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Top Left — Simultaneous attosecond absorption and streaking spectroscopy. (A) Illustration of the
experimental setup; (B) Attosecond streaking spectrogram of an isolated attosecond XUV pulse and a
near-single-cycle NIR pulse; (C) Attosecond transient absorption spectrogram of a 125-nm-thick SiO,
membrane as a function of delay between the XUV pulse and the NIR pulse (black line: Synchrotron-
XANES absorption data for comparison); (D) Schematic energy level diagram of SiO,. The blue arrow
represents the XUV absorption (Si L-states to the SiO, conduction band). Mark Stockman (Georgia State
University)

Top Right — A giant photonic Spin Hall effect is discovered when light is propagated through a
metamaterial comprised of V-shaped antennas with a variety of arm configurations (right image). The
light follows a curved trajectory that drags light with different circular polarization in opposite transverse
directions. Xiang Zhang (Lawrence Berkeley National Laboratory)

Middle Left — An STM image demonstrating that BTC molecules form a well-ordered monolayer on a
gated graphene/BN device (BTC = 3,3',3"-(Benzene-1,3,5-triyl)tris(2-cyanoacrylonitrile), BN = boron
nitride). STM spectroscopy of BTC reveals that the LUMO state of this molecule can be controllably
tuned (i.e., shifted relative to Eg) via application of a backgate potential. Top: STM image of BTC
molecules on gated graphene device. Bottom: STM spectroscopy shows LUMO shift with gate voltage.
Michael Crommie (Lawrence Berkeley National Laboratory)

Middle Center — How atoms communicate with each other. This figure is the correlation function of
atomic-level stresses in space and time. Horizontal streaks reflect the quasistatic atomic correlation, and
two diagonal lines represent sound waves. Takeshi Egami (Oak Ridge National Laboratory)

Middle Right — An accurate magnetometer device has been invented, based on a low cost, thin-film
organic semiconductor diode. The device is most useful for intermediate magnetic field strengths
(millitesla range), where it yields better accuracies than existing sensor devices (e.g. Hall sensors).
Christoph Boehme (University of Utah)

Bottom Left — A comparison of the measured band gap of GaN;,As, as a function of composition with
the values predicted by the band anticrossing model (right). Alloys in the composition range of
0.10<x<0.8 are amorphous but exhibit sharp, well defined absorption edge. (Ali Javey et.al., Lawrence
Berkeley National Laboratory)

Bottom Right — Internal photoemission measurement of Schottky barrier height of contact to
semiconductor nanowire. At left is an image of the nanowire between two ohmic contacts, followed by
photocurrent images at increasing wavelength (3 x 15 um?2). The barrier height is extracted from
dependence of the photocurrent yield on energy. At right, the measured barrier heights are plotted as a
function of nanowire diameter for different doping densities. Lincoln Lauhon (Northwestern University)
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FOREWORD

This extended-abstract booklet summarizes the scientific content of the 2013 “Physical Behavior of
Materials” Principal Investigators’ meeting that is sponsored by the Division of Materials Sciences and
Engineering (DMS&E) of the Department of Energy, Office of Basic Energy Sciences (BES), held on
April 14-17, 2013, at the Bolger Conference Center in Potomac, Maryland. The primary purpose of the
meeting is to provide an environment for the exchange of new information and ideas among
participants, and to foster synergistic activities among researchers in the Physical Behavior Program.
For the grantees and BES, it facilitates an overview of the program useful to define future
directions for the program and identify promising new research areas. These meetings are
designed to stimulate crosscutting and inspiring of new ideas, as it brings together leading experts
in diverse fields of interest to our program.

The Physical Behavior of Materials program covers a broad range of research activities. Being at the
crossroads of physics and materials sciences, it has the mission to support fundamental science
and use-inspired basic research that promise to bring a better understanding to fundamentals of many
exciting fields of research and support out agency’s mission. The physical behavior of electrons and
other charge carriers, photons, phonons, plasmons and other elementary excitations, as well as
their mutual interactions in different material environments are all among the primary scientific
interests of the program. The program has a rich portfolio in many ground-breaking, high-risk high-
reward projects using both experimental and theoretical approaches.

This year’s Principal Investigators’ meeting is chaired by Puru Jena of the Virginia Commonwealth
University, and Takeshi Egami of the Oak Ridge National Laboratory. It is attended by over 90
scientists, with 32 oral presentations in 10 sessions and 55 poster presentations in two poster sessions.
We organized this year’s presentations into ten separate sessions grouped in similar topical research
areas. New this year, we have organized three special sessions that focus on several recent national
initiatives that have strong connections to the Physical Behavior of Materials program. Titles of the
presentations in these special sessions are “Critical Materials Initiative,” BESTAR, EFRC—“Solid-State
Solar-Thermal Energy Conversion Center,” EFRC-“Light-Material Interactions in  Energy
Conversion,” and the “SunShot Initiative.”

The contributions of all the participants are gratefully acknowledged, for their investment of time and
for their willingness to share their ideas with other meeting participants. We also gratefully
acknowledge the outstanding support of Tammy Click and Joreé O’Neal from the Oak Ridge Institute
for Science and Education, and Teresa Crockett of the DMS&E, and the staff of the Bolger Conference
Center.

Refik Kortan, Ph.D.

Program Manager,

Division of Materials Sciences
and Engineering

Office of Basic Energy Sciences
Department of Energy

April 2013
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Program Scope

Metamaterials, that mimic the order in matter have opened an exciting gateway to reach
unprecedented physical properties and functionality, unattainable from naturally existing
materials. The “atoms” and “molecules” in meta-materials can be tailored, the lattice constant
and inter-atomic interaction can be precisely tuned, and “defects” can be designed and placed at
desired locations. Besides our current effort in high spatial resolution imaging with the optical
metamaterial hyperlens [2, 14], an indefinite metamaterial with hyperbolic isofrequency contour
[6, 10], and reconfigurable metamaterials [22, 23], this program sets to explore the revolutionary
physics of subwavelength metamaterials, covering new metamaterial design with symmetry
considerations, an inverse electromagnetic algorithm, new control approaches for reconfigurable
metamaterials, and new physics with conformal transformation in the metamaterial hyperlens.
The unique properties arising from the specific configurations of the metamaterials open up
exciting new venues for the device development for DOE missions. Moreover, the intrinsic
resonant and broadband electromagnetic responses of metamaterials make them the outstanding
candidate to control and manipulate ultrafast optical pulses at unprecedented small time and
length scales, advancing the ultrafast photon science research at LBNL - one of the key DOE
grand challenges.

The power of metamaterials in manipulating light lies in the flexibility in designing each
individual artificial atom with properties far beyond the reach of natural materials. The artificial
atoms as building blocks can be assembled into metamaterials in a similar way that real atoms
form natural materials. This analogy can be carried on further to categorize metamaterials into
gas and solid phases. In the gas phase, the artificial atoms interact weakly with each other, and
the overall material properties are solely determined by the sharp resonance features of each
individual artificial atom. Whereas in the solid phase, the artificial atoms strongly interact to
form crystal like properties, and the sharp resonance of each individual artificial atom evolves
into band structure. Thus, designing (a)
the level of coupling among the
artificial atoms provides a powerful
mean to engineer the dispersion of the
metamaterials. In addition, a few
artificial atoms of different types can
also be combined to form artificial s e

molecules with distinct properties from : — - Dbance ()
cach of the constituent artificial atoms.  Figure 1. (a) Schematic of optical hyperlens. (b) Scanning
This further enriches the optical electron microscope (SEM) image of nano-scale object. (c)

.. . . Cross-sectional analysis of the image taken of the object being
properties in the optical metamaterials.  onified by the hyperlens. The sub-diffraction-limited objects

Our project explores the novel design  were clearly resolved by the spherical hyperlens showing x2.1
of both of the individual artificial magnification.
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atoms and their interaction to achieve the desired metamaterial optical properties, and
investigates the emergent and unique wave phenomena.

Recent progress

High Spatial Resolution Imaging with theOptical Metamaterial Hyperlens. The fundamental
diffraction limit restricts optical imaging resolution to about half of the wavelength scale.It was
once regarded as an insurmountable obstacle toward extension to the nano-scale for practical
applications. By careful theoretic design and simulation, we have realized a 3D spherical
hyperlens configuration with broadband response and high far-field resolution [2]. The limited
resolution of a conventional optical imaging system stems from the fact that the fine feature
information of an object is carried by evanescent waves, which exponentially decay in space and
thus cannot reach the imaging plane. The Metamaterial hyperlens has shown the ability to
overcome this limit by employing carefully engineered plasmonic metamaterials. As shown in
Figure 1, hyperlenses not only carry the subwavelength information contained in evanescent
waves across the lens, but also magnify them, thereby convert them into propagating waves such
that the information travels macroscopic distances also outside the lens. The new design also
extends the working wavelength into visible range.

Indefinite Metamaterial with Hyperbolic Isofrequency Contour. Using finite materials, we have
realized the smallest optical cavity known to date [6, 10], as shown in Fig. 2. As a result of the
open-curved hyperboloid dispersion, themedium allows a wave with an extremely large wave
vector to propagate, and the giant momentum mismatch between the metamaterial and air causes
total internal reflection at the interface. By cutting the metamaterial into subwavelength
dimensions, a three-dimensional optical Fabry—Perot cavity can be formed with a very large
effective refractive index. Unprecedented capabilities in miniaturizing optical components and
in studying quantum electrodynamics on a metamaterial platform arise from these unique
properties. The metal-dielectric stacks form square-based pyramids 100~200 nanometers across
and exhibit an extremely large

refractive index of 17.4. Importantly, @) Insulator (b} N

we found as cavity size reduces, the z v K,
radiation quality factor increases , /k Metal N
dramatically, following the fourth X

power scaling law of the resonating Metamaterial 1%

wave vector. These unique properties Figure 2. (a) Schematic of multilayer indefinite metamaterial
structure and its hyperboloid IFC. The permittivity components
. . are negative along the x- and y-directions and positive along the
density _Of Stat_es and ?nhance light=/_jirection. (b) Hyperboloid IFC (black) of the multilayer
matter interactions, which may make metamaterial calculated from the dispersion relation and the
these cavities valuable for high- spherical isotropic IFC of air (blue). (c) SEM image of an

performance optical devices. indefinite optical cavity array.

will significantly increase the photon

Reconfigurable Metamaterials. Molecules of different handedness exhibit dramatically different
physiological properties and pharmacological effects. Working with terahertz (THz), we
fashioned a delicate artificial chiral meta-molecule incorporating with a photoactive silicon
medium [23], as shown in Fig. 3. Through photoexcitation of the metamolecules with an
external beam of infrared light, handedness flipping in the form of circularly polarized THz
emission has been successfully observed. Furthermore, the photoexcitation enables chirality



flipping and the circular polarization of
THz light can be dynamically
controlled at high speed. The team has
also demonstrated electrical controlled
plasmonic  resonance using the
graphene-metal structure as a model
hybrid system [22]. The demonstration
of tunable plasmonic resonance in the
composite structure opens up a new
paradigm for tunable metamaterials.

Circular
dichroism (degree)
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Figure 3. (a) SEM images of the fabricated metamaterial. Scale
bar is 25 pum. (b) The circular dichroism from the transmission
spectra without (black) and with photoexcitation (red).
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Future Plans

The future research directions outlined below must be seen in the backdrop of the close
collaboration of our subwavelength metamaterial team over the past 3 years. The major goals are
to explore exciting optical properties and to develop promising applications of subwavelength
metamaterials. This will go hand-in-hand with advances of metamaterial design with symmetry
considerations and inverse electromagnetic algorithm. Major developments will also include
fabricating reconfigurable metamaterials with new control approaches, and study of new physics
with conformal transformation in metamaterial hyperlens.

Symmetries play a fundamental role in the linear and non-linear response of materials. We
propose a new way to achieve negative index with closed ring metamaterials that overcomes the
limitations of previous designs and paves the way to isotropic metamaterials because it is based
on discrete elements. The unique influence of symmetry breaking on the dispersion of the
metamaterials provides unprecedented degrees of freedom in engineering the optical properties
of the system. A computational algorithm called Inverse Design, is capable of automatically
designing optimal geometries of dielectric or metal components will be employed to optimize the
metamaterials.

Based on our previous work on chiral metamaterials [23] and tunable graphene hybrid
metamaterial [22], we propose to develop new control approaches of reconfigurable
metamaterials by electrical gating and mechanical reconfiguration. We expect that substantial
gate-induced persistent switching and linear modulation of light can be achieved in the two-
dimensional metamaterial, into which an atomically thin, gated two-dimensional graphene layer
is integrated. @We also propose to develop reconfigurable metamaterials with integrated
mechanical controls. By reshaping the geometry within the metamaterial unit cell, the electric
and magnetic response can be remarkably tuned for realizing adaptive metamaterials with novel
electromagnetic functionalities.

Following our success in realizing a hyperlens with two dimensional magnification through a
spherical shape, the team will work together to explore new physics in metamaterial hyperlens
with on-demand external shapes for various applications. We propose to use newly developed
methodology, conformal transformation of the electromagnetic space, for the study and
development of subwavelength ray optics with curved ray trajectories at deep subwavelength
scales. This unusual manipulation of light can be carried out by cascading multiple
metamaterials-based elements with the ability to direct light or bend it. The flexibility in



designing the metamaterial hyperlens opens up a broad range of new applications in dispersion
and diffraction management, particularly in the deep sub-wavelength scale.
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Quantum Nanoplasmonics Theory
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1. PROGRAM SCOPE

The program is aimed at fundamental theoretical investigations of a wide range of phenomena where
quantum properties of matter and surface plasmon excitations are of primary importance. Among
phenomena where quantum behavior of surface plasmons defines their fundamental physics is spaser
(quantum generation and amplification of nanoscopic optical fields). An example of such a phenomenon
is the recently predicted effect of metallization of dielectrics or spaser. Matter in ultrastrong and
ultrafast optical fields is another research field of this Program where quantum phenomena play
dominating role.

2. PUBLICATIONS RESULTING FROM THE GRANT

Overall during this grant period, the grant provided a major support that resulted in publications of Refs.
[1-7]. Also, the following publications received a supplemental support from the grant: Refs. [8-10].

3. HIGHLIGHTS OF RECENT RESULTS

3.1. Predicted Ultrafast Dynamic Metallization of Dielectric Nanofilms by Strong Single-
Cycle Optical Fields [1]

In this article [1], we predict a dynamic metallization effect where an ultrafast (single-cycle) optical pulse
with a <1 V/A field causes plasmonic metal-like behavior of a dielectric film with a few-nm thickness.
This manifests itself in plasmonic oscillations of polarization and a significant population of the
conduction band evolving on a ~1 fs time scale. These phenomena are due to a combination of both
adiabatic (reversible) and diabatic (i.e., irreversible) pathways.

3.2.Loss Compensation by Gain and Spasing [2]

In this work [2], we present a theory of the effective dielectric response of optical metamaterials
containing optical gain. We demonstrate analytically that the conditions of spaser generation and the
full loss compensation in a dense resonant plasmonic-gain metamaterial are identical. Consequently,
attempting the full compensation or overcompensation of losses by gain will lead to an instability and a
transition to a spaser state. This will limit (clamp) the inversion and eliminate the net gain. As a result,
the full loss compensation (overcompensation) in such metamaterials is impossible. The criterion of the
loss overcompensation, leading to the instability and spasing, is given in an analytical and a universal
(independent from system geometry) form.

3.3.Plasmonic Generation of Ultrashort Extreme-Ultraviolet Light Pulses [3]

Ultrashort extreme-ultraviolet pulses are a key tool in time-resolved spectroscopy for the investigation
of electronic motion in atoms, molecules, and solids. High-harmonic generation is a well-established



process for producing ultrashort extreme-ultraviolet pulses by direct frequency upconversion of
femtosecond near-infrared pulses. However, elaborate pump—probe experiments performed on the
attosecond timescale require continuous efforts to improve the spatiotemporal coherence and also the
repetition rate of the generated pulses.

In this article [3], we employ a three-dimensional metallic waveguide for the plasmonic generation of
ultrashort extreme-ultraviolet pulses by means of field enhancement using surface-plasmon polaritons.
The intensity enhancement factor reaches a peak of ~350, allowing generation up to the 43" harmonic

in xenon gas, with a modest incident intensity of ~1x10"Wem™. The pulse repetition rate is
maintained as high as 75 MHz without external cavities. The plasmonic waveguide is fabricated on a
cantilever microstructure and is therefore suitable for near-field spectroscopy with nanometer-scale
lateral selectivity.

3.4.Electric Spaser in the Extreme Quantum Limit [6]

Active or gain nanoplasmonics was introduced by spaser (Surface Plasmon Amplification by Stimulated
Emission of Radiation). The spaser is a nanoscale quantum-plasmonic generator and ultrafast
nanoamplifier of coherent localized optical fields. Among the observed spasers, most are with optical
pumping, including all the spasers with the strong 3D confinement. Only few surface-plasmon polariton
spasers, whose confinement and losses are not strong, are with electric pumping.

In this article [6], We consider theoretically the spaser excited electrically via a nanowire with ballistic
guantum conductance. We show that in the extreme quantum regime, i.e., for a single conductance-
guantum nanowire, the spaser with the core made of common plasmonic metals, such as silver and
gold, is fundamentally possible. For ballistic nanowires with multiple-quanta or non-quantized
conductance, the performance of the spaser is enhanced in comparison with the extreme quantum
limit. The electrically-pumped spaser is promising as an optical source, nanoamplifier, and digital logic
device for optoelectronic information processing with speed ~100 GHz to ~100 THz.

3.5.Semi-metallization of Dielectrics in Strong Ultrafast Optical Fields [7]

The time it takes to switch on and off electric current determines the rate at which signals can be
processed and sampled in modern information technology. Field-effect transistors are able to control
currents at frequencies 100 GHz, but electric interconnects may hamper progress towards reaching the
terahertz (10" Hz) range. All-optical injection of currents through interfering photoexcitation pathways
or photoconductive switching of terahertz transients has made it possible to control electric current on a
subpicosecond timescale in semiconductors. Insulators have been deemed unsuitable for both methods,
because of the need for either ultraviolet light or strong fields, which induce slow damage or ultrafast
breakdown, respectively.

In this paper [7], we report the feasibility of electric signal manipulation in a dielectric due to laser field-
induced quantum transition of the dielectric to a semimetallic state. A few-cycle optical waveform
reversibly increases—free from breakdown—the a.c. conductivity of amorphous silicon dioxide (fused
silica) by more than 18 orders of magnitude within <1 femtosecond, allowing electric currents to be
driven, directed and switched by the instantaneous light field. Thus the dielectric, for ~1 fs acquires
properties of semimetal, without any damage or longer-lasting changes of electronic or optical
properties. This work opens up the way to extending electronic signal processing and high-speed
metrology into the petahertz (10" Hz) domain.



4. FUTURE PLANS

We intend to capitalize on the progress achieved and further develop the field of quantum
nanoplasmonics theory. One of the promising directions in the future research will be incorporation of
graphene as a nanoplasmonic medium. In particular, we will develop quantum theory of graphene-
based spaser. Another direction of research will be quantum theory of graphene in strong ultrafast laser
fields. We will also continue developing quantum theory of conventional materials in strong fields
including metals. There is a preliminary indication that metals will turn into semi-metals with ~ 1 fs time
interval reversibly in fields on the order of a few V/A.
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Metamaterials as a Platform for the Development of Novel Materials for Energy Applications
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Program Scope

The goal of the program is to explore the fundamental properties of metamaterials (MMs) and
their potential for energy applications in support of the mission of the Department of Energy
and the office of Basic Energy Sciences. The advent of metamaterials provides novel
electromagnetic responses and enables study of exotic materials — particularly in the microwave
through THz and up into far IR parts of the electromagnetic (EM) spectrum — providing an ideal
platform to explore a rich variety of science, from optics, condensed matter physics, materials
science, to nanoscience. We propose to advance the understanding of these materials through
fundamental investigations of the experimental and theoretical properties of metamaterials and
to provide a knowledge base for the
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materials with novel structures, functions, on |- 1
and properties. The proposed research
activities emphasize the computational
design and fabrication of the materials, and
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responses — particularly relevant for

fundamental energy investigations — and
which have been developed in our prior
research effort.

Recent Progress

5 10 15 20
Wavelength (um)

The research effort has resulted in papers
published in high impact journals as well as
several papers submitted. We have realized
a number of novel results including: first
demonstration of a metamaterial absorber
(MMA)  detector, ' discovery  and
characterization of surface electromagnetic

Figure 1. Top: Experimental realizations of
MM absorbers across the electromagnetic
spectrum - microwave (18GHz), terahertz
(1.6THz), infrared (6pm) and optical (1.55um).
Bottom left shows a scanning electron
microscope image of a dual-band infrared MM
emitter. Bottom right shows experimental
emittance of the dual-band MM as a function
of temperature (colored curves) compared to
an ideal black body emitter (black curve).

waves on metamaterial absorbers? and first
demonstration of a tunable metamaterial
absorber.’> We have also completed a review
paper which was recently published in
Advanced Materials.* In this review we



made a significant effort to review
and cite every single publication on
metamaterial absorbers published
to date - the paper had nearly 180
references.

