012). Copyright 2012 by
IEEE. FIG. 21. Low pass ®lter topologies used in matching networks.
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FIG. 22. High pass ®lter topologies used in matching networks.

A series capacitor or a shunt inductor acts as a simple Shunt L
high pass ®lter. Like the low pass ®lter, a combination of
these elements will also create a higher-order ®lter which
will have a sharper cutoff for the ®lter's skirt. Figug
shows example topologies of the high pass ®Ilters used it
matching networks.

Band pass ®lters can also be used in matching networkg
A band pass ®lter is a combination of a low pass and a high
pass ®lter. This ®lter only allows a certain band of frequen-
cies to pass and rejects all other frequencies. Figiie
shows an example topology of the band pass ®lters used i
matching networks.

When designing the matching networks, a Smith chart
can be used to see the effects of the elements added to thes. 24. smith chart showing effects of adding series and shunt elements at
matching networks. A shunt capacitor moves clockwiseone frequency.
along a constant-conductance circle while a series capacitor
moves counter-clockwise along a constant-resistance circlrequencies above 10 GHz, series inductors can also be eas-
on the Smith chart. Similarly, a shunt inductor movesily implemented using transmission lines. Figut® shows
counter-clockwise along a constant-conductance circle whilehe schematics of a power ampli®er with input and output
a series inductor moves clockwise along a constantmatching networks with input and output coupling capacitors
resistance circle on the Smith chart. Figuté shows the Ci and Co which are tunable BST capacittsCi and Co
effects of adding a series and a shunt element in matchingan be tuned to match the source and load impedance,
networks on a Smith chart for a single frequency. If one usesespectively.

a tunable inductor and a variable capacitor, one can cover a Figure 26 shows the variation of gain of the power am-
large portion of the Smith chart over a frequency range ofpli®er with the tunable bias voltage applied to Ci. The unity
interest. gain frequency of the power ampli®er can be tuned from

The component values must be tunable over a wide®50 MHz to 1.2 GHz by applying a bias voltage of 4V to the
range of values to cover variation of load impedance, theBST capacitor.
range of operation frequency, and harmonic rejection (®lter-  The ampli®er gain and the bandwidth of the device can
ing the higher order signals). For an ampli®er design, it ide altered using the varactor tuning as shown in Fidifie
important to maximize the gain produced by the ampli®er taMaintaining a desirable performance of an ampli®er under
meet the gain requirements, by minimizing the impedanceany extreme condition will require tunable components like
mismatches between the source and the ampli®er and thiee varactors or variable inductors. Hence impedance match-
ampli®er and the load. The transducer gaiq, &counts for ing is one of the key technology drivers for the oxide thin
mismatch in the source and the load, and the associated

Series C Shunt C

re ection loss. It is easiest to de®ne the separate effective input Output
gain factors for each of the three blocks of an ampli®er Matching Matching
shown in Figure?5 that affect the transducer gain. Netwark R L Network
Shunt capacitors can easily be implemented with BST Wﬂw’“—’ .
varactor as shown in Figur8. For circuits operating at L S8,
e -

Il
L

Lz jﬂﬂi - ‘:0 éjﬂg
[ J ll |[ 200 \—| v:[}
IR & >
'h:-: Ly Cy = 2

.

)
= \\/

FIG. 25. Schematic of a power ampli®er circuit with input and output
matching networks. Reproduced by permission from Y. Zhang and T. S.
Kalkur, in Proceedings of Progress in Electromagnetics Research
Symposium(2011), p. 999. Copyright 2011 by The Electromagnetics
FIG. 23. Band pass ®lter topology used in matching networks. Academy.
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FIG. 26. Variation of ampli®er gain with frequency for various bias voltages

applied to BST capacitor. Y. Zhang and T. S. Kalkur,Rnoceedings of

Progress in Electromagnetics Research Symposi(@811), p. 999.

Copyright 2011 by The Electromagnetics Academy. FIG. 27. Architecture of a differential VCO with BST capacitor as a varac-
tor. Reprinted with permission from Jamgt al, IEEE Trans. Ultrason.

®Im based varactors and multiferroic thin ®Im based variablE®OeIect- Fred. Contréi4, 222 (2007). Copyright 2007 IEEE.

inductors. . . . .
implement and offer a low signal attenuation solution, how-

ever, such systems are large and bulky, slow response, not
2. VCOs ; i ;
cost effective, and require high control powers. Systems

VCOs are an integral part of communication Systems_engineers are aware of these technology drawbacks, hence
VCOs are widely used for applications in transmitters, the future desires for protected communication systems, X
receivers, synthesizers for avionics, wireless communicatio@nd Ka band SATCOM systems, is to replace such mechani-
systems, satellites, instruments, and military electronics. Iffal beam-steering architectures witHegtronic Sanning
VCO implementations, high Q factor of ferroelectric varac- Antenna (ESA) systems. As such, affordable, electronically
tor leads in turn to lower phase noise which is a critical fac-scanned phased array antennas will serve to provide the
tor for these circuit§®-5*#” Another requirement of VCO Means for achieving high data rate, beyond line of sight
is the frequency tuning range and its linearity with respecton-the-move (OTM) communications, essential for military
to the control voltage. The VCO tuned with high dielectric battle-®eld operations. The phase shifter is a critical building
constant ferroelectric capacitor based on Barium CalciunPlock in the design of ESAs; it is the beam-steering compo-
Zirconate Titanate (BCZT) was proposed and implemented’€nt. Depending upon the application speci®cations of the
by Kalkur et al®* The frequency of oscillation for these dif- OTM phased array systems, the number of phase shifters
ferential VCOs are in the range of 2+5MHz. Victet al. ~ required for transmit and receive array to produce the
used BST varactor to tune Colpitt VCO and the operation
frequency of these VCOs are between 40+50 MHzamil
et al. used BST varactors in differential VCOs and the con- | Mkrl 412.25 MHz
®guration is shown in Figue7. 1! iggrfnpa dBnm Atten 10 dB ~36.319 dBm

This VCO has a tuning range from 205MHz to |Lag
216.3 MHz with a power dissipation of 5.1mW. The meas- -‘ig/
ured phase noise i 90 dBc/MHz at 100kHz andg/ 140
dBc/Hz at 1 MHz. Recently, a spread spectrum clock gener- ! ! . e
ator (SSCG) has been demonstrated with tunable BST Marker-_| | =t
capacitor based Colpitt VC& Simple sinusoidal modula- | 412.250000 MHz
tion resulted in a uniform spregd in the energy_wﬁh respect) a, (-36.319 dBm | |
to central frequency of the oscillator as shown in Figkée 700
SSCG based on p-n junction varactor needs complicatec 2

modulating signals, compared to the BST varactors. ,53 EE
.£('F)
{FTun
D. Phase shifters for electronic steering of antenna R e e -
arrays .
|Center 410.00 MHz Span 30 MHz
In general, present-day engineering technology invest{Res BH 270 kHz VB 279 kHz Sweep 1.6 ms (601 pts)

ment for phased array antennas is focused on a mechanical

phased-array antenna whereby 2beam steering® is based Gif>; 28 Output power versus frequency for VCO tuned by BST showing
Signi®cant reduction in peak power and the spreading of the signal power.

changes in mechanical mOtion to produce dir_eCtion_al beankeprinted with permission from A. Kabir and T. S. Kalkur, IEEE Trans.
changes. Such mechanical systems are fairly simple toitrason. Ferroelectr. Freq. Contié0, 1638 (2013). Copyright 2013 IEEE.
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electronic steering of the radiation pattern may range fronE. Multiferroic devices for technology drivers
several hundred to a tho.usapd individual pha;e shifters. Recent progress in multiferroic materials and devices
Unfortunately, the phase shifter is the most expensive element ) . . o
. . include: (1) Signal processing applications for the fratme
which composes these sub-arrays, hence the high cost of the . | f ncies of
phase shifter, combined with the large number of phas ran%e of 1_i77 GHz; (2) sensors a.t Jow freque
. . 0"3*+10°Hz; and (3) HF and UHF miniaturized antennas.

shifters for a given antenna system makes OTM arrays co . . o .

