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Foreword

This volume highlights the scientific content of the 2006 Fundamental Research
Underlying Solid-State Lighting Contractors Meeting sponsored by the Division of
Materials Sciences and Engineering (DMS&E) in the Office of Basic Energy Sciences
(BES) of the U. S. Department of Energy (DOE). This meeting is the second in a series
of research theme-based Contractors Meetings and will focus on BES/DMS&E-funded
research that underpins solid-state lighting technology. The meeting will feature research
that cuts across several DMS&E core research program areas. The major programmatic
emphasis is on developing a fundamental scientific base, in terms of new concepts and
new materials that could be used or mimicked in designing novel materials, processes or
devices.

The purpose of the 2006 Fundamental Research Underlying Solid-State Lighting
Contractors Meeting is to bring together researchers funded by BES in this new and
emerging research area to facilitate the exchange of new results and research highlights,
to foster new ideas and collaborations among the participants, and to identify needs of the
research community. The meeting will also help DMS&E in assessing the state of the
program, charting future directions and identifying programmatic needs. The agenda
reflects some of the major research themes that have potential contributions to make
toward the science underlying solid-state lighting.

Many of the BES Contractors Meetings are passing the quarter-century mark in
longevity and are very highly regarded by their participants. We sincerely hope that the
2006 Fundamental Research Underlying Solid-State Lighting Contractors Meeting will
join the others in keeping with the long-standing BES tradition.

We thank all of the invited speakers and meeting attendees for their active
participation in sharing their ideas and research results. The dedicated efforts of the
Meeting Chair, Valy Vardeny, in organizing and coordinating the meeting are sincerely
appreciated. We also extend our thanks to Jim Brodrick and his colleagues in the Office
of Energy Efficiency and Renewable Energy (EERE) at DOE for the invitation to hold
our meeting in conjunction with the 2006 EERE Solid-State Lighting Workshop. Thanks
also go to Christie Ashton from DMS&E, Brian Herndon and colleagues from the Oak
Ridge Institute of Science and Education, Karen Marchese from Akoya and the staff of
Sage Technologies for their fine work in taking care of logistical aspects of the meeting.

Tim Fitzsimmons, Arvind Kini, and Dick Kelley
Division of Materials Sciences and Engineering
Office of Basic Energy Sciences
Office of Science
U.S. Department of Energy
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Electrophosphorescent Organic Light Emitting Devices and Their Application to
Efficient Solid State Lighting

Stephen Forrest
Departments of Electrical Engineering and Computer Science, and Physics
University of Michigan
Ann Arbor, MI 48109 USA

A significant challenge facing human kind in the 21* Century is how to address the ever
decreasing supply of depletable and renewable energy. One approach to this problem is
to decrease our usage. For this reason, considerable attention has been focused on more
efficient means for room lighting which currently consumes approximately 20% of the
energy used in buildings. Organic light emitting devices (OLEDs) provide a unique
opportunity to provide this high efficiency solid state lighting at very low cost. In this
talk, I will discuss several strategies for achieving very high efficiency white light
emission at high brightnesses for the next generation of efficient solid state lighting
sources based on small molecular weight, vapor deposited OLED structures. Key to our
approach is the use of electrophosphorescence as a means for converting all electrical
into optical energy. We show that the highest luminance efficiencies can be obtained by a
combination of fluorescence and phosphorescence in a unique OLED structure.
Furthermore, the highest brightnesses are achieved (without a significant loss in power
efficiency) by stacking several fluorescent/phosphorescent elements in a single OLED
structure (called a SOLED), with each emitting element in the stack separated by a
transparent charge generation layer. Prospects for OLEDs as the next practical generation
of interior illumination sources will be reviewed.



Interfaces of Polymer Electronic Devices

Antoine Kahn, Princeton University (kahn@princeton.edu); Jean-Luc Brédas, Georgia Institute of
Technology; Anil Duggal, General Electric Global Research; and George Malliaras, Cornell
University

Program Scope

The field of organic molecular thin films and devices is developing extremely fast, driven by
the enormous potential that small molecule and polymer semiconductors have for applications in
large-scale electronic and optoelectronic devices. The most rapid development of the past decade
has been in the area of organic light emitting diodes (OLED) and field effect transistors (FET).
Considerable effort has also been spent on the development of OLEDs for general lighting and
heterojunction photovoltaic cells. The endless choice of molecules and the range of organic film
processing techniques (from vacuum deposition to printing from solvent solutions) allow a degree
of originality that cannot be matched with inorganic semiconductor technology. In the same time,
the multiplicity of compounds and processing techniques places considerable demands on our
ability to understand and control the structural and electronic properties of these materials and
their interfaces.

Interfaces of organic materials with inorganic and organic solids play a central role in charge
injection and transport, and are exceedingly important for device performance and lifetime.
Technologically important organic semiconductors have large energy gaps (> 2 eV), making
injection barriers potentially large. A detailed understanding of the mechanisms that control
interface energetics and chemistry, and of methods to modify the electrical behavior of these
interfaces is therefore of paramount importance.

Much has also been done on polymer interfaces'”, although experimental constraints due to
(mostly) ex-situ film formation methods have somewhat limited the scope of investigations of the
basic bulk and interface energetics. Interface energy level alignment mechanisms and link
between transport levels and interface injection barriers are not as well understood as in
molecular films. Yet, the ability to predict and control interface electronic structures and
injection efficiency in polymers films requires a clear connection between: (i) interface electrical
properties (injected current vs. applied bias); (ii) transport electronic levels, i.e. highest occupied
and lowest unoccupied molecular orbitals (HOMO, LUMO) and injection barriers, i.e. the
“Schottky barriers”; and (iii) theoretical electronic structure of the material and its interfaces.
The purpose of the work supported by DOE has been to establish a concerted experimental,
theoretical and device effort aimed at addressing this crucial connection for model polymer
systems.

Recent Progress

Two fluorene-based polymers — the fluorene homopolymer polydioctylfluorene (F8) and the
fluorene- trlarylamme poly(dloctylﬂuorene co-N-(4-butylphenyl) diphenylamine) (TFB) — were
chosen for this work (Figure 1). High performance
blue-emitting devices can be made when these two
polymers are blended together. A “standard”
N fabrication protocol was developed at GE that yields

\/ I . devices representative of what is typically
O O'O accomplished in industrial settings, but which

O D % 7/\ Fig. 1: chemical structure of the two polymers F8 (left)

— — and TFB (right)




utilized only “university-scale” equipment that is available at the participants’ laboratories.

The initial focus was on electron spectroscopy of the polymer films and modeling to extract
precise position of the electron and hole transport states. Thin films (~150A) were prepared by
spin-casting from solution on substrates of indium tin oxide (ITO) covered by a layer of the hole
injector poly(3,4-ethylenedioxythiophene) / poly (styrenesulfonate) (PEDOT:PSS). Ultra-violet
photoemission and inverse photoemission spectroscopy (UPS, IPES) measurements were
performed to measure the density of filled and empty states, respectively, and the associated

ionization energy (IE) and electron affinity (EA) of the material (Table below).

Vacuum level
1E EA shift from E--HOMO LUMO-E¢ Transport
(eV) (eV) substrate (eV) (eV) (eV) gap (eV)
F8 5.75 2.4 0.0 0.6~0.65 2.7 3.35
TFB 5.50 2.35 0.3 0.6~0.7 2.45 3.15
1:1 blend 5.60 N/A 0.1 0.6~0.65 N/A N/A

Theoretical computations of density of states were performed to interpret the spectroscopic
data. F8 was modeled by a pentamer of fluorene and TFB by a trimer of the two comonomers,
fluorene and triphenylamine’. The trimer was built in a symmetric fashion by attaching an
additional fluorene to the triphenylamine terminus. Dioctyl side- groups, which do not affect
electronic structure of interest, were omitted from the models and replaced with hydrogen atoms.
A plane-wave, pseudopotential Density Functional Theory (DFT) method within the generalized-
gradient approximation (GGA) with the BLYP functional was used for all geometry and
wavefunction calculations’.

An example of the simulation of UPS and IPES spectra of F8 and TFB is given is Figure 2.
The agreement between theory and experiment allows a detailed interpretation of the
experimental features. One notable feature in the UPS spectrum of TFB is the appearance of an
additional peak as the highest occupied band. Examination of the molecular orbitals indicates that
this peak originates from the triphenylamine moieties, whereas the second peak of TFB and the
first of F8 share a similar origin. This feature explains the destabilization of the HOMO level
when incorporating triphenylamine units, which leads to an ionization potential of about 5.3 eV;

Intensity
Intensity
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Fig. 2: Simulated UPS and IPES spectra of F8 (left) and TFB (right). The calculated energy spectra (bar
curves) are convolved by a Gaussian function with a FWHM of 0.55 eV. The dotted line represents the
experimental data.




as a result, hole injection from the anode can be significantly improved since the ionization
potential is lowered by about 0.25 eV with respect to F8. From the point of view of defining key
transport states in these polymers, the combination, and alignment, of experimental and
theoretical spectra (Fig. 2) allows a precise determination of the HOMO and LUMO positions
and of the transport gap of the material.

Simple devices were made to test for injection efficiency from various metals into F8 and
TFB. In agreement with the UPS measurements of interface barriers, it was found that the barrier
for hole injection is considerably smaller than the barrier for electron injection. Using
PEDOT:PSS/polymer/Al devices, it was shown that the current is mostly a hole current, but the
I R B radiance is controlled by

10° O 'Current Density TFB / Al 8888995 electron injection from the Al
1 | e o o5 Ol electrode. Higher current was
""" Radiance F8 /Al S found for the TFB device, in

10 = accord with a lower barrier for
5L hole injection for this polymer,
R - 2 while the higher radiance
2 0t _ ¢ &  found for F8 is consistent with
8 fE 2 a lower barrier for electron
g 10° _.‘_s" B - injection for this polymer
(@] o L A

0 [ (Fig.3).

4 e . : Fig. 3: Current-voltage and Radiance-
0T A C Voltage characteristics of
0% 4 ; RF - ITO/PEDOT:PSS/PFO/AL light emitting
‘ 1 T diodes, where PFO is F8 and TFB
-10 -5 0 5 10
Voltage (V)

In order to relate measured injected current to interface electronic barriers, initial hole
mobility measurements were performed with time-of-flight (TOF) measurements. Various
approaches were tried, leading to the successful casting of films with thickness in the several
microns range. TOF measurements on TFB yielded a hole mobility of 10* ¢cm?/Vsec. The trace
was dispersive, indicating considerable hole-trapping. At this point, it is unclear whether the traps
are intrinsic or extrinsic, as the sample was handled and measured in air.

Finally, a basic OLED device structure (Fig.4) was used as a standard baseline to test these
polymers. Devices with this structure were made with variable light-emitting polymer layer
thickness and F8:TFB ratios of 1:0, 1:1, and 0:1. A substantial analysis by the team, drawing on
all information available on interface

Al «— NaF (4 nm) electronic structure, injection barriers and
L= <« PDOT:PSS (T0nm)  charge carrier transport will be req}lired to
ITO _ understand these devices. However, in rough
| Glass | Fig.4 terms, the F8 device has the highest

efficiency values, the TFB has the lowest,
while the mixture exhibits values in between the two extremes. This relative ordering of the
efficiency as a function of the F8:TFB ratios suggests a trivial “law of mixing” result with no
complex interactions. However, it is unlikely that the physics is so simple. For instance, the
shape of the efficiency curves at low current density is substantially different for the three blend
ratios. Similarly, the color stability of the three different LEP blends exhibits a different ordering.
This can be seen in the output spectrum (not shown here) of the same devices before and after a
single current-voltage measurement cycle. One can see that the pure F8 and pure TFB exhibit
noticeable changes in their spectrum whereas the mixture exhibits no such change. Hence there



must be some beneficial change in the charge, energy transfer, or morphology dynamics that
occurs with the mixture of these two materials. Over the course of this program, we expect to
uncover numerous phenomena like this and it is expected that teasing out the explanations will
provide important insights into the physics of polymer based OLEDs.

Future plans
The following research on these materials and devices will be developed in the next two years.

e continuation of theoretical work on electronic structure of pristine polymer chains (both
occupied and unoccupied levels) as well as PEDOT:PSS, with simulation of UPS and IPES
spectra. Simulation of optical absorption spectra and evaluation of exciton binding energy
including effects of surrounding. Initial work on electronic structure of polymer interfaces
with metal electrodes

o initial UPS/IPES and Kelvin probe-Contact Potential Difference investigations of interfaces
between polymer films and a range of metals

e TOF experiments to determine intrinsic limits to carrier mobility in the model system
polymers. The film casting technique has been improved to allow for preparation and
characterization of samples in the absence of oxygen and moisture.

e injection experiments and correlation to transport, spectroscopy and theory

e continued fabrication and testing of devices utilizing the model system polymers and
identification and supply of polyfluorene model system variations that exhibit contrasting
electronic and morphological properties
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Spin transport in organic semiconductors
Jing Shi' and Valy Vardeny”

1. Department of Physics, University of California at Riverside
2. Department of Physics, University of Utah

Spin degree of freedom plays an important role in exciton formation and resulting light
emission in ordinary organic light emitting devices. Spin injection and coherent transport
in organic semiconductors could in principle be exploited to enhance the quantum
efficiency of the light emission. To explore this possibility, we have first fabricated
simple spin valve devices which consist of two ferromagnetic electrodes (e.g. LaSrMnO
and Co) and an organic semiconductor (e.g. Alq; or NPD) spacer layer. The well-defined
switching between “on” and “off” states corresponds well to the switching of the
magnetization of the two ferromagnetic layers, indicative of the well-known spin valve
effect. The inverse magnetoresistance is consistent with the fact that the spin polarization
of the two ferromagnetic electrodes is opposite to each other. The magnitude of the spin
valve magnetoresistance decreases as the organic semiconductor spacer layer becomes
thicker due to increased spin scattering. By measuring the spin valve magnetoresistance
between the parallel and anti-parallel magnetization states as a function of the spacer
layer thickness, we can extract the spin diffusion length in organic semiconductors, which
decreases rather rapidly as the temperature increases. We have been working with
different small molecule materials in order to understand the physical origin of this
temperature dependence. In addition to the low field magnetoresistance, we have also
observed another kind of magnetic field dependence in both resistance and
electroluminescence at high magnetic fields. We attribute these high field effects to an
enhanced carrier injection at the LSMO/organic interface due to an upshift of the Fermi
level in LSMO at high magnetic fields.