In one particular investigation we
carried out a series of off-normal
angular dependent measurements

on large area samples of the
reflectance for both transverse
electric (TE) and transverse

magnetic (TM) polarizations. We
also calculated the experimental
specular absorption, As=1-R, for
both TE (dashed black curves) and
TM (solid grey curves) at incident
angles of 15, 30, 45, and 60 degrees
which are shown in the left panels
of Fig. 2. At near normal incidence
(15 degrees) the spectral
characteristics of As are similar for
both  polarizations. The main
absorptive feature due to the MMA
6um
identifiable absorptive signatures

is observed near other

are also seen. Proceeding to larger
incident angles we observe that, for

the TE polarized case, the
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Figure 2. Experimental (left panels) and simulated (right
panels) frequency dependent specular absorption for
various incident angles (0) in both TM (grey solid
curves) and TE (black dash curves) polarizations.

amplitude of the main peak drops noticeably from 90% at 15 degrees to 75% at 60 degrees.
However, for TM polarization the peak in As remains high for all angles investigated, but
notably two distinct signatures are revealed for larger incidence angles. One of these absorptive
features — which we term here Mode A - is independent of incident angle and occurs at a
wavelength of 4.83um. The other feature — termed Mode B — is observed to shift to longer
wavelengths as angle is increased (as noted by the red arrows in Fig. 2). In order to gain insight
into the various absorptive features observed in the experimental results presented above, we
performed 3D full wave electromagnetic field simulations. The MMA was simulated with
dimensions identical to that of the fabricated sample. Simulations provide the complex
scattering parameters and we calculate the specular absorption as As = 1-R = 1-1S1112. The right
panels of Fig. 2 show As for various incident angles and good agreement with experimental
results is evident - notably both Modes A and B are also observed.

We next discuss the implications of the experimental and computational results and focus first
on Mode B. We note that Mode B only appears in the TM polarization and its peak redshifts as a
function of incident angle. It is well-known that periodic structures can support spoof surface-



plasmon-polaritons (SPPs) for TM polarization incident waves. Excitation of SPPs requires the
momentum of incident light, ki, to match that of the SPP, i.e. kspp = ki + kG, where kspp and kG
are k-vectors of SPP and the Bloch wave (reciprocal lattice vector), respectively. By re-writing ki
in terms of free space light kO as ki = k0sin0, a strong angular dependence of such SPPs is
evident. If Mode B is indeed a SPP, then its peak value should be a function of sin(0). We
perform a linear fit to our experimental data, (not shown) and find that our y-intercept, kG =
2m/a, equals a value of 1.71 x 10° (m). A linear fit to the curve reveals a value of a = 3.65 um,
which agrees qualitatively with the lattice spacing (3.2um) of the fabricated samples. Thus, we
attribute the angular dependent feature, (Mode B), as a Bloch wave or spoof SPP, related to the
periodicity of the metamaterial.

The other absorptive feature, (Mode A), is independent of incident angle and is seen to always
occur near 4.83um. Notably, Mode A seems to increase in strength as a function of increasing
incident angle. Through simulation (not shown) we found that the TM incident wave is
coupling to the surface of the metamaterial and both a decaying surface wave and a free space
component are observed. Although quantitatively the TE and TM polarized waves show
disparate behavior, our simulations further allowed us to extract quantitative information by
approximating both the wave number and loss of the surface wave. We find that the surface
wave yields a wavelength of about 4.72um while the free space wavelength is 4.83um.

The end result of the above study was that scattering was found to be negligible near the
primary metamaterial absorption Ao, and only became appreciable at shorter wavelengths. Two
surface modes were found to exist on metamaterial absorbers, when incident light is TM
polarized, one due to the periodicity of the unit cell and the other due to the effective optical
constants of the MMA. The latter occurs at Ao, is highly lossy and is responsible for the good
angular dependence of absorption in TM polarization.

Future Plans

The proposed project explores the fundamental properties of metamaterials and their potential
for energy applications. There are three main materials which will be investigated:

1) Metamaterial absorbers — We have demonstrated, in the previous effort, tailored
metamaterial absorbers. There are, however, a number of fundamental unexplored phenomena
regarding the absorption process. We will continue investigation of the electromagnetic
properties of metamaterial absorbers, initially at infrared wavelengths, then moving on to both
longer (THz) and shorter (optical) wavelengths. The ability to tune the angular dependence
and/or polarization state of the absorption process, for example, will be explored.

2) Multi-band / broadband metamaterial emitters - Metamaterials consisting of multi sub-unit
cells can be utilized to tune emission over a broadband. However, the impact of scattering and
generation of surface electromagnetic waves are examples of phenomena which may occur with
periodicity and / or larger unit cell sizes, and remain unexplored. We will investigate the
feasibility to which multiple unit-cell can contribute to emission while still maintaining desired
electromagnetic properties. Iteration of various designs will take place within computation
space in order to optimize metamaterials for a given energy range.
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3) Metamaterials for super blackbody emission — For surfaces at a certain temperature the
maximum emission is set by Planck’s radiation law, i.e. it cannot be greater than an ideal
blackbody. However for bodies or surfaces heated by a given constant input power, a tailored
metamaterial surface can emit more power, in a narrow band, than an ideal blackbody surface.
The physics underlying such a response will be theoretically and experimentally investigated
and the extent that this phenomena can be utilized for potential energy applications will be
explored.
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Program Title Electronic Materials Program
Materials Sciences Division
Lawrence Berkeley National Laboratory
Berkeley, CA 94720
Principal Investigator Ali Javey
Co-principal Investigators Joel W. Ager, Daryl C. Chrzan, Oscar. D. Dubén,
Wiladek Walukiewicz, Kin Man Yu
Collaborating Investigator ~ Jungiao Wu

Program Scope

The Electronic Materials Program (EMAT) is focused on the basic materials science of
semiconductors. Our research links atomic-scale phenomena with nano-, meso- and macro-scale
materials properties and functionalities. There are three research themes:
e Semiconductor quantum membranes: Spatial confinement, probing, and
functionalization;
e Band structure and interface tuning on command: Engineering band structures in
semiconductor alloys, and electronic and structural properties at interfaces;
e Control of phase transitions at the nanoscale.
Common to these research themes is a synthetic strategy that allows to control structure and
phase transitions at the nanoscale. In the case of quantum membranes, our ability to make and
control 2-D versions of an arbitrary semiconductor enables to study the interplay of electronic
structure and carrier transport at a fundamental level. Our control of materials composition via
highly non equilibrium synthesis techniques allows us to tune band structures and interface
properties on command. By exploiting new insights in the nanoscale control of phase transitions,
we can synthesis new functional structures.

Semiconductor quantum membranes
Recent progress

Two-dimensional (2-D) electronic materials such
as graphene have seen intense research interest over the
last decade. We have identified an opportunity to
generalize the use of single layer and few-layer 2-D
systems (we will call them quantum membranes, QMS)
by using not only naturally occurring layered materials
(e.g., MoS,, WSe,) and but also compound
semiconductor layers isolated via transfer processes (e.g.,
InAs, Fig. 1). These ultrathin QMs are not subject to the
constraints of lattice-matched heterostructures. Moreover,
it appears possible to stack them in arbitrary order and
transfer them to almost any substrate.

An important consideration for the fundamental
study of QMs whether surface effects will dominate the
charge transport. We are finding that developing
methods to form low resistance contacts to these ultrathin - membranes (QMs). (a) Low
structures and also controlling carrier scattering by magnification and (b) high resolution

reducing surface roughness are key factors. We are TEM images of a 7 nm InAs QM capped
with SiO- on a Si/SiO- substrate.
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discovering that transport in QMs can be near bulk like: led InAs ultrathin membranes transferred
to Si substrates have excellent field-effect electron mobilities (peak effective mobility of ~5000
cm?/V-s)* and monolayer WSe, Si/SiO, substrates has ~250 cm?/V/s hole mobility.?

Future work

The ability to place T
2D semiconductor % W B i
membranes on a user-defined Vel _ o,
substrate enables exploration :
of a range of fundamental ! ]
studies that were previously b= = o et
inaccessible due to the ﬁ =
constraints gf the growth e T
substrate. Figure 2 shows E (eV)
absorptance spectra for InAs Fig.2. Qualitative band structure schematic of a 2-D InAs QM, with
membranes with different arrows indicating the allowed optical interband transitions between

. . valence and conduction sub-bands. Absorptance spectra of INAs QMs
thicknesses (3-.19 ”m which with thickness of Lz ~ 3, 6, 9, 14, and 19 n?n at roopm temperature?
reveal for the first time, the showing universal absorptance steps of Aq ~1.5% in magnitude
existence of a quantum unit of
absorptance, Ag, where the
magnitude of absorptance due to interband transitions for any 2D semiconductor is shown to be
independent of thickness and most material specific parameters (including the effective mass).
We plan to perform similar optical studies on I1-V1 and dichaldogenide QMs where we expect to
find excitonic effects in addition to band to band absorption.

Developing doping methods to controls the charge density in QMs is a fundamental
challenge. Our initial work suggests a few promising pathways. Ultrathin (~ 5nm in thickness)
InAs and dichalcogenide QMs can be readily doped n-type with high carrier concentration (~10*°
cm’®) by placing K atoms on the surface. For hole doping, we have shown NO, molecules on
WSe, can cause strong p-doping. However there are a number of unanswered questions. For K
the activation appears to be near unity while it is less than 0.1% for NO,. Furthermore, K doping
exhibits a relatively high stability in air which suggests a strong binding energy to the surface of
QMs, especially dichalcogenides.

The ability to transfer one QM onto another presents a unique opportunity to form van der
Waals (vdW) heterojunctions where one can, in principle, combine any two semiconductors
without lattice mismatch constraints. This opens an entirely new spectrum of heterojunctions
with unique functionalities via tailored surfaces and interfaces including controlled band offsets.
We will begin by pursuing two such structures:

1. InAs n-layer/WSe; p-layer. Based on the bulk band alignments, this would be expected

to form a high rectifying p-n junction.

2. WSe; p-layer/SnS; n-layer. This is expected to lead to a Type Il heterojunction with
efficient carrier tunneling.

Band structure and interface tuning on command

Recent progress

Highly mismatched alloys (HMAs) formed through alloying of distinctly different
semiconductors enable one to use these interactions to modify the band structure in a predictive
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way by using the band anticrossing (BAC)
interaction between the localized states of the
substituted element and the extended states of
the matrix.

The mismatched alloy GaN;.xAsx HMAs
was synthesized over the whole composition
range and both p-type and n-type doping was
achieved.® * The wide range of band gaps
accessible using this material (Fig. 3) makes it
promising for solar conversion devices. Our
work opens opportunities for possibly
functionalizing this material and other
amorphous I11-V alloys, as well as the

'\
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Fig. 3 A comparison of the measured band gap of
GaNy,As, as a function of composition with the
values predicted by the band anticrossing model
(right). Alloys in the composition range of
0.10<x<0.8 are amorphous but exhibit sharp, well-
defined absorption edge

fundamental study of defect physics in
amorphous I11-V semiconductors. Recently we
were also able to synthesize GaN;.xBiy alloys an extreme HMAs in which large metallic Bi
replaces small electronegative N atoms.”

Future work

For most metal oxides, only one type of conductivity can be obtained. This is primarily
due to the location of the conduction and valence band edges with respect to the common energy
reference represented by the average energy of native defects located at about 4.9 eV below the
vacuum level. For example, reliable p-type doping in ZnO and CdO have not been reported
since, as the valence band of ZnO and CdO is very low. However, adding a small amount of Se
to ZnO pushes the valence up by ~1 eV to the localized nature of the Se state in ZnO. Hence it is
expected that O-rich ZnSeO can be doped p-type with the incorporation of an acceptor such as
Cu, P or As. At the same time the conduction band of ZnOSe is low enough for a good n-type
doping in the whole composition range. We will utilize this valence band anticrossing effect for
achieving n and/or p-type doping in semiconductors where only one type of conductivity is
otherwise commonly observed.

The extremely low conduction band edge of CdO provides a wide tunability range of the
conduction band edge when alloyed with other metal oxides, particular oxides with different
crystallographic structure. Most recently we have synthesized alloys Zn; «CdxO alloys which
show very unique properties close to the wurtzite-rock salt phase transition at x= 0.69.
Depending on the crystal structure, alloys at this transition have either high (2.4 eV) or low (1.6
eV) band gap. The “border line” alloys are both highly conducting, with electron concentration
of more than 10%° cm™ and optically active with relatively sharp, intense photoluminescence. An
abrupt 4 fold increase of the electron mobility at the transition point is clearly associated with
structure induced abrupt modification of the electronic band structure and potential phase
separation.

Control of phase transitions at the nanoscale
Recent progress

Phase transitions and their underlying physics lie at the heart of materials science. While
simple melting point depression with decreasing size has been well established, recent work has
shown that the range of phase transition behaviors at the nanoscale can be considerably more
rich. As an exciting recent example, we have fabricated GeAu, GeSn® and more recently, GeAg
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particles (and in the case of GeAu, nanowires) with
diameters in the range of 10-50 nm embedded within
silica. These binary eutectic alloy nanoclusters
(BEANS) synthesized in EMAT are, perhaps, the
smallest half metal, half-semiconductor particles
synthesized to date.Error! Bookmark not defined. We
have already demonstrated interesting phenomenology
within our binary eutectic alloy nanostructures (BEANS).
For example, in the case of GeSn and GeAu
nanoclusters, we have tuned phase transformation
Kinetics to switch the BEANs between amorphous
metallic and Schottky barrier configurations.

Future work
We will now implement these concepts in
functional structures. For example, we will use our

interfacial free energy mediated control of
melting/solidification transition temperatures and

increasingTT
l decreasingT

Au}
Fig. 4. 1-D BEANSs offer the potential
for interesting switching behavior. It
might be possible, for example, to
switch between multilayer and
core/shell morphologies, using either
temperature or exploiting.

kinetics to engineer the heat capacity of an embedded nanoclusters, which might then serve as a
means to store and transport thermal energy. Interfacial free energies also play a substantial role
in the development of thin film processing routes capable of producing high quality films (e.g.
InP films on Mo underneath silica, or large-area silicene), and we will further explore these
applications. We have promising initial calculations that imply we will be able to stabilize liquid
inclusions of relatively high melting point metals (e.g. Au) at room temperature. As the melting
point is a function of interface energy and geometry, we can envision 2-D structures with

alternating liquid and solid sections.
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Control of Semiconductor Surfaces with Soft Gates

Electronic Materials Program at LBNL

Joel W. Ager

Lawrence Berkeley National Laboratory, Materials Sciences Division, MS 2R0200,
1 Cyclotron Road, Berkeley, CA 94720

Program Scope
The insulating double layer (Helmholtz layer) formed by a liquid electrolyte can
be used to create electric fields at the surface of a semiconductor. Here, we are using
electrolyte gating to control surface carrier properties for fundamental transport studies.
Our work with indium nitride (InN) illustrates some of the benefits of this
approach. The Group IlI-nitride alloy band gaps span from the infrared InN (E.=0.675
eV or more than 1800 nm) to well into the ultraviolet GaN (Eg=3.4 eV or 365 nm) , AIN
(Eg=6.1 eV or 203 nm), a range that includes not only the entire visible but virtually the
entire solar spectrum. InN has the smallest bandgap in this alloy system. It also has an
exceptionally large (> 5.5 eV) electron affinity which creates a strong thermodynamic
driving force for the formation of native donor defects both in the bulk and at the surface.
For example, undoped InN thin films are always n-type and all as-grown InN surfaces,
regardless of polarity, crystal
orientation, or doping, have an
accumulation layer of electrons (Fig.
1). The surface electron layer had
prevented the study of the fundamental

transport properties of InN by =S % 6{_ —a8 s/
standards method such as Hall effect. /0 v =9: :’/
In prior work, we discovered e Depth
that electrolyte gating can be used to Helmholtz double layer
deplete th§ surfac§ electron Voltage (V vs NHE)
accumulation. This allowed the 10 05 00 05 10
acceptor nature of Mg to be confirmed 10— r : 10
by capacitance voltage techniques and § accuoatron hole 3 5
enabled the surface layer contribution % 3 S
to be “turned off” in Hall effect S L SN i —
measurements. We also used = for e 4yp9) S,
thermopower measurements to assess S0y aaoom® 10.1 g
hole transport directly in Mg-doped IS —— N,=5x10"%cm”* : o
InN, finding a hole mobility of up to 0.01 Moot ] I, 4
60 cm” V™' 5! for a hole concentration ' 05 00 05 10 15°
of 1-3x10'® cm™. Voltage (V)
Fig. 1. Calculated surface sheet electron (left) and
Recent Progress hole (right) concentrations for InN with bulk donor or
Calculations of the expected acceptor doping in contact with an electrolyte.

electron and hole accumulation in InN Negatlve applied voltages to the. semlcionduct.olr
increase the electron accumulation while positive

for Cath_Odlc and anodic blaS?S, voltages decrease it and eventually invert the surface.
respectively, are shown in Fig. 1. Calculations by E. Alarc6n-Llado.
Most recently, we have shown that
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electrolyte gating can not only reduce surface electron accumulation but also invert the

surface and accumulate holes.

As shown in Fig. 2, we used in-situ
Seebeck coefficient measurements detect
the change in the surface carriers in InN
under electrolyte control. The increasing
Seebeck coefficient at large positive bias
shows the accumulation of holes at the
surface [Ager and Miller, 2012].

Despite nearly a decade of effort
worldwide, a rectifying pn junction had
not been demonstrated in InN as the
electron accumulation layer discussed
above had prevented direct contact to the
p-type regions of Mg-doped InN films.
By using a device a similar to a field
effect transistor in which the insulating
double layer of the ionic liquid serves as
the gate dielectric, we reduced the
electron accumulation on the surface of
p-type InN, thus forcing the carriers to
flow through the pn junction created
between the n-type surface layer and the
p-type bulk. In the absence of gating or
when a positive voltage is applied to the
gate, accumulating electrons, the current
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Fig. 2. Seebeck coefficient (S) of Mg-doped, p-
type (green and red) and n-type (blue) InN films
as a function of bias, 1 M NaOH in aqueous
solution. Positive Seebeck coefficients for the
Mg-doped films indicate bulk p-type conduction.
Surface hole accumulation is revealed by the
increasing Seebeck coeffcients at positive
(anodic) bias. In Mg-doped samples, an increase
in electron accumulation at large negative bias
can also be produced.

preferentially flows through the n type regions at the surface and at the interface with the
substrate, and linear current-voltage (IV) behavior is observed. However, when a

negative voltage gate is applied, as
shown in Fig. 3, surface electrons are
depleted and current flows through the
p-type bulk. This creates an n-p-n
structure and a characteristic non-linear
IV curve is observed, which is well
explained by an np-pn equivalent circuit
and clearly demonstrates pn junction
rectification in InN. [Alarcon-Llado et
al., 2011].

The aqueous and ionic liquid
electrolytes we use are transparent to
visible light and thus allow facile access
for optical spectroscopy. We are
developing in-situ micro-Raman
spectroscopy techniques to probe surface
and near-surface carrier properties under
soft gate control. The origin of the

al SourceIOIri]ti:D-riinTVGD<0 4
< 2] -
E ol
- = +0.8V
=0V
4 S =-0.8Vv

Fig 3. Gating produces no effect in n-type InN.
Similarly increasing electron accumulation in
p-type InN with a positive gate also has little
effect. However, depleting the electron
accumulation with a negative gate produces an
S-shaped IV curve of a npn structure, clearly
demonstrating rectification in InN.
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intense peak appearing in the

resonance Raman spectrum of A =632 nm
wurtzite InN films in the vicinity of A =532 nm
the expected (E;,A;) longitudinal 591
optical (LO) frequency has been of
considerable interest for the last
decade. Specifically, it had not been
clear whether the observed excitation
energy dispersion of this feature is
due to wavevector non-conservation
due to impurities or is a bulk effect.
Our in-situ measurements performed
under electrolyte gate control find
that as the surface condition is tuned
from electron depletion to
accumulation and back, Raman 582 LT
scattering near the expected position 10 -05 00 05 1.0
of the longitudinal optical (LO) near

590 cm™ shifts to lower frequency VOItage (V VS N H E)
and back in a completely reversible Fig. 4.' As the surface f:ondition is tuned from elect.ron
manner (Fig. 4). This is the first depletion to accumulation and back, Raman scattering

. levid fth lati near the expected position of the longitudinal optical
experimental evidence ot the relation (LO) near 590 cm shifts to lower frequency in a

between the LO feature in InN and completely reversible manner.
free electron accumulation at its
surface.

588}

585} oA, A

LO frequency (cm™')

depletion

A electron acc.

Future Work

We will apply our in-situ optical spectroscopy techniques to low dimensional
structures such as nanowires and 2-D semiconductors. We have already utilized the
conformal nature of the electrolyte gate to control the surface electron concentration in
InN nanowires and have observed reversible phonon feature shifts similar to those
discussed above for the bulk. In initial work, we have begun to investigate optical
signatures of band filling and carrier lifetime effects in electrolyte-gated 2-D
semiconductors.
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Acceptor defects in ZnO and related materials

Matthew D. McCluskey™" and Leah Bergman®™*
'Department of Physics and Astronomy, Washington State University, Pullman, WA 99164-2814
’Department of Physics, University of 1daho, Moscow, 1D 83844-0903

PROGRAM SCOPE

Zinc oxide (ZnO) is a potentially important material in electronic devices, including transparent
contacts in solar cells, transparent anodes in polymer light-emitting diodes, and active materials in
solid-state white lighting. ZnO nanocrystals provide wavelength tunability via quantum
confinement and may be useful in dye-sensitized solar cells. Despite the large amount of research
performed on semiconductor nanoparticles in general, the fundamental properties of dopants in
nanocrystals are only beginning to be understood. P-type doping, required for most practical
device applications, has been elusive.

The program utilizes a range of experimental techniques to elucidate the microscopic structure,
charge state, and concentrations of defects and dopants in ZnO nanocrystals. The effect of particle
size on these properties is investigated from the nanometer to micron regimes. To probe energy
levels, the band gaps will be tuned by systematically varying quantum confinement, alloy
composition, and hydrostatic pressure. By controlling defects and dopants, we aim to achieve
p-type conductivity in ZnO nanocrystals. Reliable p-type doping would be transformative,
enabling a range of new applications.

Specific aims of the project include:

e Investigate the fundamental electrical and optical properties of acceptors in oxide
semiconductors.

e Use alloying to tune the band structure and convert deep acceptors into shallow ones.

e Elucidate the role of surface states in doped ZnO nanocrystals and thin films.

e Demonstrate reliable, repeatable p-doping of ZnO and/or ternary alloys.