. . . . Here, we summarize key materials and applications in these
prohibitive. BST thin ®lm varactor technology is a premlerareas
candidate for achieving affordable phase shifter elements. '

The basic phase shifter application building blocks are )
the same as shown in Figuteand rely on the principle that L. Vo_Itage tunabl_e_magneto-electnp

- S RF/microwave/millimeter wave devices

the phase velocity of the wave propagating in the structures
can be altered by changing the permittivity of the BST layer ~ There is a critical need for frequency tunable devices,
(via applied external bias), hence phase shifting is accomsuch as band pass and bands top ®lters, resonators, phase
plished with respect to the zero-bias conditisti*®? The  shifters, and delay lines for next generation recon®gurable
most popular implementation of phase shifters is using thavireless communication systems and radars up to microwave
distributed transmission line phase shifter (DTLPS), whereand millimeter wave frequency regimes. These needs include
the varactors are typically shunt loading the transmissiorconventional radar and signal processing devices as well as
lines periodically>®° By varying the capacitance, the phase pulse based devices for digital radar and other systems appli-
velocity and hence the relative phase shift between the inputations. For secure systems, in particular, one must be able to
and output can be accomplished. Typical phase shifterswitch rapidly between frequencies and to do so with a limited
require both low insertion loss and high phase shift. Becauspower budget. Traditional tuning methods with a magnetic
of the periodic loading of varactors, the distributed phase®eld are too slow and power consumptive. Electric ®eld or
shifter results in a pass-band and a stop-band. The frequenewltage tuning offers new possibilities to solve both peshs.
of interest needs to be in the pass band for low insertion loss.  Magnetic-piezoelectric heterostructures with strong con-
Another approach used for BST varactor based phase shifteerse ME coupling leads to effective voltage control of
is the coupled microstrip phase shifter (CMP&J" CMPS  magnetism*°” such as voltage tunable magnetic hysteresis
consists of coupled microstrip lines with the coupling loops?® voltage tunable permeabiliy and voltage control
between the two lines de®ned by the separation of the twof ferromagnetic resonance (FMR) frequeri&°¢ A giant
lines and the dielectric permittivity of the BST thin ®Im. voltage tunable ferromagnetic resonance frequency from 1.7
Compared to the parallel plate varactor approach, the interdito 7.6 GHz observed in FeGaB/PZN-PT (lead zinc niobate-
gitated capacitor and the coupled microstrip line approachekead titanate) is shown in Figurg9.®’ This represents a
need only a single layer of metal on top of the BST thin ®Im.promising new approach to build a new class of fast electric
The electrode geometry is typically limited by the lithogra- ®eld tunable low power devices based on converse ME
phy to a few micron spacing, which results in high voltageinteractions>*?%°"9% An electric ®eldE applied to the pie-
application for the tuning of the CMPS and interdigitated zoelectric transducer produces a mechanical deformation
capacitor phase shifters. The parallel plate varactors neethat couples to the ferrite and produces a change in the ferro-
less than 10V typically for most applications. A ®gure of magnetic resonance ®eld, ferromagnetic resonance fre-
merit for phase shifters is the K-factor, the ratio of the phasequency, or permeability. Unlike the situation when magnetic
shift obtained in degrees to the insertion loss of the device. ®elds are used for such tuning, the voltage tuning process is

Table V compares the currently available phase shifterfast, and power ef®cient as the biasing voltages involve min-
technologies. It is worth noting that the ferrite based phasémal currents and are nearly passive. This process has been
shifters are obsolete and used sparingly for high power applidemonstrated in voltage tunable bandpass ®ifevsjtage
cations. Thin ®m BST phase shifters are attractive due teunable bandstop ®ltefSvoltage tunable delay lines,and
their low cost, and ease of processing compared to semicorvoltage tunable inductors’ Figure 30 shows the schematic
ductor monolithic microwave integrated circuit (MMIC) of such a voltage tunable ferromagnetic resonance based tun-
technology and the RF MEMS technology. able bandstop ®Itéf. The critical goal for the future is in the

TABLE V. Comparison of phase-shifter technologies for microwave applications in the 1+20 GHz range.

Parameter MMICs technology Ferrite technology MEMS BST varactor

Form factor Very smalk 25 mnf Large & 250 mnf) Small < 100 mnf) Very small € 25 mn?)

Maximum insertion loss Lowg3dB) Low (<2dB) Very low < 1dB) Moderate (4+6 dB)

Phase-shift (range) @360 0 +360 0 +360 0 +360

Tuning speed Fas&(100 ns) Slow ( 10 ms) Medium ( 101 s) Fast € 100 ns)

Tuning mechanism DC bias, analog continuous Current, analog continuous DC bias, analog continuous DC bias, analog continuous
Relative cost Low-moderate Moderate-high Moderate-high Low

Thermal stability Very good Good Very good Good

Figure of merit (K-factor) >120/dB >120/dB >120/dB 70 /dB (typical)
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L limited to) anti-submarine warfare (ASW) surveillance sys-
tems that are capable of monitoring all littoral water activity.

00 Sensor networks distributed in key areas of the ocean could

o1l play an important role in the collection of data to track mer-
= chant vessels and possible maritime threats, detection of
E 2 mines and explosive devices carried by humans/animals/
& vehicles, counter-Improvised Explosive Devices (IED), and
w 031 ——0kvicm

1 examination of shipping containers and trucks. The magnetic
sensors in most common use today are variable reluctance

— 2 kV/icm
— 4 kKVfem

- — 5.8 kV/i \ . . . .

044 s . coils and Hall-effect devices. The drawback of variable re-

05l= e s e luctance sensors is that they generate a signal proportional to
12 6 AR the magnetic ®eld's rate of change. Signal strength therefore

3= 5 7
Frequency (GHz) decreases with decreasing speed, and below a certain "ux

FIG. 29. Transmission coef®cient(Sspectra for a FeGaB/PZNPTmultiferroic change rate, the signal c_ilsapp_ears into the noise. T_he excess
heterostructure measured by a network analyzer. Reprddogepermission  output voltage of the coil at high-frequency magnetic ®elds
from Lou et al, Adv. Mater.21, 4711 (2009). Copyright 2009 by John Wiley & also causes problems for circuit designers. Hall effect devi-
Sons. ces generate a very small raw signal because of low ®eld
~ sensitivities (0.5£5.0mV/1000e applied ®eld), and the
dgvelopment of a new class of compapt, power ef®cientyeyice performance is strongly temperature dependent.
wide tunable range, and low loss electrically tunable mag-These features mandate signal conditioning, and require that
netic ®m devices for radar and wireless communication, certain minimum ®eld be available for device operation.
devices. The anticipated advantages of ME devices are yetto Tpe development of new sensors and their networks is
be exploited. a critically enabling technology. The key challenges or
The focus need to be on three classes of multiferroigequirements of magnetic ®eld-sensors are (i) extreme sensi-
RF/microwave/millimeter devices based on converse MEtivity ( pT/HZY?), allowing for better anomaly detection
coupling, (1) those based on the voltage tuning of the FMRapapilities and also a wider sensor spacing; (i) zero power
response, (2) those based on hybrid spin-wave electromagynsumptionbas passive as possibleDin order to foster lon-
netic wave tuning, and (3) those based on voltage tUn‘"‘“(%evity of deployment; (iii) operation at low frequencies, in
permeability. Class 1 dev;ces could include tunable bandhder to detect the motion of potential threats; (iv) miniature
pass and bandstop ®Itéfs, for example. Class 2 devices gjze, enabling the deployment of literally thousands of such
could include spin-wave delay lines, spin-wave soliton pulsésensors over a strategic information space; and (v) low cost
cloning devices;? and broadband chaos microwave signalof manufacturing, in order to make the technology realizable
generators? among others. Class 3 devices include voltagesqy operational command. The proposed ME sensors are
tunable multiferroic inductors; and voltage tunable band- pased on magneto-electric effect in ferromagnetic/piezoelec-
pass ®lters and phase shifters based on partially magnetizggt composites. Such sensors are truly passive, a sensitivity
ferrites 1% For this device development, a four track of 10 mv/Oe, and would require minimal signal conditioning.
approach should be considered, based on (a) materials selec- Recently, a new generation of single element ME laminate
tion, structure development and fabrication, (b) characterizaCOmposite magnetic ®eld sensors has been develdped!®
tion, (c) device design and simulation, optimization of the The ME effect offers an alternative passive approach to mag-

ME tuning, and (d) device physics and engineering. netic ®eld sensing and the effect is largest for composites ¢
sisting of piezoelectric and magneto-strictive layersitated

2. Low frequency sensors and sensor networks together, in either longitudinal-transverse (L-T) or ldndinal-

(107°£10°Hz) longitudinal (L-L) vibration modes. At 1Hz, the sensitiyit

New generations of magnetic ®eld sensors are requirfmit to minute magnetic ®eld variations was about 5 pT/fiz

for the national defense. Speci®c examples include (but ndt is possible to (i) develop small ME sensors that have
pico-Tesla resolution over the bandwidth of £& f< 10*Hz,

that are integrated with detection circuitry enabling agioy,

that are appropriate encapsulated, and that have optimized
signal-noise (S/N) ratios; (ii) develop arrays of mini&ead

ME sensors and gradiometers; and (iii) demonstrate opedti
applicability for Department of Defense needs.