* Research supported by NSF, DARPA and DOE.



Electronic Processes in Solid State Organic Electronic Materials

Darryl L. Smith, lan H. Campbell, Brian K. Crone, and Richard L. Martin
Los Alamos National Laboratory, Los Alamos, NM 87545
dsmith@lanl.gov, campbell@lanl.gov, berone@lanl.gov, rlmartin@lanl.gov

Program Scope

Organic electronic materials are of great intrinsic scientific interest. In these
materials there is strong coupling of electron charge, spin, and lattice degrees of freedom,
and the resulting rich spectrum of tunable ground and excited states makes them an ideal
vehicle for the study of flexible strongly correlated systems. Organic electronic materials
are also becoming technologically important for a broad class of applications. Factors
motivating the technological development of organic electronic materials include: their
ability to be processed economically in large areas and at low temperature; the
unprecedented tunability of their electronic properties; facile thin film and heterostructure
fabrication; and the possibility of creating nanoscale structures and devices through
molecular assembly techniques. To date, the development of organic electronic materials
has primarily followed an Edisonian approach. Because of the very large material and
device structure phase space, there is a critical need for basic scientific research on the
fundamental physical properties of organic electronic materials. Organic electronic
materials are a condensed phase (i.e., thin films, single crystals, and nanoscale molecular
assemblies) of m-conjugated molecules. Intermolecular interactions are critical in
determining the condensed phase properties and the electronic properties of the dense
films are typically not the same as those of the isolated molecules or of single polymer
chains. A major theme of this research is aimed at determining which features of the
electronic structure of the isolated molecules are maintained and which are modified in
the condensed phase and to use our understanding of molecular electronic structure to
describe the behavior of the condensed phases. The overall goal is to provide an
understanding of the fundamental physical processes that are important in determining
the properties of organic electronic materials. We are focusing on representative
materials, including both conjugated polymers and smaller conjugated molecules, which
provide model systems with which to understand these fundamental physical processes.
We are using an integrated theory, fabrication, and measurement approach to: 1) study
electron charge injection at metal/organic and organic/organic interfaces; 2) investigate
electron charge transport in organic electronic materials; 3) investigate exciton formation
and dissociation in heterogeneous organic systems; 4) study electron spin injection,
detection, and transport.

Recent Progress

Since the start of the program on 4/05 we have focused on electron spin processes
in organic electronic materials. The prospect of using the electron spin degree of freedom
in a new generation of electronic and electro-optic spintronic devices is an exciting
possibility. Realization of spintronic devices relies on three basic processes: a) the
establishment of a non-equilibrium electron or hole spin distribution; b) transport and



manipulation of the spin distribution; and c) detection of the spin distributions. Recently
there has been dramatic progress in understanding electron spin-based phenomena in
inorganic semiconductors. Conjugated organic semiconductors are especially promising
for non-equilibrium electron spin based phenomena because: 1) they have extremely
small spin-orbit interactions and small hyper-fine interactions so that both electron and
hole spin lifetimes are long; 2) organometallic compounds with strong spin-orbit
interactions can be included at specific spatial locations in an organic semiconductor
based structure to permit manipulation of spin-orbit coupling without adverse effects on
spin lifetimes elsewhere in the structure; and 3) self-assembled monolayers can be used
to tailor interface properties for spin injection and electrical spin detection using
ferromagnetic contacts.

Spin-orbit coupling is essential for optical spin detection because it is the origin of
the spin dependence of the optical selection rules [1]; however, it also provides spin
relaxation mechanisms that greatly reduce spin lifetimes. Typical organic semiconductors
have negligible spin-orbit coupling because they consist of very light elements. This is a
great advantage to obtain the long spin-lifetimes required in most spintronic structures;
however it does not permit optical injection or detection of spins. Organometallic
compounds such as platinum octaethylporphine (PtOEP) have substantial spin-orbit
coupling because they contain a heavy atom (Pt) and permit optical injection and
detection of spins. Oriented spins in the organic host can be transferred to the
organometallic guest to form excitations whose circularly polarized optical properties can
be detected. A great advantage of organic semiconductors is that the spin-orbit coupling
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can be engineered into the device structure selectively by placing the organometallic
compounds in positions where significant spin-orbit coupling is desired but exclude them
from other regions where long spin lifetimes are needed.

Recently we have demonstrated that photoluminescence from PtOEP in a
magnetic field can be more than 20% circularly polarized [2]. Figure 1 shows the
measured photoluminescence intensity (vertical axis) as a function of magnetic field
(horizontal axis) for right and left circularly polarized luminescence. The difference in



intensity between the right (solid line) and left (dashed line) circularly polarized
luminescence is due to the spin polarization of the emitting state. In these initial
experiments we use a high magnetic field to rapidly determine the materials spin
dependent properties. We have surveyed several organometallic compounds, including Ir
and Eu containing organic phosphors, and PtOEP is a promising organic molecule for
spin manipulation. We have begun a theoretical investigation of these compounds in
order to fully understand the electronic structure that controls their spin dependent
properties.

Future Plans

We have demonstrated that PtOEP is a promising material for investigating the
spin physics of organic semiconductors. We will concentrate our research in the coming
year on optical and electrical methods to establish non-equilibrium electron and hole spin
distributions using this model compound. Non-equilibrium spin distributions can be
established by: 1) polarized optical techniques based on spin dependent optical selection
rules; and 2) spin polarized electrical injection from ferromagnetic contacts [1]. We will
detect the spin distribution using the polarization of the photoluminescence discussed
above.

(a) Optical Injection

The absorption of circularly polarized light can be used to create a non-
equilibrium spin distribution because of spin dependent optical selection rules [1]. Spin-
orbit coupling is essential for optical spin injection because it is the origin of the spin
dependence of the optical selection rules. Spin oriented excitations can be formed on
organometallics such as PtOEP using circularly polarized light because the spin-orbit
interaction couples light to spin, and then the oriented spins can be transferred to the host
organic semiconductor. This is the reverse of the luminescence process used to detect the
spin polarizations.

(b) Electrical Injection
Recent results for electrical spin injection into inorganic semiconductors
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Fig. 2 Injected charge (solid) and spin (dashed) current densities as a function of applied
voltage. Left and right panels are for Schottky barriers of 0.3 eV and 0.8 eV. [8]




demonstrate the importance of driving the semiconductor (whose equilibrium state is
non-magnetic) out of local equilibrium with the injecting magnetic contact [3-5]. Two
routes to achieving this goal are: incorporation of an insulating tunnel barrier at the
contact/semiconductor interface or engineering of existing Schottky energy barriers to
provide spin dependent tunneling [6]. In m-conjugated organic semiconductors, the
Schottky energy barrier is not pinned and a wide range of barrier energies can be realized
for a given organic semiconductor by using contacts with different work functions. We
have recently completed a theoretical analysis of spin injection from ferromagnetic
contacts into conjugated organic semiconductors [7]. Figure 2 shows our calculated
results for injected charge and spin current densities near the injecting contact as a
function of bias voltage in a 100 nm structure for Schottky barrier heights of 0.3 eV (left
panel) and 0.8 eV (right right). The larger Schottky barrier leads to a smaller current
density for a given applied voltage, but the spin polarization of the current density, for a
given charge current density, is greater for the structure with the large Schottky barrier
than for the one with the small Schottky barrier. The greater spin polarization at high
voltages is due to spin selective tunneling through the Schottky barrier region. At high
voltages spin polarization of the injected current approaches the spin polarization of the
tunneling current. Efficient spin injection can also be achieved by incorporating spin
selective tunnel barriers at the injecting interface. Spin selective tunnel barriers can be
introduced at a magnetic contact/organic semiconductor interface using, for example,
self-assembly techniques. SAMs can be used both to shift the effective injection energy
barrier (by incorporating molecules with dipole moments) and to control the interface
resistance of the contact (by incorporating insulating molecules of different lengths or
partially conjugated molecules). We will use SAMs to provide the tunnel barriers
necessary to achieve efficient spin injection.
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Transport Fundamentals in Crystalline Organic Semiconductor Devices

Arthur P. Ramirez', Colin P. Nuckolls', David Langl, Woo-Young So', Theo Siegristz,
Christian Kloc?

Columbia University'
Bell Laboratories, Lucent Technologies

The recent progress in organic light emitting diodes suggests that this class of devices
may be important for solid state lighting due to the potential for low cost and ease of
fabrication. However, the process of light emission in organic molecular solids is much
more complex than in inorganic semiconductors and -- to make matters worse -- our
understanding of organic semiconductors is still very primitive compared to the present
state-of-the-art in silicon and III-V semiconductors. We still do not understand even the
most basic semiconductor properties of organics, such as doping, contacts, and the
origins and properties of defect-related gap states. The physical origin of light emission
is also quite different in the organics, being dominated by the luminescence of molecular
excited states, not by the recombination of mobile electrons and holes as in inorganic
semiconductors. We are studying the fundamental properties of organic semiconductors
by using purified single crystals of pentacene, tetracene, and rubrene. In almost all cases
the transport and optical properties are dominated by extrinsic factos, such as impurities
and native defects, even though the material has been extensively purified. We have also
observed a novel defect in pentacene that can be reversibly generated by voltage-bias-
stress and has been correlated with the disruption of the n-electron system resulting from
the bonding of an additional hydrogen on the pentacene molecule. This defect can be
removed by photo-excitation above the HOMO-LUMO bandgap. The spectrum of this
photoquenching process gives us some additional insight into the localized defect states
of pentacene crystals and shows that even good quality crystals have a broad bandtail
similar to inorganic amorphous material. These results imply that the efficiency of
organic light-emitting devices can be improved by understanding and controlling the
reaction paths for free electron-hole pairs to light-emitting molecular states versus
competing non-radiative recombination processes at defects and impurities.
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Behavior of Charges, Excitons and Plasmons at Organic/Inorganic Interfaces

Michael D. McGehee, Nicholas Melosh, Mark Brongersma
Department of Materials Science, Stanford University
mmcgehee@stanford.edu, nmelosh@stanford.edu, brongersma@stanford.edu

Program Scope

As electronic device dimensions shrink to nanometer scales and the range of desirable
applications grows, two trends are emerging. First, the range of materials under serious
development is growing, and many device structures consist of both organic and
inorganic building blocks. Second, many physical phenomena that were heretofore only
observed within academic experiments are becoming important for technologically
relevant devices. Consequently, there are a large number of technical issues that need to
be solved before these new possibilities become technologically viable. These include
reproducible device performance on this lengthscale, sample heterogeneity, interface
state control, defect properties, thermal transport and surface roughness. In addition,
physical phenomena such as electron tunneling, Forster coupling, and plasmon-excitation
quenching begin to severely impact device behavior at length scales less than 10 nm. This
is particularly true within the emerging subset of structures that utilize both organic and
inorganic materials, such as solar cells, electronic paper, molecular electronics, and
organic light emitting displays. Within this rather broad collection of challenges, our
team has identified the need to understand excited state behavior within organic species
close to inorganic surfaces as a key problem for future applications of these materials.

Excited state phenomena within organic materials are often complicated by the multiple
lengthscales, morphology, multiple competing decay processes, and inorganic surface
interactions that affect the overall behavior of the system. Current studies of realistic
devices are complicated by simultaneous excitation decay via a number of different
processes within different regions of the sample. These decay processes, in which the
charge or energy of an excited state in a molecule is transferred to an adjacent metal
electrode, depend strongly upon the molecule to metal spacing.

In order to address these issues systematically, our team examines exciton transfer and
decay within organic systems on a hierarchy of lengthscales. Melosh studies exciton
transport and molecular wavefunction coupling to metal electrodes on the molecular level
(~1 nm). McGehee examines exciton and charge transport within conducting polymer
films close to metallic electrodes or dielectric films (5-100 nm). Brongersma investigates
how excitons couple to surface plasmon waves on metal surfaces within the 10-500 nm
range. Collectively, these measurements provide a better overall understanding of the
behavior and importance of charges, excitons and plasmons within electrically active
organic-inorganics than would be possible from a single study alone.
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Recent Progress

Low operating voltages, a wide range of emission wavelengths, and solution processing
make polymer light-emitting diodes attractive for high-growth markets including flexible
displays, large-area displays, and solid-state lighting. However, the external efficiencies
of these devices must be improved in order to compete with existing technologies.
Currently, the majority of the light generated inside polymer LEDs remains trapped
within the device by total internal reflection. By using an appropriate extraction
technique, this trapped light can be a source for significantly increasing the external
efficiency.