Optical spectroscopy, performed at Washington State University (WSU) and University of
Idaho (Ul), is complemented by work at DOE user facilities at Pacific Northwest National
Laboratory (PNNL) and Lawrence Berkeley National Laboratory (LBNL).

RECENT PROGRESS

ZnQO:Cu ceramics

ZnO:Cu ceramic samples were created via a sintering process that involves hard-pressing followed
by an annealing procedure. Samples of 0, 0.5, 1, and 5% copper were studied. The
room-temperature UV PL of the samples have an interesting correlation to the percentage of Cu in
the samples. The pure ZnO sample has a strong PL centered at ~ 3.3 eV. As the percentage of Cu
increases, a significant decrease in the PL intensity is observed. Due to the diminishing intensity of
the PL, up to nine orders of the longitudinal optical (LO) mode are observable for the Cu doped
samples (Fig. 1). Our results suggest that the low PL intensity is due to non-radiative centers of
Cu-related complexes.
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The multiple LO modes give us unparalleled insight into anharmonic vibrational processes.
We are currently investigating the effect of pressure on the anharmonicity, and the fundamental
role it plays in phase transitions. MgZnO alloys are also being investigated (Fig. 2).
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Fig. 1. Raman spectrum of the 1% Cu doped ceramic Fig. 2. PL and the absorption edge of MgZnO as a
ZnO sample. The PL is completely quenched. Similar function of Mg composition.
spectra were observed for the 5% sample.

Nitrogen: A deep acceptor in ZnO?

Wavelength (nm)

Zinc oxide (ZnO) is a promising material for 800 700 _ 600 500
energy-efficient white lighting, among other

applications. A suitable p-type dopant is,
however, a fundamental problem for realizing
its potential. Nitrogen substituting for oxygen
(No) has been proposed as a shallow acceptor.
Numerous reports claim that nitrogen doping
can produce p-type ZnO. Theoretical work
suggests that nitrogen is actually deep acceptor.
Our experiments show that nitrogen is, in fact, a
deep acceptor and therefore cannot produce
p-type ZnO. A broad photoluminescence (PL) - Copfiguration goordinate
emission band near 1.7 eV, with an excitation 13 20 25 30
onset of ~2.2 eV, was observed, in agreement Energy (eV)

with the deep-acceptor model of the nitrogen
defect (Fig. 3). A proposed solution to this

"red" PL

red PL intensity vs. excitation
wavelength (PLE)
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Fig. 3. PL and PLE spectra from nitrogen acceptors
in ZnO. Photons (energy > 2.2 eV) excite an electron

problem is to pl_JSh th_e ZnO valence band from nitrogen (No’) to the conduction band. When
upward, by alloying with chalcogens (S, Se, the electron is recaptured by the nitrogen, a red
Te). This may reduce the acceptor binding photon (1.7 eV) is emitted.

energy of nitrogen and enable p-type doping.

Acceptors and surface states in ZnO nanocrystals

Our optical studies of ZnO nanocrystals (~20 nm diameter) show that they contain acceptors as
grown. Because ZnO nanocrystals have a high surface-to-volume ratio, surface effects become

22



especially important. From the results of optical spectroscopy, we have proposed a unified model
that explains acceptor and surface states in ZnO nanocrystals. The energy levels of these states are
shown in Fig. 4. While the acceptor level (0.46 eV) is not shallow, to our knowledge it is shallower
than any other acceptor in ZnO. Our EPR results suggest that the acceptor may be a zinc-vacancy
complex.

At liquid-helium temperatures, we observed a series of sharp IR absorption peaks that arise
from the acceptor. In analogy with a hydrogen atom, a hole orbits the negatively charged acceptor.
IR light excites the hole into higher-energy orbits, resulting in spectral lines similar to the 1s-to-2p
transitions in hydrogen. When sample warms up, though, the peaks disappear (Fig. 5). From the
temperature dependence, we determined that the hole is thermally excited into surface states that
lie slightly above the valence band.

To probe the surface states further, we performed PL experiments. In these experiments,
electrons and holes are created by exposing the sample to an excitation light source. Some of the
electrons fall to the acceptor level, emitting violet light. Other electrons and holes recombine on
the surface, emitting red light. The PL energies are consistent with the energy-level diagram in Fig.
4.
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Fig. 4. Energy-level for acceptor and surface states Fig. 5. Temperature-dependent IR absorbance area of the

in ZnO. acceptor excited-state peak upon cooling and warming of the
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Future Plans

Future research will provide a fundamental understanding of defects in ZnO that could lead to
reliable p-type conductivity. First, alloying ZnO with the chalcogens sulfur, selenium, or tellurium
will raise the valence band. By tuning the valence band, one may realize a reduced nitrogen
acceptor binding energy. This approach can be summarized as “if you cannot bring the acceptor to
the valence band, bring the valence band to the acceptor.” Alkali dopants (lithium and sodium),
which have lower binding energies than nitrogen, could prove especially fruitful. A second
strategy for p-type doping is suggested by studies on ZnO nanocrystals, which show evidence for
an acceptor level 0.46 eV above the valence-band maximum. The identity of this acceptor is
currently unknown, and identifying it is a goal of our research.
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Critical Materials
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In 2010-2011 China mined 95-97% of the rare earths consumed in the world, by 2012 it
fell to about 85% with Molycorp Mount Pass’ mine coming into full production. China’s rare
earth cartel posed a big threat to the USA’s energy and military security, but with Molycorp’s
and Lynas’ (Australia) production of rare earths coming on stream in 2012 and 2013,
respectively, this situation has been ameliorated to some extent. However, these two non-
Chinese mines produce only the light rare earths, and China still controls ~100% of the
production of the heavy rare earths, which means that the energy critical elements, Eu, Tb, Dy
and Y, still is a problem for the non-Chinese countries. This shortage will not be relieved until
2014-2015 when non-Chinese mines containing appreciable heavy rare earth elements become
operational.

The slowdown of the world’s economics in 2011-2012 has resulted in a reduction of the
demand of rare earth materials and chemicals, and thus contributed to a reduction of the
criticality. But this is only a temporary pause.

The second problem is the lack of the intellectual capital of scientists, engineers and
technicians with a background in the rare earths in the USA. This is slowly being resolved, but it
will take the USA 5 to 10 more years before we fully recover the number of these trained
personnel as in the 1990s.

Although there seems to be a lull in the crisis today, price wars will arise again in and
after 2015. The price war will not be at the low end of the supply change (i.e. ores, concentrates
and separated rare earth chemicals), but it will be at or near the high end of the supply chain (i.e.
magnets, phosphors, CFL and LED lamps, computers, speakers, high end electronics, etc.). The
USA needs to be ready for these price wars.

The newly established DOE critical energy materials hub, i.e. the Center for Materials
Institute, CMI, headed by the Ames Laboratory, will help overcome the critical materials crisis.
The four CMI focus areas are: diversifying supply, developing substitutes, reuse and recycling,
and crosscutting research. Also included in CMI mission are outreach and professional
education programs. The CMI consortium consists of four national DOE laboratories (the Ames
Laboratory, Idaho National Laboratory, Lawrence Livermore National Laboratory and Oak
Ridge National Laboratory), seven academic institutions and seven industrial organizations.
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Today, it takes 18 years on average from materials conception to commercialization. One of the
foremost reasons for the long process time in materials discovery is the lack of comprehensive
knowledge about materials, organized for easy analysis and rational design. Google has
demonstrated the value of organizing data and making the data available and searchable to large
communities. In June 2011, the Materials Genome Initiative was launched to leverage improved,
large-scale computations and data organization to aid and accelerate future materials design.

MATERIALS
PROJECT

A Materials Genome Approach

l Materials
Explorer

Accelerating matorials discovery through advanced
scientiic computing and innovative design tools.

Database Statistics
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Figure 3 Web page for the Materials Project
showing the current data coverage and the

available analysis and design tools

........

In spirit of Materials Genome Initiative, the recently
BES-funded Materials Project aims to leverage the
information age for materials design. The goal of the
Materials Project (online at
http://www.materialsproject.org), see Fig. 1, is to
accelerate materials discovery and education through
advanced scientific computing and innovative design
methods, scale those computations to inorganic
compounds and beyond, and disseminate that
information and design tools to the larger materials
community. We envision a future where computable
properties of most compounds will be known, can be
searched easily, where the variation of properties
across the universe of composition and structure is

better understood, and where rapid design cycles can be achieved. Such an effort, to expose “the
Materials Genome”, requires substantial cross-disciplinary and collaborative efforts in materials
theory, high-throughput computing, experimental and application specific materials knowledge,
computer science, data mining, and database science.

The goal of the Materials Project is to provide a such a

Materials Genomic nucleus for both experimentalists
and theorists to have access to materials properties to ®
search for suitable chemistries, analyze the results and
ultimately inspire novel materials development (see
Fig. 2). The Project was launched online in October
2011 and since then we have computed and imported >
30,000 inorganic compounds into the database, which
can now be freely accessed and searched over through
the web interface for structural properties, local

environments and coordination,

XRD,
structure and more. NERSC has been a tremendously
supportive partner and we execute most of our
calculations as well as store our database on NERSC

i) Compound
Design

ideas PARAMETERS

\

potential materials

promising, stable
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—
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Figure 4 Iterative materials design

capability available at the Materials Project

hardware. A sophisticated software infrastructure [1] encompassing an automatic workflow
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(‘Fireworks’) that monitors and manages the calculations, a document-based MongoDB database
[3], a public python library [2] (‘Pymatgen’) for data analysis and a web-based dissemination
powers the Project. Different ‘apps’ which process the raw Schrodinger data according to
different specifications, such as Li-ion battery applications, electronic structure, reaction
chemistry, phase stability etc are available to browse the data. Interactive tools for structure
prediction for a given chemistry using datamining algorithms and crystal structure manipulation
are also available. High-throughput computing is always vulnerable to data pollution and
inaccuracies. While several automatic data accuracy algorithms are in place, such as energy,
volume and bond length sanity checks, more data validation and provenance tools are on the way.
Today, 1.5 year after launch, the Materials Project has attracted over 3,500 registered users and
the average usage of any site app is around 200-300 per month. A RESTful interface allows high-
volume users to bypass the web interface and download large amounts of data efficiently for
customized analysis and datamining. In the last month alone, 18,000 materials records were
downloaded through this interface.

Nine core Pls are working to enhance and add more materials properties and analysis tools to the
Project while others are contributing on a voluntary collaborative basis using the Project’s
publicly available codes and infrastructure. Future data sets planned to be made available include
defect prediction, higher-order electronic structure descriptions, temperature-dependent properties
such as phonons, phase diagrams, thermal expansion and surfaces. Future data interactive
capabilities include computations on demand, dissemination of published compound data and
enhanced crowd sourcing for data provenance and validation. We invite scientists, teachers and
materials engineers and to join us, to add data, analysis tools and expertise to the Project.

In summary, the Materials Project Center aims to leverage accurate materials property and
structure prediction with high-performance computing and data mining to realize an efficient
materials design platform. Many property requirements transcend a particular application (e.g.,
band gap, charge transport, stability, predicting point defects), which means that gathering all
properties in one place, will maximize the impact on the materials community. Indeed, its largest
impact will not come from the people who calculate and organize the data, but from the tens of
thousands of scientists in academia and industry who design and develop new materials.

1. Anubhav Jain, Geoffroy Hautier, Charles J. Moore, Shyue Ping Ong, Christopher C. Fischer, Tim
Mueller, Kristin A. Persson, Gerbrand Ceder, A High-Throughput Infrastructure for Density
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Computational Materials Science Volume 68, pg. 314-319 (2013).
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Supercomputers (MTAGS) 2012, Conference proceedings.
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Program Scope

The purpose of this program is to develop an atomic/molecular-scale understanding of
technologically important processes occurring at solid surfaces, internal interfaces and solid-
liquid interfaces. Our ultimate goal is to provide the fundamental information needed to
understand and control surface/interface properties for materials applications with emphasis on
energy-related technologies. Our approach combines state-of-the-art experimental capabilities
with first-principles, kinetic and thermodynamic modeling to determine how atomic-scale
processes relate to the longer-range interactions that control interfacial behavior. Specific
materials systems are chosen for their relevance to national needs, notably energy-related
materials. Our four major tasks are designed to investigate a set of increasingly reactive
environments from clean surfaces in ultrahigh vacuum, to liquid-solid interfaces, to metallic and
oxide nanostructures in electrochemical environments:

1) Atomistic dynamics of surfaces — This task’s goal is to determine the mechanisms and
energetics of atom transport across the surface and into the interior of solids. Experimental tools
include STM and LEEM. Theoretical approaches to interpreting our observations include density
functional theory (DFT), molecular dynamics/Monte Carlo simulations and thermodynamic
modeling. Our current areas of emphases are: (1) the molecular structure of water on metal
surfaces; (2) oxide-on-oxide thin film growth; and (3) the bonding and transport of carbon,
notably graphene, on metals and on SiC.

2) Collective phenomena in surface dynamics — This task strives to quantify the collective
processes that govern the surface structures and morphologies of functional materials. We
measure (STM, LEEM) the time-evolution of surface structure on nanometer length scales and
develop equations of motion that account for the observed time dependences precisely. This
general approach often reveals unanticipated surface dynamical mechanisms and has been a rich
source of insight into materials behavior. Using it we have: 1) shown that unexpected diffusion
processes, such as cluster diffusion and bulk/surface mass exchange, can affect materials growth;
2) identified new kinetic pathways that promote film instability; 3) quantitatively determined the
forces that stabilize self-assembling patterns.

3) Materials at interfaces: structural and electronic properties — Task 3 focuses on how
interfaces affect the macroscopic mechanical and electronic properties of materials. We combine
newly acquired surface microscopies (qPlus AFM and spectroscopic LEEM-PEEM) with
modeling studies to determine microscopic interface structure. Current emphases include
investigations of the properties of water at interfaces, how the electronic structure of graphene is
affected by its interaction with a metal or another graphene sheet and the relationship between
structure and magnetism in thin metal oxide films.

Task 4) Nanoscale electrochemistry — The primary focus of this task is to develop a quantitative
understanding of the mechanisms of localized corrosion initiation in passive metals and to
quantify the critical parameters governing ion transport and nanostructure formation in model
systems for energy storage applications. Our approach is based on the novel and unique
application of nanofabrication techniques to produce tailored surfaces and to simulate specific
defect types on controlled substrates in well-defined locations. We shed light on corrosion, ion
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transport, and nanostructure-formation mechanisms using in-situ and advanced electrochemical,
morphological, chemical and structural analytical tools.

Recent Progress

Task 1 Our recent progress includes: 1) determining the molecular structure of water on the
(111) surfaces of Pt, Pd, and Ru; 2) identifying the stoichiometry, domain structure and growth
dynamics of ultrathin iron oxide films on YSZ(001); 3) investigating the details of Pt-cluster
binding and stability with respect to CO gas exposure of Pt-cluster arrays on the graphene moiré
on Ir(111); 4) characterizing the interaction between and orientation of graphene islands on
Au(111); 5) discovering the essential role of carbon’s surface diffusion in graphene growth on
SiC; and 8) developing a combined STM-LEEM system for examining surface features from
atoms to microns.

Task 2 Our recent progress includes: 1) elucidating the complex relationship between hexagonal
ice and cubic ice by examining film morphology at various growth stages; 2) establishing an
underlayer growth mechanism for graphene on Ir, Ru, and Cu and during CVD; 3) understanding
the factors that control graphene growth on the coinage metals Cu and Au; 4) determining how
O, etches graphene from Ru and Ir; 5) characterizing the growth and structure of Mg and Pd
films and the mechanism of metal-hydride formation; 6) identifying the order of phase
transitions on iron oxide surfaces and films; 7) creating defect-free, self-assembled stripe
patterns over dimensions of several microns, and 8) examining how the step structure of the
quasicrystal i-Al-Pd-Mn evolves during growth.

Task 3 Our recent progress includes: 1) calculating the viscosity of ultrathin water films confined
between oxide surfaces; 2) imaging (STM) 2-D ice islands on ice surfaces and interpreting their
shapes in terms of surface-step energies that depend on proton order; 3) upgrading our existing
UHYV variable-temperature STM system to incorporate qPlus sensor AFM; 4) investigating the
electronic structures of two rotational variants of epitaxial, single-layer graphene on Ir(111); 5)
using spatially resolved measurements of electron reflectivity in LEEM to determine the work
functions of six different rotational variants of graphene on Pd(111); 6) measuring an azimuthal
effect on work function of graphene on Ir(111) by thermionic emission in LEEM; 7) developing
methods to produce and characterize twisted bilayer graphene (TBG) with varying degrees of
rotation between the sheets; 8) measuring the valence band structure of TBG and interpreting the
results using first-principles calculations; and 9) determining that magnetite remains magnetic
even at a film thickness of two unit cells.

Task 4 Our recent progress includes: 1) combining microelectrochemical cells with precision
electrochemistry to map the early stages of pitting in aluminum; 2) using in-situ fluorescence
microscopy to study the early stages of pit initiation on five individual pure Al thin film
electrodes, each containing a single engineered Cu particle; 3) optimizing the growth of smooth,
large-grained, (111) oriented, spinel LiMn,O, thin films and showing that surface layer
formation depends upon the initial microstructure; 4) probing electrochemical alloying by
passing 1.8 pA of current into and out of a 10 ym length of a 150 nm diameter Si nanowire
immersed in a Li" based ionic liquid; and 5) combining oxidation-state-sensitive X-ray
microscopy and morphological observations to quantify the local state-of-charge of 450
Li FePO, particles over the entire electrode thickness.

Future Plans

Task 1 Our future plans include adding studies of: 1) proton mobility in ice films; 2) intermixing
at oxide-oxide interfaces; 3) the structure of complex metal oxides; and 4) intercalation of metal
atoms under and between graphene sheets.
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Task 2 We plan new studies of: 1) water films on metals and metal-oxides; 2) cooperative
mechanisms of material growth, including those that cause graphene to grow by cluster addition;
and 3) the stability of thin films, including the conversion of ice from amorphous to crystalline.
Task 3 Future work will explore how lattice mismatch or rotational misalignment affects the
electronic properties of stacked 2-D crystals. The strong in-plane atomic bonding and weak
interlayer interaction due to incommensurability offers opportunities to create novel electronic
devices by tuning material properties.

Task 4 In future work we will build on our use of tailored surfaces and in-situ diagnostics to
explain mechanisms governing materials properties in electrochemical environments. Our recent
work on corrosion initiation, ion transport, and nanostructure formation has shown the
importance of the evolution of interfacial structures at the electrode surface. Our goal is to
understand the link between evolving nanostructure and the stability of the electrode surface in
electrochemical environments under potential control.
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Recent Progress

In the past several years, we have pioneered the investigation of domain [1] and size effects
[2] on the metal (M) - insulator (I) phase transition (MIT) of vanadium dioxide (VO,) and related
materials. Strain-free VO, undergoes the first-order MIT at ~ 67°C with a drastic change in
conductivity and optical reflection, accompanied with a structural transition that involves a large
(1~2%) spontaneous strain.

Recently we have demonstrated that the MIT of VO, can be engineered to offer: (1) high-
amplitude, high-speed and energy-efficient micro actuation [3]. Based on this, we propose a
phase-transition driven microscale solid engine (uSE) that would be complementary to or
replacing existing micro-actuation technologies [4]; and (2) quantitative test of nanoscale light
absorption [5]. We hence develop a nanoscale powermeter that would allow easy
characterization of absorption and transport of heat and light in individual nanostructures [6].

The uSE exploits the high phase transition strain in VO,, in analogy to the steam engine
invoking large volume expansion in a liquid-vapor phase transition. Figure 1 shows the property

and operation of VOy-based pSE. It

can be seen that the MIT of VO, (a)
provides a work density up to 7 J/icm®,
superior to most other actuation
materials (This number is surpassed
only by some special shape memory
alloys, but the latter are limited by
poor micro-scale processability).
These other actuation mechanisms
typically offer either large-amplitude
or high-force actuation, but not both.
The high work density in VO2
enables micro-actuation with
simultaneously high amplitude, high
force, and at high speed (> 4 kHz) [3].
The energy efficiency of the devices
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is calculated to be equivalent to Fig.1 (a) VO, has the largest work density E-%/2
thermoelectrics with figure of merit compared to other actuation materials, where E is

ZT = 2 at the working temperatures Young’s modulus and ¢ is the maximum strain. (b) A
[4], and much higher than other thermally actuated VO,/Cr micro-bimorph bends with
bimorph actuators. The bimorph uSE high displacement exceeding the bimorph length. (c)
can be easily scaled down to the An electric current driven VO, torsional actuator
nanoscale, and operates with high delivers unprecedentedly high torsion per unit length.
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stability in near-room-temperature, ambient or aqueous conditions. Based on the uSE, we
demonstrate a macroscopic smart composite of VO, bimorphs embedded in a polymer that
produces high-amplitude actuation at and above the millimeter scale [4]. Combining the superior
performance, high durability, diversity in responsive stimuli, versatile working environments,
and microscale manufacturability, these actuators offer potential applications in
microelectromechanical systems, microfluidics, robotics, drug delivery, and artificial muscles.