Several research teams have recently developed a new
generation of multiferroic magnetic sensdéfé** "8 A ma-
jority of these are made of ferromagnetic and ferroelectric
layers. The coupling between the two subsystems, termed
ME interaction, is mediated by mechanical strain. Magnetic
FIG. 30. Example of a magnetic ®Im (YIG) PZT electric ®eld tunable micro-sensors with Metglas or 3d-transition metals/alloys for the

wave magnetic strip line device. Reproduced by permission from PettifordN@gnetic phase and PZT or PMN'ET for the ferroelectric
etal, IEEE Trans. Magn43, 3343 (2007). Copyright 2007 by IEEE. phase are reported to show a noise oor on the order of 5+10

RF PORT 1 || Hy. —
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pT/iHz at 1Hz’ But such sensitivities are achieved only reducing the energy trapped in the substrate. The above
when a DC bia# is present. Thus, current status of ME sen-statement is theoretically valid only for the normal incidence
sors have several drawbacks including (i) large size (5+8 crbut for most practical purposes may hold for angles far
long laminates};"’ (i) need for dc bias, (iii) potential nonlin- from grazing incidence. Given that the antenna is properly
ear response due to ferroelectric hysteresis, and (iv) noisdesigned, such that the radiating ®elds do not impinge on the
limitations due to ferroelectric losses and pyroelectricsubstrate/air interface at grazing incidence, one can expect
effects. Some recent studies show comparable sensitivities ifat the stored energy in the near-®eld of the antenna will be
miniature sensors of piezoelectric AIN-ferromagnetic drastically reduced. A lower stored energy in the near-®eld
alloys109118 of the antenna is equivalent to a low@rand a wider band-
width. A substrate witH = eis also the perfect case for a
reduction in the surface wave excitation in antenna, again
due to the impedance match between the meta-substrate and
the surrounding air.

Antenna miniaturization has been the subject of interest
for more than half a Century, but in recent years, it hasv CHALLENGES FOR MULTIFUNCTIONAL OXIDE
received signi®cant attention because of additional demangND MULTIFERROIC THIN FILM BASED
for numerous mobile communication systems on a sSingleTECHNOLOGIES
platform. The need for miniaturization is even more obvious . . .
for the lower frequency bands where the wavelength i Matgrlal requirements for RF/microwave
larger. At low frequencies, as with the HF and UHF bands, aappllcatlons
standard half-wavelength dipole is in the range of a few  Although BST-based frequency agile circuits, such as
meters in length. This is prohibitively large. Low frequency tunable ®lters, and phase shifters offer good performance
carriers, however, are suitable choices for scenarios wherattributes, there are still some major caveats that are imped-
line of sight communication is unlikely, including urban ing their progress as a technology solution for many applica-
environments, vegetation canopies or irregular terrains. Théons. Critical materials requirements for BST thin ®Ims
larger wavelength at lower frequencies makes it possible foutilized in microwave applications are shown in Table
electromagnetic waves to propagate through canopies and To date, researchers have fabricated BST-based thin
around bends and curvatures via edge diffraction. A minia®Ims that satisfy many of the dielectric and insulating per-
turization solution for antennas is inevitable. The goal is toformance criteria, listed in Tablgl. It is well known that
obtain a compact topology that resonates at the same resthe dielectric and insulation properties of BST ®Ims are
nant frequency as that of the standard resonant dipole witktrongly in‘uenced by the growth technique employed.
the same partial standing wave pattern. Hence, a fabrication process that can reproducibly grow high

We describe an approach to drastically reduce the sizguality BST thin ®ms (smooth and dense with minimal
of antenna elements using magneto-dielectric materials andefects) with good control of material properties over large
slow-wave topologie$*®''° The special case of a magneto- area substrates is needed to obtain enhanced dielectric/elec-
dielectric material, when the permittivitg and permeability  trical properties that are consistent across a single wafer and
| are equal, is sought. In this case, the characteristic impedsetween wafer lots. A viable material growth/deposition
ance of the medium is equal to that of the free-space. As @rocess must have a low deposition temperature to be com-
result, no re ections take place between the ®nite substrajgatible semiconductor process protocols and to reduce inter-
of the antenna and the surrounding free space, therebgction between ®lm and substrate/bottom electrode; produce

3. Broadband miniaturized antenna structures
utilizing magneto-electric materials

TABLE VI. Critical materials requirements for BST thin ®Ims utilized in varactors and other microwave applications.

Performance limiting property Materials property required Device property affected
Dielectric tunability High tunabilityDC/C, > 50% or>2:1 (DC is the change in  Tuning bandwidth, device phase shift
capacitance relative to zero-bias capacitance Co)
Leakage current Low leakage characteristics 10’ 7 A/lcm? Reliability, battery draw, power consumption
Dielectric permittivity Moderateg < 500 Impedance matching, (ef®cient power transfer in the device)
Dielectric loss-tangent Low Loss: talk 2% over operating dc bias voltage range Device insertion loss, dielectric quality factor
Conductor loss Low surface resistance at frequency of interest Device insertion loss, conductor quality factor

Dielectric temperature stability ~ Low TCC: TGC200 ppm/ C TCC™ DC/(C, DT) (broad Reliability of frequency agile circuits, impedance matching
“at dielectric response over required operating temperature)etworks, and phase shifters

Dielectric bias reproducibility Maximum reproducibility of dielectric response with respedeliability of frequency agile circuits, impedance matching
to applied dc bias networks, and phase shifters

Structure, surface, and . Structurally, single phase ®Im Reliability

microstructural properties ) - ) . Reliability insertion loss
- Uniform composition, thickness, and Microstructure

with minimum defects across the wafer
* Smooth surface morphology (R <2nm) Insertion loss
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0.03¢ @60 = FIG. 31. An example of tunable capac-
il itor performance inconsistency with
> respect to (a) loss and (b) capacitor

'gG,UE E 40 tunability. The dashed line in (a) repre-
o] -(% sents uniform loss and the solid bar in
0.01 € 20 (b) rgpresents the optimum device

E tunability (Courtesy of M. W. Cole
| 1 research group, Army Research

0 5 10 15 20 0 S 10 15 20 Laboratory 2012).
Devices Devices
(a) (b)

excellent ®Im crystallinity to improve device performance; properties, such as composition (Ba/Sr ratio), microstructure,
possess high growth rate, and be capable of large area urstress, defects, and surface roughness, also compromise the
form deposition in order to promote scale up and low costphase shifter device property uniformity (FigLs®).
manufacturing. Higher Ba/Sr ratios yield higher tunability/phase shift
and higher loss. Microstructural variations in grain size
strongly affect the permittivity/impedance matching and tun-
ability/phase shift. Large grains yield higher permittivity and
The ability to fabricate BST-based thin ®Ims with uni- tunability. Rough surfaces augment the conductor loss. The
form material properties is critical for insertion into various concentration of defects, such as oxygen vacancies, increases
microwave applications. In particular, the uniformity of the the dielectric loss. The ®Im stress also strongly affects the
dielectric and insulation properties (at microwave frequen-BST materials properties (tunability, permittivity, and loss),
cies), such as capacitance density, which is correlated tbence affects the tunable device properties. Thus, develop-
capacitor tunability and the device Q across the waferment of consistent and predictable tunable device perform-
Figure 31 shows the device loss and tunability for a typical ance requires the development aidfer scal@ BST ®Im
set of varactor test structures fabricated on a single wafeproperty control and uniformity:®*2*
The results shown in Figur&@l clearly demonstrate the To date, the best capacitance tuning ratio, highest Q fac-
extreme non-uniformity in both loss and tunability of typical tor and the K-factor have been obtained on sapphire sub-
BST based varactors. Ideally, a low and uniform loss (dashedtrates, with the thickness of BST laye0.5] m, and bottom
line in Figure31(a) and a high degree of capacitor tunability metal layer stack of Ti/Pt/Au/PE® Subramanyamet al.
(solid red bar in Figur&1(b)) for all devices fabricated on a studied the effect of BST layer thickness on the varactor
single wafer and between wafer lots is preferred. The effectlevices with the metal layers kept the same, and the geome-
of materials property uniformity across the wafer is furthertry of the parallel plate varactor devices kept the safie.
illustrated in Figure32 by comparing the phase shift and loss The top metal layer stack is typically Ti/Pt/Au. Bottom and
from devices fabricated at the center and edges of a typicdbp metal layer stack are typicallyl In in thickness. Figure
large area wafer. In this example, the BST ®Im is thicker34 shows the capacitance vs. electric ®eld for the three dif-
in the center than near the edge of the wafer. This has a prderent BST ®Im thicknesses studied. The thin ®Im properties
found effect on the device properties such that the devicegdepend highly on the thickness of the BST layer.
fabricated near the center of the wafer would possess a dif- Figure 34 shows that the thicker BST thin ®Im layer
ferent capacitance density, hence different degrees of phasgesults in higher capacitance tunability at a ®xed electric
shift than those devices located near the edge of the wafer. I[®eld. Based on the capacitance at zero-bias, thkend.&nd
other words, the BST ®Im thickness variations would mani-ll m BST varactors had a zero-bias relative dielectric con-
fest into phase shifter device non-uniformity such that thestant 1280 and tuned more than 5:1 with dc bias, with the
devices fabricated from this wafer would possess a variety ofowest value 220 at 20V. Also, the Q of the varactors have
different degrees of phase shift, hence the devices would ndhickness dependence as well, as thicker BST layers have
perform equally. Similarly, non-uniformity in other materials yielded higher Q devices, as shown in FigGfe The thicker

1. Effect of thickness uniformity of oxide thin films

Froperty Uniformity - circular path

FIG. 32. Wafer level device non-uni-
formity: (a) ®Im thickness variation
across the wafer which results in low
device yield whereby the devices with
equivalent ®Im thickness/capacitance

Thicker film in center

» Tight fit of device properties along density (phase shift) form radial paths
Thinner film at edge concentric circular paths as shown in (b) (Courtesy of M. W.
" y " Cole research group, Army Research
> Selectivity in properties increases cost Laboratory 2012).