We have increased the power efficiency of polymer LEDs by using Bragg gratings to
extract light from waveguide modes in the polymer/ITO layers. The gratings were
fabricated by holographic and soft lithography techniques. In order to optimize the
outcoupling efficiency of the grating, we have empirically varied the thickness, grating
depth, grating location, and optical properties of the semiconducting layers and
electrodes. We have modeled the structures to determine the waveguide modeshapes and
absorption loss. We have also increased efficiencies by using microlenses to extract light
from waveguide modes located in the substrate. The microlenses have the potential to be
fabricated using low-cost soft lithography and ink-jet printing techniques.

By using numerical modeling, we have been able to gather information on how dipole
emission is modified by the LED structure. We will use this model and our experimental
results to compare and contrast the extraction methods we have studied.

We have characterized the structure and measured the charge carrier mobility of films of
regioregular poly (3-hexylthiophene) P3HT as a function of molecular weight, casting
solvent, annealing temperature and surface treatment. We have seen that when low
molecular weight polymers and low boiling point solvents are used crystals form rapidly
in the bulk of the film. Consequently the crystals do not align with each other and the
conjugated parts of the polymer chains do not stack up against each other at the grain
boundaries. The charge carrier mobility can be as low as 10® cm®/Vs. On the other
hand, when higher molecular weight polymer and higher boiling point solvents are used,
crystallization tends to occur only at the surface of the gate dielectric. Consequently, the
crystals all tend to have the same orientation and charge carriers can easily hop from one
crystal to another. The mobility in this case can be as high as 10" cm?/Vs. These studies
highlight how critical it is to optimize the structure of organic semiconductor films when
assessing new molecules for applications.

Almost all organic photovoltaic cells are based on either planar or bulk heterojunctions of
two semiconductors. After light is absorbed, excitons must get to the interface between
the two semiconductors to dissociate by electron transfer. In some cases, such as in dye-
sensitized cells or polymer-fullerene bulk heterojunctions with very high fullerene
concentrations, excitons are formed right at the interface and exciton transport is
therefore not a limiting factor on the performance of the cells. In many other cases, such
as in polymer-nanowire or polymer-titania cells, excitons need to travel at least five
nanometers, if not more. For this reason exciton diffusion is a very important process to
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understand and optimize. Exciton diffusion must also be avoided in light-emitting diodes
so that excitons do not reach quenching sites. We have carefully measured the exciton
diffusion length in several polymers and found that the values are less than reported in
the literature. Common sources of error in diffusion length measurements are neglecting
interdiffusion between the donor and acceptor, interference effects and resonance energy
transfer. Since the diffusion length in most polymers is 6 nm or less, we have explored
ways to enhance exciton transport. One is to use resonance energy transfer from a donor
to an acceptor with a slightly smaller energy gap. We will show an example where the
effective diffusion length and consequently the efficiency of the photovoltaic cell is
enhanced by a factor of three. We will also show that resonance energy transfer occurs in
many previously studied donor-acceptor blends, including polymer-fullerene blends with
low fullerene concentrations. Finally we will discuss how high the effective diffusion
length could be if the donor-acceptor pair were optimized for resonance energy transfer.

Publications Related to this Project

1. “Synthesis, characterization, and field-effect transistor performance of carboxylate-
functionalized polythiophenes with increased air stability,” A.R. Murphy, J.S. Liu,
C. Luscombe, D. Kavulak, J.M.J. Frechet, R.J. Kline, M.D. McGehee, Chemistry of
Materials, 17 (2005) p. 4892-9.
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Fréchet, M.D. McGehee, Advanced Materials, 17, (2005) 2960-4.

3. “Enhanced Hole Mobility in Regioregular Polythiophene Infiltrated in Straight
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Design, synthesis, and structuring of functional polymers and dendrimers with
potential in solid state lighting technologies

Jean M.J. Fréchet, Rachel Segalman,
Lan Deng, Frank Lauterwasser, Daniel Poulsen, Justin Virgili
Division of Material Sciences, Lawrence Berkeley National Laboratory,
Berkeley, CA. 94720 J_Frechet@]bl.gov

Program Scope

Our fundamental research effort in the area of materials with relevance to solid state lighting is
part of our larger program in plastic electronics initiated in 2005. This abstract will therefore focus
exclusively on our current targets in the area of new materials for organic light emitting diodes.

Our program is focused on the exploration of fundamental structure-property relationships in
electroactive polymer systems in which the control of functionality, architecture and morphology
translates into functional properties within the framework of the conversion of electricity into light.
In the early phases of this OLED sub-program the following targets have been identified:

e The development of organic bipolar materials with optimized electronic and self-assembly
properties.

e The control of morphology within layers and at interfaces in organic optoelectronic devices

e The discovery and development of novel electron transporters (n-type) since most organic
materials available to date are far better hole transporters than electron transporters.

e The physical and chemical tuning of novel electroactive materials for solution processing or
direct patterning methods.

Recent Progress
(a) Controlling nanoscale morphology in electroactive polymers for better electron and hole
conduction. (Poster presentation by Rachel Segalman)

Most luminescent organics have very low electron mobilities, so multiple component structures
must be employed which allow for separate materials to transport electrons and holes in efficient light
emitting devices. The current state of the art commercial OLEDs consist of several layers of material
deposited by vacuum evaporation. From a technological point of view, multilayer structures are very
difficult to solution process and since low-cost processing is a major goal in solid state displays, this is
a major concern. From a more fundamental point of view, recombination tends to occur at the
interfaces between layers and we understand little about the
fundamental effects of interfacial geometry on device function. In
fact, the planar layer geometry inherent in vacuum evaporation
minimizes interfacial area. We are developing strategies to harness
the unique self-assembly properties of polymers to control interfacial
geometry and optimize recombination in polymer light emitting
devices.

. Several groups have suggested single-layer alternatives with
Figure 1: TEM of a 100nm thick filmof | varying degrees of success. Block copolymers are expected to self-
symmetric rod-coil block copolymeron | assemble into regularly sized, regularly shaped, nearly pure

SiN. Lamellae are oriented both .

parallel (solid) and perpendicular nanodomains. If the nanoscale morphology may be controlled, these

(striped) to the substrate. materials have the potential to allow us to design pathways for

electron and hole conduction and recombination. Control over this
nanometer length scale in functional block copolymers presents a new challenge due to non-idealities
in molecular conformation and mixing interactions that are present in these materials (as compared to
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classical insulating block copolymers), and as a result no phase diagram or predictive model of self-
assembly was previously available. We have designed the first conjugated block copolymer system
which is capable of equilibrium phase transitions between nanostructures at experimentally accessible
temperatures'*. We see nanoscale lamellar structures at low temperatures at almost all volume
fractions, a transition to a nematic phase stabilized by the attractive interactions between the rods, and
finally a high temperature isotropic phase.

While studies of conjugated polymers in the bulk state are of fundamental interest, the structure
near the electrodes of an OLED is of crucial interest to devices since the confining surfaces
(electrodes) of a block copolymer film will play an integral role in controlling the long-range order
nanodomains. We have recently demonstrated that rod-coil block copolymers in the thin film state
take on a highly unusual mixed orientation'®. In Figure 1, black and white striped regions are lamellae
oriented upwards from the substrate (though their exact orientation is unknown). Regions which
appear a solid shade of gray in this view are lamellae oriented parallel to the substrate. The individual
lamellae formed from these rod-coil diblock copolymers are very long and align with a high degree of
orientational order and very little bend. This mixed orientation is not observed in classical
unconjugated block copolymer thin films where parallel orientations are stabilized by preferential
surface interactions. The thin film structure in the conjugated polymer systems is directly influenced
by the unusual chain conformation and a number of competing, unexplored interactions may be
occurring. However, we anticipate that this mixed orientation may be ideal for device active layers, as
it will allow for both optimal transport of charge as well as providing interfaces for recombination in
the direction perpendicular to the electric field. The success we have had with this model system is a
springboard for a systematic study of the fundamental properties that control rod-coil block
copolymers.

We have synthesized a variety of new bipolar system (vide infra) which contains both electron
and hole transporting blocks and have demonstrated that the self-assembly rules of our model systems
are applicable to these novel structures.

(b) Developing novel systems based on bipolar copolymers

The most efficient OLED devices to date are based on evaporated multilayer structures in
which an emitting layer of phosphorescent metal complexes (Baldo, Thompson, and Forrest, Nature
2000, 403, 750) is sandwiched between hole and electron transporting layers based on small molecules.
As mentioned above, the use of polymers or copolymers capable of performing all of these functions,
preferably in a single layer, would enable solution processing or even the direct patterning methods
that would be best suited for solid-state lighting applications.

We have now initiated a program involving the design, synthesis, and fundamental study of
novel bipolar copolymers that combine in a single chain the functions of hole and electron transport.
In order to access a variety of morphologies and nanodomain shapes and dimensions, and thus
maximize our abilities to understand structure property relationships as well as focus on the best
performing structures, our approaches are not limited to structures involving conjugated polymers or a
single type of architecture.

In the past year we have designed a library of non-conjugated bipolar polymers including
random and block copolymers with structure of type A (Figure 2), as well as a rod-coil block
copolymer with structure B. In order to accurately control polydispersity, the relative amounts of hole
and electron transporting moieties or, where appropriate, block dimensions, alkoxyamine initiated
living radical polymerization was used for all copolymers of type A using a diversity of hole and
electron transporting vinyl monomers. Copolymer B was prepared by a coupling process using the
functionalized initiating end of a polyvinyloxadiazole and a suitable modified PPV type hole
conductor.

16



The non-conjugated bipolar copolymers of type A could be solution cast or spin-coated after doping
with appropriates amounts of the light emitting Pt or Ir complexes. Our library approach allowed us to
test the importance of variables such as the ration of hole to electron transporting moieties, and to
compare the performance

\|/ of random vs. block
B o-N copolymers in
experimental OLED

OR oR @ © devices. Extremely .
<) \ Ny encouraging results with
=4 O ) \<<’ front-face efficiencies of
H

RO over 10% were obtained
Figure 2. Sample structures of (A) non-conjugated bipolar random and block copolymers, and with these
(B) rod-coil block copolymer containing a conjugated hole transporting block . phosphorescent polymer-

based devices. Early
data suggest that best results in terms of turn-on voltage and brightness are obtained with the block
copolymers as shown in Figure 3. It must be emphasized that these results were obtained with spin-

- coated polymer layers have not undergone any type of
NE’?Zz‘ _ ] processing in order to optimize morphology.
3 ool ‘ Future Plans
1 1 . . .
g o 3 Based on the results obtained in the first year of this
B 1 P—— ] study, we plan to further expand out study of bipolar
LIV Py : copolymers by exploring promising new electroactive
r] . o .
ST WEF o monomers and optimizing the balance of electron and
0 2 4 6 8 10 12 14 16 18 20 22 24 26 R o
Voltage, V hole transporting moieties. Our search for better electron
Figure 3. Turn on voltages for block and a random transporters includes the development and preliminary
copolymer (type A) with the same composition. evaluation of a series of novel vinyl monomers with

pendant heterocyclic moieties. We are also exploring
several very promising copolymer structures containing fullerenes'® as fullerenes are well known
R — mmeon  clectron transporters. An additional area of interest is
5 E: the fundamental investigation of highly novel

terpolymers containing all three functions (hole
transport, phosphorescent emitter, and electron
transport) in both random and block architectures. To
facilitate changes in composition and the establishment
LA T v AR of structure-property relationships, these terpolymers
Rt T ’ﬁ‘m (or precursors thereof containing as a middle block the
Figure 4: Electron/Hole conducting diblock ligands for the emitter complex rather than the complex
copolymer of Type A self-assembles into itself) are prepared using living radical polymerization.

cylinders(left) and lamellac (right) oriented Another important area of activity concerns the

perpendicularly from the PEDOT:PSS electrodes. Co . .
elucidation of mechanisms to obtain and control long

range order from the non-conjugated bipolar block copolymers of type A. Early results shown in
Figure 4, show that the block copolymer self-assembles into cylinders or lamellae (depending on the
relative lengths of the blocks) with their axes perpendicular to the electrode surfaces. We postulate
that these cylinders and lamellae will act as conduits for charge transport to ensure high efficiency
transport of holes and electrons. We are in the process of further tuning the orientation and
morphology of these nanoscale patterns to optimize OLED performance. Our library approach to
copolymers should prove invaluable as overall composition, block length, molecular weight, etc. are
important variables we can control. Finally, we plan to begin the exploration of approaches towards
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the direct patterning of our electroactive polymers as such an approach would be invaluable for
lighting applications.
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The DOE Nanoscience Centers and Solid State Lighting

Paul Alivisatos
University of California, Berkeley and Lawrence Berkeley National Laboratory

The ability to pattern and control matter on the nanoscale can play an important role in
the creation of new solid state lighting technologies. Quantum confinement effects,
control of the density of electronic, vibrational, and photonic degrees of freedom, and the
processing techniques that are used in fabrication will all be impacted by advances in
nanoscience.