The second project seeks to quantify the efficiency of light capture and heat transfer in
individual nanostructures. These processes play a key role in nanomaterials-based energy
conversion devices such as solar cells, thermoelectric modules and antennas. However, it has
been extremely challenging to quantify because of the length scales involved are comparable to
or below the light wavelength or acoustic phonon mean free path. For example, it is known that a
nanowire could absorb and trap light more efficiently than a smooth thin film, a desired effect for
photovoltaics, but a direct measurement of light absorption by a single nanowire has been
lacking; It is known that heat transfer would be hindered along channels with width smaller than
phonon mean free path, a desired property for thermoelectrics, but size effect of thermal
conductivity has been elusive. To address these problems, we develop a near-field, nanoscale
powermeter based on the MIT in VO, nanowires. The M and | phases can be clearly resolved

with a simple optical microscope.
Therefore, an individual VO,
nanowire (Fig.2b) acts as an
optically readable, nanoscale
thermometer. When a
cantilevered VO, nanowire is
bonded to another nanowire (e.g.,
a Si nanowire as in Fig.2), the
optical energy absorbed by the
single Si nanowire can be
calculated from the M/l domain
wall position along the VO,
nanowire. Shown in Fig.2 are the
light absorbance of a single Si
nanowire as a function of its
radius (c) and engineered surface
roughness (d). It can be seen that
when the surface roughness is
below the light wavelength, the
nanowire absorbance is
significantly enhanced due to
near-field optical effects. The
optical absorbance of single
semiconductor nanowires is
quantified for the first time.

Future Plans

Based on these achievements,
we plan to investigate the
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Fig.2 (a) Surface of a Si nanowire engraved with trenches
to achieve different sub-wavelength roughness. Upper is
SEM image, and bottom is optical image. Different
surface roughness yields different light reflection
coefficient. (b) The Si nanowire bonded to a VO,
nanowire as a nanoscale powermeter. Laser power
absorbed by the Si nanowire can be quantified by
measuring the M/l domain wall position along the VO,
nanowire. (¢) Measured light power absorbed by smooth
Si nanowire as a function of incident laser power. (d)
Light absorbance of a single Si nanowire as a function of
spacing and depth of the engraved trenches on the
surface.
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following topics.
(1) Mechanical Memdevices

Recent development and understanding of memristors [7] have opened a completely new
approach to information processing: neuromorphic computing [8]. These memristors can be
fabricated with MIT in transition metal oxides [9] including VO,. However, mechanically active
memdevices are needed for implementation of the still-missing circuit elements of meminductors
and memcapacitors [10], as well as integrating the memristors with microelectromechanical
systems. The first-order MIT in VO, offers a natural mechanism for memory devices, and the
demonstrated VO,-based uSE adds a new dimension of mechanical activity to the memory
functionality. We will design and fabricate, for the first time, two-terminal meminductors and
memcapacitors using VO,, and ultimately design and assemble new circuits with these
memdevices.

(2) Near-field energy transfer

We will explore, on the individual nanostructure level, the effect of plasmonic enhancement
in semiconductor light absorption. Plasmonic excitation at the interface between a metal and a
semiconductor can be used to boost light absorption in photovoltaics and optoelectronics [11].
However, the near-field length scale and geometrical complication hamper direct
characterization of these effects. Our VO,-based nano powermeter would be an ideal tool to
probe the fundamental plasmonic interactions between metal and semiconductor nanostructures.

In addition to light absorption, other physical properties of single nanostructures can also be
quantified using this VO, nano powermeter, such as thermal conductivity, heat capacity and
thermal diffusivity. For example, the thermal conductivity of the Si nanowire in Fig.2(b) can be
calculated from the absorbed laser power. This not only presents a platform to measure thermal
conductivity of individual nanowires in a much simpler [12] or more accurate [13] way than
existing methods, but also allows in situ measurements of nanowire thermal properties in
response to stress or bending. As preliminary data, we recently found that the thermal
conductivity of a single Si nanowire remains unchanged if it is bent within elastic deformation,
but rapidly decreases when the bending angle exceeds the elastic limit such that dislocations are
generated [6].

In summary, by exploiting the MIT of VO, we seek to develop novel, nano-micro scale tools
and devices to achieve unprecedented functionalities or capabilities for various energy
technologies.

References
(highlighted in bold are our related publications of DOE sponsored research in 2010-2012):

[1] J. Cao, E. Ertekin, V. Srinivasan, W. Fan, S. Huang, H. Zheng, J. W. L. Yim, D. R.
Khanal, D. F. Ogletree, J. C. Grossman and J. Wu, Strain engineering and one-dimensional
organization of metal-insulator domains in single-crystal VO2 beams, Nature Nanotech. 4, 732-
737 (2009).

[2] Z.Tao, T. T. Han, S. D. Mahanti, P. M. Duxbury, F. Yuan, C. Y. Ruan, K. Wang
and J. Wu, Decoupling of structural and electronic phase transitions in VO2, Phys. Rev.
Lett. 109, 166406 (2012).

35



[3] K. Liu, C. Cheng, Z. Cheng, K. Wang, R. Ramesh and J. Wu, Giant-Amplitude,
High-Work Density Microactuators with Phase Transition Activated Nanolayer Bimorphs,
Nano Lett. 12, 6302 (2012).

[4] K. Wang, C. Cheng, E. Cardona, J. Guan, K. Liu and J. Wu, Performance limits of
micro-actuation with vanadium dioxide as a solid engine, ACS Nano, in press (2013).

[5] C. Cheng, W. Fan, J. Cao, C. P. Grigoropoulos and J. Wu, Heat Transfer across the
Interface between Nanoscale Solids and Gas, ACS Nano 5, 10102 (2011).

[6] C. Cheng and J. Wu, Phase transition-based nano powermeter, In preparation. (2012).
[7] D. B. Strukov, G. S., D. R. Stewart and R. S. Williams, The missing memristor found,
Nature 453, 80 (2008).

[8] S. Afshar, O. Kaveheli, A. van Schaik, J. Tapson, S. Skafidas and T. J. Hamilton,
Emergence of Competitive Control in a Memristor-Based Neuromorphic Circuit, IEEE WCCI
(2012).

[9] M. D. Pickett and R. S. Williams, Sub-100 fJ and sub-nanosecond thermally driven
threshold switching in niobium oxide crosspoint nanodevices, Nanotech. 23, 215202 (2012).
[10] M. D. Ventra, Y. V. Pershin and L. O. Chua, Circuit Elements with Memory: Memristors,
Memcapacitors, and Meminductors, Proc. IEEE 97, 1717 (2009).

[11] V. E. Ferry,J. N. Munday and H. A. Atwater, Design Considerations for Plasmonic
Photovoltaics, Adv. Mater. 22, 4794 (2010).

[12] P. Kim, L. Shi, A. Majumdar and P. McEuen, Thermal Transport Measurements of
Individual Multiwalled Nanotubes, Phys. Rev. Lett. 87, 215502 (2001).

[13] G.S. Doerk, C. Carraro and R. Maboudian, Single Nanowire Thermal Conductivity
Measurements by Raman Thermography, ACS Nano 4, 4908 (2010).

36



In-situ scanning probe studies of interface evolution on model LiMn,04 cathodes for
Li ion batteries
Nancy Missert, Jeyavel Velmurugan, and Robert Garcia
Sandia National Laboratories, Albuquerque, NM 87185-1415
namisse@sandia.gov
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Program Scope: The primary focus of this program is to develop a quantitative
understanding of the mechanisms of localized corrosion initiation in passive metals and
to quantify the critical parameters governing ion transport and nanostructure formation in
model systems for energy storage applications. Our approach is based on the novel and
unique application of nanofabrication techniques to produce tailored surfaces and to
simulate specific defect types on controlled substrates in well-defined locations. We shed
light on corrosion, ion transport, and nanostructure-formation mechanisms using in-situ
and advanced electrochemical, morphological, chemical and structural analytical tools.
We have identified three critical areas where further, detailed knowledge is needed: 1) the
chemical/structural description of the nano-scale site responsible for pit initiation, 2) the
role of microstructure in pit initiation and stabilization 3) the role of surface properties in
ion transport and electrochemically controlled nanostructure formation. The evolution of
the passive oxide up to the point of pit initiation is under investigation using microscale
electrochemical characterization combined with analytical electron microscopy. The role
of microstructure during the early stages of pitting is studied using in-situ fluorescence
microscopy, modeling, and mapping of surface oxide electronic properties and
composition. Ion transport and nanostructure formation on model systems in
electrochemical environments is being examined using in-situ and ex-situ scanning
probes and transmission electron microscopy. Our future work will employ the novel in-
situ techniques we’ve developed in this program to identify interfacial structure
responsible for nucleation of electrochemical reactions on ideal, controlled materials
relevant for understanding corrosion initiation and surface phenomena in energy storage
materials.

Recent Progress: Optimization of energy storage technologies is a critical goal for the
DOE. For transportation applications, Li ion batteries are one of the most promising
solutions. Although this technology has advanced significantly in recent years, further
improvements in cost, performance, cycling life, calendar life, and safety must all be
addressed. Due to the complexity of typical multi-component batteries and battery
electrodes, gaining fundamental understanding of the nanoscale processes governing ion
transport and surface reactions has been extremely challenging. We have used ideal
electrodes and high-resolution scanning probes to investigate the evolution of interfacial
layers inhibiting Li ion transport. These studies advance our understanding of the factors
governing the performance and lifetime of materials for Li ion batteries. Our results will
provide the essential guidance needed for optimization of materials, interfacial structure
and properties in order to produce reliable solutions for future energy storage needs.

Li-Mn-based oxide materials look very promising in terms of cost and safety for the next-
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generation of batteries for electric vehicles. However, their performance, cycling life and
calendar life all appear to be limited by the growth of a interfacial layer that forms during
cycling due to electrolyte oxidation and reaction with the surface at high potentials [1-
22]. The interfacial layer on cathode materials has proven much more challenging to
study than the solid electrolyte interface (SEI) on the graphite anode, because it is
thought to be a few nanometers thick and often does not passivate the surface, but
continues to evolve with cycling. In addition, the complex composite nature of the
typical cathode electrode (active material powder plus conductive carbon and binder)
makes it very difficult to distinguish the properties of the interfacial layer and identify the
reaction mechanisms.

The spinel LiMn,Oq is an ideal system for these studies, where surface layer formation is
known to inhibit charge transport, leading to an increase in cell impedance, while
consumption of the active material leads to a loss in cell capacity. We have optimized
growth of smooth, large-grained, (111) oriented, spinel LiMn,O4 thin films containing a
variety of nanostructural features including terraces, step-edges, and exposed facets using
pulsed laser deposition (PLD) as shown in Figure 1a. Our laboratory has established the
capability to perform EC-AFM measurements in an Ar glovebox with a sealed
electrochemical cell using a Bruker Multimode microscope. Our initial measurements (in
EC:DMC:LiPFg elelctrolytes) on these films show clear formation of nanoscale reaction
products that result from potential cycling, mostly concentrated near faceted grains as
seen in Figure 1b. We find that surface layer formation depends upon the initial
microstructure, where (111) planes are the most stable, while off-(111) axis facets are the
most reactive, Figure 1c. These results indicate that the initial surface morphology is
critical in formation of the interfacial layer, where reactions with the electrolyte occur at
preferential sites. Future work will expand on these findings.

Figure 1. 500 x 500 nm AFM images of (a) (111) oriented LiMn,0,4 showing (111) terraces (b) appearance
of surface reaction products following potential cycling adjacent to high-faceted grains (c) film with high
off-(111) facet density following potential cycling showing surface covered with reaction products.
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Future plans: In future work we will build on our use of tailored surfaces and in-situ
diagnostics to explain mechanisms governing materials properties in
electrochemical environments. Our goal is to understand the link between evolving
nanostructure and the stability of the electrode surface in electrochemical environments
under potential control. Our previous EC-AFM studies of interfacial evolution on ideal
spinel LiMn,04 electrodes showed that the microstructure at the electrode surface has an
enormous impact on interfacial layer formation. Further studies are needed in order to
determine where these reactions initiate, how they evolve with cycling parameters, and
how they depend upon the structure of the electrode surface and the components in the
electrolyte. We propose to extend our initial work described above to the high voltage
cathode spinel LiNipsMn; sO4 (LNMS) due to its higher energy density and reasonable
cycling capability [23-30]. So far, it is not known how the presence of Ni influences these
surface reactions. Furthermore, the increase in operating voltage from 4.0 V for the Mn
spinel to 4.7 V for the Ni/Mn spinel further complicates the surface reactions due to
electrolyte oxidation at the higher potentials [31]. We will use our PLD capability to
grow high quality thin films of LNMS as ideal electrodes for interfacial evolution studies.
EC-AFM will obtain three-dimensional images of surface reaction products on ideal
cathode surfaces where precisely defined crystallographic features have been created.
The nanometer scale resolution, combined with electrochemical control of charge
transport, will allow us to determine, for the first time, the answers to the following
questions: (1) How does surface nanostructure (crystal orientation, exposed facets,
terraces and step edges) influence surface reactions; (2) How do these reactions initiate
and evolve with cycling (state of charge, charge/discharge rate); (3) How do promising
electrolyte additives and electrode coatings alter or inhibit surface film formation.
Reaction product constituents will be identified with ex-situ XPS and TEM
measurements. Obtaining such a detailed understanding of surface layer formation and
evolution should provide clear guidance for future optimization of cathode surface
properties, electrolyte additives, and coatings that ensure facile charge transport, leading
to the enhanced reliability needed for transportation applications.
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Scope

The functionality of energy storage systems, such as Li-ion batteries, is based on and
ultimately limited by the rate and localization of ion flows through the device on different length
scales ranging from atoms over grains to interfaces. The fundamental gap in understanding ionic
transport processes on these length scales strongly hinders the improvement of current and
development of future battery technologies. The goal of this proposal is to create, through
nanometer-resolution imaging of ionic flows, fundamental understanding of the local
mechanisms which define a rechargeable battery. Using Electrochemical Strain Microscopy,
which utilizes the intrinsic link between unit cell volume and Li-ion concentration, it is possible
to separate and characterize transport processes in the electrodes and across electrode/electrolyte
interfaces, allowing us to decipher the single stages of ionic transport through the battery. With
this knowledge it will be possible to identify and overcome the bottlenecks which lead to
predominant limitations in present battery technology such as low energy storage density or
capacity loss during cycling.

Recent Progress

Electrochemical Strain Microscopy (ESM) is a unique technical development to study
ionic transport on the nanoscale through strain. This has been demonstrated to work for single
battery elements, such as cathode or anode, and for all-solid batteries. The recent progress can be
separated in four main research lines: 1) Role of measurement environment on the ESM signal,
2) correlation of ionic transport and microstructure, 3) extraction of quantitative parameters
describing the ionic transport, and 4) connecting information from the nanoscale with the
macroscale.

1) Role of measurement environment on the ESM signal

In order to understand and correctly interpret the ESM signal we need to understand the
signal generating mechanism and the influence of the measurement environment. ESM was
established to measure ionic transport in Li-ion electrode materials in a non-liquid environment.
If the measurements are performed in air, the humidity of the air can significantly influence the
locally applied fields due to thin water layers on the surface. The strength of this effect was
investigated by performing a variety of ESM experiments in air and under Ar in a glove box. It
was found that measurements in air allowed Li-ions to be extracted from the electrode due to the
water surface layers which act as electrolytes. This strongly decreases the ESM signal when
compared to measurements in the glove box. We also extended this study to identify the role of
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mechanical and electrical tip properties used to probe the local ionic transport in electrode
materials. In the future, these results will provide guidance on ESM signal interpretation.

2) Correlation of ionic transport and microstructure
The microstructure of a thin film electrode can actively influence the ionic transport. The
understanding of this function-structure relationship is essential to design battery electrodes with
improved electrochemical performance. Here, Vector-ESM was performed on LiCoO; thin films
with grains of different orientation to separate ionic transport parallel and perpendicular to the
sample surface. By comparing the results from the Vector-ESM image with analytical modeling,
the crystallographic orientation of each grain can be estimated based on the strong transport
anisotropy in LiCoO,. Not only the grain orientation, also the grain morphology can play a
significant role in ionic transport. The layered structure of LiCoO, results in a surface
morphology which exhibits a lot of step
edges. Spatially resolved ESM measurements  Figure 1: ESM
showed an enhanced ionic transport along the =~ map  for  a
step edges (Fig. 1) which can be explained by ~ 400x400nm® area
lateral transport induced by the biased tip. ;Croisi;;gp ed?h?f]
The correlation between surface morphology 4o ?
and ionic transport will be very valuable in
the future to optimize battery -electrode
materials.

3) Extraction of quantitative parameters describing the ionic transport

Typical parameters to describe the ionic transport are the activation energy and
diffusivity. The goal was to design ESM-based experiments to extract or estimate these
parameters on a local scale. Therefore, temperature dependent ESM has been performed. Here,
the sample was placed on a heated sample stage and was heated and equilibrated before each
ESM measurement. At higher temperatures the ions are more mobile and the ESM signal
increases. On an Arrhenius-type plot, the data for each pixel followed a linear relationship,
which was linearly fitted to extract the activation energy for each pixel. The resulting map is
shown in Fig. 2 overlaid with the sample topography. Interestingly, the average activation energy
is around 0.3 eV and seems to be independent of the absolute ESM value. This activation energy
agrees very well with macroscopic measurements and theoretical calculations of around 0.3 eV
for LiCoO; with high Li content.

The local diffusivity
is estimated through time
spectroscopy ESM. Here, a
short voltage pulse is
applied to the ESM tip
which induces a strong
concentration gradient in
the probed volume. Once
the voltage is turned off, the
Li-ions diffuse back which
can be tracked by

Figure 2: Activation
energy map from
temperature-dependent
ESM images after
application of a
Gaussian filter  to
reduce pixel noise
overlayed  with  the
sample topography.
The scan size was
3x3um?.
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measuring ESM as
function of time. The
relaxation curves can
be fitted with a simple
exponential decay and
the extracted
relaxation time can be
used to estimate the . -
diffusivity. ESM time 1 2 3 x10™
spectroscopy was lefuswlty D [mzlﬂ
performed on a
spatially resolved
map and  strong
variations in separate grains were observed. The average relaxation time in the investigated area
can be used to estimate an average diffusivity. Here we assume that the length scale L over
which Li-ions diffuse during the experiment is in the order of the tip radius, which is typically a
good assumption for SPM-type experiments and is around 30 nm. D can be estimated to 4x10™
m?*/s (Fig. 3). This value fits well within the reported range of diffusivities for LiCoO, samples
from 107 to 102 m?s.

Figure 3: Map and histogram of the estimated diffusivity extracted from time
dependent ESM measurements for a 1x1um? area in LiCoO, thin films.

4) Connecting information from the nanoscal e with the macroscale

The key to the future success of ESM is the connection of the nanoscale information
gained by ESM and the macroscopic material parameters and performance. The idea is to
identify nanoscale fingerprints of a good battery electrode which can then be used to screen
newly developed materials. For that, two important directions are established:

1) Correlation of local ESM signal with macroscopic battery performance. Here, LiCoO,
thin films with a different ion distribution were investigated. The as-grown LiCoO; thin films
exhibit randomly distributed Li and Co atoms (y-LiCoO,) and the electrochemical performance
is poor. After annealing, o-LiCoO; is formed with good electrochemical performance. The ESM
experiments performed on these two different materials show some similarities and differences
which need to be interpreted.

2) The ESM signal contains information about both, ionic mobility and concentration. It
is known from macroscopic measurements, that during charge and discharge the ionic
concentration in the electrode changes which results in a strong change in the diffusivity. To
explore the correlation between this macroscopic change and the development of the ESM
signal, ESM of LiCoO, thin films of different charging state were studied. This was done by
performing ex-situ experiments after charging in an electrochemical cell inside the AFM. The
ESM signal shows the trend of higher signal strength for sample with lower ion concentration, as
expected from macroscopic measurements.

Future Plans

So far, ESM experiments focused strongly on well known LiCoO; electrode materials. In
the future, ESM will be tested for a variety of electrode materials including spinel and phase
change materials to compare them to layered Li-ion intercalation materials. Preliminary studies
have shown that other electrode material exhibit different strain mechanism which are not always
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connected to Li-ion motion. We will study these new mechanisms and identify materials suitable
for ESM studies.

The second focus in will be the implementation of in situ ESM. Here the ESM
measurements will be performed in liquid environment and, therefore, can be performed during
charge and discharge. This will allow studying the interfacial transport and the formation of SEI
layer. However, the transition of air to liquid is non-trivial and further technique development
will be necessary. However, first experiments of electromechanical characterization of
ferroelectrics in highly conductive liquids were successful and open the pathway to study ESM
in liquid for battery materials.
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Program Scope

Solid oxide cells (SOCs) are versatile electrochemical devices with applications
including clean efficient electricity generation, chemical production, renewable fuel
production, and electricity storage. Solid oxide fuel cells are nearing commercial
viability, but fundamental challenges remain, especially reducing operating temperature
and improving long-term durability. Operating temperature is important not only for
making the technology viable, but for enabling new uses such as transportation and
portable generation. SOCs can also be used to complement renewable sources by
providing a means for storing energy as a chemical fuel such as hydrogen or methane.

This project aims to parlay our improving understanding of the enhanced
electronic and ionic transport properties of nano-scale oxides and surfaces to address
electrode performance and durability issues that limit the utility of SOCs. The focus is on
the fundamental problems limiting reduced-temperature SOCs. The scientific focus is on
the dynamics of mixed nano- and micron-scale structures in electrochemical cells. New
methods for fabrication and characterization of novel SOC materials have been
developed. In addition, we are working towards a fundamental understanding of
transport properties, polarization behavior, and degradation phenomena.