(a) (b)
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; Loss varies as a function of device position on wafer

@ sr rich » Composition non-uniformity [high Ba/Sr inc. loss]

O Ba ”‘3’! | ¥ Surface roughness [rough surfaces inc. loss]

O, Stoichiomelric| ;. Thickness non-uniformity [very thin films inc. loss]
Defects > Stress non-uniformity [large stress inc. loss]

» Defect concentration [O, vacancy inc. loss]

Phase Shift as a function of device position on wafer
# Grain size non-uniformity [small grains low €, low tunability]

[ @ : . ; o
Filn{ ’, ‘ﬁ.;-r.g.’;_,iﬂ # Stress non-uniformity [high stress dec. tunability]
K “‘_Lg Jﬂx‘p‘i‘k Bl » Composition non-uniformity [high Ba/Sr inc. tunability
| Substrate

» Thickness non-uniformity [thin film high C_/high tunability

FIG. 33. Schematic diagram showing (a) the ®m compositional and microstructural non-uniformities and (b) their effects on the phase shifter device properties
(Courtesy of M. W. Cole research group, Army Research Laboratory 2012).

BST layer results in a higher leakage current at a ®xed eledinear dielectric (MgO, TgOs, Al,Os, etc.) and/or low
tric ®eld (200 kV/cm) as shown in FiguBs. It is clear that loss pyrochlore (BisZnNb, sO07/BZN) ®Ims?*'*? and
the dielectric properties, the dielectric tunability, and Q aretuning of growth and/or post deposition crystallization
enhanced by the growth of thicker BST layers. The Q for theambience/temperaturés>**®*3? Although these methods
thicker BST layer varactors exceed commercially availablehave been fairly successful at reducing dielectric loss, this
GaAs varactors. Considering the improvement in dielectricproperty enhancement has often been accomplished at the
tunability and the Q factor, 0.5+0L.6n BST varactor could expense of degrading other required properties (tunability,
be attractive for its practicality, as|in thick BST layer leakage current requirements, etc.), added complexity and/or
requires close to 80 000 laser pulses, and longer time t®Im processing steps which are often not complementary
grow utilizing the PLD system, which may be impractical. = metal oxide semiconductor (CMOS) compatible, hence limit
their potential. In addition to the independent optimization of
the dielectric loss and tunability it is necessary to balance
these two properties, i.e., to attain simultaneous minimiza-
The loss-tangent needs to be below 0.02 at GHz fretion of the ®Ims dielectric loss (minimization of signal
quencies for all dc voltage bias for useful microwave appli-attenuation) in conjunction with maximization of ®Ims
cations of these devices. Reducing the loss-tangent Willjielectric tunability. This is a dif®cult challenge as two
imprOVe the dielectric qua“ty faCtor. Attempts to reduce theproperties are “ghﬂy Coup|ed and negative|y opposed to one
dielectric loss in BST ®Ims include, acceptor doping (e.9.gnother.
MgO, Al,05, ZrO,, etc.); ****®introduction of buffer layers Recently, success has been achieved in balancing these
to reduce mismatch strain due to lattice and/or coef®cient ofyo material properties by developing and optimizing an
thermal expansion (CTE) mismatcfi'*’ utilization of  jsothermal ultraviolet (UV) photon irradiation process science
conducting oxide electrodes (LSCO, SrRU@UQ)™*® or  protocol which served to mitigate the oxygen vacancies
thick Au bottom electrodes}******° inter-layering of the (responsible for the high losses in the BST ®Ims), and
BST with a low loss (low microwave dielectric loss tangents) reduced the dielectric loss without degrading the dielectric
tunability. ** This work demonstrated a non-complex method
Tunability of BST Varactors to decouple the inverse relationship between dielectric tuning
and dielectric Q(1l/tan d) (property interdependence) and

2. Reducing dielectric loss-tangent in oxide thin films

a0
1200
—+—0Q(1um)
1000
~#-Q(0.6um)
s
£ 800 +~Q(0.25 um)
&
E 600
S
g 400
200
0 |
0 100 200 300 400 0 100 200 300 400
Electric Field (kV/cm) Electric Field (kV/cm)

FIG. 34. Thickness dependence of capacitance tunability vs. electric-®elBIG. 35. Quality factor vs. electric ®eld for 55 | m? varactors fabricated

for 51lm 5Ilm size varactor. Reproduced by permission from using 3 different thicknesses of BST layers. The Q was computed at 1 GHz.
Subramanyanet al,, Integr. Ferroelectr112 53 (2009). Copyright 2009 by  Reproduced by permission from Subramanyeatal, Integr. Ferroelectr.
Taylor & Francis. 112 53 (2009). Copyright 2009 by Taylor & Francis.
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FIG. 36. Leakage current vs. electric ®eld for the sahm5 51 mvarac-  FIG. 38. Electric ®eld dependence of tunability for the CFA (black) ®Ims,

tors as a function of BST layer thickness. Note that the leakage current startsnd the CFAF UV-treated ®Ims for 45 (red) and 225 (blue) min,/repre-

increasing at a lower dc electric ®eld for the thicker layers. Reproduced bgents the maximum applied bias which corresponds to the leakage current of

permission from Subramanyaet al., Integr. Ferroelectr112 53 (2009). Y 500 pA, andges represents the effective tunability corresponding to leakage

Copyright 2009 by Taylor & Francis. current of ¥ 500 pA. Reprinted with permission from Cot al, J. Appl.
Phys.110, 124105 (2011). Copyright 2011 American Institute of Physics.

achieve enhanced dielectric response. The experimental _ _

results demonstrated signi®cantly improved material propel©Xygen vacancy site. Long exposures2@5min) allow a

ties for the UV-photon irradiation treated BST ®Ims. larger in-ux of oxygen into the ®ims and further decrease

Speci®cally, 20% reduction in loss was observed for thé&Xygen vacancy defect dgnsny..The com.pensatlon of oxygen

UV-photon irradiation treated ®Ims with respect to a non-vacancies reduces the dielectric loss without degrading the

treated/control ®Im (Figur87). The UV-treated ®Ims also dielectric tunability. Additionally, the UV-process science

exhibited a three-order of magnitude reduction in leakagénnovation was designed to be compatible with CMOS proc-

current density as compared to the non-UV-treated controBSsing, hence promotes ease of scale-up and affordable com-

®Im (at E 500kv/cm the leakage current density of Ponent manufacturing.

the non-UV treated BST ®Im was 1.51010"° vs. 4.609 _ _

10"6A/cm? for the 225min UV treated ®Im) without 3. Reducing the conductor loss for varactor devices

degrading dielectric tunability?®> What is most impressive The conductor loss in the varactor devices need to be
about this post-growth UV-processing method is not only didjower over the frequency range of interest, and this can be
it signi®cantly improve the dielectric loss and leakage currentjgne by increasing the conductor thickness, which improves
characteristics; it also served to elevate the useable tunability,q conductivity of the electrodes, compared to thin electro-
by a factor of two with respect to traditionally fabricated BST ges< 1| m. The increasing conductor thickness reduces the
®Ims, i.e.>50% (Figure38). A mechanistic model suggested yaractor device's parasitic series resistance and inductance.
that the formation of reactive oxygen species generated byhis approach should improve the conductor quality factor.
the UV-irradiation source, are absorbed on the ®Im surfac@nother approach to lowering the parasitic series resistance
and diffuse into the ®Im, accept electrons and occupy th@nq inductances is by introducing an alternate design for the
varactor, by combining two equal parallel varactors to give
the original design value. Subramanyatnal. studied paral-
lel capacitor architecture for varactors and concluded that
0.013 | - - CFa +uvA 45 min 1 parallel capacitor architecture improves the device>Q).
N ooy : i | Figure 39 shows the parallel capacitor architecture imple-
% mentation for microwave applications.
The bene®ts of the parallel capacitor architecture are:

Sl S & ™ T T

== CFA

o
o
p
-

() Reduced parasitic resistance and inductances due to
! the two parallel shunt lines to ground. This is the
- - Bl I main reason for the improved Q.

v o Y Ability to handle higher DC voltages compared to a
single shunt capacitor of larger overlap area. This can
result in higher capacitance tuning ratio.