The new DOE NSRC:s are poised to broadly assist the science and technology community
to tackle a wide range of important issues, such as those related to solid state lighting.
This talk will describe advances which have already occurred at these laboratories and
will also provide information for how members of the research community can access the
centers to enhance their own research in the area of solid state lighting.
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How to Dope Wide-Gap Materials: Basic Design Rules

Alex Zunger, Institute Research Fellow
National Renewable Energy Laboratory, Golden, Co 80401, http://www.sst.nrel.gov

Abstract

When one dopes externally an insulator or a semiconductor, at some critical position
of the Fermi level, "Pinning Level", doping is spontaneously halted. We now understand
that this occurs by the self-regulating, spontaneous formation of “killer defects.” In
effect, the system protects itself from the perturbing effect of doping by rearranging its
bonds to minimize the perturbation, i.e, a manifestation of the Le Chatellier effect. For
example, when a solid is doped intentionally n-type so the Fermi level moves toward the
conduction band, at some point, cation vacancies form spontaneously. Being acceptors,
they "kill" the intentionally-introduced doped electrons. Different materials differ by the
position of the critical Fermi level at which this happens. In easy-to-dope materials
(S1,GaAs, InAs), this level is located inside the host bands, so doping stops only after the
system is already well-doped. On the other hand, in wide gap materials needed for solid
state lighting, this critical level might be inside the band gap, so doping stops before the
Fermi level reaches its target position near band edges.

In this talk, I will explain the ensuing physics of such self-limiting behavior, and
formulate empirical rules as to how one might overcome some of these limits. I will then
turn to another design problem -- "impurity design." Assuming, for the sake of
discussion, that you could position impurities (such as Nitrogen in I1I-V's) at any relative
geometry in the lattice (isolated impurities, clusters consisting of pairs or of triplets;
random impurities, etc), which configuration will yield target physical properties, i.e.,
deepest levels or shallowest levels; or largest oscillator strength or minimum strain, etc?
I will describe how this Inverse Band Structure approach can be performed to the benefit
of III-V nitride alloys for Solid State Lighting.

T1303-384-6672
Fax 303-384-6432
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Optical Properties of Semiconductors from Crystals to Nanocrystals

James R. Chelikowsky, jrc@ices.utexas.edu, Center for Computational Materials,
Institute for Computational Engineering and Sciences, Departments of Physics and
Chemical Engineering, University of Texas, Austin, TX 78712

Program Scope

One of the primary means for learning about the electronic structure and chemical
bonding of electronic materials is optical spectroscopy. For example, measuring and
comparing the reflectivity spectrum to theoretical predictions let to the first accurate
energy bands of semiconductors such as silicon. Initial theoretical work was performed
with empirical potentials, which were adjusted to yield the correct response functions. '
In particular, the normal incident reflectivity of a solid is given by

2
1-N M
I+N
where N is the complex index of refraction, which is related to the complex dielectric
function via N” =g, +ig,. One can use the Ehrenreich-Cohen® form for the imaginary
part of the dielectric function to relate optical spectra to energy bands in crystals:

&,(w) = Am eh D 2 j M. (0| 8o, (k) - o) dk (2)
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where e is the charge on the electron, m is the mass of the electron, 7 is Planck’s

N
constant divided by 2rt, k& is the wave vector, the sum is over all the valence (v) to
conduction (c) band transitions, the integration is over the Brillouin zone (BZ), the nth

band energies, E, (k). The transition frequencies are given by

,, (Z) = (E . (Z) -F v(Z))/ h. The matrix elements are given by

<uc</€)|Vluv(1€>>

where u, is the periodic part of the Bloch function for the nth band. Eq. (2) has a simple
physical interpretation. Optical transitions must conserve energy and the radiation field
can couple only two states with the correct symmetry, i.e., the states must permit dipole
coupling. The delta function in Eq. 2 assures energy conservation and the matrix
elements account for symmetry. If the wave functions and energy bands are known,
then Eq. (2) can be evaluated. Once the imaginary part of € is known, then the real part
of € can be obtained from a Kramers-Kronig transformation, N is then determined as is
the reflectivity.' If good agreement is obtained between the calculated optical properties
and the measured reflectivity, one can have confidence in the energy bands.

2
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While this approach is correct in spirit, its application to materials in general is
oversimplified and complex, especially to systems of interest at the nanoscale where the
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optical properties of materials can be quite different than those of the bulk owing to the
role of quantum confinement. For example, many materials of interest are not crystalline
and lack symmetry. It is often not easy to fit a few potential parameters. As such,
empirical potentials are problematic, particularly if there may be hundreds, if not
thousands, of atoms involved. In such situations, solving for the energy levels and
corresponding wave functions is difficult and computationally intensive. Moreover, the
Ehrenreich-Cohen dielectric function is very approximate and does not yield an accurate
description of excitons and local fields.

Recent Progress

We have made significant progress in two areas: (1) We have developed new algorithms
to examine the electronic structure of materials at the nanoscale. (2) We have
implemented existing formalisms to predict optical properties. These include: time
dependent density functional theory® and the GW-Bethe-Salpeter approach.*

The electronic structure of materials can be accurately described using the following
approximations: the Born-Oppenheimer approximation, the pseudopotential
approximation and the local density approximation.” The Born-Oppenheimer
approximation allows one to separate the nuclear and electronic degrees of freedom. The
pseudopotential approximation allows one to separate the chemically active electron
states (valence states) from the chemically inert core state. The local density
approximation with density functional theory allows one to map the many electron
problem on a one-electron problem. The electronic states of interest can be obtained
from the Kohn-Sham equation™®:

2y72
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where V” is the ionic pseudopotential, V,, is the Hartree potential and V__ is the
exchange-correlation potential. The Hartree potential is solved by computing the
electrostatic potential arising from the charge density of the valence electrons, the
exchange-correlation potential also depends solely on the charge density. This equation
is solved self-consistently so that the calculated density is consistent with the screening
potentials. The eigenvalues E, and eigenfunctions ‘¥, give the energetic and spatial
distributions of the electrons. We solve this problem in real space using an iterative
diagonalization procedure. Our method is ideally suited for localized systems such as
large clusters, quantum dots and nanowires.

Time dependent density functional theory provides a unified formalism for computing
both the ground state and excited state properties. There are several modes of
implementation for this theory. One of the simplest is to integrate the time dependence of
the wave functions after the system has been excited by a electromagnetic pulse.” Using
the resulting information on the induced dipole, one can extract the absorption spectrum
of the system of interest. This method works best for localized systems such as

molecules and clusters. The only additional approximation besides the local density
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approximation is an adiabatic approximation, i.e., the system responds instantaneously to
the electromagnetic field. Our current implementation of this method is capable of
describing systems with several hundred atoms.

The GW-Bethe-Salpeter approach” is believed to be one of the most accurate “ab initio”
methods for predicting the optical spectra of materials. It is capable of handling both
localized and extended systems. The method is composed of two steps: the GW part is
used to find the excitation energy of a non-interacting electron-hole pair. The Bethe-
Salpeter equation is used to find the exciton energy or the electron-hole interaction
energy. Currently, we have the capability of examining systems with about a hundred
atoms with this technique.

Future Plans

Our immediate goal is to extend our real space methods to consider much larger systems,
i.e., nanocrystalline matter with several thousands of atoms, and examine the role of
dopants and the evolution of shallow dopants. This is an important issue as the properties
of electronic materials depend crucially on our ability to alter their electronic
characteristics by the controlled introduction of impurities or dopants.

Our longer-range goal is to study the optical properties of materials in other nanoscale
configurations such as nano-wires. We have preliminary calculations on the role of
doping in these systems where the role of quantum confinement is highly anisotropic.
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Synthesis of Nanoclusters for Energy Applications

Jess P. Wilcoxon, (Dept. 1126) Billie L. Abrams, (Dept. 1126), Steven G. Thoma (Dept.
6245), and Paula P. Provencio (Dept. 1111), Sandia National Laboratories, Albuquerque,
N.M. 87185-1421, jpwilco@sandia.gov

The large surface area, unusual surface chemistry, and surface morphologies of
nanoclusters imbue them with physical properties differing significantly from their bulk
counterparts. Of direct significance to next generation lighting technologies we describe
our BES supported work concerning the synthesis and optical properties of a new class of
extremely small, d<2.0 nm, type II-VI semiconductor quantum dots (QD). We
demonstrate that the photoluminesence (PL) properties of these QDs can be controlled by
their interfacial chemistry coupled with age-dependent surface reconstruction. We
demonstrate a decoupling of the absorbing states determined by quantum confinement,
(the band-edge), from the emission states which are determined primarily by the
interfacial states. This decoupling allows PL emission from a single size QD to be tuned
throughout the visible range by surface chemistry, while eliminating the problem of self-
absorbance of the emitted light since the absorption onset remains fixed in the NUV.
We demonstrate for the first time efficient, white light emission from a single material
type, monodisperse nanosize phosphor.  This discovery enables applications such as
white LEDS based upon near-UV LEDs. The scientific principles governing the optical
properties of these new phosphors should extend to other nanosize semiconductors like Si
or Ge and thus these new nanomaterials have great potential as white phosphors for both
solid-state and fluorescent illumination. Time permitting, results of doping of these type
IV nanosize semiconductors with luminescent ions like Mn or Sb will be described.
Acknowledgement: This work was supported by the Division of Materials Sciences,
Office of Basic Energy Research, US Department of Energy under contract DE-AC04-
94AL8500. Sandia is a multiprogram laboratory operated by Sandia Corporation, a
Lockheed-Martin Company, for the US Department of Energy.
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Photonic Crystals and Negative Index Materials

C. M. Soukoulis
Department of Physics and Ames Laboratory, lowa State University, Ames, lowa, 50011

Photonic Band Gap (PBG) materials are artificial, periodic, dielectrics that enable
engineering of the most fundamental properties of electromagnetic waves. These
properties include the laws of refraction, diffraction, and spontaneous emission of light.
Unlike traditional semiconductors that rely on the propagation of electrons through an
atomic lattice, PBG materials execute their novel functions through selective trapping or
“localization of light” using engineered defects within the dielectric lattice. This is of
great practical importance for all-optical communications and information processing.
Three dimensional (3D) PBG materials offer a unique opportunity for simultaneously (i)
synthesizing micron-scale 3D optical circuits that do not suffer from diffractive losses
and (i1) engineering the electromagnetic vacuum density of states in this 3D photonic
crystal. This combined capability opens a new frontier in integrated optics as well as the
basic science of radiation-matter interactions. We will review recent approaches to
micro-fabrication of photonic crystals with a large 3D PBG centered near 1.5 microns.
These include direct laser-writing techniques and holographic lithography.

The possibility of negative refraction has brought about a reconsideration of many
fundamental optical and electromagnetic phenomena. This new degree of freedom has
provided a tremendous stimulus for the physics, optics and engineering communities to
investigate how these new ideas can be utilized. Many interesting and potentially
important effects not possible in positive refracting materials, such as near-field
refocusing and sub-diffraction limited imaging, have been predicted to occur when the
refractive index changes sign. In this talk, I will review our own work on negative
refraction in metamaterials, and describe the possible impact of them as new types of
optical elements. In particular, we will present theoretical and experimental results on
engineered microstructures designed to have both € and p negative. Results for different
polarizations and propagation directions will be presented. Recent results on
microstructures operating at 100-200 THz will be also discussed.
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Programming Function in Photonic Crystals

Paul V. Braun
pbraun@uiuc.edu
Frederick Seitz Materials Research Laboratory & Department of Materials Science and
Engineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801

Program Scope

We are coupling our extensive understanding of self-assembly and three dimensional (3-D)
fabrication chemistries with novel materials deposition routes to create 3-D photonic crystals.
Though a coupled approach of template formation through colloidal self-assembly, holography,
or direct writing and new materials chemistries, we have created 3-D structures from metallic,
semiconducting, polymeric and ceramic materials which interact with light in defined, strong,
and unique ways. As part of this, we are learning to program photonic materials with strong,
nonlinear responsivities to light and other external stimuli. We are also learning how to form
photonic band gap structures with embedded waveguides, which may find applications in the
routing of light. Unique 3-D structures, formed through coupled template formation and
materials growth strategies, which enhance the extraction or generation of light of specific
frequencies are also being studied. Strong coupling between theory and experiment is assisting
our understanding of the fundamental physical and optical properties of the photonic crystals and
photonic band gap materials created in our group.

Important to our program are multiphoton and other direct write methodologies, which
enable us to form otherwise inaccessible photonic structures. Multiphoton processes begin with
the two-photon excitation of a dye molecule which then directly or indirectly initiates
polymerization. Importantly, because multiphoton polymerization is non-linear with photon flux,
it can be used for 3-D fabrication.[1] Essentially, the focal point of a laser is rastered through a
polymerizable media, leaving behind a trace of the path of the focal point. This approach has
enabled us to create complex structures within a self-assembled photonic crystal. In
collaboration with Prof. Jennifer Lewis at UIUC, other ink based direct writing approaches are
also utilized to create complex structures. The complex photonic structures we have created may
find applications in solid state lighting, energy transduction, and other areas of importance to the
Department of Energy.