Recent Progress

-3

2
Oxygen tracer diffusion (D¥) N 3 \1

and chemical diffusion (D7) were \ A
measured in dense Srps;SmgsCoQOss 51
(SSC) ceramics by Isotope Exchange — 5
Depth Profiling/Secondary Ion Mass g
Spectrometry and electrical 7] 6 188C This work
conductivity relaxation. As shown in ./ oo o
Figure 1, SSC exhibits higher oxygen +BSCF [23]
chemical diffusivity than other ] e
reported solid oxide cell cathodes. AT T 2 s 14 s
Oxygen surface exchange rates have 1000/T (1/K)

also been measured (not shown) and Figure 1. Chemical diffusivities of the SSC

are amongst the best among known material (data points) compared with literature

materials. values for other high performance SOC air-
This same high performance electrode materials.
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material has been explored in realistic
25 [e35%

electrodes, producing amongst the lowest ey
reported air-electrode polarization L 14%
resistances, low enough to enable excellent 20 lo17%
cell performance well below 600°C.
However, the long-term stability of such
highly active nano-scale cathodes has not
previously been studied and remains a
potential show-stopper (solid state ionic
devices such as fuel cells that should operate 5
at temperature for > 40,000 h). We have thus slope = O.OOO;IOPE = 00037
carried out accelerated testing studies of the p T e
of nano-scale SSC cathode materials. Figure 0 100 200 300
2 shows how the cathode polarization hours
resistance measured at 600°C in air, for SSC — -
infiltrated into Gd-doped Ceria (GDC) Figure 2. Cathodeopolzfrlzatfon resistance
measured at 600°C in air, for SSC

. . . o
scaffolds, varies with time at 800°C, a ; gitrated into Gd-doped Ceria (GDC)
temperature high enough to accelerate scaffolds, varies with time at 800°C.
degradation. The decrease in polarization

resistance with increasing loading has been observed previously, and is believed due to
improved connectivity between SSC nanoparticles. The dramatic decrease in degradation
rate with increasing loading is a new observation suggesting that much of the degradation
at low loading is due to increased isolation of SSC nanoparticles with increasing
annealing time. This is an important result for achieving low degradation rates. Another
interesting observation is that the resistance increases linearly with time, different than in
our prior studies of LSCF cathodes where the degradation followed a power law
dependence. Work is under way to understand these new observations.

Infiltration of one material into a scaffold, such as the SSC infiltration into GDC
mentioned above, is an important avenue for increasing the performance of a SOFC. The
infiltrate size scale and interconnectivity, which have a major effect on the polarization
resistance, are related to the size and location of the liquid droplets that are present on the
scaffold surface following the evaporation of the liquid. We have developed a model that
predicts the size of these droplets. Their size scale, ~50 nm (Figure 3) is reasonably
consistent with experiments. The model is not
limited to a planar surface, and thus can be
used to assess the development of the infiltrated
phase upon subsequent loadings.

Due to the nanoscale size of the oxide
particles, these particles can be subject to stress
that is not relieved as the temperature is
changed from room temperature to the
operating temperature of the SOFC. We have
developed a model for the effects of stress on
the  surface-exchange limited chemical Figure 3. A simulation of the liquid film
capacitance, vacancy formation energy, and the evaporation  process, showing the
degree of oxygen nonstoichiometry in the formation of liquid droplets on a surface.
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oxide. The theory shows that the oxygen
nonstoichiometry is a linear function of the trace of the
stress, and can change significantly with stress.

We have also explored novel oxide anode
materials where catalytic nano-particles nucleate
during SOC operation and greatly enhance
electrochemical kinetics. Figure 4 shows TEM images
of (LagsSrp2)(FeosCro3Rup2)Os particles that were
exposed to hydrogen at elevated temperature resulting
in self-assembly of surface Ru nano-particles that
greatly improve anode performance. The image shown
is just one of a rotation series being reconstructed t0 gigyre 4.  Z-contrast TEM
produce a 3D image — such imaging will allow us jimage of a (La,Sr)(Fe,Cr,Ru)O;
quantify particle nucleation and growth and thereby particle decorated with Ru
understand their role in electrochemical processes. nano-particles.

Electrochemical measurements of these new perovskite anodes show substantially
lower polarization resistance than prior oxide anode materials, apparently by taking
advantage of both mixed conductivity and nanoparticle catalysts. A picture of the
electrochemical rate-limiting steps is beginning to emerge based on detailed impedance
spectroscopy studies. Figure 5 illustrates an example of impedance data from a cell with
a (La().33SI‘0,67)(F€0,67CI‘0,33)O3 anode under
varying H, partial pressures Py, (balance " gcy :

Measured

Ar with 3% H>O). The Bode plot shows a X Fit
main electrochemical process with a peak ~ °*71 ¢ 4
frequency at 2 Hz that varies strongly with .~ PO : &
Pi>. (The process at ~1000 Hz is mainly £°"°1 | . o 80% H./20% Ar
due to the cathode.) ~While a low- / % o 60% H,/40% Ar
frequency response with a strong Ppy %7 J 20 o 50% H,/50% Ar
dependence is often associated with gas 6 ,!’.-"303.. '.' :; :: ;: »:r

% H_/90% Ar

diffusion, this is not the case here because  “*1° & o
the response is strongly temperature

dependent. On the other hand, such a o : 0 100 1000
response, along with the limiting-current Frequency (Hz)
behavior seen in current-voltage Figure 5. Bode plots of impedance spectra
characteristics, can be explained well by a measured from a SOFC at 800°C at open
H, dissociative adsorption rate-limiting circuit veltage with different H, partial
process. pressures. Fits are also shown.

When Ru is added to the perovskite oxide anode such that Ru nanoparticles form,
the anode polarization resistance is reduced, the dependence on Py, becomes weaker, and
the limiting-current behavior disappears — these are all indications of the elimination H;
adsorption as a rate limiting step. In this case, the new rate-limiting step appears to be
hydrogen electrochemical oxidation. This can be understood by figuring that the Ru
nanoparticles act as catalysts for H, dissociation with subsequent spillover of H atoms
onto the adjacent oxide surface, where the oxidation process is thereby enhanced.

It has been possible to implement some of the above materials in novel reduced-
temperature solid oxide cells that provide a real demonstration of their effectiveness.

10000 100000
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Figure 6 shows the electrical testing
results of such a cell. The cell
resistances are remarkably low and
power densities high — above 1 W/cm?
at 550°C. This represents
unprecedented performance at these
temperatures for a solid oxide fuel cell.

Future Plans

Much of the work described
above will be continued in the short

term. The combined
experimental/theoretical approach to
understanding nano-structure

evolution, and its 1mpact on
electrochemical performance, will be
continued, with new input from 3D
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Figure 6. Voltage and power density versus
current density for a solid oxide fuel cell
operated at various temperatures in air and
humidified H, fuel.

TEM observations. For cathodes, the emphasis will be on obtaining nano-structures that
yield both low resistance and good durability. Accelerated testing will continue to the
point where realistic degradation models can be developed and used to predict long-term
durability. For anodes, the emphasis will be on improving low-temperature performance
and on materials that exhibit regenerative behavior. Novel oxide anode studies will be
continued to develop quantitative models of hydrogen electrochemical oxidation kinetics.
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Purpose and Goals

The main purpose of this program is to develop highly conductive ZnO as a replacement for
In,03:Sn (ITO) in transparent electrode applications, such as solar cells, flat-panel displays, and
light-emitting diodes. Pursuant to this purpose, the main goal was to test the limits of
conductivity for ZnO to see if it could truly compete with ITO. A secondary goal was to test
stability, sometimes an issue for materials doped beyond their thermodynamic solubility limits.
A third goal was to compare different growth methods, especially pulsed laser deposition and
sputtering. During the course of this research, it has also been realized that our highly doped ZnO
has plasmonic resonances in the infrared regime and thus can enable functionality not available
with the usual metal plasmonics. This possibility generates a new goal, to determine the limits of
plasmonic resonance wavelengths in ZnO.

Recent progress

The lowest resistivity ever achieved in ZnO is p = 0.8 — 0.9 x 10 Q-cm, reported by two
different groups 6 - 10 years ago. However, there are serious inconsistencies in each of these
papers, rendering their results questionable. Another recent, more convincing, paper reports p =
1.1 x 10 Q-cm, and that, in our opinion, should be takes as the mark to shoot for. So far, our
best value is p = 1.2 x 10™* Q-cm, within 10% of the record. However, we have achieved this
through a well quantified and easily repeatable methodology, and this is our major contribution
so far. Just prior to the beginning of the present program in Sept2011, we had developed two
unique tools that greatly aided our efforts: (1) the use of pure Ar ambient in the pulsed-laser-
deposition growth of Ga-doped ZnO that allowed us to consistently achieve a resistivity of p =
2.0 x 10 Q-cm; and (2) formulation of a degenerate mobility theory that permitted donor Np
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and acceptor Na concentrations to be calculated from experimental values of mobility p and
concentration n at any temperature. Applying the theory we quickly learned that the most useful
strategy in reducing p was not to increase Np, already near its maximum, but to reduce Na. This
strategy required identification of the dominant acceptor, and we showed that it was not any
impurity at all, but instead the Zn vacancy Vz,. We then devised an annealing procedure to
reduce [V zn], placing the sample face down on Zn foil and annealing in a tube furnace for 10
min at 550 °C in flowing gas, and we achieved p = 1.2 x 10" Q-cm. For this sample our theory
gives: Np = 1.52 x 10 cm™ and N = 0.048 x 10 cm™®, giving an extremely small
compensation ratio K = Na/Np = 0.03. It might be said that this procedure thwarts
thermodynamics, i.e., it overcomes the crystal’s attempt to lower its energy by creating native
acceptors to compensate the added Ga donors. Of course, given enough time the crystal would
accomplish just that, especially if the temperature were raised significantly. In that regard, we
have shown that a 10-min anneal is air at 500 °C increases p by only xx %, demonstrating the
excellent stability of this material.

Interestingly, however, increasing the annealing temperature to 600 °C produces a huge
change in p, to about 1Q-cm, clearly rendering the TCO useless as a transparent electrode.
However, while carrying out this set of experiments, we realized that we could control p, or
more importantly n and 4, over a wide range by simply choosing the appropriate annealing
temperature. Since, for high enough y, the plasmonic resonance frequency is given by wp res =
(e’n/m*g.,)""%, our control of n becomes a control of wp es, OF equivalently of Apes = 2C/@p res,
the plasmon resonance wavelength,. For a concentration n = 1.46 x 10* cm™ (this study), Apyres =
1.06 um, while annealing in air produces lower n and thus higher A, s. As practical examples,
we have easily created samples with A, s = 1.30 and 1.55 pm, the major telecommunication
wavelengths. Indeed, this new field of semiconductor plasmonics opens up a wide variety of
applications in the infrared that cannot be addressed by metal plasmonics.

Future plans

Another problem for thin films is the thickness dependence of p, |, and n for layers grown on
lattice-mismatched substrates. For example, when 3%Ga-doped ZnO is grown by PLD on
Al,03, a dead layer (no conduction) of thickness dgeag = 15 nm is typical, and roughly the same
dgead 1S found for 2%Al-doped ZnO grown by RF sputtering on quartz glass. Thus, this
phenomenon is rather universal and results in an electrical thickness d¢ that is less than the
metallurgical thickness d; i.e., def = d - dgead- A CONsequence is that the apparent concentration
Nmeas 1S §0INg to less that the real concentration n by a factor de/d, which can be appreciable for
thicknesses d = 50 nm or less. While npess 1S nearly always observed to be dependent on
thickness, n itself may actually be independent of thickness if it is properly normalized to dg
instead of d. However, even if n is independent of d, mobility will always be dependent on d if
the dead layer is charged, which is usually the case. This is because the conduction electrons
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will spend more time close to the interface in thinner layers, and therefore will be more
effectively scattered by the interface charge. A similar argument holds if the interface is rough.
We are collaborating on buffer development with a group at the University of Kyushu in Japan
that has developed a good buffer layer that mitigates the thickness dependence of . In fact, we
have already characterized a set of buffered and unbuffered layers received from them in early
December 2012, and have just had a paper accepted on our results. In the paper, we introduce a
new figure of merit (FoM) for buffer efficacy, a parameter d* that is defined as the thickness at
which interface scattering and bulk scattering are equal. This parameter is a useful FoM because
it is easily measurable and is obviously meaningful; i.e., good conductance demands d > d* so
low d* is desirable. The Kyushu group has just received an AOARD grant to continue our
collaboration, and their proposal contains two new goals: (1) grow single-crystalline undoped
ZnO on Al,03; and (2) grow polycrystalline highly-doped ZnO on quartz glass with a resistivity
of 2 x 10 Q-cm or less in a layer of thickness 100 nm or less. Neither of these goals has ever
been achieved, to our knowledge.
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Program Scope or Definition
The objective of this proposed research is to develop a better understanding of phonon transport and
coupled electron-phonon transport in graphene. As a monatomic layer of sp? carbon atoms, graphene is a
promising material for future-generation energy-efficient electronic devices and thermal management
solutions because of its superior charge mobility, mechanical strength, and thermal conductivity. This
project aims to
(i) Clarify whether the flexural vibration modes make an important or negligible contribution to
thermal conductivity of graphene.
(ii) Investigate the effects of inter-layer coupling, substrate interaction, stress and morphology on
phonon transport in suspended and supported single- and few-layer graphene.
(iii) Characterize the interfacial thermal transport between supported graphene and underlying
dielectric, metallic, and polymeric substrates.
(iv) Evaluate interfacial thermal transport between graphene and its surrounding gas environment;
(v) Determine whether or not coupled electron-phonon transport in graphene is highly non-
equilibrium as in carbon nanotubes.
(vi) Reveal the effects of inter-layer coupling, substrate interaction, stress, morphology, and gas
environment on electron-phonon coupling in graphene.

Recent Progress [ Balandin et al. (SLG) ]
In this collaborative project with Prof. Cronin, - Lee ef al. (SLG) Chen &1

we have established experimental methods based on [Touloukian (PG), ™ ™\ Shietal ]

micro-Raman and electrical resistance thermometry | N\ - \ (SLS) |

to probe phonon transport in suspended and @ /

supported graphene as well as ultrathin-graphite "¢ / /'

foams. In addition, Scanning Thermal Microscopy 2 / Sadeghi & Shi (NG) ®

(SThM) and spatially resolved Raman spectroscopy 21000 | o |

have been combined to probe temperature 2 | / S o~ O jiqjhﬂ ]

distributions of different phonon populations and 2 / ( 3) o b T@" v]

reveal bias-dependent hot spots in electrically biased § f o g;%‘-) 2 /‘ 1

graphene devices. T 'Se{zgfgr;é%s)hi o, % Faugeras & |
Raman Measurements of Thermal Transport E QU . Ge('glg;a"

in Suspended and Supported Graphene: We have Q

established a micro-Raman spectroscopy method to Seol & Shi etal.

probe thermal transport above room temperature in a 100 o + (SLG/SIO,)

graphene monolayer grown by chemical vapor .

deposition (CVD) and suspended over holes with 100

different diameters. The Raman laser beam of varied
spot sizes was focused either at the center of the

SUSpended graphene m0n0|ayer_ or on the graphene  rigure 1. Experimental basal plane thermal
region supported on the AU/SiN, membrane. The  conductivity results reported by different groups for
optical absorption by the graphene was obtained by (i) suspended single-layer graphene (SLG), (i) SLG,
measuring the laser powers incident on and 8layer graphene (8LG) and 34-layer graphene

. (34LG) supported on SiO,, (iii) the natural graphite
transmitted through the suspended graphene. The (NG) source where the supported SLG and FLG

Raman G pea!< ar?d 2D peak positions of graphene  \vere exfoliated from, and (iv) high-quality pyrolytic
down shift with increasing temperature, and were  graphite (PG).

Temperature (K)
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used to determine the temperature rise of the optically § T —
heated graphene. An analytical solution of the heat [ Ghosh & Balandin 300K
diffusion equation was developed to obtain the thermal [ ¢ etal SLG FLG)
conductivities of the suspended and supported regions of L 3
the graphene samples, as well as the thermal interface  ~ Sadeghi & _
conductance between the graphene and the Au/SiN, % | shive @ % o
membrane. A comparison of the measurement results  E 10° I sadeghi & shi . o
conducted in vacuum and different gas environment S I !(FLGIS.'OZ)—— T *
further yielded the heat transfer coefficient between the £ Seol &
graphene and surrounding gas molecules. The main 3 [ Shietal. o {
findings of this series of experiments include the €  [SLGSI0) |y Y
observation of considerably lower thermal conductivity 2 T
in the supported region than the suspended region of the £
same graphene, and that Umklapp phonon scattering ,f’z’ 5 -
results in decreasing thermal conductivity of the i 3 Jang & Dames ]
suspended graphene with increasing temperature above [ T eta
room temperature (see the data by Chen & Shi et al. in : (SIO/FLGISIO,
Fig. 1). -
1 10
Substrate and Polymer Residue Scattering of Number of Layers

Phonons in Graphene: We have fabricated different Figure 2. Room-temperature basal plane

micro-bridge  devices  with  sensitive  resistance g:?)meg' fof?sti%‘:;]‘gg | g]fgs:rﬁd,:fg’ aor']'geliel_g

thermometers to measure the graphene thermal  gncased in Si0, SLG and FLG supported on

conductivity at different temperatures. Compared to the  SiO,, and the natural graphite (NG) source

natural graphite (NG) source where the graphene samples ~ where the supported SLG and FLG samples

were exfoliated from, a large suppression in the basal- ~ Were exfoliated from.

plane thermal conductivity was found in the graphene

samples supported on an amorphous SiO, or suspended graphene samples contaminated by polymer
residue on the surface. The suppression is especially pronounced at low temperatures (see the data by
Sadeghi & Shi, and Seol & Shi et al in Fig. 1). A theoretical calculation found that flexural phonons make
a large contribution to the thermal conductivity of clean suspended graphene at 300 K and below, and
interface interaction with an amorphous material results in considerable damping of their contribution.
Moreover, such interface scattering was found to yield increasing thermal conductivity with increasing
layer thickness of multi-layer graphene (Fig. 2), opposite to the trend suggested for clean suspended
graphene, as well as a decreasing temperature for the peak thermal conductivity with increasing layer
thickness (see the data by Sadeghi and Shi, and Seol & Shi et al. in Fig. 1). The interface scattering effect
was found to be effective in suppressing the thermal conductivity of multi-layer graphene as thick as 34
layers. This long range effect is attributed to the long intrinsic phonon mean free path in graphite, and
explained by a model of interface scattering of phonons in anisotropic multi-layer graphene. These
findings are useful for the design of multi-layer graphene heat spreaders and graphene-polymer
nanocomposites for thermal management, and indicate a need for obtaining ultra-clean suspended
graphene samples for studies of their intrinsic thermal properties.

Thermal Transport in Ultrathin-Graphite Foams: In this work, we have conducted temperature-
dependent electron and phonon transport measurements of three-dimensional (3D) foam structures
consisting of few-layer graphene (FLG) and ultrathin graphite (UG) building blocks synthesized through
the use of methane CVD on reticulated nickel foam that was subsequently removed. At a very low solid
concentration of ~0.45 vol %, the thermal conductivity of the freestanding ultrathin-graphite foam (UGF)
processed with a gentle Ni etchant can be increased to 1.7 Wm™K™ at room temperature, showing a
guadratic dependence on temperature between 11 and 75 K, peaking at about 150 K where the solid
thermal conductivity of the FLG and UG constituents reached about 1000 Wm™K™ (Fig. 3). The finding
suggests that the covalently bonded continuous UGF structure is an effective approach to overcoming the
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contact thermal resistance bottleneck found in other 3D networks of van der Waals bonded carbon
nanomaterials developed for thermal management.
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Flgure 3. (& Scannlng electron mlcrograph (b) measured effective thermal conductivity, and (c) extracted solid strut
wall thermal conductivity of UGFs grown by CVD on sacrificial Ni foams, which were removed by different wet
etchants to yield UGFs of 0.45 vol% or 1.4 vol% solid concentration.

Low-Frequency Acoustic Phonon Temperature Distribution in Electrically Biased Graphene:
With the use of a combined contact mode and lift mode operation of a SThM tip, we were able to measure
the low-frequency acoustic phonon temperature profiles in electrically biased graphene devices with a
spatial resolution better than 100 nm. The obtained temperature maps (Fig. 4a) reveal bias-dependent hot
spots in the operating graphene devices that were considerably smaller than those reported by infrared
(IR) thermal imaging measurements. In addition, the high temperature sensitivity of the SThM technique
allows us to examine the thermal behavior of the graphene device in the low-power density regime that
was not accessible by the optical techniques due to limited temperature sensitivity. The measured acoustic
phonon temperature was close to the intermediate frequency phonon temperature determined from the
Raman peak shift on the same sample (Fig. 4b).
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Figure 4. (a) Thermal images of a graphene device under different source-drain (Vps) and gate bias (V) conditions,
which result in different charge carrier distributions along the 6.7-um long graphene. (b) Average graphene
temperature rise measured by SThM and Raman G and 2D peak as a function of power density in the device.

Future Plans

In the remaining funding period of this project, we will explore polymer-free transfer method to
prepare clean graphene samples for investigating the intrinsic thermal transport properties of graphene,
and measure the temperature distribution in electrically biased graphene supported on h-BN.
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The past five years have brought thin film photovoltaics (TFPV) ever closer to realizing their potential for
economical large-scale renewable electrical generation. The thin film PV designs with the highest power conversion
efficiencies (n) remain CdTe/CdS (1n>18%) and Cu(In,Ga)Se,/CdS (CIGSe, n>20%). In the same time frame,
Cu,ZnSn(S,Se)s (CZTSSe) has emerged as the first possibly credible alternative material for TFPV absorbed layers
especially after demonstrations of 1>11%. Whereas both CdTe and CIGSe technologies may face scale-up limitations
within approximately 2 decades based on the geological and industrial availabilities of In and Te especially, CZTS
does not because its constituents are abundant by design. Thus basic science investigating the fundamental
properties of CZTSSe is of great importance to enable this material to be used at terawatt levels in the future. The
study of CZTSSe also provides more data towards the general questions surrounding the use of polycrystalline
semiconductors in minority carrier devices. Studying a different material class such as CZTSSe, whether or not in the
end it has the potential for TFPV efficiencies near 20%, will help to understand how materials such as CdTe and CIGSe
do in fact work at these levels despite their crystalline and electronic imperfections.