Dissipation Factor
o
(=]
(=]
w

o
=]
o
=~
—
=

0.005 L L . .
500 -400 -200 0O 200 400 600 The only draw-back for this parallel capacitor architec-
Electric Field (kV/cm) ture is the reduced shunt resistance as the two shunt resistors

result in lower effective shunt resistance. This is the main
FIG. 37. The change of leakage current density as function of applied ele

tric ®eld for the CFA ®Ims (black) and CEAUV-treated ®Ims for 45 (red) ‘feason that |ncrea§|ng the number of paral.lel capacitors
and 225min (blue). Reprinted with permission from Celeal, J. Appl.  Peyond two results in lower Q compared to a single and dual
Phys.110 124105 (2011). Copyright 2011 American Institute of Physics.  varactors.
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compensate for the polarization difference between the
layers, hence resulted in improved dielectric loss.
Signal In addition to developing this temperature stable phase
: ! shifter device, the results of this effort also served to ensure
phase shifter device affordability by utilizing ®Im fabrication
Ground and integration technology protocols that are industry stand-
ard, i.e., compliant with current CMOS process science

Ground

(2) Metall layer (b) Metal 2 layer methods and materials. Similar studies of compositionally
graded thin ®Ims with different composites of BST and using
different deposition techniques, such as Pf{and RF sput-
tering** are also available in the open literature.

Pin ' Pout Another clever approach to obtaining temperature stabi-

lization of BST varactors was proposed by Gevorgian
et al*? The fundamental concept centers on a capacitor
which is composed of two ferroelectrics with different Curie

temperatures. One of the ferroelectrics is in a paraelectric
FIG. 39. Shunt varactor device structure with (a) Metall layer pattern ShOthase, while the other is in the ferroelectric state in the tem-

ing the two shunt lines. (b) Metal2 layer pattern showing the coplanar wave- . . B
guide transmission line (Ground, Signal, and Ground). (c) The top view ofperature interval betweeh, andT; (Fig. 40). In the tempera

the two-capacitor varactor device with the overlapping area of the signafure interval between the peaks, the permittivity of the
line and the shunt lines de®ning the two shunt capacitors. Reproduced erroelectric phase increases with increasing temperature,

permi§sion from Subramanyagt 5_1I., Integr. Ferroelectr112 53 (2009).  \yhile the permittivity of the paraelectric phase decreases. In
Copyright 2009 by Taylor & Francis. this capacitor, the two thin ®m materials are 2connected in
parallel,® hence the decreased permittivity of the paraelectric
phase is compensated by the increased permittivity of ferro-
The development of a BST based thin ®m material thaelectric phase. This concept was experimentally validated
is temperature stable would serve to mitigate expensive packising a co-planar capacitor/varactor composed of PLD fabri-
aging requirements and in addition, would enhance the deviceated epitaxial BST 25/75 and BST 70/25 thin ®Ims
reliability, for stable performance as a function of tempera-inter-layered with a MgO seed and a MgO barrier layer.
ture. BST thin ®Ims with extreme temperature insensitivityHere, the lower 2seed® layer serves as a strain mitigator and
have been demonstrated recerifly:**? by conceiving a ma- the middle MgO layer serves as a diffusion barrier to ensure
terial design which controls the magnitude and the sign of thehat the two ferroelectric layers do not form intermediate
temperature coef®cient of capacitance (TCC) of the BST thiphases via diffusion during synthesis. The experimental
®Im material in a parallel plate varactor device con®gurationresults (Figure41) demonstrated that the capacitance was
In particular, a very successful material design consisted of almost independent of temperature over a wide temperature
compositionally strati®ed BST multi-layer heterostructureinterval (120+300 K) and the TCC was less than 20" % in
material design whereby the Ba/Sr ratios range from 60/40 téhe temperature range of 150+250 K. However, it is notewor-
90/10 within the thin ®Im heterostructure. Such a BST thinthy to mention that at temperatures above 300K the capaci-
®Im heterostructure can be considered as multiphase comptance was no longer temperature independent and increased
sitions with different phase transition temperatures (Curiedramatically which is a major drawback of this material
temperature tailoring), where both a small TCC value, "atdesign. On a positive note, due to the overlapping 2tails® of
variation of permittivity within a wide temperature range, the temperature dependencies of the permittivities of the top
and high dielectric tunability and low dielectric loss could be and bottom ferroelectric ®Ims, the tunability of such a
obtained simultaneously. The phase shifters' temperature sus-
ceptibility was lowered by 70% with respect to the state-of- A
the-art current phase shifter technology based on uniform Bayy 811104 BauSrl.ﬂO;A
composition BST materials. Speci®cally, the TCC for the
compositionally strati®ed heterostructure was 366
"y 0.921 ppt and a TC&.g 10y 0.716 ppt>>*' The
improvement of temperature susceptibility was also accom-
panied by signi®cant improvements in dielectric tunability
(device phase shift) and dissipation factor (device insertion
loss); whereby the tunability was enhanced by 58% and inser-
tion loss was improved by 50% with respect to uniform
composition BST phase shifters (i.e., the compositionally
strati®ed BST tunability was 65.5% at 444kV/cm vs.
Uniform BST tunability of 42% at 444 kV/cm. The relatively _ o
lower dielectric loss tangent was explained by mobility of FIG. 40. Temperature dependencies of permittivity and Io_ss (a) c_)f a grad_ed
) . e capacitor (b) the structure of the graded capacitor. Reprinted with permis-
defects; i.e., it was suggested that the defects within the comon from Gevorgiaret al, Appl. Phys. Lett.79, 1861 (2001). Copyright
positionally graded thin ®Im were trapped at the interfaces t@001 American Institute of Physics.

4. Improving thermal stability in oxide thin films

Permittivity, ¢

(b)
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130 YT 38 wafer hence promoting a lower phase shifter device cost.
Qe = : Candidate substrates include c- and R-plane sapphire, high
B B e = resistivity silicon (HRS), polycrystalline alumina and glass.

§ HONIE B g Signi®cant progress has been made on large area BST thin
g 120 .0 c a ®Ir;139process development on sapphire and high resistivity
; : & Si.”*” While the BST thin ®m based varactors fabricated on
g_ i N sapphire substrates could be useful for microwave applica-
U tions, integration of BST thin ®m on standard CMOS silicon

will be attractive for technology insertion into commercial
110 RF/wireless communication circuits. Fabrication of BST thin
®Ims on high resistivity Si has been done by many research-
Sy e s | ers. In most cases, the relative dielectric permittivity at zero
100 200 300 volts is reduced to almost half the value of the ones on sap-
Temperature, K phire substrate, to about 500. The dielectric tuning is rela-
FIG. 41. Experimental dependencies of capacitance and quality factor att'vely good, more than_3:1 tuning ra”ge on high resistivity Si
1.0MHz. Reprinted with permission from Gevorgiat al, Appl. Phys. compared to 4:1 obtained on sapphire substratéd? The
Lett. 79, 1861 (2001). Copyright 2001 American Institute of Physics. dielectric loss-tangent is almost doubled for the high resistiv-
ity Si, meaning the quality factor will be degraded by a
varactor is expected to be larger than if the varactor wasactor of 2. Also, the integration of BST thin ®Im on
composed of only uniform composition BST 25/75 or BST low-resistivity Si (standard CMOS Si) degrades the dielectric
75/25 ®Ims. Although the quality factor of the varactor wasproperties some more, as the relative dielectric constant at
highest over the same temperature interval where the capactero-bias drops to below 500. The dielectric loss-tangent
tance was temperature stable, the 1 M@walue is some- also increases to close to 0.1 at zero-bias, which is consider-
what low, Q 36, tand 0.028 (Q 10/tand 0.1 at ably high for microwave applications. For integration of
10 GHz) with respect to that obtained for the graded ®Im®BST on low-resistivity Si, shunt capacitor implementation is
and multilayer quasi-graded ®Ims. attractive, since the substrate can be an effective ground. The
challenge in this case is to making sure that the bottom elec-
trode is a good ohmic contact with the Si substrate. Metal
stack of (Ti/Al/Ni/Au/Pt) can be used for getting a good
For all BST devices whether or not they are a temperaohmic contact to Si. Yuet al. recently studied implementa-
ture stable material design, it is critical to protect the ®Imtion of parallel plate varactors on Si for speci®c capacitance
from external ambience such as dirt, water, and humidityvalues of 0.8, 1.2, 1.6, 2, 2.4, 2.8, 3.2, 3.6, 4, 4.4, and
Therefore, it is critical to develop low cost packaging meth-4.8 pF*° These capacitors were implemented as single
ods utilizing robust linear dielectrics for both passivation capacitors based on the dielectric properties of BST meas-
(protective layers) and electrical insulation, whereby candi-ured on Si. BST thin ®m of 0lm thickness was used in
date ®Im materials would include nitrides (§iNor exam-  this study. The dielectric permittivity of BST thin ®ms on
ple) oxides (SiQ) and/or carbides. Along similar lines, low resistivity Si is approximately 200 at 0 V. Figuk2
increasing the tunability of the BST ®Im, could also be
achieved via innovative material designs such as the compo-
sitional strati®ed structures described above. Device fabrica-

fETE PHEY FORE PURN

5. Substrates and packaging considerations

tion utilizing BST-based thin ®Ims requires appropriate 48 = g
substrates for both mechanical support and device integra- 44 '

tion. For both affordability and performance, the appropriate 4 L &
substrate must have a low insertion loss, be large area (416 16 L

inch diameter), low cost, thermally stable, chemically resist- — " |

ant, structurally suitable with good mechanical integrity, and E 32 N a

must not perturb the performance of the BST ®Im, i.e., the© 2.8 P

CTE, stress state, and lattice parameter must be compliang 24 r !