Recent Progress

Impressive developments in semiconductor micro-fabrication are enabling new applications
in photonics, MEMS, and biotechnology. Yet conventional microfabrication techniques require
expensive masks and time-consuming procedures, including multiple planarization or bonding
steps, to generate 3-D structures. In contrast, direct-write approaches,[2] such as laser
scanning[3,4] and ink deposition,[5,6] provide rapid flexible routes for fabricating 3D micro-
periodic structures. However, conventionally these approaches are currently limited to
polymeric structures that lack the high refractive index contrast and mechanical integrity
required for many applications. To take full advantage of these rapid, flexible assembly
techniques, one must develop a replication (or templating) scheme that enables their structural
conversion within the temperature constraints imposed by both the organic and inorganic
components of the system. We have now developed several novel routes for creating 3D
structures of high refractive index semiconductors.
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We have now demonstrated the creation of
waveguide structures in 3-D self-assembled photonic
crystals,[7] and very recently, their conversion into
silicon structures. In this work, we demonstrated that
waveguide structures and other optically active features
could be created inside of a photonic crystal through
multiphoton polymerization with a resolution of 100 nm,
and subsequently converted into a high refractive index
photonic band gap structure. This advance has enabled
both new basic science and the creation of a wide range I

y

Laser focus
of optical devices inside of self-assembled materials. Confocal microscope
The graphic to the right outlines the general process as
reported in a review of our early work in Nature. The e
structure of the waveguide/colloidal crystal is replicated
into silicon through a combination of atomic layer
deposition and chemical vapor deposition (CVD). The
resulting inverse opal silicon structure exhibits a Photon

complete band gap, enabling the unique manipulation of

light. These structures are not transparent in the visible, 9 b@‘f@@cw( A ’CJ.DE o Vol
and so for solid state lighting applications, we are now OOJ _______ ool Dielec_trlic
working on forming high refractive index materials such lit._""CFj] R lCJODﬂOUO’WOO i

as TiO,, that are transparent in the visible, into the
necessary 3-D structures.

Along with colloidal templating, which can be rather limited in structural complexity because
of the small number of crystal structures that can be formed by colloidal crystallization, in
collaboration with Prof. Jennifer Lewis, we are now forming hollow-woodpile structures through
a coupling of the direct-write assembly of concentrated polyelectrolyte inks[5,6] with a
sequential low temperature silica/Si CVD process. The optical properties of the 3D micro-
periodic woodpiles are characterized after each
fabrication step and closely match theoretical
spectra. These interconnected, hollow structures
may find potential application as photonic
materials, low-cost MEMS, microfluidic networks
for heat dissipation, and biological devices. An
example of a Si hollow woodpile structure we
formed is shown to the right. Through a similar
replication process, we are also creating optically
active materials via a holographic route.

Very recently, we have shown that colloid crystal templated electrodeposition can be used to
create 3D periodic metallic structures. These materials may have unique emissive properties due
to the microperiodic structure, which, for example, may suppress the thermal emission of light
over specific frequency ranges, effectively increasing the efficiency of a thermal photonic
emitter created from such structures over the remaining frequency ranges where the emission is
not suppressed. We have initial results demonstrating this effect from Ni and Au inverse opal
metallic photonic crystals heated between 400 and 600 °C.
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Future Plans

Three dimensional nano and microscale photonic structures have a number of interesting and
unique optical properties. The majority of the interesting physics and most applications require a
wide diversity of materials and structures which can not be formed through conventional top-
down processing. A significant aspect of our future work will be to use techniques such as
colloidal self-assembly, multibeam and phase mask holography, multiphoton polymerization,
and direct ink writing, in concert with materials deposition routes such as electrodeposition,
CVD, and ALD, which are effective in depositing high refractive index materials, to form 3D
structures which may, for example, be useful for photoemissive, photovoltaic and other photonic
applications. Through appropriate design it may be possible to form photonic crystal structures
which serve to distribute light from, or concentration light into, small regions of space, which
could lead to devices with enhanced photonic properties. In particular, concentration of light
into high-Q cavities will be explored. The nonlinear optical properties of materials in high-Q
cavities may result in new emissive and absorptive optical behaviors.

The electromagnetic energy distribution within photonic crystal structures is also interesting
to explore. In these structures, the electric field intensity is very nonuniform, and highly
wavelength dependent, which may open opportunities for new localized photonics. For example,
if a photonic crystal is filled with quantum dots, the dots in the high field region will behave very
differently than the dots in a low field region. With only very small changes in the incident
radiation, the high and low field regions may switch, which will dramatically alter the emission
of the quantum dots embedded in the structure.

Metallic photonic crystals have been of recent interest due in part to their emissive properties
when heated to high temperature. We have now formed a few testbed structures, however have
not fully explored the potential of these metallic photonic crystals. Over the next few years, we
intend to carry out a coupled theory and experimental approach to the formation of emissive
metallic photonic crystals with a focus on energy related applications.
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Biased Self-Assemblies in Block Copolymers and Nanorods

T.P.Russell
Polymer Science and Engineering Department
University of Massachusetts
Ambherst, MA 01003

Lighting based on field emission devices requires lateral positioning of anisotropic objects on
patterned media. Top-down approaches use classic photolithographic processes to achieve the
desired result. Bottom-up approaches, based on self-assembly processes, offer the possibilities
of reducing the number of processing steps, obtaining unprecedented areal densities with
nanoscopic conductors or semi-conductors, and utilizing flexible substrates. In one approach,
the self-assembly of diblock copolymers, two chemically dissimilar polymers joined together at
one end, will be described where, by using external fields, like electric fields or solvent fields,
ordered arrays of cylindrical microdomains with diameters of 10-20 nm and aspect ratios of 100
or more, can be achieved. By selectively removing the minor component and backfilling with a
conductor or semi-conductor or by phase-selective chemistries, high-density arrays of
nanoscopic wires can be obtained that have field emission characteristics comparable to carbon
nanotubes. In a second approach, the self-corralling self-assembly of CdSe nanorods, with
aspect ratios of 20 or more, will be described where, by using an interfacial or line tension,
ordered, hexagonally-packed arrays of nanorods can be produced in a straightforward manner.
In both processes, selectively placing these arrays of nanowires or nanorods over a voltage
source allows the fabrication of field emission devices that have promise for lighting
applications.
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Optical, Electrical and Magnetic Studies of Ordered n-Conjugated Systems

Z. Valy Vardeny
val@physics.utah.edu
Department of Physics, University of Utah, Salt Lake City, Utah 84112

Program Scope

Using a variety of optical, electrical and magnetic methods we study the primary
photoexcitations and their dynamics in a variety of n-conjugated systems, in time ranging
from 100 fs to minutes, and spectral range from 30 meV to 3.3 eV. The main method that
we have used is transient and steady state photomodulation (PM) technique. In the fs time
domain we follow the primary photoexcitations from their generation, to trapping and
recombination. The main problem that we address is the branching ratio between excitons
and polarons in pristine and Cgo-doped polymer films. In the microsecond to millisecond
time domain we follow the geminate polaron pairs as they recombine or dissociate into
free polarons. In the seconds to minutes time domain we follow the photogeneration of
metastable states in polymer films.

Spin injection into organic semiconductors can be achieved either by spin polarized
injection from FM electrodes, or optically via spin dependent recombination with
preference for spin parallel configuration. The former process is studied by the spin valve
effect, whereas the later process is studied by the technique of optically detected
magnetic resonance (ODMR). The various spin effects critically depend on the film
morphology that can be changed by the solvent used, as well as by heat post treatment.

Recent Progress

(i) Polaron/exciton branching ratio in the ps time domain

Photogeneration of charge polaron excitations in organic semiconductor polymer films
with various nanoscale morphologies is of interest because the traditional one-
dimensional (1D) electronic properties of the m-conjugated polymer chains can be
modified by the increased interchain coupling. In particular the quantum efficiency, n of
ultrafast (primary) photogenerated polarons in pristine and fullerene-doped polymers is
important for achieving more efficient organic solar cells that are the focus of intense
interest nowadays; since the early process determines the charge separation efficiency in
these devices. Yet there is no reliable method to determine the branching ratio, n between
photogenerated polarons and excitons. Certainly 1 cannot be determined from cw
spectroscopy, since polarons decay with a variety of time constants that are difficult to
determine using phase sensitive techniques, and thus cw n-value estimates are too small.
Measuring primary polaron photoexcitations in the sub-picosecond time domain is then
the most accurate method to determine 1; alas, this is easy said than done. For example,
in pristine films of poly(phenylene-vinylene) [PPV] derivatives four different methods of
measuring 1 in the ps time domain were used thus far that yielded large variation 0.1% <
N < 10% even in films casted from the same polymer. The reason for this is that each
method focuses either on measuring polarons, or excitons, but not both; there is no
method of simultaneously measuring these two kinds of photoexcitations. Picosecond
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transient photoconductivity is sensitive only to charge carriers via mobility and n;
photoinduced infrared vibrations (IRAV) related to charges on the polymer chains is
sensitive only to separated polaron pairs; photoinduced THz radiation is confined to a
narrow spectral range; and in transient photomodulation (PM) in the visible range there
are too many overlapping photoinduced absorption (PA) bands that does not allow an
accurate determination of m. Similar to pristine polymers, the narrow spectral range of the
photoinduced IRAV method used to study the photoinduced charge transfer (CT)
dynamics in polymer/fullerene blends has not allow to simultaneously investigate the
exciton dynamics; thus the existence of ‘an ultrafast photoinduced CT process’ in these
films must be taken with a grain of salt.

In our recent work, we used the transient PM spectroscopy with 100 fs time resolution in
an unprecedented broad spectral range from 0.15 to 2.7 eV, which, for the first time also
included the polaron absorption band in the mid ir spectral range (~0.35 e¢V), to more
accurately determine m, since both excitons and polarons PA bands are well separated
and simultaneously detected. For obtaining m we used an intrinsic detection scheme,
namely the ratio of the polaron/exciton PA bands in the mid ir range at low excitation
intensities of less than 10'°cm™. We used this method to obtain 1 in a variety of pristine
and Ceo-doped films of PPV derivatives having different morphologies on the nanometer
scale. In MEH-PPV we found that 1 dramatically depends on the solvent used; n ~ 10%
when the film is prepared from toluene solutions, but 1 < 1% if chloroform is used. Also
7 is much smaller in DOO-PPV compared to MEH-PPV and unsubstituted PPV, clearing
up a controversy that exists in the field. Surprisingly, the primary polaron pairs in the
pristine films set an upper limit for the photoinduced CT efficiency in Cso-doped MEH-
PPV films; because mainly these species are separated onto the Cg molecules. Rather
than undergoing an ultrafast CT reaction with neutral Co molecules in the film, we found
that the photogenerated excitons simply recombine at the polaron'/Ce complexes that
are formed in the ps time domain from the primary polaron pairs.

(11)_CW studies

(a) CW measurements show that the emission quantum efficiency of distyryl-benzene
[DSB] crystals is quite high (of the order of 70%) and therefore they may be excellent
candidates for organic laser action. The PL emission band of these crystals contains
several phonon side-bands with high and low phonon frequency series, which, however
do not show up in the respective Raman spectrum. We have succeeded in analyzing the
DSB PL emission spectrum with a model, dubbed ‘apparent mode’ model that takes into
account the contribution of all phonon modes in the crystal weighted by their Huang
Reiss factor. The weighting factors were directly taken from the experiment using the
spectrum of resonant Raman scattering in DSB crystals.

(b) Using the PA and PADMR measurement techniques in which we have excelled
during the previous funding periods, we discovered that the formation cross-section of
singlet excitons is larger than that of triplet excitons in m-conjugated conjugated systems,
and this is especially true in polymers rather than in short oligomers. During the present
funding period we have extended our studies to also include Pt-containing polymers that
were previously studied in Cambridge, using OLED with both PL and phosphorescence
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(i11) Organic spintronics

We were the first group to report spin injection into organic semiconductors, and we
would continue our efforts in this direction. (a) Firstly, we will explore the possibility to
fabricate spin-valves that work at 300K. This is very important since otherwise
application of organic spin-valves would be minimal. For this we plan to use an empirical
technique, since a-priory we do not know what material would have the smallest spin
lattice relaxation rate at 300K, which is needed for spin transport inside the organic layer.
(b) We will also investigate the phenomenon of magnetic field effect (MFE) over the
current and EL in non-magnetic OLED’s. This phenomenon has been around for more
than 4 years but no one has come up with a good explanation for it. We found that
LSMO-based OLED’s do not show this phenomenon, and this may be crucial in
understanding the MFE.
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The Organic Chemistry of Conducting Polymers:
From Molecular Wires to Photovoltaics

Laren M. Tolbert and Janusz Kowalik
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laren.tolbert@chemistry.gatech.edu, janusz.kowalik@chemistry.gatech.edu

Program Scope.

The translation of molecular properties to materials and device properties
represents a challenge to both molecular science (chemistry!) and materials
science. The field of electroactive molecules and their extrapolation to conducting
polymers and electronic devices presents a particularly daunting set of obstacles,
not the least of which is that the properties of the material or device are often
determined not by the molecular properties of the bulk, but rather by the
properties of the interface, where impurities and oxidation can corrupt the
interpretation of these results. The notion of "molecular wires" has been extant for
a number of years, but only recently have the technology, the theoretical basis,
and the synthetic tools evolved to the point that such applications, or at least an
assessment of their possibilities, have entered the realm of the feasible. The
approach used in this program views conducting polymers as a problem in
mechanistic organic chemistry, examining the convergence to bulk properties of
molecular properties. This approach has involved the synthesis of oligomers of
defined length in which the charge carrier is an intrinsic part of the chain, for
which the length scale can be controlled by the dimensions of nanoelectrodes or
nanoparticles. In a separate but related effort, application of conducting polymers
in dye-sensitized photovoltaic devices has emerged.