The research objectives of this project center around investigations of the basic properties of Cu,ZnSn(S,Se)s
thin films, especially the electronic defects in the bulk and at the polycrystalline grain boundaries. We specify five
sub activities for our efforts: 1) measuring and understanding the electrical and compositional properties of grain
boundaries in CZTSSe; 2) measuring and understanding electronic defects in CZTS, CZTSSe, and CZTSe thin films using
electrical spectroscopies; 3) modeling the point defect equilibrium in CZTSSe; 4) spatially-resolving interdiffusion and
reaction during CZTSSe annealing using synchrotron techniques; and 5) high-resolution Raman studies on CZTS,
CZTSSe and CZTSe as functions of composition to elucidate peak shifts related to point defects and nanoscale phase
separation.

The potential impact of this research will be to generate basic but critical materials knowledge about an
emerging alloy system that may be capable of photovoltaic efficiency on par with CdTe and CIGS but at lower cost
and having the benefit of avoiding constraints on scale-up from rare and expensive elements.

Recent Progress:

Physics of Electrical Conductivity in Polycrystalline CZTS Thin Films
We have investigated the through—thickness conductivity

10-3_5 (@) [7”[]‘:'[]‘”] % of our polycrystalline CZTS films having grain size less than the film
i T g thickness from 30-300 K [1]. Three regimes of behavior were found
g 10*‘_; which we ascribe to grain boundary barrier surmounting at high
"-C: 5 temperature, nearest neighbor hopping at intermediate
_“‘;_'.".,10 = temperatures, and Mott variable range hopping at low
:g 6 temperatures. Interestingly, for rather Cu-poor films we find that
‘:-,’ 10 3 the GB barrier height varies sensitively with [Cul/([Zn]+[Sn]) ratio
-g 10.7_5 (y), but is independent of [Zn]/[Sn] ratio (8). For y~0.62 the GB
= Figure 1 - Conductivity vs. 1/T for a series of CZTS samples

10_8-! with different compositions. Solid lines represent fits to 3-

0.00 .I : _' 0 regime model described in text.
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barrier is approximately 110 meV while for y>0.74 it is near 150 meV. These observations point to Cu-related point
defects as being dominant for doping at grain boundaries and/or in the grain interiors. Cu vacancies (Vc,) and Cu on
antisites (Cuz,) are believed to dominate the p-doping in CZTS. The V¢, acceptor is calculated to be a more traditional
acceptor with 20 meV binding energy and formation enthalpy <1 eV which changes intuitively with Cu-poorness
[2,3]. The details of how and why the GB barrier height changes as it does is somewhat uncertain — a simple picture
in which the number of GB defects and their density of states remains constant with y decreasing cannot explain the
data unless we posit that for very Cu-poor films (y<0.7) the GB states are completely filled by holes and the Fermi
level becomes un-pinned thus reducing the GB barrier height. This does not seem likely, as from our calculations of
CZTS defect equilibrium, we find that the net doping stays relatively constant with variation of y because [Cuzn]
increases while [Vc,] decreases as y increases. Thus it seems possible that the dominant effects of Cu variation
actually occur through modification of the GB states and not the doping in the grains (specifically, Cu poorness below
v~0.7) either reduces the number of pinning states in the GB or moves the centroid of the density of states at the
GB towards the valence band edge. A third possibility is that different phase(s) are involved at the GBs. Thus there
are many open questions still in this area and we will continue to attempt to identify the correct dominant physics.

Modeling CZTSSe Defect Equilibrium

In this sub project, defect equilibrium in CZTS and CZTSe is calculated from a system of quasi-chemical reactions
based on the change in free energy (Gibbs or Helmholtz) of formation. Many ab-initio electronic structure
calcuations of defect formation energies have appeared in the literature, however these are always performed at 0
Kelvin (Born-Oppenheimer approximation). For defect formation at film processing temperatures of hundreds of
Celsius the vibrational energy of formation can be the dominant term. It is only recently that computational power
and efficient codes have begun to allow ab-initio calculations of phonons in (possibly) meaningfully-large supercells
containing point defects to simulate dilute concentrations. Therefore we have initiated a collaboration with Prof.
Andrei Postnikov at Lorraine University in Metz, France [4,5] to investigate the effects of vibrational energy on defect
concentrations in semiconductors and especially CZTSSe. We find indications that in CZTS the vibrational free energy
leads to potentially 1000-fold changes in the final defect concentrations and most importantly affects different
defects in different ways. Thus, understanding the effects of vibrational free energy for different defects is
imperative for understanding doping, compensation, band tails, and recombination in CZTS. This question is
obviously general to all semiconductors and we will continue to investigate this avenue of inquiry.

107 b - B = 06 Figure 2 - Concentrations at room temperature for

- 1022} VcM, Zng, ~ Ve ! . ionized point defects and Fermi energy in CZTS and Fermi

e 0.5 @ energy calculated for iz, =-0.75 eV, s, =-0.6 eV, and pic,

o 10 T ﬁ;’{ —————— 7] &= -0.4 eV as a function of annealing temperature. The
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10101E |ﬂz”_'-0'7? ey #S"--?'S oy ‘HC”I__OA ey 0.1 enthalpies from Chen et al., [2,3] and the vibrational

500 525 550 575 600 density of states computed by Prof. Postnikov. Our

Temperature (C)

model can accommodate a range of different situations,

however we first undertook to predict the defect equilibrium for a case of annealing CZTS in the presence of a
saturated S, vapor in a one-zone situation.

Figure 2 presents the results of a calculation of the net doping and all 6 defects concentrations as a function of
annealing temperature for the case of quenching to room temperature using chemical potentials for the metals
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Figure 3 - Calculations of point defect equilibrium after quenching
too room temperature from 550 °C annealing temperature for CZTS
annealed in one-zone conditions.

thought to correspond to typical film growth (Zn-rich, Cu-poor). The
most important finding from this figure (and the computations in
general) is that under such annealing conditions, CZTS which is
observed to be p-doped in experiments should be nearly completely
compensated by Vs and Zns, donors because of the lowering of their
formation energies by the low Fermi level. The net carrier
concentration is thus many orders of magnitude below the
concentrations of five of the six types of native defects considered.
The compensation may be reduced by increasing the sulfur chemical
potential which in experiment corresponds to supplying S vapor at a
higher temperature or via another species such as H,S and by
supplying Sn overpressure — both trends are consistent with the
literature. Effects such as these are not captured in the pure ab-initio
computational works which typically only present the computed
formation enthalpies. Therefore it is imperative compute the full
equilibrium to fully understand the system.

Typically, CZTSSe films which work well in devices have y=0.5 and
0=1.2. Figure 3 shows the model predictions for quenching from 550
°C annealing to room temperature for Zn-rich conditions as functions
of Cu and Sn chemical potentials. These results may help to further
understand this trend as it is clear that p-type doping in the 10 /cm?
range results from conditions where the Cu chemical potential is
lower than the Sn chemical potential. Of course, the chemical
potentials do not translate exactly into final film compositions
however we are continuing to try to map out these relationships

between chemical potentials and final film compositions.

Observation of Defects in CZTSSe using Electrical Spectroscopy Techniques

We are also using electrical and optoelectronic spectroscopy techniques to observe the defect energy levels
resulting from defects in this complex alloy system. The holy grail will be to observe, identify, and determine how
to suppress deep defects acting as recombination centers. Figure 4 shows our data on the density of states of p-
type traps from a CZTSe solar cells with efficiency ~7% and grain size spanning the film thickness from Dr. Ingrid
Repins at NREL. The data suggests the admittance response is dominated by a trap state located near 140 meV
above the valence which may be the Cuz, deep acceptor according to leading computations [2,3]. Our capacitance
voltage profiling shows that these CZTSe layers have nearly-uniform net dopant concentrations in the low 10%* /cm3
range for all temperatures, while this DOS extracted has a net area of roughly 10* /cm3. Therefore our data seems
to indicate that the net doping is not dominated by the Cuz, acceptors. This may be a significant finding because it
is being commonly observed that CZTSSe solar cells display series resistance with ~150 meV which has been ascribed
to this defect in the literature. We will continue to pursue this issue.

We have also used deep level transient spectroscopy to measure both minority (electron) and majority (hole)
trap states in the CZTSe layers. We have found the signature of a minority trap near mid gap which may be acting
as a recombination center. This is a very significant finding as all other work to date has reported only majority trap
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Future Plans:

We plan to continue investigating these themes in CZTSSe and related materials, as well as pursuing
measurements of cation disordering and phase formation using synchrotron based experiments. These results will
be critical to understanding if CZTSSe can ever provide device efficiencies on par with CdTe and CIGSe and thus
fulfil its potential as an earth abundant photovoltaic material.
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This research program is investigating the frequency-dependent response of magnetic
nanoparticle assemblies. Magnetostatic interactions are long-range and anisotropic, leading to
complex behavior in dense nanoparticle assemblies, particularly in their time- and frequency-
dependent properties. In analogy to the blocking temperature of an ensemble of
superparamagnetic particles, we predict the existence of a blocking frequency, below which the
spins can be treated as frozen. When superparamagnetic properties are ordered into dense
assemblies, we have shown in static measurements that there are long-range correlations between
the particle moments,"* and that there is a collective phase transition from a dipolar ferromagnet
to a superparamagnetic state over a narrow temperature window.> We seek to learn if there is
collective transition over a narrow frequency range as well. If so, such assemblies could be
designed for high frequency applications requiring high permeability but low eddy current
losses. Grain size, intergrain separation, and porosity are expected to be mportant parameters for
the nanocomposite structure.

Recent Progress:

The main activities in the first year have involved the construction of a sample cell for high
frequency measurements, testing of the measurement system and analysis algorithms on bulk-
like powder samples, the development of software to predict the composite properties, and the

preliminary testing of composite samples as a function of the main design parameters.

Development of Measurement Capabilities Up to 10 GHz

A coaxial transmission line design was developed for measurements up to 10 GHz using an
Agilent Technologies 85071 vector network analyzer. In the sample holder, the magnetic
nanocomposite toroid replaces the dielectric around the center electrode (Figure 1). At the
maximum frequency, the sample length must be less than one-quarter of the radiation
wavelength. For high frequencies this limits the sample length to 1-2 millimeters. In order to
increase the signal-to-noise ratio, the outer diameter of the sample toroid was increased.

A two port vector network analyzer is used to measure the complex impedance, and therefore
the electric permittivity and magnetic permeability as a function of frequency. Here the sample is
inserted between two ports. A signal at a given frequency is emitted from Port 1, and its
reflection back to this port and transmission to Port 2 are characterized by the scattering matrix
parameters S1; and S>, respectively. The connections to the sample are designed to match the 50
Q impedance of the ports, so that the amplitude and phase differences arise only from the
sample. The S parameters relate the magnitude and phase of traveling waves through the
microwave network, and so the reference planes for the phase must be specified.
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Figure 1. Sample Holder. (a) Schematic showing two symmetric port extensions (gray) that
screw onto the central region (brown) housing the toroidal sample at the center. (b) Cross-section
of sample holder. Here the shaded regions are metallic. The “sideways H”- shaped region at the
center corresponds to the brown sample housing in (a). The unshaded region at the center of the
H is the sample toroid. The other pieces screw onto the sample housing and enable it to mate to
coaxial cables connected to the ports of the vector network analyzer.

The shift in reference plane, relative to each port, can be determined. Here the reference planes
are chosen to be symmetric on either side of the magnetic sample. With transmission line
techniques the measured results are very sensitive to losses in the lines themselves, and therefore
a precise calibration procedure is needed to remove systematic errors due to these losses outside
the sample. For a one-port calibration from reflection measurements, this is done by measuring
the empty sample holder under three conditions: open circuit, short circuit, and load.

The complex electrical permittivity e(f)=¢'-ie" and magnetic permeability u(f)=u'-iu"
are determined from the complex S parameters. There are different algorithms for determining
permittivity and permeability from the S parameters.*® This is a non-trivial process because of
the ambiguity in the phase determination, since 8 and 6+2xan yield the same mathematical
result. These algorithms help in extracting the physically meaningful values. Our results use the
Nicholson-Ross algorithm in a program written using MatLab"™ software.

High Frequency Permeability and Permittivity Results and Analysis

High frequency inductors are made of magnetic insulators because of their eddy current losses.
To help calibrate our system, we began by measuring the properties of composites made from
large grain nickel powder. Increasing volume fraction led to increased magnetic permeability
(Figure 2 a,b).
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Fig. 2. Frequency dependence of the real (a) and imaginary (b) parts of the magnetic permeability
for nickel powder with grain size less than 1 um at different volume fractions.

To study the grain size influence on the permeability we carried out measurements with three
different nickel powders having grain sizes less than 150 micrometers, <l micrometer and <100
nanometer, respectively, with approximately the same volume fraction of powders in the sample
holder. Since the grains have similar oxide layer thicknesses, the smaller the grain size, the
greater the influence of the oxide on the overall permeability values (Figure 3 a,b). However, for
the nickel powder with grain size less than 100 nm we observed surprisingly high values of the
real part of the permittivity, and a peak at 5.8 GHz for the imaginary part.

—Ni0O e Ni, <100 nm, 0.30p, ,, —Ni0 e Ni, <100 nm, 0.30p,
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Fig. 3. Frequency dependence of real (a) and imaginary (b) parts of magnetic permeability for
nickel powders having different grain size.

Monodisperse 8 nm diameter surfactant-coated Co nanoparticles were washed and dried
to form a nanopowder, and the magnetic permeability and dielectric permittivity were then
measured from 300 kHz to 10 GHz. To observe the influence of nanoparticle oxidation on air,
the powder was left in the sample holder for 5 days. Oxidation decreased the real part of the
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permeability, and the decrease in the imaginary part of the permeability was likely due to
decreasing eddy current losses
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Future Plans:

Work will continue on high frequency measurements on nanoparticle composites, with emphasis
on increasing the volume fraction and minimizing porosity in order to increase the permeability
and enable testing of the blocking frequency model. We will also investigate frequency-
dependent magnetoresistance measurements of individual particles and assemblies up to 50 MHz
to characterize the medium frequency behavior in greater detail.
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Understanding the Spin-Lattice Coupling in
Multiferroic Oxides

Trevor A. Tyson, Department of Physics
New Jersey Institute of Technology, Newark NJ 07102-1982
Email: tyson@adm.njit.edu

Abstract and Program Scope: Multiferroic oxides (such as REMnO; and REMn,Os (RE=rare earth,
Sc, Y)) are a class of materials which are simultaneously ferroelectric and ferromagnetic. The possibility
of coupling the magnetic and electric properties will enable new functions. These capabilities will
possibly lead to devices in which ferroelectric memory can be written with magnetic fields or magnetic
bits can be written by an electric field. However, the detailed mechanism behind the coupling of the spin
and atomic degrees of freedom in these materials is not well understood. In this proposal we are
conducting structural measurements on multiple length scales in the presence of magnetic and electrical
fields in order to ascertain the mechanism behind the spin-lattice coupling. In this phase of the project, we
have focused on the small ion RMnO3 systems such as InMnO; and ScMnQO; with high Ty values. The
corresponding E-type perovskite phases of the same materials are also being synthesized (under high
pressure) and studied. DFT simulations have been conducted to ascertain the ground stage magnetic
structures. The stable magnetic ground states at different pressures and total polarization have been
predicted. The detailed origin of the onset of ferroelectricity in hexagonal RMnO; was determined by
combined local structural measurements and molecular dynamics simulation at high temperature. This
work is supported by DOE Grants DE-FG02-07ER46402.

Results from Research on Multiferroics

A. Observation Electric Polarization in in
INMnO3

The hexagonal manganites are part of a class of
materials which exhibit coupled ferromagnetism and
ferroelectricity (multiferroic systems). Hexagonal
phase RMnO; is found for small radius ions (R=Ho,
Er, Tm, Yb, Lu and also Y and Sc). From an
application’s perspective, these materials have
attracted much attention as data storage media in
nonvolatile random access memory. These devices
have the advantage of low power consumption and
decreased memory cell size over existing
technology because the electric charge induced by | Fig. 1. Images of a typical synthesized crystal (a), a
the remnant polarization controls the conductivity of | mounted InMnO; single crystal for XRD measurements
the Si substrate where they are deposited. The | (b)and the crystal structure for InMnOj; (c) are shown.
YMnO; system has been studied extensively and is
currently being utilized in device applications.

Tuning this RMnOj; system by replacing the R ion with other species or multiple species serves as a possible path
to enhance the ferroelectric properties of these materials. One system which is being studied is the R = In system.
However, the room temperature structure and ferroelectric properties of InMnOj; are still not well understood.
Structural measurement on polycrystalline materials have yielded conflicting results.
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To fully understand the properties of the InMnO,
system, single crystal samples were grown and the
structure as well as the thermal and electronic
properties was studied. The space group of single
crystal material is found to be consistent with the
previous neutron powder diffraction measurements
and a material with a P6;cm polar space group [Fig.
1(c)] is revealed. Magnetic ordering temperatures
are identified by heat capacity measurements.
Polarization measurements show a finite value of
polarization for the first time. Point charge and
density functional theory calculations of the electric
polarization reveal an upper limit of 7.8 2C/cm” on
the electrical polarization, which is 26% larger than
that for YMnO;.

Fig. 2(a) shows the near edge x-ray absorption
spectra of a series of hexagonal RMnO; systems
(R=Sc, Y and Lu) compared to InMnO;. Note the
similarity in shape of all of the spectra indicating
equivalent local structure and local symmetry.
Compared to the other samples, no additional peaks
appear in the R=In spectrum. However, the InMnO;
spectrum has lower amplitude and is broadened.
This indicates a lower level of long-range order.
Note the shift in the position of the main peak of the
ScMnO; to higher energy compared to the other
samples. This shift shows that the Mn-O bond
distance is shorter in this system than the others
according to the “Natoli’s Rule” (Ep—EO)Rzzconst.).

Single crystal structure solution was conducted
after the data were corrected for absorption by face
indexing. Refinements with respect to P-3c, P3cl
and P6scm space groups were conducted. Use of the
non-polar space group P-3c yielded R, = 6.12% and
wR, = 15.6% with ratio of number of Fy> 4 o(F)
values to free parameters of 199/21 = 9.5 while the
polar space group P3cl yielded R; = 4.81% and wR,
= 12.8% and ratio of number of Fy> 4 o(F,) values
to free parameters of 371/40 = 9.3. Analysis of the
coordinates revealed that this space group solution
(P3cl) corresponded to the higher space group
P6;cm.

Polarization hysteresis loops were calculated by
integrating the total transferred charge during
application of a bipolar triangular voltage waveform,
then dividing the remanent charge by the projected
are. We examined a large range of electric fields
from 64 kV/cm to 216 kV/cm and displaying the P-E
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Fig. 2. (a) Comparison of the Mn K-edge near-edge
spectra of RMnO; (R=Sc, Y, Lu, In) showing the similar
structure for the entire series of compounds with InMnO;
(powdered single crystals) as dashed line. (b) Local
structure at the Mn sites from the extended x-ray
absorption data. Note the reduced amplitude for the In
systems for the distant shells (Mn-Mn third shell).
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Fig. 3. (Top Panel) Remanent P-E hysteresis loops

of a InMnOj single crystal measured at 1 kHz at room
temperature. (Bottom Panel) (a) Heat capacity (Cp/T) vs.
temperature of single crystals revealing a Néel temperature
of approximately 118 K. Insert: shows the shoulder with a
peak near 42 K, possibly corresponding to spin rotation of
Mn ions (in the ab-plane).

loops, which give a remanent polarization (Pr) of ~4.4 1C/cm? for the saturated loop at room temperature shown in
Fig. 3. The remanent polarization exhibits negligible frequency dependence in the range 500 Hz to 2000

Hz.

The polarization was estimated by the point-charge model with the experimental structure derived

above and using DFT to estimate the reference paraelectric structure. The polarization amplitude of 7.8
4C/em® on InMnO; single crystal was obtained indicating a theoretical upper limit ~26% larger than that
for YMnO; (near 6.2 #C/cm®). Our measurement gave a value of ~4.4 uC/cm’® for the remanent
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polarization at room temperature. The smaller value is
possibly due to defect/voids formed during the quenching
procedure.

Finally, for comparison with other systems, the heat
capacity of InMnOj; single crystals was measured giving a
Néel temperature near 118 K. We have also found a peak
near 42 K consistent with the spin rotation on Mn seen in
HoMnO;. However, we note that nanoscale LuMnO; with
a closed 4f shell at the R site exhibits the same reorientation
transition near 42 K and indicates the spin orientation may 00
not be only driven by the Mn-R spin interactions as
suggested by earlier studies.
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B. Perovskite RMnO; ——————r
The orthorhombic perovskite materials with small ion
size (such as HoMnO; and LuMnO;) have become a topic
of keen interest because of the possible existence of mainly
electronically driven ferroelectricity and is a topic of intense
study. However, no detailed structural studies have been
conducted on these systems assessing the relative weights
of the charge and ion displacement components of I
ferrleoelctricity in these systems. Examining the full range . - . - i —— 400K
of systems as a function of R ion size may lead to the won oo B s
discovery of an optimal system with high electric 26 (deg)
polarization. Fig. 4. (Top Panel) Comparison of the Mn K-edge
We report a new monoclinic ScMnOs; phase with | near-edge spectra of showing both the Perovskite
perovskite type structure synthesized from hexagonal | ;.4 Hexagonal phases for ScMnO; and LuMnOs.