with the overlying BST thin ®Im. In the recent past, E 2 v n

BST-based thin ®ms for RF/microwave applications haveg 1.6 r [ ] ¢ Extracted C
been deposited on ceramic (MgO, LaAlC5rTiO;) and a 12 = m

variety of other designer substratés=**® Major drawbacks 08 = & B Designed C
of these substrates are the high cost of the ceramic substrates , , b — e
and the fact that ceramic substrates, such as MgO, LgAIO 04 08 12 1.6 2 24 28 32 36 4 44 48
and SrTiQ, are only available in small size geometries (2 in. Designed C (pF)

wafers) which are not suitable for large-area ®m deposition.

i ; : i1 FIG. 42. Comparison of the extracted device capacitance at 0-V to the
Hence, utilizing a large area, industry standard widely avail design capacitance on low-resistivity CMOS Si. The extracted capacitance

able su_pport wafer W_h_iCh is complia_nt with the BST ®IM s obtained by matching the S-parameters of the measured devices to the S-
properties and deposition method will allow more die perparameters of the device equivalent circuit model.
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shows comparison of the zero-volt measured capacitance vkinetically and dynamically, are the key issues on achieving
designed capacitance. the high quality complex oxide thin ®m epitaxy and hetero-

The device capacitance was obtained by matching thetructure fabrication. Figurd3 shows the highly epitaxial
measured S-parameters to the schematic circuit model as disemplex oxide thin ®ms with controllable microstructures
cussed in Secll. These varactors on low resistivity Si where Figure43(a)is the self-assembled oxide nano ribbon
showed approximately 2:1 capacitance tuning with DC biashighly epitaxial structures and Figuee3(b) is the two sub
Also, for integration with CMOS, a low temperature processlayers (La, Ba)Co@1l and (La, Ba)Co@2 close to the
will be necessary as typical physical vapor depositioninterface in this heterostructure, which has a lattice mismatch
processes need high temperatures above @50r the BST  of § 0.59% andy 1.31% with respect to the substraté.
thin ®Ims. It is clear that further work needs to be doneSelf-patterned 3D nano structures with a dimension range
on improving the BST varactor performance on low resistiv-from 2 to 10nm were formed in the second layer (Figure
ity Si. 43(c). These LBCO heterostructures with such 3D nano-
structures show very interesting physical properties such as
hard magnetism with an onset transition temperature near
190K, a large coercive ®eld value, and a very large MR

Currently, new technique for materials synthesis iseffect value (Fig44).
required to enable design and fabrication of advanced materi- Furthermore, the physical properties of the interface
als with multi-functionalities and enhanced cross-responsegngineered heterostructures can be tuned by designing the
e.g., mechanical, electrical, and magnetic ®eld controllingoptimal multilayered combinations. Recently, interface engi-
polarization, magnetization, and strain. These multifunctionaheered BaTi@QSrTiO; (Ref. 175 and Mn:Ba(Ti,Zr)Q/
materials will exhibit a sensitive dependence of their physi-Mn:(Ba,Sr)TiG; (Ref. 176) heterostructures were epitaxially
cal/chemical properties on the environments for various novegrown on (001) MgO substrates by pulsed laser deposition.
device developments. Therefore, design and fabrication oMicrostructural characterizations by x-ray diffraction and
multifunctional thin ®ms and heterostructures have become ttansmission electron microscopy indicate that the as-grown
key factor on the future device fabrications and integrationsheterostructures are-axis oriented with sharp interfaces.
Traditionally, multifunctional thin ®ms materials can be fab- The in-plane interface relationships between the substrate
ricated by physical, chemical, or hybrid methods such as therand multilayered structures were determined to be
mal vacuum deposition, electron/ion beam evaporatiorf001]SrTiOy/[001]BaTiOs/[001]MgO and (100)SrTig
deposition, pulsed-laser deposition, dc/rf-sputtering, molecu¢100)BaTiG/(100)MgO. The high-frequency microwave
lar beam epitaxy (including oxide MBE and MOMBE), ( 18 GHz) dielectric measurements reveal that the dielectric
metal-organic chemical vapor deposition, atomic layer depo€onstant and dielectric loss of the nanolayered heterostruc-
sition, sol gel, and polymer-assisted deposition. Varioudures are highly dependent upon the stacking period numbers
excellent results have been achieved from these advancerhd layer thicknesses. With the increase of the periodic num-
techniques. However, the key challenges on multifunctionaber, or the decrease of each layer thickness, the dielectric
complex oxide thin ®Ims and heterostructures are how t@onstant dramatically increases and the dielectric loss tan-
optimize the growth dynamics to achieve the designablegent rapidly decreases, as seen in Figlie
physical properties, to control the microstructures and interfa-
ces, to integrate multifunctional oxide materials on semicon-
ductors, metals/alloys, carbon based structural materials, et _
Various efforts on the ®Im/heterostructure fabrication and l
integration have been addressed in the past few years for the ™
signi®cant prospects in a wide range of applicatiofis.*

As a result of the extensive research in the area, a wide vari
ety of oxide thin ®ms and heterostructure such as ferromag
netic  SrRu@®3'®*  ferroelectric  BjTizOqp >t
ferroelectric (Ba,SNTiQ™*'%?  Ba(Ti,Zr)0,, %315
(La,Ca)MnQ (Ref. 165 thin ®Ims, giant dielectric constant
CaCuyTi O, thin ®Imst®® and PbTiQ/SITiO3 superlatti-
ces®’have been successfully achieved.

It has been well known thathe interfacial structure
and the lattice mismatch between the ®m and the substra
play a key role in controlling quality, microstructure and the |
physical properties of the heterostructures. For example, th &8
lattice mis®t can be used to enhance the Curie temperatulfiii
of high temperature superconductdr$,to alter the Curie
temperature of ferromagnetic transition in colossal magnet®!G. 43. (a) Self-assembled 1D LSMO nanorods, (b) atomic scale

; ; 2 : : : STO/LBCO interfaces, (c) atomic scale patterns in LBCO ®Im, and (d) T-
resstggce matenailsr" magnetic properties of ferrite dependent electrical resistance and the magnetic-®eld-dependent MR behav-

®In§§ and the dielet_:tri_c_properties in ferroelef:'.[ric materi- jor (inset) of the LBCO ®Im. Reproduced by permission frometiel, Thin
als”’® Therefore, optimizing the growth conditions, both Solid Films519 4371 (2011). Copyright 2011 by Elsevier.

B. New techniques and heterostructures
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10* affecting on the ®Im growth such as temperature, pressure,
@ :'5- ::: Yy uig E interface structures and chemicals, beam energy, and bom-
10° "‘ N=16] 2 A bardment rate. Kinetic-limit growth modeling studies indi-
;'V y\ " N=3g 2 F cate that the increase of the substrate temperature leads to
io* *‘: "ﬁ g ¥ :m the increase of the size and the energy barrier of the critical
\‘f . fi 7s _‘_’ﬁ' A nucleus; the increase of the deposition rate will result in th
g AL % a ; position rate esu e
2 Vi g 21 22 23 24  reduction of the nucleation size and the decrease of the
g 10 Y A ”—.x s 2 Theta (Dearee) nucleation energy. Substrate surface is also another impor-
= 59 £ ‘i.,‘ N tant parameter in governing the ®Im growth. Low thermal
3 ‘&-,i‘o" kil (c) N=16  BTOISTO {101) budget will be signi®cant in enhancing the thin ®Im's electri-
BT H 1 f‘,\ﬂ\ > cal properties while minimizing defects, diffusion, and
107EST o gl reliability issues. Thin ®Im processing-structure-property
B o H g Mgo {101} correlation will be critical for new low thermal budget proc-
10-2.&5_-‘_-’ T o = l essing techniques such as laser and “ash anneal type pulse
Y S ! ! processing techniques. Such techniques can provide neces-
SF - 23 ~ % 28 0 100 200 300 o5y thermal budget within sub-ms compared to several
2 Theta (Degree) phi (Degree)