Recent Progress

We have proposed that the most efficient molecular “wires” are based upon the
known structure of solitons in polyacetylene.! Since the highest occupied
molecular orbital in ferrocene is a metal-centered orbital, an examination of the
redox potentials in binuclear ferrocene complexes linked by linear unsaturated
bridges has emerged as a compelling motif for studying properties of molecular
“wires.” For instance, Spangler reported on the intervalence electron transfer of
bisferrocenylpolyenes,? while we have reported on a bisferrocene containing a
solitonic (polymethine) charge transfer chain.” However, the nature of the bridge
in facilitating such communication is not a straightforward function of the
oxidation potential of the bridge, but rather exhibits a more complex dependence
on distance, oxidation potential, and orbital overlap. Since a number of
chalcogens, heterocycles, and other moieties are proposed to intimately connect
nanostructured materials electronically, an understanding of the nature of such
communication is essential. Our approach is to place the redox mediator X

36


mailto:laren.tolbert@chemistry.gatech.edu
mailto:janusz.kowalik@chemistry.gatech.edu

between two ferrocenylvinyl groups such that the steric effects are comparable in
all cases (see Figure 1). We have uncovered some surprisingly effective linkers,
as well as others which suppress communication in a counterintuitive fashion.
Cyclic voltammetry of the sulfur-linked bisferrocene, for instance, exhibits two
waves corresponding to oxidation of the first and second ferrocenes, indicating
communication of oxidation state information from one metal to the other. At the
same time, one electron oxidation of the molecule yields the spectrum of an
intervalence charge-transfer complex, while double oxidation is consistent with
formation of a bridge-centered radical cation. The competition between ferrocene
and bridge oxidation offers the possibility of introducing “switches” which
facilitate, or inhibit, communication between the two ferrocene moicties. The
combination of electrochemistry and spectroscopy allows us to identify the nature
of the charge carrier in each case. Attempts to measure the rate of charge transfer
between oxidized and unoxidized ends are ongoing.

< ST X = 0,S,NR, PR, Se,
iﬂ t o

Figure 1. Examples of ferrocenes connected by various "wires".

We published some of the early work on the use of conducting polymers,
particularly polythiophenes, to replace the liquid junction in the Gréitzel dye-
sensitized solar cell (DSSC).* We have also discovered that the polymer itself
can act as the light-harvesting dye. Such cells promise low cost fabrication
without the leakage problems inherent in the DSSC. Success in this area,
however, requires strategies for the development of high polymers with high
carrier mobility. To date, high mobilities (>1-10 /cm? have only been achieved in
single crystal materials.

Future Plans

We believe that a critical component of the construction of devices based upon
organic materials will depend critically on the interface between organic and
semiconductor or conductor surfaces. Such an interface can have two effects.
First, it can facilitate charge transport between the dissimilar materials by
avoiding charge traps. Second, the interface itself, if properly designed, may
influence the long-range order in the polymer and thus affect the charge mobility.
We have generated an organic field-effect transistor (OFET) platform that will
allow rapid scanning of various surface treatments to ascertain their role on the
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emissions. We found that the singlet excitons in these polymers have larger formation
cross-section compared to triplet excitons, in perfect agreement with previous results.

(c) We have also studied the dependence of the lower polaron absorption band, namely P,
in several polymers and oligomers as a function of their conjugation length (CL). We
found that P, scales inversely with the CL. This is therefore a unique spectroscopy that
may have important applications in the field of disordered organic semiconductors
because it can yield the CL using a non-invasive method. We also found that planar
polymers such as RR-P3HT, mLPPP and PFO deviate from the trend found and actually
show even a lower P;. This was taken as an indication that these polymers have a quasi-
2D structure, where the polarons may be delocalized in 2D.

(iii) Organic Spintronics

We routinely fabricate organic spin-valves based on FM electrodes such as the half-metal
LSMO, or on more conventional FM electrodes such as Co and Fe. We also fabricate
organic spin-valves based on SAM’s of conducting molecules. With the fabricated
organic spin-valves based on LSMO/Alqs/Co we measured a giant magneto-resistance of
40% at 10K. This shows that FM electrodes can inject spin-polarized carriers into organic
semiconductors, and this has tremendous promise for spintronics applications. This work
has been published recently in the journal Nature.

In addition to the spin-valve related magneto-resistance (MR) we also found in LSMO-
related OLED’s a high field MR. This MR response is due to the change in the Fermi
energy of the FM LSMO electrode with the applied magnetic field, which consequently
changes its carrier-injection ability. This work was recently published in Phys. Rev. Lett.

Future Plans

(1) Ultrafast Spectroscopy

We will continue to make progress with the transient spectroscopy in the ir spectral
range. (a) Firstly we plan to investigate primary photoexcitations in t-(CH)y. It is true that
this polymer is ‘old hat’ since it is non-luminescent. However interest in it has not
diminished completely because of the peculiar excitations, namely ‘solitons’ that are
unique for this degenerate-ground-state polymer. (b) In addition, we would also like to
complete our investigation of pristine and Cgo-doped MEH-PPV. This polymer was the
center of controversy since the SB group claim electrons and holes as primary
photoexcitations; whereas other groups insist that these are excitons. (c) In addition we
also plan to complete the work on the commercially important polymer PFO. We will
measure the spectrum of the two-photon-absorption and compare it with the transient PM
and electro-absorption spectra.

(i1) CW investigations

We will continue to decipher the underlying mechanism of the ODMR. We will
investigate the ODMR signal when nano-magnets are added to the polymer.

Also we would investigate long time changes in polymers upon prolonged illumination.
We found that prolonged illumination of MEH-PPV polymers give rise to a new phase in
which polarons are generated more easily. We would study this metastable phase using
the PM and PL techniques.
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underlying organic polymer or single-crystal morphology.’

The basic strategy is to modify the metal or semiconductor surface using surface
compatibilization groups. For instance (and unsurprisingly), attachment of
sulthydryl groups to the conducting polymer results in formation of robust bonds
to gold surfaces. Similarly, use of phosphonate groups allows robust attachment
of polymers to metal oxide surfaces, particularly titanium oxide. Alternatively, a
self-assembled monolayer of a properly designed molecule can organize the phase
of an overlying layer. For instance, we have discovered that a naphthalenethiol
on gold will direct crystallization of aromatic molecules on the surface. We are
particularly interested in the use of this strategy to organize materials, e.g.,
sexithiophenes, which are known to have high charge mobilities, in particular
morphologies for use in OFETs. Similarly, we will attempt to organize our
bisferrocenes in SAMs on electrode surfaces to measure the relative
communication efficiency of each of our “wires.”
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Program Scope

The combinatorial approach for discovery and optimization of new materials has
emerged as a powerful tool in diverse fields such as catalysis, optoelectronics, and lumines-
cence." The multiplicity of parameters that affect device performance renders combinatorial
approaches an important tool for device development as well. Indeed, in recent years, such
approaches have proven useful in fabricating, optimizing, and studying organic light-emitting
devices (OLEDs) as well.>'® Our program has included screening of 2-dimensional (2-d)
UV/violet arrays, and 1-dimensional (1-d) arrays of blue-to-red OLEDs, intense white OLEDs,
and arrays fabricated to study Forster energy transfer in guest-host OLEDs. It demonstrates that
combinatorial fabrication of OLEDs has become a powerful tool for screening various OLED
materials and configurations, and for studying their basic optoelectronic properties.

Recent progress

1. 2-d UV/violet OLED arrays. UV/violet OLEDs are highly desirable as, ¢.g., excitation
sources for other red-to-blue fluorescent films and luminescent sensors. To this end, we
fabricated and screened 2-d arrays of UV/violet ITO/[copper phthalocyanine (CuPc)]/[4,4'-bis(9-
carbazolyl)biphenyl  (CBP)]/[2-(4-biphenylyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole  (Bu-
PBD)]/CsF/Al OLEDs, as described by Zou et al.” The emission, which peaks at ~380 nm, is due
to CB. The OLEDs were fabricated combinatorially using a sliding shutter technique similar to
that described by Schmitz et al.,> to screen them for the optimal thicknesses of the CuPc hole
injecting layer and the electron transport or hole blocking layer. The emission from these CBP-
based OLEDs peaked at 380 - 390 nm and originated from the bulk of the CBP layer.

Similar 2-d combinatorial arrays of CBP OLEDs, but with the Bu-PBD replaced by the
hole-blocking material 2,9-dimethyl-4,7-diphenyl 1,10-phenanthrolin (BCP), are currently being
studied by Zhou et al.'' It is found that at any given bias higher than the turn-on voltage, the
current through the CBP/BCP device is much higher than that through the CBP/Bu-PBD device.
It is therefore suspected that the efficiency of CBP OLEDs with a BCP electron-transport layer
(ETL) would be significantly higher than that of CBP devices with a Bu-PBD ETL.

2. 1-d Blue-to-red OLED arrays. Color modification in thermal vacuum evaporated small
molecular OLEDs has attracted strong attention due to the applications of such OLEDs for full-
color flat panel displays'? and general lighting applications.'® One well-known method to modify
the color is the guest-host (G-H) or molecular doping approach, where both the doping
concentration'>'*'® and applied bias'®'” affect the emission spectrum. The guest emission
spectra are shifted by the doping concentration,'*'® and the relative intensity of guest and host
emission vary with applied bias.'®'” Yet control of the doping concentration is problematic due
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to instabilities in the fabrication procedure. In contrast, color tuning via changes in the thickness
of the doped layer may provide a facile fabrication process for vacuum evaporated devices. Our
work demonstrated this approach by describing such 1-d combinatorial blue-to-red G-H
OLEDs;’ The emission shifted from blue to red as the thickness of the doped layer increased
from 0 to 35 A.

The OLEDs’ structure was ITO/[5 nm CuPc]/[38 nm N,N'-diphenyl-N,N'-bis(1-
naphthylphenyl)-1,1'-biphenyl-4,4'-diamine (NPD)]/[ts nm 5 £ 0.6 wt.% 2-methyl-6-[2-(2,3,6,7-
tetrahydro-1H,5H-benzo[i,j]quinolizin-9-yl)  ethenyl]-4H-pyran-4-ylidene]  propane-dinitrile
(DCM2)-doped NPD]/[4,4'-bis(2,2'-diphenyl-vinyl)-1,1"-biphenyl (DPVBi)J/[10 nm tris(8-
hydroxy quinolinato) Al (Alqs)}/[1 nm CsF]/[150 nm Al], where ty =1, 2, 3, 4, 6, 10, 20, and 35
A. For color tuning, DCM2 and NPD were co-deposited after the neat NPD layer; the ratio of
their depositions rates corresponded to ¢y = 5 + 0.6 wt.% DCM2 in NPD.

The tg-dependence of both the peak
emission wavelength and the efficiency of the —TT
OLEDs was found to be very similar to their ! E B
doping concentration (Cq)-dependence described I II I I '
previously.'*!*'® Figure 1 shows an array of pixels I I - eR
with different ty on a 2”%x2” substrate, at an applied
bias of 8 V. In the first two columns ty = 0, in the
third column ty = 1 A, and beyond that column, tg I' EE B
increased nonlinearly to 35 A in the last columns. l I I I I l I R
Importantly, all the pixels are comparably bright \ i
at 8 V. Hence, this approach is very promising for
the development of red-green-blue (RGB) OLED
arrays for multicolor applications.

Fig. 1. Color evolution of OLEDs with varying DCM2-doped-layer thickness at Vap, = 8 V.

3. 1-d Arrays of intense white OLEDs (WOLEDs). WOLEDs are drawing intense
attention as general white solid-state light sources.'*'®'*!* For displays, the brightness L < 300
Cd/m’ is sufficient, but lighting requires L ~ 2000 Cd/m”. In addition, stability exceeding 10,000
hours and 77yower superior to those of fluorescent tubes (7power ~ 50 Im/W), both at L ~ 2000
Cd/mz, must be achieved.

By lightly doping a host material with a dye, incomplete energy transfer from the host to
the guest results in emission from both.'"™'? In addition, since the emission spectra of organic
molecules are usually broad, if the host is a blue emitter and the guest is a red or orange emitter,
this single doped layer can yield white emission. This strategy previously yielded bright (L =
42,000 Cd/mz) and efficient (77power ~ 2.9 Im/W) WOLEDs." Since the white emission is from
one layer, the device shows relatively good color stability."'" Our recent study demonstrated
very bright and efficient WOLEDs based on orange-emitting 2 - 10 nm-thick layers of 0.25 and
0.5 wt.% rubrene-doped DPVBI, with surprisingly stable color coordinates that barely changed
from ~50 Cd/m’ to 50,000 Cd/m>.® The maximal brightness achieved in pulsed operation was >
74,000 Cd/m”.