ScMnO; under high-pressure and high-temperature .
conditions. Phase transition behavior of this monoclinic (Bottom Panel) Selected XRD patterns at different

ScMnO; were examined by in-situ x-ray diffraction on | temperatures during heating up of monoclinic
heating from room temperature to 1400 K. Three phase (perovskite) ScMnO;. The XRD patterns of 400 K
transitions, monoclinic — orthorhombic — hexagonal, were | and 870 K are monoclinic. The main phase in the
identified. Based on comblned. room temperature XRD | 105 pattern is orthorhombic. The XRD pattern
structural measurements on single crystals and DFT .

simulations, we predict a polarization value in this system at 1310 K shows a mixture of hexagonal P6;cm
approaching that of HoMnO3 and LuMnO3 without the | (185)and orthorhombic phases.
need for rare earth ions. Overall, perovskite phase
HoMnO;, LuMnO; and ScMnOs; have been synthesized. DFT studies are in progress to evaluate the most stable
phase of this system for a broad range on ion sizes. The pressure dependence of the stable magnetic phase is being
evaluated by combined high pressure structural measurements and DFT simulations. Preliminary results suggest the
E-type phase stability is enhance with pressure or for small ion size.
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Application of Developed Methods to Superconductors and complex oxide Thermoelectrics

Ky sFe, 61xS€e; Superconductor

We have utilized the techniques developed for this project to study the relation between the structure and
superconductivity in KggFe;¢.,Se, as a collaboration with Dr. Q. Li (Brookhaven Nat. Lab.). Temperature
dependent measurements at the Fe sites show that the Fe-Se atomic correlation follows that of the Fe-As correlation
in the superconductor LaFeAsOggF;; - having the same effective FEinstein temperature (stiffness). In
Ko sFeig:x3€,, the nearest neighbor Fe-Fe bonds has a lower Einstein temperature and higher structural disorder than
in LaFeAsOggoF ;. The moderate Fe site and high K site structural disorder is consistent with the high normal state
resistivity seen in this class of materials. For higher shells, an enhancement of the second nearest neighbor Fe-Fe
correlation is found just below Tc possibly due to changes in magnetic or local structural ordering.
Thermoelectric [Ca,CoO;][Co0,]; 61 (referred to as Ca;Co40y)

The tools developed were also applied to the thermoelectric system Ca;Co40y. Temperature dependent
electrical resistivity, crystal structure and heat capacity measurements reveal a resistivity drop and
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metallic to insulating transition corresponding to first order structural phase transition near 400 K in
Ca;Co040y. Reduced resistivity associated with this first order phase transition from metallic to insulating
behavior enhances the thermoelectric properties at high temperatures and points to the metallic to
insulating transition as a mechanism for improved ZT in this high temperature thermoelectric oxide.

Resistivity and Seebeck coefficient measurements on Ca;CosxFeOy (x=0, 0.05, 0.1, 0.2 and 0.25)
reveal enhanced thermoelectric performance with an optimal x value of 0.2. X-ray diffraction
measurements show continuous Fe doping into the host lattice while X-Ray absorption experiments
reveal that Fe substitutes for Co in the Ca,CoOs (rock salt) block as Fe’" which results in electron doping
and decreases the carrier concentration. The competition between carrier concentration and mobility
induced by electron doping and structural change results in the lowest resistivity at x=0.2. materials with
improved ZT in complex oxide systems.

Future Plans for this Project

We plan to complete continue our exploration of the dependence of magnetic ordering temperature on the
structure of the hexagonal RMnO; system by examining the temperature dependent structure of the small ion
systems such as hexagonal InMnO; (Ty ~120 K) and ScMnO; (Ty ~130 K, compared with YMnO; with Ty ~70
K) and their alloys in order to find ways to increase Ty and the coupling between the magnetization and electric
polarization. The effect of pressure (hydrostatic pressure) and strain (from film substrates) on the electric
polarization of orthorhombic phase RMnO; (E-type magnetic order) is being evaluated to determine methods to
enhance electric polarization. DFT simulations of the magnetic ordering as a function pressure will be conducted.
A new system recently being discovered to have strong coupling of the magnetization and electric polarization
HoAI;(BO;)s will be examined for the nature of the coupling via magnetic field dependent structural measurements,
heat capacity and magnetization studies to elucidate the mechanism for the high low temperature electrical
polarization at high field (~7 T). To understand the longer range structure in this materials, total x-ray and
Neutron scattering (diffuse + Bragg Scattering) on powder samples will be conducted between 4 K and 300 K to
complement the XAFS studies already carried out. Modeling of the data will be used to determine the correct unit
cells, space groups and local distortions as a function of temperature from the low temperature magnetic ordered
phases. DFT based simulations of phonon DOS will be compared with inelastic neutron scattering measurements
to look for low energy phonons and also identify the closely lying magnetic excitation (at the same energy)
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Program Title: Enhancement of Magnetoelectric Coupling in Nanoengineered Oxide Films
and Heterostructures by Laser MBE

Principle Investigator: Xiaoxing Xi
Address: Temple University, Barton Hall, 1900 N. 13th Street, Philadelphia, PA 19122
Email: xiaoxing@temple.edu

Program Scope

The objective of this project is the enhancement of magnetoelectric coupling in
nanoengineered oxide films and heterostructures that are predicted to show strong
magnetoelectric coupling via control of oxygen octahedron rotations. The main focuses of the
project are the (BaTiO3),/(CaMnOs), short-period superlattices, which have been predicted to
exhibit interface-induced giant magnetoelectric coupling.

According to a first-principles calculation, BaTiO3, which is highly resistant to oxygen
octahedral rotations and strongly ferroelectric, suppresses the MnOg octahedral rotation in
CaMnO:s, leading to a ferroelectric ground state whose polarization depends strongly on the
magnetic ordering. The enhancement of the magnetoelectric coupling is the strongest for the
shortest superlattice period n = 1. This mechanism is different from the enhancement of
magnetoelectric coupling by the strain and charge mediation at oxide interfaces, which has been
studied extensively. It represents a new and novel paradigm in the search for strong multiferroic
materials.

The (BaTi03),/(CaMnOs), short-period superlattices will be grown by laser MBE from
separate oxide targets. This approach is different from laser MBE practiced in most other labs,
where compound targets are used to grow films (for example, growing SrTiOs films from a
SrTiOs target). In our research, targets of BaO, Ti0O,, CaO, and MnO, will be used and ablated
alternately to deposit one atomic layer at a time. For example, the basic sequence of the atomic
layer deposition for a (BaTiO3);/(CaMnQ3), superlattices will be BaO-TiO,-CaO-MnQO,, which
repeats itself. The atomic layer-by-layer mode of the laser MBE growth is superior to the
conventional laser MBE in achieving stoichiometry control and more suitable for the synthesis of
the short-period superlattices and layered perovskites.

Recent Progress
1. Atomic layer-by-layer growth of SrTiO3 by laser MBE from separate targets

A technical key element for this project is the atomic layer-by-layer growth of the
nanoscale heterostructure by laser MBE from separate targets. This is a completely different
approach of laser MBE from the common practices. It mimics the alternate monolayer growth in
reactive MBE. For example, to grow SrTiO; films, separate SrO and TiO; targets are used. The
targets are switched back and forth to be ablated by the pulsed laser beam alternately, thus
depositing one atomic layer at a time. As in reactive MBE, the intensity oscillation of the
RHEED diffraction streak is used to help achieve atomic level control. Figure 1 shows RHEED
intensity oscillation taken from the 1st order (#2, #3) and 2nd order (#4, #5) diffraction spots
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#5) diffraction spots during the growth of a Fig. 2 XRD 0-20 scans around the (200)
SrTiOs film from SrO and TiO, targets. peak of 5 Sy, TiO3 films.

during the growth of a SrTiOs film from SrO and TiO, targets. Each time the SrO target is
ablated, the RHEED intensity increases. When the TiO, layer is being deposited, the RHEED
intensity decreases.

Figure 2 shows x-ray diffraction 0-20 scans around the (200) peak of five Sr;+TiO; films
of different compositions controlled by the different numbers of laser pulses on the SrO and TiO,
targets, respectively. When the exact 1:1 Sr/Ti ratio is achieved, the film peak overlaps with that
of the substrate. Off-stoichiometric films show lattice expansion and smaller film diffraction
angles. However, UV Raman spectroscopy shows that strong first-order Raman peaks are
observed even in the stoichiometric film (St/Ti ratio is 1:1), which indicates that there exists
broken inversion symmetry in the films. The problem is most likely the atomic layer coverage.
Even though the 1:1 stoichiometry is achieved, each atomic layer may not be 100% covered:
more or less material than required by a complete atomic layer may be delivered to the substrate.

To achieve 100% coverage, we have pursued the active control of the number of laser
pulses based on the close real time inspection of the RHEED intensity oscillation. We varied the
number of laser pulses during growth of each layer to prevent beating of the RHEED intensity.
Figure 3 shows the number of laser pulsed on each target for one atomic layer of SrO or TiO; as
the film grew to more layers. For example, the number of laser pulses for each SrO layer was
around 270 at the beginning, dropped to around 180, and drifted down to around 130. This may
arise from the fluctuation of the laser energy or the nonuniformity of the targets, as issue to be
addressed in the future research. Such active control has achieved much better quality films.
Figure 4 shows XRD 0-20 scans for several stoichiometric SrTiOs films in comparison to the
SrTiO; substrate diffraction peak. The sample GZ101 did not employ the active control of laser
pulses, and its spectrum shows a shoulder around the substrate peak, indicating defects. The
bottom three samples are grown with the active control of laser pulses. They show better quality,
in particular sample 121016a, whose diffraction spectrum is indistinguishable from that of the
substrate peak.

2. Atomic layer-by-layer growth of LaAlO3 by laser MBE from separate targets
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Fig. 3 Adjustment of the number of laser Fig. 4 XRD spectra of stoichiometric
pulses on SrO and TiO, targets to achieve SrTiO; films grown by laser MBE from
100% atomic layer coverage. separate oxide targets.

The atomic layer-by-layer growth by laser MBE from separate oxide targets is further
used for LaAlO; films. La,Os3 and Al,Os targets are used and switched back and forth to be
ablated by the pulsed laser beam alternately, thus depositing one atomic layer at a time. Figure 5
shows RHEED intensity oscillation taken during the growth. Each time the Al,O5 target is
ablated, the RHEED intensity increases. When the LaO layer is being deposited, the RHEED
intensity decreases. Figure 6 shows an XRD spectrum of a stoichiometric LaAlOj; film grown by
laser MBE from separate oxide targets and compared to that of the LaAlO; substrate. The film
peak overlaps with that of the substrate, indicating stoichiometry in the film.

3. Stoichiometry of SrTiO3 films grown by pulsed laser deposition

Pulsed laser deposition (PLD) is one of the most widely used growth techniques for oxide
thin films to a large extent because of the ease of reproducing the target composition in films.
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Fig. 5 RHEED intensity oscillation from Fig. 6 XRD spectrum of stoichiometric
the diffraction spots during the growth of LaAlO; film grown by laser MBE from
LaAlOj; from LaO and Al,Os3 targets. separate oxide targets.
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However, it has been shown that

(A)
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stoichiometric SrTiO; films can only be . (b) I g =
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deposition. Figure 7 shows the results for TN o o

25 samples in a contour map of the lattice o? 10% 10° 0% 107

expansion Ac as functions of laser energy Oxygen Pressure (Torr)

density and oxygen pressure. Further, using  Fig. 7 Contour map of c-axis expansion Ac and
the published result of the relationship Sr off-stoichiometry [X| in SriTiO; films for
between the c-axis expansion and the Sr different laser energy densities and oxygen
off-stoichiometry X, the |X| values in pressures.

Sr14xT10;5 are also shown in the figure.

From the figure, we find that all the films

deposited at 10" Torr have |x| < |0.0420.05], and all the films deposited with a laser energy
density of 0.9 J/em® have |x| < [0.05+0.05].

Future Plan

Continue the establishment of atomic layer-by-layer growth of oxide films by laser MBE
from separate targets. Use prototypical materials such as SrTiO; and LaAlO; to firmly establish
the growth methodology in terms of RHEED intensity oscillation-assisted active growth control.

Atomic layer-by-layer growth of BaTiO3; and CaMnOs films by laser MBE from separate
targets. The behaviors of the RHEED intensity oscillation, in particular for CaMnOj3, will be
established.

Growth of (BaTiO3),/(CaMnOs) ,, short-period superlattices by laser MBE from separate
targets. Structural, electrical, and magnetic characterizations of the superlattice samples.

Publications of DOE sponsored research (2011-2012)

1. A. Bruchhausen, A. Fainstein, S. Tinte, A. Soukiassian, D. G. Schlom, X. X. Xi, Coupling
between Light and Terahertz-Frequency Acoustic Phonons in Ferroelectric BaTi03/SrTiOs
Superlattices, Chin. J. Phys. 49, 159 (2011).

2. G.Z.Liu, Q. Y. Lei, and X. X. Xi, Stoichiometry of SrTiOs films grown by pulsed laser
deposition, Appl. Phys. Lett. 100, 202902 (2012).

3. Q.Y.LeiG.Z. Liu, and X. X. Xi, Structural characterization of homoepitaxial SrTiOs films
grown by pulsed laser deposition, to appear in Integrated Ferroelectrics.

4. M. Golalikhani, Q. Y. Lei, G. Chen, J. E. Spanier, H. Ghassemi, C. L. Johnson, M. L.

Taheri, and X. X. Xi, Stoichiometry of LaAlOj; films grown on SrTiO3 by pulsed laser
deposition, to appear in J. Appl Phys.
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SOLID-STATE SOLAR-THERMAL ENERGY CONVERSION CENTER
(S’TEC CENTER)

DOE Grant Number: DE-SC0001299/ DE-FG02-09ER46577

Massachusetts Institute of Technology (Lead Institution): Gang Chen (Pl and Director), M.S.
Dresselhaus, E.A. Fitzgerald, P. Jarillo-Herrero, J. Joannopoulos, S.-G. Kim, K. A. Nelson, Y.
Shao-Horn, C.A. Schuh, M. Soljacic, E.N. Wang

Boston College: D. Broido, C.P. Opeil, Z.F. Ren

Oak Ridge National Laboratory: O. Delaire, D.J. Singh

Rensselaer Polytechnic Institute: G. Ramanath, T. Borca-Tasciuc

Scope: The S*TEC Center aims at advancing fundamental science and developing materials to
harness heat from the sun and convert this heat into electricity via solid-state thermoelectric (Fig.
1a) and thermophotovoltaic (Fig.1b) technologies. Solar thermophotovoltaics (STPV) first uses
solar radiation to raise the temperature of a terrestrial object, which then emits photons optimized
to the bandgap of a photovoltaic cell to generate electricity. Solar thermoelectric energy
conversion uses solar radiation to create a temperature difference across a solid-state material to
generate  electricity. These technologies have transformative potentials:  solar
thermophotovoltaics has a theoretical maximum efficiency of 85% with a single junction
photovoltaic cell, while solar thermoelectrics could potentially reduce solar electricity generation
cost. Thermoelectrics can also be used in combination with current solar technologies. Both
thermoelectric and thermophotovoltaic technologies can be applied to terrestrial heat sources, for
example, geothermal, waste heat from industrial processes, transportation and buildings.
Thermoelectric devices can also be used for refrigeration and air-conditioning without producing
any greenhouse gases.

The efficiency of solar thermoelectric generators (STEG) depends on spectrally selective
surfaces with a high absorptance to the solar radiation and a low emittance in the infrared range.
It also depends on the availability of thermoelectric materials with high figure of merit, which is
linearly proportional to the electrical conductivity, the square of the Seebeck coefficient, and
inversely proportional to the thermal conductivity. The S*TEC center aims at advancing
thermoelectric materials through detailed experimental and theoretical studies of electron and
phonon transport in nanostructures and bulk materials. Optical pump-probe and neutron
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Center (a) low-cost solar thermoelectric generators (STEGs) built from high performance
nanostructured thermoelectric materials, and (b) high efficiency solar thermophovoltaics
achieved via precision spectral control.
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scattering will be used to understand phonon transport, together with quantum and classical
simulations of phonon transport in bulk and nanostructured materials. Electron spectroscopy
will be performed in both thermoelectric materials and at the electrical contact regions, together
with transport modeling. Both thin films and bulk nanostructures will be investigated, aiming at
eventual large scale applications. Proof-of-principle prototypes will be built to demonstrate the
concepts and the potential of the solar thermoelectric generation. Neutron spectrometers and
STEM at Oak Ridge National Laboratory will be used for phonon spectroscopy and high-
resolution imaging of interfacial structures. Fundamental studies will be conducted to
understand high temperature stability of nanostructured materials and electrodes to
thermoelectric materials.

Spectral control is not only important for STEG, but also crucial for STPV. Ideal selective
absorbers should absorb all solar radiation, but not lose heat via their own thermal emission. Ina
solar TPV, broadband solar insolation is first absorbed by a surface, which heats the absorber to
1000-2000 °C. On the other side of the absorber is an emitter, which reradiates photons that are
optimized to match a photovoltaic cell. The maximum efficiency of such solar TPV converters
is 85.4%, very close to that of multi-junction cells with an infinite number of stages (86.8%), but
it can be achieved with a single junction cell.  Selective surfaces for solar TPV are more
challenging due to their higher operational temperature. Key questions for solar TPV are: (1)
How can we push structure design to reach the theoretical limit for selective absorbers and
emitters? (2) Will the structure be stable at operational temperature? (3) How can we achieve
high performance selective surfaces at low cost? Finally, (4) how can we deliver high photon
flux in a narrow spectral band? Our proposed research includes selective absorber and emitter
design, fabrication, testing, high temperature stability studies for both thermoelectric materials
and spectral control structures, and solar TPV prototyping.  Other novel concepts taking
advantages of the high-temperature photonic spectral control are also being exploited.

Recent Progress:

Task 1: Thermoelectric Transport Simulation and Materials Design. This task aims at
understanding electron and phonon transport in thermoelectric materials and identifies promising
materials and nanostructures. The theoretical and numerical works are closely coupled to
experimental work in thermoelectric materials synthesis, optical and neutron spectroscopy, and
transport measurements to provide closed loop feedback to the experimental effort. Key
progress made includes: (1) using density functional theory (DFT) to guide the search of

materials with promising thermoelectric figure-of-merit ZT;%2 (2) developing first-principles
based simulation approaches to compute phonon thermal conductivity® and successfully applying
it to thermoelectric materials,* revealing details of the phonon scattering mechanisms; and (3)
conceiving new concepts to improve electron performance such as modulation doping® and
electron cloaking®, and experimentally demonstrating the modulation doping concept in 3D
random nanostructures.

Task 2: Spectroscopy. The aim of this task is to probe the details of phonon and electron
transport experimentally. There is an especially dire need for tools that better characterize
phonons. Thermal conductivity measurements alone are not enough because the measured
values are integral effects of contributions from many phonons. Experimental effort in this
group is closely coupled to simulations in task 1 and to materials synthesis in task 3. Major
achievements in this task are as follows. (1) Neutron spectroscopy in PbTe highlights the role of
the proximity of PbTe to a ferroelectric lattice instability, which results in strongly anharmonic
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phonons.”® Experimental data for phonon linewidths in PbTe have been used to compare with
first-principles computations of phonon lifetimes performed and showed good agreement.® (2)
Two optical techniques to determine contributions from phonons with different mean free path
values to the total thermal conductivity have been developed, one based on pump-probe
thermoreflectance technique and the other based on transient grating experiment.'® (3) Our team
has recently observed coherent phonon heat conduction contribution in superlattices, opening up
a potential way to further engineer thermal conductivity.**

Task 3: Thermoelectric Materials Synthesis and Characterization. Fundamental
understandings on phonon and electron transports described in task 1 and task 2 provide
guidance to engineer better thermoelectric materials. The thermoelectric materials synthesis and
characterization efforts are geared towards developing materials synthesis methods and structural
and property characterization tools to achieve anticipated enhancement in the thermoelectric
figure of merit. Structure and property characterizations also provide feedback to theoretical and
experimental efforts described in previous sections. Major achievements include (1) developing
a microwave based wet-chemistry approach to synthesize nanoparticles and achieving high ZT
values;? (2) experimental demonstration of the modulation concept; (3) improving the ZT values
of half-Heuslers to above one;*** (4) observation of resonant states in PbSe-based materials;
and (5) fundamental understanding on materials stability and grain growth.*®

Task 4: High Temperature Photonics and Solar Thermophotovoltaic. For solar TPV, the
key is to control the absorption and re-emission of light. Selective absorbers that maximize the
absorption and minimize the emission of thermal energy are needed on the side facing the sun,
for both STPV and STEGs, and selective emitters are needed to emit photons near the bandgap
of photovoltaic cells. A challenge is to maintain the stability of nanostructures fabricated for
photon control during their high temperature operation. Major achievements include (1)
designing and fabricating photon control structures that are stable at high temperatures,'®* (2)
developing the angular photonic crystal concept for emission control.*®*°

Task 5 Prototyping of Proof-of-Principle Devices. Device prototyping is important to STEC
for several reasons. First, material properties will ultimately be validated through device
performance. Second, thermoelectrics and TPV energy conversion are not proven technologies.
Proof-of-principle demonstrations are therefore crucial to establish their viability for future solar
energy conversion systems. In addition, fundamental challenges exist in engineering electrodes
for thermoelectric devices since the interfaces are subject to high thermomechanical stresses and
device performance demands low electrical and thermal contact resistance with strong interfacial
bonding. Major achievements include (1) demonstration of a prototype solar thermoelectric
generator with 4.6% efficiency at AM1.5 illumination condition without any optical
concentration,?’ and (2) modeling and developing a STPV prototype device testing platform.

Journal Publications (over 110 publications from 2011-2012, only cited ones are listed)
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Program Title: Light Material Interactions Energy Frontier Research Center
Principal Investigator: Harry A. Atwater,

Mailing Address: California Institute of Technology, Thomas J. Watson Laboratories of
Applied Physics, MS 128-95, Pasadena, CA 91125

e-mail: haa@caltech.edu

The "Light-Material Interactions in Energy Conversion™ Energy Frontier Research Center
(LMI-EFRC) is a national resource for fundamental optical principles and phenomena relevant to
solar energy conversion, and for design of the optical properties of materials and devices used for
energy conversion. The LMI-EFRC features a team that spans the campuses of Caltech,
Berkeley, Illinois, and Harvard, and creates a foundational partnership between scientific leaders
in optical properties of matter with experts in solar energy conversion and innovators in the
design and fabrication of novel electronic and photonic materials.