minutes associated with conventional rapid thermal anneal-
FIG. 44. A typical x-ray diffraction pattern of the as-grown BTO/STO mul- INg (RTA) processes. Spark plasma sintering is another tech-
tilayered thin ®lIms deposited on (001) MgO substrates, (a) with a total deponique that allows for rapid synthesis at lower temperatures
oot e i Aymed S i e gape CoPaLed 1o conventonal siterng and produces superior
ing that the ®Ims are epitaxigl. Reproduced by per?nission fromatlial.,p g phase ,pu”,ty n pOchrySt,a"me composﬁé‘g . . .
ACS Appl. Mater. Interfacesd(11), 5761 (2012). Copyright 2012 by Epitaxial ferroelectric/ferromagnetic, dielectric, multi-
American Chemical Society. ferroic, photo elastic, highly ionic conductive, and mixed
conductive heterostructures may have important implications
The strong interface effects were found when the combi-on the ®m behavior and offer a great opportunity to fabri-
nation period is larger than 16, or each STO layer is less thanate oxide nanostructures with desirable properties, and
6.0nm. The optimized dielectric performance was achievedievelop novel devices, such as sensitive hano conductivity
with the best value for the loss tangent (0.02) and the didtec sensors, solid state fuel cells, and electrochemical pumps and
constant (1320), which suggests that the BTO/STO heteraeactors, which are all important technological applications.
structures be promising for the development of the room temThese signi®cant achievements of the interface engineered
perature tunable microwave components. Interface engimiee heterostructures enable us to develop new materials by fabri-
using multilayers of oxides have also resulted in low loss,cating novel 2D and/or 1D, two domain- and continuous
highly tunable Ruddelsden-Popper phaseg Ji,Osn:1. IN composition-graded interface heterostructures, which may
these materials, in-plane crystallographic shear (Sf@)lts lay foundation for new materials research.
provide an alternative to point defects for accommodating
non-st0|ch_|ometry. Fon 6 phase, such _sFraln.ed @Ims have ac. Challenges for the multi-ferroic thin films
paraelectric to ferroelectric phase transition just belmom
temperature, providing high tunability at room temperafuat The general key ®gures of merits for the voltage tunable
frequencies up to 125 GHz, with a high quality factt. RF/microwave multiferroic devices includes: tuning range,
Thermodynamically, various parameters, both macrotuning speed, linearity, power handling, power consumption,
scopically and microscopically or atomically, are strongly size, weight, cost, etc., of which the sequence may vary
depending on the applications. Key challenges of voltage
1800 tunable RF/microwave magnetic materials remain in the

-
= :_Efs’:i::: :::'m"‘ 0.14 limited tunable range which is a direct consequence of the
® 1600 ! ® 012 b= relatively weak magneto-electric coupling strength. The tun-
g 1200 0.10 % ing range of demonstrated voltage tunable RF/microwave
3 0.08 % multiferroic devices has been very limited, in the range of
‘= 900 N 1%+10% for tunable band pass band stop and band pass ®I-
° 2006 & ters?®*” even though multi-octave voltage tunable frequency
% 50 o 0.04 3 range has been demonstrated in multiferroic heterostructures
8 300le e ~18GHz 10.02 which can be directly applied in voltage tunable ®I{&rS.

At the same time, voltage tunable inductors with a tunable
range of 5.5/1 have been demonstratédhe full potential

of voltage tunable RF/microwave multiferroic devices is yet
FIG. 45. The N dependent of the value of the dielectric constant and the lost0 be realized.

tangent of the as-grown BTO//STO multilayered thin ®ms on MgO sub- Other broad challenges for achieving practical multifer-

strates. The inset is the HRTEM image showing the multilayered structure, ; ; ; +
of the heterostructures. Reproduced by permission fromdtial, ACS foic RF devices are as follows. (i) Synthesis of 5+1.60

Appl. Mater. Interfaces4(11), 5761 (2012). Copyright 2012 by American th_iCk ®Im yttrium iron garnet (Y|G_) or ferrites on piezoelec-
Chemical Society. tric substrates. Efforts to-date includes CVD growth of

4 8 12 16 20 24 28 32
Periodic number
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nickel ferrite on PMN-PT, but the losses are too high foranticipated at the outset of the experiments. Following this
device use. (ii) Direct growth techniques such as liquid phas@pproach, a self-consistent set of physical properties charac-
epitaxy needs to be investigated for ferrite-piezoelectricterizing the mono-domain, single crystalline state can be
heterostructures. (iii) Direct probing of interface strain for established. For crystals for which such information is avail-
information on potential non-uniformity and effects on able, the polycrystalline-averaging method may then be used
cross-coupling. (iv) Ferroelectric hysteresis and piezoelectri¢o estimate the properties of a corresponding randomly axed
deformation (d) vs. voltage (V) are potential drawbacks forpolycrystalline ceramic material. An introduction to the phe-
device losses and linearity of voltage tuning of operating fre-nomenological theory as applied to ferroelectric compounds
guency. Piezoelectrics with linear d vs. V have to be investi-and solid solutions is given in Ret81
gated. Although the d-values are much smaller compared to These LGD type phenomenological models have been
PZT or PMN-PT, tuning with ac voltage at resonance modesuccessfully employed to describe the dielectric response
mode provide a path for desired tuning. and its tunability of monolithic ferroelectric thin ® ms and
The key challenges in multiferroic antennas includemultilayer heterostructures by taking into account electrical
achieving a relatively high permeability and low loss tangentand mechanical boundary conditions of a thin ®m con®gura-
across a broadband up to several GHz frequency range, cason.'®>'%% Of particular interest are the effects of internal
of materials synthesis, and fabrication, etc. Conventionaktresses that result from the self-strain of the ferroelectric
bulk magnetic materials typically show large magnetic lossphase transformation, lattice-mismatch strains in epitaxial
tangent at< 1 GHz, which severely limits their applications ®Ims and heterostructures, and thermal stresses that develop
in compact antennas at several GHz. Most recent spin sprags the material is cooled down from the high processing tem-
deposited ferrite ®ms with low loss tangent at 1+2 Gz, peratures to ambient temperature due to the thermal expan-
which show great promise in compact antenna applicasion coef®cient difference between the multilayer ®m and
tions’**"® However, achieving thick ferrite ®Ims with a the substraté+&°

thickness of> 20l m and a low loss tangent &f5% remains Theoretical studies based on such similar thermodynamic
an open challenge for the whole magnetics and multiferroic@pproaches to describe electrical interactions in multilayers
community. and superlattices of ferroelectric materials indicate that when

a ferroelectric and a paraelectric layer are brought together,
there exists a critical paraelectric layer thickness at which the
bilayer has a gigantic dielectric response due to the internal
electric ®eld that arises from the polarization mismatch
For more than 60 yr, the classical Landau-Ginzburg-between the layers (see Figud€).'5'®” Determination of
Devonshire (LGD) theory of weak ®rst-order transitions haghis critical layer fraction allows the design of heterostruc-
been extensively used in the study of physical phenomena itures with enhanced dielectric, pyroelectric, piezoelectric,
ferroic and multi-ferroic materials system&’ In particular,  and thermo-dielectric properties.
the predictions and limitations of the conventional 2-4-6 Using these theoretical results, several sets of experi-
Landau polynomial as applied to monocrystalline ferroelec-ments were conducted to determine the optimum parameters
tric compounds have been investigated in detail and ar¢o obtain tunable active ®ms with low loss and a tempera-
well understood?®® The phenomenological theory provides a ture insensitive tunability over a temperature range of
uni®ed description of the changes in crystal form and ofL00 C.**'*° The parameters for the deposition were the dep-
the variations of the coupled thermal, dielectric, and elasticsition temperature, annealing temperature, ®m thickness,
properties that are observed on cooling through a sequen@nd the strength of the composition variations. Optimum
of ferroelectric phase transitions. The phenomenologicatonditions were found to exist in multilayered BST ®Ims
theory is a useful tool for experimentalists because it pro-deposited on Pt coated Si substrates via MOSD. The multi-
vides a relatively simple framework within which the various layer heterostructures consisted of three distinct layers of
physical properties of ferroelectric crystals of interest can be 220 nm nominal thickness with compositions correspond-
correlated. For example, the physical properties of a particuing to BST 63/37, BST 78/22, and BST 88/12. These multi-
lar crystal as measured subject to one set of experimentddyers exhibited a dielectric constant of 360, dissipation
conditions can be predicted subject to a different set of confactor of 0.012, and a dielectric tunability of 65% at
ditions, which may be inconvenient or otherwise dif®cult to444 kV/cm with minimal dispersion as a function of temper-
access in the laboratory. Alternatively, the physical proper-ature ranging from 90 t§ 10 C (Figure47).
ties of a given crystal as measured by different types of ex-  Utilizing the formalism described in Ref&86 and 187,
perimental methods can be compared with the predictions afne can calculate the electric ®eld dependent tunability of the
the theory and so checked against one another for consi®ST multilayer heterostructures at different temperatures as a
tency. In those instances where discrepancies between thediynction of the external ®efd® These results are plotted in
and experiment are observed, it is then possible to investiFigure48and there is an excellent agreement with the theoret-
gate the origins of the discrepancies, and to trace thesieal predictions and the experimental results. This suggests
discrepancies to factors such as the quality of the specimerthat LGD-based theoretical formalisms can be used as a pre-
under study, to errors in the measurements themselves, dictive tool to design tunable devices for telecommunications.
more importantly, to the possible occurrence of other physi-  For many applications, solid solutions are the materials
cal phenomena in the crystal that may not have beemf choice because composition can be used as an external