4. 1-d Arrays fabricated to study Forster energy transfer in guest-host OLEDs.” This
study analyzed energy transfer in highly efficient doped DPVBi OLEDs. A region of the hole
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transport layer (HTL) adjacent to the host DPVBI layer was doped with an efficient guest red
dye. The host-to-guest energy transfer probability was determined by comparing the emission
from the two fluorophores and its dependence on the applied field. It decreased with increasing
field, probably due to an increasing fraction of positively charged dye molecules (i.e., molecules
that trapped a hole). It was also estimated that at fields as low as 0.4 MV/cm, ~50% of the dye
emission was due to trap emission rather than Forster energy transfer. The analysis yielded a
Forster energy transfer radius Ry = 33.5 + 3.5 A.

Future Plans

The foregoing studies demonstrated the power of combinatorial screening for developing
UV/violet, blue-to-red, and intense white small molecular OLEDs, and for studying the basic
physical processes in such devices. However, they did not address the following issues:

1. Polymer OLEDs (PLEDS). The performance of PLEDs has consistently lagged that of
small molecular devices, to the point where the efforts to develop them towards commercializa-
tion have been largely abandoned. This reduction in the efforts to develop them has occurred in
spite of the clear cost and efficiency advantages of fabricating PLEDs by spin-coating or inkjet
printing over the fabrication of small molecular OLEDs by thermal vacuum evaporation. Yet, it
was recently shown that the quantum efficiency of poly(N-vinyl carbazole) (PVK)-based PLEDs,
doped with an appropriate phosphorescent dye, rivals that of any small molecular OLED.
However, the stability of such PLEDs is all but unknown. Hence, the development of
combinatorial libraries for screening the stability of high-efficiency PLEDs, especially at high
brightness (> 1000 Cd/m?), could be extremely valuable for a definitive determination of their
potential for solid state lighting applications.

2. The stability and the nature of the degradation processes in small molecular OLEDs at
high brightness (> 1000 Cd/m®. While the degradation processes at low brightness (< 300
Cd/m?®) have been studied extensively, relatively little attention has been focused on the
processes that occur at high brightness. In general, it has been assumed that for all the
degradation processes, the degradation level is approximately proportional to the total charge
injected into the device. This assumption is the foundation for accelerated degradation
measurements, which draw conclusions on the stability at low current based on the observed
behavior at high current. It is obviously vitally important that this assumption be examined
critically, and that the fundamental degradation processes at high current be elucidated.
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Charge Injection and Transport in Polyfluorenes
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Program Scope

Organic Light Emitting Diodes (OLEDs) represent an emerging technology for lighting
applications [1]. Their compatibility with large-area, mechanically flexible substrates
have the potential to lead to inexpensive and efficient new light sources with unique form
factors. Poly(9,9-dicotylfluorene) and its copolymers are among the best performing
polymers in OLEDs due to their high mobilities and fluorescence efficiency. However,
the factors that determine the performance of polyfluorene-based OLEDs are currently
not understood in detail. For example, the ohmicity of the contacts is known to determine
the performance of organic light emitting diodes. This project attempts to provide a
comprehensive understanding of change injection and transport in model polyfluorene
copolymers, which will help engineer more efficient polyfluorene-based OLEDs for

applications in lighting.
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Recent Progress

We developed a time-of-flight (TOF) experiment to measure the charge carrier drift
mobility as a function of electric field and temperature. The experimental set-up involves
a vacuum cryostat, where the sample can be held for the duration of the experiment
without exposure to the ambient, and can control sample temperature with high accuracy.
A nanosecond nitrogen laser is used as the photoexcitation source in the single pulse
regime. A high voltage source-measure unit and a fast oscilloscope complete the setup.
The sample geometry involves an indium tin oxide (ITO) covered glass slide, on which
we deposit a layer of the conducting polymer poly(3,4-ethylene dioxythiophene) doped
with poly(styrene sulfonic acid) (PEDOT:PSS). We then deposit a layer of the
polyfluorene, which is several micrometers thick. The sample fabrication completes with

the deposition of a semitransparent Al counter electrode.

Hole mobilities were measured by applying a bias across the sample (Al electrode
positive), and photogenerating holes at the Al/polymer interface. The holes drift towards
the ITO electrode, causing current flow at an external circuit, which is measured as a
function of time. When the holes arrive at the ITO electrode the current drops to zero.
The time it takes for the “average” hole to arrive at the ITO electrode is called the transit
time and is inversely proportional to the mobility. The mobility was found to be
temperature dependent and electric field dependent, as expected for transport in an

amorphous material.
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Knowledge of the mobility allows an estimation of the space charge limited hole current,
the highest unipolar current that can flow through an organic semiconductor film. By
reversing the bias (ITO electrode positive), it is possible to measure the injected hole
current from PEDOT:PSS, and compare it to the space charge limited one. The ratio of
the two gives the injection efficiency, a figure of merit for contact performance. An
injection efficiency of one means that the contact is ohmic. We found injection
efficiencies of the order of 10°, which mean that PEDOT:PSS is a poor hole injector in
polyfluorenes. This means that the efficiency of OLEDs that utilize this contact can be

improved considerably with the use of better anodes.

Future plans

We plan to work along three directions: The first one involves quantification of the above
mentioned data. We will fit the electric field and temperature dependence of the
mobilities to standard models to understand the mechanism of charge transport in
polyfluorenes. We will also fit the injection efficiency data to injection models and
extract the barrier height between the polyfluorenes and PEDOT:PSS. We will then
compare the results with spectroscopy results from the group of Prof. Antoine Kahn at
Princeton, who is working on the same contacts. This comparison will allow a deeper

understanding of charge injection in these materials.

The second direction involves innovation in experimental techniques. We will set up a

dark injection experiment [2] to measure the mobility and the charge injection efficiency
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in a device relevant geometry. This will facilitate comparison with results from OLEDs

and will help measure changes in mobility and injection during OLED degradation.

The third direction involves improving the hole injecting contact in polyfluorene devices.
We will apply various surface treatments on ITO and repeat the injection efficiency

measurements to quantify their influence on hole injection.
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Spectroscopic study on sputtered PEDOT-PSS: role of surface PSS layer

Jaehyung Hwang, Fabrice Amy and Antoine Kahn
Dept. of Electrical Engineering, Princeton University, Princeton, NJ 08544, USA

The doped polymer poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT-PSS) is known as an efficient hole injector in organic light emitting
diode(OLED). Its work function is high (~5.2 eV) and it has relatively good transparency
and high conductivity. Although its work function is similar to that of Au, PEDOT-PSS
enables much lower hole injection barrier than the metal [1], which in turns gives much
better device performance. Also surprising is the fact that direct and inverse
photoemission spectroscopies performed on PEDOT-PSS films show that the Fermi level
is situated deep in the gap of the surface material, in apparent contradiction with the
notion of a heavily doped, conducting material. The purpose of this study is to investigate
this apparent contradiction and identify the fundamental factor(s) that contribute to the far
more advantageous hole injection barriers on PEDOT-PSS.

The structure of PEDOT-PSS is known to consists of an insulating PSS layer
surrounding the PEDOT grains [2]. We perform here X-ray and ultraviolet photoelectron
spectroscopy (XPS and UPS) on 40 nm thick films of PEDOT-PSS (Baytron P) spun ex-
situ on ITO. The pristine films are investigated first, then lightly sputtered to identify the
composition, electronic structure and role of the PSS layer. The pristine films show an
extremely weak density of states near the Fermi level [2]. After sputtering, the film shows
a significant increase in the PEDOT/PSS ratio (from 0.12 to 0.7) as well as a strong build
up of the density of filled states close to the Fermi level, suggesting that the removal of
the insulating PSS layer uncovers the bulk of the more conducting doped PEDOT-PSS
mixture. The thickness of the PSS layer, calculated from the ratio between the XPS S 2p
core-levels of PEDOT and PSS for the pristine PEDOT-PSS is estimated at 35 A.
Sputtering also reduces the PEDOT-PSS work function from 5.2 eV to 4.7 eV, close to
that of highly doped PEDOT [3]. We investigate the effect of this change on the charge
injection barrier at the interface with the hole-transport material N,N'-diphenyl-N,N'-bis
(1-naphthyl)-1,1'-biphenyl-4,4'-diamine (a-NPD). The interface dipole (0.24 eV) and hole
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injection barrier (0.97 eV) are found to be larger with sputtered PEDOT-PSS than with
the as-loaded film (0.14 eV and 0.47 eV, respectively), suggesting a stronger interaction
between two materials. We conclude that the insulating PSS layer formed at the interface
increases the work function of the material and decouples the overlayer from the
substrate. Both effects contribute to lowering the injection barrier for holes, improving

the device performance.
1. N. Koch, et al., Appl. Phys. Lett., 82, 70 (2003)

2. G. Greczynski, et al., Thin Sol. Films., 354, 129 (1999)
3. X.Z. Xing, et al., Synth. Met., 89, 161 (1997)
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White-light Emission from Ultra-small Cadmium Selenide Nanocrystals
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Program Scope

Great emphasis has been placed on direct white-light emitting materials and the use of
nanomaterials to manufacture efficient solid-state lighting devices. Semiconductor nanocrystals
or quantum dots are an attractive material for applications in solid-state lighting for several
reasons. Being inorganic, they are much more robust than organic molecules, the electronic and
optical properties are easily modified without major changes to the synthetic methodologies and
they have been shown to exhibit fluorescence quantum yields of near 100%. The specific goals
of this research are to build and characterize light emitting devices that utilize ultra-small CdSe
nanocrystals as the light emitting medium and to study the fundamental physics that produce the
observed behavior of the ultra-small (< 2 nm) CdSe nanocrystals. Ultrafast spectroscopy,
confocal fluorescence microscopy and Z-contrast scanning transmission electron microscopy
will be used to further characterize the structure, optical and electronic propertiesthe ultra-small
nanocrystals.

Recent Progress

We have pyrolytically synthesized magic-
sized CdSe nanocrystals through a modified
version of the methods of Peng er al.' These
ultra-small  nanocrystals  exhibit  broadband
emission (420 - 710 nm) throughout most of the
visible light spectrum while not suffering from
self absorption. This is the direct result of the
extremely narrow size distribution and an
unusually large (30-40 nm) Stokes shift (Figure A
1). The first absorption feature is at 414 nm
which has been assigned as a thermodynamically 7 )
determined ‘magic size’, on the order of 15 A, for 300 ' 500 ' 700
CdSe.*® The emission spectrum shows a band Wavelength (nm) ,
edge e.mi'ssion followed b}{ two fegtures attri‘puted E'delér(éi'se’ébsggtzfzggfrgﬁ SS:I’IIQ Sfrfgzrs?o(;f ;gz%i;
to emission from energetically different midgap were obtained using a Cary Bio 50 UV-Visible
states. The fluorescence quantum yield for this  spectrometer and an ISS  photon counting
material thus far is on the order of 2 to 3% with a  fluorescence  spectrometer (A= 367  nm),
calculated extinction coefficient of 22311 per respectively.
mole of nanocrystals.* Additionally, this material
has demonstrated good photostability. Thin films of magic-sized CdSe (neat on a glass slide)
were able to maintain their optical properties after ten days of exposure to intense UV light from
a 1000 uW, 370 nm LED (LEDtronics) under ambient conditions (air at room temperature).

- - - Absorption [
—— Emission

Absorption (a.u.)
('n"e) uoissiwzg
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Our pyrolytically grown magic-sized nanocrystals do not typically exhibit the strong
band edge emission feature that is observed in CdSe nanocrystals, but do exhibit strong band
edge absorption features indicative of high quality CdSe nanocrystals. We attribute the broad
emission to charge recombination from surface midgap states that arise from the presence of
non-coordinated surface selenium sites.’” While band edge emission occurs by direct
recombination of the electron and hole within the nanocrystal, deep trap emission occurs when a
photogenerated hole, trapped in a midgap state, encounters an electron before it can relax non-
radiatively to the ground state.

This phenomenon of hole trapping to the selenium surface sites has been studied by
ultrafast fluorescence upconversion spectroscopy.’ These studies indicate that as nanocrystal size
decreases, the amount of hole trapping increases. This is due not only to the reduced physical
distance the hole must travel to reach the surface, but also to an increased surface-to-volume
ratio resulting in more available surface sites. It is not unreasonable to infer that as the
nanocrystal size continues to decrease, an even larger population of photoexcited excitons would
be funneled toward the hole-trapping decay pathway, ultimately making it the dominant mode of
radiative relaxation. Magic-sized nanocrystals are so small that the electron wave function has

. . . . 7.8
significant overlap with the selenium surface sites.  Therefore any hole trapped on the surface

would likely encounter the electron before non-radiatively relaxing to the ground state.6
Compounding this situation, the nanocrystal growth time is so short (10-20 seconds normally)
that surface reconstruction and high temperature annealing have little time to occur. This results
in a surface that is likely defect-ridden. Furthermore, unlike larger nanocrystals, the diameter of
the magic-sized nanocrystal and the
length of the ligand are quite comparable.
Coupling of vibrational modes of the
ligand to surface atoms, as well as
collisional relaxation, could provide other
avenues for energy dissipation, providing
more effective trap sites and potentially
contributing to the broad lognormal
emission line shape.