To improve energy conversion efficiency with photonic design and materials requires the
simultaneous development of theoretical methods (new photonic principles, mathematical
methods, electromagnetic designs and computational approaches) and experimental methods
(synthetic methods for nano- and micro-scale fabrication of materials with controlled refractive
index profiles and complex two- and three-dimensional architectures). The confluence of these
new photonic methods, the performance requirements for solar energy conversion and scientific
opportunity has framed the challenges that define the research groups in the LMI-EFRC:

i)  Full Spectrum Conversion: The most substantial near-term opportunity for increase in
solar energy conversion efficiency is via exploitation of the full solar spectrum. Researchers
are investigating designs and materials that utilize the entire solar spectrum, including
phenomena such as up-conversion, down-conversion, down-shifting, and spectrum splitting.

i)  Spontaneous Emission _and Absorption Enhancement: Solar cells suffer substantial
efficiency losses due to incomplete light trapping. While the principles of light trapping in the
ray optical regime are well-established, wave optical light trapping principles are largely
undeveloped and are the focus of current intensive worldwide effort. Initial work from RG-2
has identified new optical designs for light trapping beyond the ray optical light trapping limit,
using both scattering structures and also by exploiting internal photon recycling via
spontaneous emission.

i) Transformation Optics for Photovoltaics: Transformation optics is a recent approach
to control electromagnetic power flow in materials in which the complex dielectric function is
spatially inhomogeneous in an optical medium. This paradigm has already led to cloaking of
two dimensional scattering objects and transformation optical designs suggest the possibility to
create a ‘black hole’ perfect broadband light absorber using materials with spatially
inhomogeneous refractive index profiles.

iv) Complex Architecture and Self-Architected Absorbers: New synthetic methods have
enabled complex three-dimensional solar absorber architectures that were previously not
possible to make. As an example, arrays of high aspect ratio semiconductor structures such as
photonic crystals and Si microwire arrays give rise to unusual optical properties not found in
conventional bulk or thin film solar absorbers. Perhaps the ultimate method to control light
absorption in materials is to utilize light absorption itself to regulate material growth, another
area of current LMI-EFRC focused research.
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Atomic and Mesoscopic Study of Metallic Glasses

T. Egami (egami@utk.edu)
Joint Institute for Neutron Sciences, University of Tennessee, Knoxville, TN 37996
Oak Ridge National Laboratory, Oak Ridge, TN 37831

Program Scope

The goal of this project is to gain a fundamental understanding of the science of metallic liquids
and glasses and provide guides to the experimental development of new bulk metallic glasses
(BMG) with superior properties. The recent development of BMG has greatly improved the
potential for application of metallic glasses as a structural material. However, the basic science
of metallic glasses at the atomistic level remains poorly developed. In this program we will
advance a fundamental understanding of structural and dynamic properties in metallic liquids
and glasses through combination of tightly-coupled simulation, theory and experiment. The
computational effort includes molecular dynamics simulations and the first-principles
calculation of atomic level stresses. Experimental studies include neutron scattering using the
superior power of the Spallation Neutron Source, synchrotron x-ray scattering and nanoscale
mechanical testing. The ultimate goal is to develop a general atomistic understanding of
deformation, dynamics and the glass transition in metallic glasses. This project makes full use
of excellent scientific and technical expertise of the co-PI's and the PI, and outstanding facilities
at ORNL and other DOE laboratories.

Recent Progress
1. Atomic Mechanism of Flow in Liquid

Earlier we found that the mechanical failure
of metallic glasses is a consequence of shear-
induced glass transition [P1]. Even well
below the glass transition temperature
applied shear stress melts a glass into a liquid
if it is strong enough. We proceeded to
determine the atomic mechanism of flow
under shear. We found that if the flow
direction is x and the velocity increases along
z, an atomic bond near the [101] direction
(A-B) gets cut, and soon after a new bond
(C-D) is formed along [101] (inset of Fig. 1).
The time between cutting the bond and
forming the bond is of the order of 1/vp (vp is
Debye frequency) as shown in Fig. 1 [P3], so Tietay [Tol
the two actions can be regarded as one action
of bond exchange. This bond-exchange was
observed also for anelastic creep deformation
by x-ray diffraction [1], suggesting it may be
the universal atomistic mechanism of
deformation in metallic glasses.

Probability [a.u.]

Fig. 1 Hystogram of the time delay between the
bonds cut (A-B) and formed (C-D), in the unit of 1o
= 0.7 x 10™ sec. The inset shows the bond-
exchanae mechanism [P31.
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2. Non-local Nature of Viscosity

Viscosity 7 can be expressed in terms of the auto-
correlation function of the shear stress, ay,(t), by
the Green-Kubo equation,
KT
n= v <O'Xy (O)O'Xy (t)> dt
We re-expressed the stress in terms of the atomic-
level shear stress, ¢; [2, P11] as,

Oy = Z% o’

where (2 is the atomic volume of the i-th atom.
Fig. 2 shows the spatial and temporal correlation
function of atomic-level shear stresses [P3]. The
stresses are correlated over surprisingly large
space and time, showing the non-local nature of
the viscosity. In Fig. 2 diagonal streaks are due to
shear waves, and horizontal lines reflect the
atomic pair-distribution function (PDF).

3. Elementary Excitation and Origin of
Viscosity in High Temperature Liquid

It has long been assumed that the atomic motion
in high temperature liquid was totally random and
atoms diffuse almost freely [3]. However,
viscosity shows thermally activated Arrhenian
behavior above the crossover temperature, Ta [4].
By examining the viscosity of various alloy
liqguids by MD simulation we found that the
Maxwell relaxation time, zy, is equal to the time-
scale for local configurational excitation (LCE),
an action for an atom to lose or gain ONE nearest
neighbor, 7ic [P5], at temperatures above Ta, as
shown in Fig. 3 [5]. Thus LCE determines
viscosity, and they are the elementary excitation
in liquids. Here not only the composition was
varied but the potentials and methods are different
(a pairwise soft potential for Fe, Lennard-Jones
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Fig. 2 Spatial and temporal correlation
function of the atomic-level shear stress [P3].
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Fig. 3 The ratio, 7/ 7.c, is nearly unity for T

> T,, suggesting that the LCE determines the

viscosity of a liquid [5].

potential for KA, EMA for Zr-Cu and Zr-Cu-Al, and ab-initio MD for Zr-Cu), suggesting that
this result is universal. We also determined the origin of the crossover phenomenon in terms of
localization of the transverse sound wave. Above Ta 7ic IS shorter than the time for the
transverse phonon with the velocity cr to travel one atomic distance a, cra, so LCE’s cannot
communicate to each other. But below T, they can interact with each other, and the rapid
increase in viscosity below Ta could be described in terms of the interactions among LCE’s. 7 ¢
is not the same for each atom, and is dependent on the local coordination number, Nc. From this
dependence we determined the local energy landscape as a function of N¢ [5].
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Other achievements include the experimental determination of the structure of a metallic glass
under elastic stress by x-ray anisotropic PDF method [P2] which confirmed the prediction of
local anelasticity [6], the nano-indentation study to identify the critical role of surface defects in
initiating the shear bands and thus determining the strength of metallic glasses [P10], the first ab-
initio calculation of the atomic-level stresses using the density functional theory [P14], and the
extension of the STZ theory to explain the viscous behavior of liquid [P19].

Future Plans

We have recently built an electro-static liquid levitator for neutron scattering in collaboration
with K. Kelton of Washington University. We plan to carry out a study of the structure and
dynamics of metallic liquid without contact with a container, thus enabling deep supercooling,
using this method. We will use this system with NOMAD (SNS) to study the structure, and with
ARCS (SNS) to study the dynamics. The levitator will give us clean scattering data with less
background, which will be helpful in obtaining the dynamic PDF with less noise. We hope to
confirm the LCE in the liquid described above using this levitator using the dynamic PDF
method. Theoretical and simulation study will focus on the supercooled liquid at T < Ta, and
attempt to elucidate the rapid increase in viscosity toward the glass transition in terms of the
interaction among LCE’s, in an effort to resolve the long-standing theoretical challenge, the
question of why a liquid becomes a glass.
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Program Scope

This project performs theoretical and computational studies of fundamental principles and
mechanisms and their synergistic operations for achieving advanced strain behaviors in phase
transforming ferroelectric materials. The research aims to advance the fundamental understanding of
field-induced strain behaviors to achieve desired combination of advanced attributes of large, reversible
and anhysteretic strains (these strain attributes usually compromise each other, leading to trade-offs that
limit material’s applicability). The objectives are to: (i) develop phase field approach-based
computational tools and perform simulation studies of domain microstructures and mechanisms for
achieving advanced strain behaviors; (ii) develop nanodomain diffraction analysis technique, identify
domain microstructures and mechanisms from diffraction experiments, and correlate computations and
experiments; (iii) investigate domain microstructure engineering to exploit the full potential of phase
transforming ferroelectric materials; and (iv) advance state-of-the-art understanding of strain behaviors of
ferroelectric materials, and shed light on other phase transforming materials such as magnetostrictive
materials, conventional and magnetic shape memory alloys.

Recent Progress

Our recent studies focus on understanding the microstructure and property relations in ferroelectric
polycrystals and develop nanodomain diffraction analysis. The effects of crystallographic texture and
grain shape on polycrystal properties are studied. It is found that grain shape plays a minor effect,
crystallographic texturing significantly improves the polycrystal properties, and the critical degree of
texturing is determined to achieve single crystal-like behaviors. Templated grain growth and texture
development in ferroelectric polycrystals are simulated to investigate the effects of template seed volume
fraction and sizes on final grain structures and textures. It is found that reducing template size and
shortening seed distance is critical to achieve higher texture at lower template volume fraction. Two-
phase ferroelectric composites consisting of template seeds and textured matrix grains are modeled to
study the competing effects of grain texture and interfacial clamping. It is found that while a higher
template volume fraction increases grain texturing, it also tends to erode away the advantage of textured
polycrystals due to inferior properties of the template seeds, thus achieving higher texture at lower
template volume fraction is critical for property improvement. Diffraction analysis of nanodomain
microstructures is developed, which is integrated into phase field modeling to calculate diffraction
patterns of simulated microstructures. Three-dimensional diffuse scattering technique is developed to
characterize phonon domains in high-static-symmetry phase prior to phase transformations.

(1) Effect of Crystallographic Texture and Grain Shape on Polycrystal Properties

We performed computer simulations to study the effects of crystallographic texture and grain shape
on dielectric and piezoelectric properties of polycrystals. As shown in Figure 1, it is found that, while
grain shape plays a minor effect, crystallographic texturing significantly improves the polycrystal

83



properties, and a critical degree of texturing, i.e., about 15° in [001] uniaxial texture, is required to
achieve dielectric and piezoelectric properties in polycrystals approaching that of single crystals.
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Figure 1. Simulation study of the effects of crystallographic texture and grain shape anisotropy on
dielectric and piezoelectric properties of polycrystals.
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Figure 2. Simulation study of templated grain growth, texture development, and effects of template seed
volume fraction and template dimensions on the structures and properties of matrix-template two-phase

polycrystal composites.
(2) Ferroelectric Composites Textured by Templated Grain Growth

Templated grain growth process for texture development in ferroelectric polycrystals is studied by
computer simulation to find ways and understand the mechanisms to achieve higher uniaxial texture with
lower template volume fraction, which is desired for improved piezoelectric properties. Diffraction peak
intensities of the simulated polycrystals are computed during grain structure evolution to provide a direct
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link to experiments. Texture development is characterized by the evolution of Lotgering factor. The
effects of template seed volume fraction and template dimensions on the final grain structure and texture
are investigated. As shown in Figure 2, it is found that, while the degree of crystallographic texture
increases with increasing template volume fraction, the average template seed distance also plays an
important role, and reducing the template size and shortening the seed distance is an effective way to
achieve higher texture at lower template volume fraction.

To study the competing effects of grain texture and interfacial clamping in templated grain grown
polycrystals, two-phase ferroelectric composites consisting of template seeds and textured matrix grains
are modeled. As shown in Figure 2, it is found that, while a higher template volume fraction increases
grain texturing, it also tends to erode away the advantage of crystallographic texturing due to inferior
properties of the template seeds, thus achieving higher texture at lower template volume fraction is critical
for property improvement.

(3) Diffraction Analysis of Heterogeneous Nanodomains
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Figure 3. Diffuse scattering of softened phonons and first principles density functional perturbation
theory calculation of phonon dispersion under stress.

To characterize nanodomain microstructures and identify domain mechanisms, diffraction analysis is
developed, which is not only integrated into phase field modeling of microstructure evolutions but also
combined with synchrotron diffraction experiments. Taking untransformed crystal lattice as a reference
state, a nanodomain microstructure is characterized by a displacement field u(r), which in diffraction
produces the scattering intensity distribution as a sum of coherent and diffuse intensities:

I(K) =l (K)+ 1y (K) . where 1, ( Z| G)[1-(G®G):(u®u), [5(k-G) and

e (k)zviz|ﬁo( | )| (k®k):[@(k)®ii(-k)]. In particular, the diffuse scattering intensity distribution
around a fundamental reflection point G (i.e., a Bragg peak) can be rewritten as
Ly (G+p)= |n G+p| [(G+p)®(G+p)]:[u(p)®i(-p)]. where p=k-G . This analytical

result can be extended to dynamic atomic displacements and explains the experimentally observed three-
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dimensional diffuse scattering of softened phonons: as shown in Figure 3, each diffuse scattering rod
corresponds to one branch of softened transverse acoustic TA, phonons with (110) wavevectors and

(110) polarizations, where systematic extinction of diffuse rods arises from G-u. The temperature and

stress dependences of phonon diffuse scattering reveal existence of nanoscale phonon domains in high-
static-symmetry phase prior to phase transformations. First principles density functional perturbation
theory calculations of phonon dispersion are carried out, which agree with the experimental observation
and theoretical interpretation.

Future Plans

We will perform further computational study of the diffraction effects of various simulated
nanodomain microstructures. The above diffraction intensity formula can be integrated into the phase
field modeling to calculate the scattering intensity distributions and diffraction patterns. Figure 4
illustrates some representative nanodomain microstructures as simulated by phase field modeling, which
consist of multiple domains and/or multiple phases. Due to coherent scattering and interference effects
important for nanoscale domain microstructures, the diffraction patterns are difficult to predict, and
computational approach is highly desired, which is able to explicitly treat the domain microstructures.
The computational diffraction study not only augments the domain microstructure simulations but also,
more importantly, correlates modeling and simulation to experiments and help investigate new domain-
level mechanisms. Such domain-level computational diffraction has not been implemented in existing
works thus represents an advancement in computational materials science.

Figure 4. Representative nanodomain microstructures as simulated by phase field modeling, whose
scattering intensity distributions will be calculated to study the diffraction effects.
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Problem Scope: Multiferroic materials have a coexistence of at least two ferroic orders (ferroelectric,
ferromagnetic, or ferroelastic). In multiferroic materials, the coupling interaction between the different order
parameters can produce new phenomena, such as the magnetoelectric (ME) effect. The ME response is the
appearance of an electric polarization P upon applying a magnetic field H, and/or the appearance of a
magnetization M upon applying an electric field E. Magnetoelectricity has been observed as an intrinsic effect in
some natural materials at low temperature; however, such single phase materials suffer from extremely weak ME
exchange. Better alternatives are two-phase composites consisting of magnetostrictive and piezoelectric phases,
which have been shown to have large ME coefficients. Said composites exploit a unique product ME tensor
property that depends upon the individual strictions of the piezoelectric and magnetostrictive phases, the elastic
stiffness and integrity of the interphase interfaces, the phase distribution and the dimensionality of its
connectivity, and any elastic constraint; amongst other things. The specific objectives of this program are as
following (i) development of new self-assembled morphologies and anisotropies in two phase ME epitaxial
layers; (ii) determine microstructure of the interfaces between magnetic and piezoelectric phases, using electron
microscopies; (iii) find the correlation between local and bulk magnetoelectric responses, the interfacial
microstructure for fine scale composites of various phase connectivities, and (iv) develop a 3D Phase Field model
of spontaneously self-organizing nano-scale microstructures.

Recent progress:

(1) Engineered Magnetic Shape Anisotropy in BiFeOs;-
CoFe,04 Self-Assembled Thin Films: We have deposited BFO-
CFO self-assembled thin films on three differently oriented STO
substrates with different phase architectures. An example of our
results are shown in Figure 1 for layers grown on (001) STO. CFO
forms rectangular nanopillars on (001) STO with a lateral size of
around 100 nm, where the aspect ratio can be manipulated by the

SEIEERNEE

height of the nanopillars. An easy axis rotation from in-plane to out- 18 ¢ “iismmmrne ™" oo
of-plane direction was shown as the film thickness was increased 07 op —
from 300 nm to 500 nm. Complete magnetization switching in each 308 o “* T R
CFO nanopillar was observed in the MFM images. In addition, ‘;fgz \
nanostriped CFO was also deposited on (110) STO substrates with an ; ol 1 ododh f o}
in-plane aspect ratio of R=5:1. An easy axis was found in the length o2l A we o SN AT A
direction with strong magnetic shape anisotropy. An intractable in- by N
plane easy axis indicated a strong demagnetization field induced by a R

large magnetization gradient in each triangular pillar along the in-

plane direction. These results illustrate an important relationship Figure 1. (a-c)MFM images of single
between magnetic properties with specific shapes and aspect ratios ~domain CFO nanopillars after applying
for BFO-CFO self-assembled heterostructures. Development of different magnetic fields. (d-f)M-H loops for
ferromagnetic artificial patterns of nanometer size with controllable ~ different measurement angles of CFO

. . o . - - nanopillars with different aspect ratios.
magnetlg anisotropy may offer application in high-density (9)Remnant magnetization as a function of
perpendicular storage.

in-plane to out-of-plane rotation angle.

(i) Engineered microstructures and grain morphologies in oriented BTO films for ME composites: We
have made significant progress towards the understanding of the self-assembled microstructures and morphology
evolution of the (111) orientated BaTiO; films grown by pulsed laser deposition on platinized silicon
substrate. This understanding is important for the integration of multiferroic system with silicon. Based on the
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detailed scanning probe microscopy and high resolution transmission electron microscopy investigations (Fig. 2),
a model was developed to explain the growth process and the surface morphology transformation from pyramid to
hexagram. At the beginning of the growth process, (111)-faceted BTO nuclei were favorably formed on the (111)
Pt surface to minimize the interfacial energy. The strain caused by the lattice mismatch between the BTO and Pt
can be accommodated by the elastic deformation as the film is thinner than the critical thickness. During the
initial stages, epitaxial growth occurs where grain growth was mainly along the thickness direction because the
lateral growth was restricted by the competing neighboring grains and the substrate itself. Subsequently, the film
assumes a columnar structure while maintaining the pyramid shape surface morphology given by (111)
orientation. As the thickness of the film increased, the influence of the substrate will decrease and a competitive
grain growth between different orientations occurs. According to the Drift’s “evolutionary selection theory”, the
fast growing grains keep growing, while the slow growing grains do not grow continuously. Thus, the grains
above the plane growing along the equivalent directions of <111> orientation possess higher growth rate, but the
growth velocity is higher along the normal-to-plane direction due to the less competition from the neighboring
grains. There are 8 possible <111> growth directions: 2 normal-to-plane, 3 above the plane and 3 below the plane
along the diagonal axis. Once the film thickness increases beyond the critical dimensions, the grain structure with
high aspect ratio attempts to achieve equiaxed configuration which has higher thermodynamically stability. This
results in coarsened columnar structure where surface morphology changes from pyramid to hexagrams. If further
grain growth occurred, then the final shape would be (111)-faceted single crystal rod. HRTEM investigations
were able to identify the role of the twin lamellae’s in controlling the nucleation and growth of oriented structure.

(f) Twin Lamella
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Figure 2. TEM characterization of BTO thin film synthesized by pulse laser deposition at 800°C on platinized
silicon substrate (a) Bright field image of the BTO thick film; (b) HRTEM image of BTO film in Region A, the
image corresponding to the region marked as ‘A’ in (a); (¢) An HRTEM image corresponding to the region
marked as ‘B’ in (a); (d) The lattice fringe of the BTO and Pt interface, which corresponding to the region
marked as ‘C’ in (a); () HRTEM image depicting magnified view of lamella twins, inset is showing FFT pattern
corresponding to twin lamella regions; (f) Simulated twin lamella structure.

(i)  Domain rotation induced strain effect on the magnetic and magnetoelectric response in
CoFe,0,4/Pb(Mg,Nb)O3-PbTiO; heterostructures: We have observed good control of both magnetic and
electric properties with electric and magnetic fields, respectively, for epitaxial CoFe,O, (CFO) films on
Pb(Mg,Nb)O;-PbTiO; (PMN-PT). X-ray reciprocal space mapping (see Fig.3) revealed a transformation between
a- and c-domains in the PMN-PT under electric field (E). Magnetic hysteresis loop (Fig.4a-4b) and magnetic
force microscopy (MFM) measurements showed a considerable change in the magnetic properties in specific
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areas of CFO layers poled by MFM probe tips. Furthermore, a pulsed electric field applied to the substrate was
found to switch the magnetization of CFO between high and low values (Fig.4c), depending on the polarity of E.
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Figure 2. (a) Reciprocal space map of CFO/PMN-PTFigure 4. Magnetic hysteresis loops of CFO thin films
heterostructure with multi-domain structure; (b) Reciprocal spacewith different domain configuration in the in-plane
map of CFO/PMN-PT heterostructure with quasi single c-domaindirection and out-of-plane directions, respectively; (c)
structure after poling; (c) strain-electric field curve ofMagnetization step change under square wave electric
piezoelectric PMN-PT substrate; (d) XRD line scans of thevoltage (x50V); and (d)Voltage ME coupling coefficient
CFO/PMN-PT before and after electric field poling. curve with phase change inset.

(iv)  Giant piezoelectric responses in soft matrix with hard inclusions: A giant strain response of the
ferroelectics near MPB of the ferroelectric solid solution is considered. The effect is associated with low polar