D. Challenges for modeling of complex oxide
heterostructures
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parameter to tune the properties of interest. The perovskitdiagram. The most interesting among these are those that
crystal structure admits a wide range of ion substitutions andhave compounds of different symmetry located as opposing
there are numerous pseudo-binary ferroelectric systemsnd members. In such systems, an isobaric change in compo-
showing complete solubility across the sub-solidus phassition leads to a change in Curie temperature and often to a
change in the characteristic features of the paraelectric to
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FIG. 47. (a) Dielectric permittivity and dielectric loss of BST multilayer FIG. 48. Tunability of the BST multilayer as a function of external electric
®Ims as a function of operation temperature; (b) temperature dependence ®eld at different temperatures (solid line: calculation results from theory;
tunability at as a function of external electric ®eld. Reprinted with permis-solid squares: experimental measurements). Reprinted with permission from
sion from Zhonget al, Appl. Phys. Lett90, 092901 (2007). Copyright 2007 Zhong et al, Appl. Phys. Lett. 90, 092901 (2007). Copyright 2007
American Institute of Physics. American Institute of Physics.
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ferroelectric transition from ®rst-order to second-orderength scales other than that of monodomain single crystals:
and/or to relaxor behavior. In the diffusionless composition-the macro scale behavior is inherently a multiscale problem.
temperature ¢-T) phase diagrams of these systems, singleThe macro scale behavior arises from multiple contributions
phase regions of differing symmetry are separated by line@ssociated with the complicated sub-structure of these materi-
boundaries. These boundaries may be crossed by either ats. For example, contributions to the dielectric response
isothermal change in composition or by a change in temperanvolve a distortion of the unit cell and the cooperative
ture at a ®xed composition. In many instances, it is thenotion of domain walls. The optimization of dielectric mate-
extrema in physical properties that occur near these interrials for particular applications is often accomplished through
ferroelectric line boundaries that are exploited in devicethe control of composition and through the addition of dop-
applications. ants that either enhance (donor) or pin (acceptor) domain
As a parameterized phenomenological theory, experiwall motion. In order to link materials composition, dopant
mental data are required as inputs to adequately reprodudgpe and concentration, and dielectric properties, modeling
the behavior of speci®c ferroelectric materials. Somewhagfforts must address the material substructure across multiple
surprisingly, for the ferroelectric compounds and solid solu-scales of length and time and be capable of determining phase
tions of technological importance, no universal parameterand domain stability under external forces. The challenges
ization scheme has been adopted. For example, the Landaf multiscale modeling are depicted in Figus@. Ab-initio
polynomial as originally applied to ferroelectric barium tita- computations and molecular dynamics simulations provide
nate by Devonshiré®'®® has been elaborated on many information on intrinsic material behavior at the unit cell
times, and several alternative expressions for the free enerdgvel. The phenomenological models described above provide
have been reported that reproduce experimental data witbnergy functions that reproduce phase transitions and can pre-
varying degrees of agreemefit*'°* The situation for ferro-  dict polarization reorientation processes under changes in
electric solid solutions is more complicated still, because theexternal variables (temperature, composition, stress, or elec-
dependence of the theory parameters on composition mustic ®eld). Micromechanical models introduce a grain orienta-
also be explicitly determinet?>°® Approaches for doing so tion function and use volume averaging of the grain behavior
that utilize analytical parameterization schemes havedo obtain the macro scale behavior. Phase ®eld models pro-
recently been reportet!.**°° An example of this approach vide a link between the energy functions of the phenomeno-
is shown in Figure49, where the composition-temperature logical theory and domain structure and its evolution. At the
phase diagrams of BST is compared with the experimentahigher level of structures and devices, ®nite element models
phase diagram’® The ®gure indicates the location of two are employed to capture interactions occurring at larger
tricritical points (TCPs), and of the triple point (TP), where length scales.
the cubic, tetragonal and rhombohedral phases are in equilib- Oxide thin ®m and multiferroic devices have inhomo-
rium. The curving of the line of paraelectric to ferroelectric geneous internal microstructural features at nano/micro scale
transitions corresponds to the temperature range where quaand sometimes complex geometries, and hence they are
tum saturation (QS) effects become important. beyond the reach of direct density function theory (DFT) cal-
Predicting the behavior of ferroic and multi-ferroic mate- culations. On the other hand, conventional continuum mod-
rials, however, also involves phenomena that are relevant aling typically ignores the possible presence of domain
structures and defects, and thus, may not be suf®cient to
address the effect of microstructure inhomogeneity on device
Computed performance. During the last ten years, phase-®eld method
Lemanov et al. . .
has emerged as a powerful computational tool to modeling
phase transitions, domain structures, domain switching, and
magneto electric couplings in ferroelectric/multiferroic thin
®Im$?™*2%3 and heterostructure§”? Phase-®eld method
describes a microstructure using a set of inhomogeneous
order parameters and incorporates the fundamental thermo-
; / dynamics of ferroic phase transitions as well as mesoscale
Fr FRo=" theories of elasticity, electrostatics and magneto statics. For
Qs Effects — A example, phase-®eld method has been applied to modeling
the converse ME switching of magnetization in nanoscale
00 02 04 06 08 10 layered heterostructuréS>2°° |t allows one to obtain the
xinBa, Sr,TiO, electric ®eld induced changes in both the macroscopic mag-
netization and magnetic domain structures. Phase-®eld simu-
FIG. 49. Computed phase diagrams of BST in the composition-temperaturgytinns have the potential to guide the design of devices. A
plane compared with experimental data (solid circleg).aRd R, Fo, and . . T
Fr denote the paraelectric cubic and ferroelectric tetragonal, orthorhombic,Str"’“n'MedIated Magneto resistive Random Access Memory
and rhombohedral phases, respectively. The locations of two TCPs and tHSM-MRAM)?°°® was designed through phase-®eld simula-

TP where R, Fr, and F phases coexist are indicated by the open circles. tjons, which is predicted to possess ultrahigh storage

The temperature range where QS effects become important is indicated b ; P ; _
the curved line. Reproduced by permission from A. A. Heitmann and G. A é’apacny, ultralow power dissipation, and room-temperature

Rossetti, Jr., Integr. Ferroelectr26 155+165 (2011). Copyright 2011 by high-speed operation simultaneously, thus, offering a poten-
Taylor & Francis. tially signi®cant improvement over existing MRAM
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FIG. 50. Multi-scale modeling approaches for ferroic and multi-ferroic materials requires addressing phenomena across several characteristic length and time
scales.

technologies or existing device concepts. However, there aremooth boundary meth6% or the more common ®nite ele-
several challenges that need to be overcome in order to makaent based numerical methods could be used to solve the
phase-®eld simulation a routine tool to fundamentally undermultiphysics problems with appropriate boundary conditions
stand the basic mechanisms underlying the multifunctionalon complex geometries. As described above, the phase-®eld
ity of heterostructures and to assist or guide the design ofmethod is a mature methodology based on fundamental
devices. First of all, phase-®eld simulations require inpuphysics. Therefore, recent efforts on physics-based design of
information for thermodynamic and kinetic parameters suchdevices with complex geometries have also focused on
as domain wall energy and domain wall mobility as well asdeveloping computational methods as design t6%t8*°
structural and physical properties such as lattice parametefSome important device geometries of interest include set-
and elastic constants. While some of the data are availabléngs with partially electroded surfacé$: or with surface
from experiments, DFT calculations are necessary to obtaifeatures such as notches, islands, and surfacefips? In
properties which are otherwise not available experimentallythe former case, the partially electrode surfaces lead to a
Therefore, a future direction along this line is to link ®rst- problem posed on all-space because of existence of stray
principles calculations for structure and properties and the®elds outside the device. In the latter case, a highly resolved
phase-®eld method of mesoscale domain structure evolutionalculation is required near regions where geometry and/or
Another challenge is the disparity of physical size of aelectric ®eld changes abruptly, but a coarse discretization
device and the spatial scale of internal domain structurecan be used away from these regions.

which will make it dif®cult to spatially resolve the domain The computational methods for the settings described in
walls while attempting to model the performance of thethe paragraph above include the use of the ®nite element
whole device. Therefore, multiscale approaches are neededethod (FEM) to obtain adaptive discretizations that are ®ne
in such cases. The complex geometries of a device also pose regions where complex microstructure forms, and coars-
a challenge to phase-®eld modeling. For many applicationgns further away. This enables the study of large computa-
boundary conditions with "at surfaces are adequate, e.g., théonal domains at reasonable computational cost. In addition,
effective response of a thin ®m. In such cases, a superposiomplex geometries, such as notches and islands, are readily
tion method can be applied to modeling domain structures irhandled by FEM. Another important challenge is the all-
ferroelectric and multiferroic thin ®IMS’ which has an space stray ®elds outside the device in combination with the
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