While deep trap emission is quite
common in small (<30 A) nanocrystals, it
is usually accompanied by a large band
edge emission feature.”'® The presence
of a strong band edge feature would bias
the white-light emission toward a
particular color, reducing the quality of
the white light produced. The band edge
emission feature of our material is greatly
diminished, providing a more balanced
white-light emission with chromaticity
coordinates of 0.322, 0.365, which fall Figure 2.  Light emission from magic-sized CdSe

well within the white region of the 1931 nanocrystals. Nanocrystals in solution 2a, and in
IE diaeram.'’ Exampl f the white. Polyurethane films (c and d) illuminated by a frequency

f h d a'g a Xl? P qs ; the 2W te doubled titanium:sapphire laser (400 nm). 2b is UV LED

1ght emission are shown in Figure 2. coated with a polyurethane-magic-sized nanocrystals film.
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Figure 4. C.1. E. 1931 chromaticity diagram.
The chromaticity diagram illustrates all of the
colors of the visible spectrum corrected for
the response of the human eye. The dot
indicates the chromaticity coordinates of our
magic-sized CdSe nanocrystals. This figure
illustrates that our nanocrystals produce a
slightly warm white light that is comparable
to that of a tungsten light bulb.
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Figure 3. Comparison of conventional tungsten and

fluorescent lighting emission spectra with the AM 1.5

solar spectrum, a commercial white LED and magic-

sized CdSe nanocrystals. The magic-sized CdSe

nanocrystals exhibit a broad emission covering most

of the visible spectrum. Unlike conventional tungsten

sources no energy is wasted producing wavelengths

beyond the visible spectrum.

Future Plans

Further studies of the reaction conditions for the pyrolosis reaction will be undertaken in
an attempt to understand why the bottom up pyrolosis reaction leads to a product with these
unique optical properties. Surface passivation will be investigated as a means of increasing the
modest quantum yield of roughly 3-5 %."2

Characterization of the nanocrystal size and morphology will be carried out using Z-
contrast scanning transmission electron microscopy. This technique offers the ability to probe
the structure of these ultra-small nanocrystals where traditional electron microscopy lacks the
required resolution. Confocal fluorescence microscopy studies will be undertaken to determine
if the broad emission is an ensemble phenomenon or if in fact all nanocrystals produce the broad
spectrum light.

Ultrafast fluorescence upconversion spectroscopy and ultrafast transient absorption
spectroscopy will be used to attempt to elucidate the relaxation mechanisms leading to the broad
emission from the ultra-small CdSe nanocrystals. Examining the time evolution of the emission
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and bleaching of the excited states should afford insight into the nature of the relaxation
mechanisms involved.

Finally, light emitting devices utilizing ultra-small CdSe nanocrystals as the emitting
material will be constructed. Device designs utilizing the nanocrystals in both frequency
conversion and electroluminescence roles will be investigated and characterized with respect to
spectral quality, conversion efficiency, and luminous efficacy.
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Program Scope

This abstract corresponds to a subtask of the BES Program titled
“Nanophosphors: Fundamental Science of Insulators in the Nanoscale Regime” started
last April. There, among other ideas, Ce implantation into Lu,SiOs (LSO) crystals to
achieve enhanced light output was proposed. LSO doped with Ce is extensively used as a
radiation detector because it exhibits high mass density (7.4 g/cm3), fast emission (40 ns),
and excellent light output. For optical efficiency Ce must be in the 3+ valence state and
must substitute for Lu in the monoclinic crystal structure. However, because of the low
Ce segregation coefficient in LSO, 0.22, light output is limited by the Ce solid solubility
of ~0.05 at.% with respect to Lu. ' By using ion implantation, a technique that is capable
of obtaining stable materials in conditions far from thermodynamic equilibrium, we
suggested that this limit could be extended to higher concentrations and presumably
achieve enhanced light output. Moreover, relative to the high temperatures required for
Czochralski growth of LSO (~2150°C), ion implantation and post-implantation annealing
offer an attractive alternative for synthesizing this technologically important material.
While photoluminescence measurements of LSO crystals implanted with 132 keV Ce* up
to 4.84x10' atoms/cm? followed by 1h annealing at 1000 °C in vacuum showed no
improvement in the light output, other ion implantations into LSO revealed interesting
results.

In LSO:Ce-based radiation detectors, efficient energy transfer from the ionization
track to the Ce sites, a process in which electronic defects play a major role, is necessary
to achieve good light output. On the other hand, the presence of defects caused by the
incoming radiation may provide radiationless pathways that ultimately reduce the total
light output. For these reasons we carried out H" and He" irradiations of LSO at room
temperature and monitored the effects on light emission from self-trapped defects (STDs)
as a function of the temperature to gain insight into the effects of ion irradiation on
undoped LSO.

Recent Progress

Irradiation of LSO with 40 keV H' and 53 keV He" ions were carried out with
doses of 2 and 1 x10'® atoms/cm? at room temperature, respectively. The ion energies
were chosen to achieve the same projected range, calculated to be ~240 nm using the
Stopping Power and Range of Ions in Matter (SRIM 2003) code. > As a consequence,
defect production is close to the surface and within similar volumes in all samples.
Pristine and irradiated samples were investigated by radioluminescence (RL)
measurements carried out in vacuum from room temperature to liquid He, using a Mo-
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target x-ray source operated at 50 kV and 40 mA. The effective x-ray energy was ~25
keV and the dose rate at the sample was 1.75 Gy/s (measured in air).

Two emission bands centered at 256 and 315 nm were observed in the pristine
and the irradiated samples. They were assigned to self-trapped excitons (STEs) and self-
trapped holes (STHs), respectively, 3 following the observation that STE bands with
maximum around 250 nm, and STH bands with maximum around 300 nm, occur in all
yttrium- and lutetium-based compounds investigated to date. +3 Since the intensity of
these bands obtained by H and He" irradiations was found to be controlled by radiation-
induced ballistic damage, with no indication of chemical effects arising from the
chemical nature of the implanted species, as observed in other materials, we focused our
research on the H' results.

The thermal behavior of the two bands, before and after ion irradiation, is
summarized in Fig. 1. The STE curve for the irradiated sample is shifted to lower
temperatures relative to the unirradiated one, has an inflection point at T'~75 K, and
exhibits two-fold increase in emission intensity. In contrast, following ion irradiation the
STH band shifts to higher temperatures with no change in emission intensity and no
evidence for an inflection point. The shifts of the curves are associated with changes in
the thermal stability of the defects. After irradiation, STEs are less thermally stable with a
three-fold decrease in the thermal activation energy as determined by applying the two-
level Mott-Seitz equation, I(7) = L/(1 + Ce'E/kT), where T is the temperature, C is a
constant related to the probabilities of radiative and nonradiative decay modes, E is the
thermal activation energy, and k is Boltzmann’s constant. ® On the other hand, STHs
present a two-fold increase in the activation energy after irradiation. Strikingly is the fact
that ion irradiation, which is confined to a shallow region close to the surface (~240 nm
depth), has such pronounced effect on radioluminescence intensity. Similar results have
been reported in ion irradiated SrTiOs. ’
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Future Plans
We now outline a qualitative model to explain the RL results that is presently in

development by our group. It incorporates the structural damage induced by H*
irradiation, oxygen ions and vacancies as the STH and STE luminescence centers, and a
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surface dead layer. Monte Carlo simulations of 40 keV H" irradiation of LSO using the
SRIM 2003 code showed that the number of oxygen vacancies comprises nearly 50% of
the total number of vacancies, which is of the order of 10?' vacancies/cm’, corresponding
to atomic fractions of a few atomic percent. Even if one assumes that the original
concentration of oxygen vacancies in the pristine material is high, of the order of 10'®
vacancies/cm’, irradiation promotes a huge increase in the overall concentration.
Conversely, the reduction of the number of oxygen ions in the crystalline network due to
interstitial production is less than 10%. Although self-healing of the structure is expected
to occur, a significant fraction of these defects will be retained in the structure. Moreover,
STDs are not stable at room temperature and, therefore, we conclude that the major effect
of H" irradiation at room temperature is to produce a large concentration of oxygen
vacancies in LSO.

Because the x-ray flux utilized in the RL experiment is constant and only
produces electron-hole pairs, the observed increase in the STE luminescence intensity is
attributed to an increase in concentration of recombination centers, i.e., of the number of
oxygen vacancies. On the other hand, since the number of oxygen ions in the crystalline
network is only slightly changed by the ion irradiation, no significant changes in the STH
emission intensity are expected, consistent with observation (cf. Fig. 1). The presence of
an inflection point at T°~75 K in the temperature-dependent STE emission intensity is
attributed to the superposition of two thermal quenching curves originating from two very
similar STEs. These defects correspond to STEs, and to STEs perturbed by a nearby
structural defect that is most probably an oxygen vacancy. The full-width at half-
maximum of the STE band is ~0.6 eV, which is large enough to accommodate two
unresolved emission bands. Perturbed STEs, usually associated with impurities, have
been reported before in other materials. ® In the alkali halides they are responsible for
luminescence at temperatures where STE emission is quenched, ° supporting our view
that the observed changes in the thermal stability of the STDs are related to ion-induced
structural damage.

While the above model qualitatively describes the effects of ion irradiation on the
behavior of STD emission in LSO, the fact that a shallow modified region ~240 nm thick
is capable of doubling the STE light output when excited by ~25 keV x-rays is quite
remarkable. The penetration depth of the x-rays is of the order of a few mm, which is
~10* times the range of H' ions. Thus, RL is probing a very large volume relative to the
volume affected by ion irradiation. The explanation to this observation is related to
presence of a surface dead layer from which no luminescence is emitted. The existence of
this layer in phosphor materials has been extensively reported in the literature,
particularly for semiconductor materials, and many mechanisms have been proposed to
explain its existence: (i) surface space-charges causing electric fields that separate
electron-hole pairs, thus reducing the rate of radiative recombination; (ii) lattice defects
and imperfections in the surface region, including oxidation; (iii) changes in composition
(segregation); and (iv) changes in the crystallographic phase causing a decrease in the
luminescence efficiency. The decrease in efficiency has been attributed to enhanced
scattering and thus lower carrier mobility, creation of electronic states within the gap
(surface states) that provide a pathway for radiationless de-excitation, and changes in the
rate of radiative recombination. '® Our results suggest that structural damage created by
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the ion irradiation, particularly oxygen vacancies, was enough to compensate the dead
layer effect thus allowing emission from this region of the crystal.

Future perspectives for this work are to use electron spin resonance spectroscopy
to identify the defects created by the ion irradiation and to extend the investigation to
other materials to check for the generality of the proposed model.
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Program Scope

Within the last few years nanotechnology has rapidly progressed from scientific
curiosity to a bona fide realm of intellectual inquiry. Discovery, development, and
fundamental understanding of materials confined to nanometer dimensions dominates the
scientific horizon in many disciplines and offers vast potential for improved
technological devices. Driven by applications, much of the research has focused on
novel properties of quantum-confined semiconductors. ' Recently, however, nanoscale
research has broadened to include inorganic insulators that exhibit unique optical
properties resulting from reduced dimensionality. > These “nanophosphors” are typically
derived from bulk phosphors that exhibit excellent luminescence efficiency; thus, a large
class of interesting phosphors is those doped with rare earth ions, e.g., Ln,;SiOs:Ce (Ln =
Y, Lu) and Y,0;:Tb, with well known optical properties. > Nanophosphors of these
materials are expected to exhibit novel optical behavior owing to reduced dimensionality.
The goal of our work is to synthesize nanophosphors of this class, characterize their
optical properties, and compare results with their bulk counterparts to gain fundamental
understanding of the role of reduced dimensionality on these materials. An important
aspect of this research is fabrication of nanophosphors wherein the particle size can be
controlled and the dopant ion concentration can be varied.

_ It is well known that luminescence efficiency
NANO | | BULK decreases as the particle size becomes smaller than
7 | nominally a few microns, as illustrated in the
accompanying graph. This is typically attributed to
the increased role of surface states (defects, dangling
bonds, etc.) that act as nonradiative luminescence
centers. In striking contrast, luminescence efficiency
increases for nanophosphor particles smaller than
several nanometers, presumably due to quantum
0.01 / L effects. Unlike semiconductor quantum dots, where

1 10 100 1000 delocalized, spatially extended electronic states are

¥ UASPEOR AN SR el quantum confined, rare-earth-ion electronic states are

spatially localized to dimensions smaller than the nanoparticle. However, vibrational
states are spatially extended and are therefore strongly affected by confinement. Thus,
the phonon density of states is modified in nanophosphors and the resulting electron-
phonon interaction is quite different from that observed in bulk specimens. Because the
low-frequency acoustic phonons contribute strongly to nonradiative relaxation of
luminescence in nanophosphors, and because these modes are cut off due to spatial
confinement, optical properties of nanophosphors will vary from bulk phosphors. * Of
course other factors affect optical properties of nanophosphors: crystal structure variation

LUMINESCENCE EFFICIENCY (%)
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with size reduction, i.e., polymorphism, and the role of surface states in the overall
luminescence mechanism. Because nanophosphors of interest usually contain rare-earth
ions, concomitant crystal-field and spin-orbit effects add additional complexity to the task
of analyzing and interpreting nanophosphor data.

Although driven by scientific inquiry, the possibility for enhanced light output
and reduced emission lifetime, as recently reported for nanophosphor Y,SiOs:Eu, > offers
possibilities for improved radiation detectors and lighting sources that support the
mission of the Department of Energy.

Recent Progress

Nanophosphors of Y,Si0s:Ce (YSO), Lu,SiOs:Ce and Y,0;:Tb have been
prepared by hydrothermal and solution-combusion synthesis methods and characterized
by optical and microstructural techniques. As an example of recent progress we highlight
our results on YSO. TEM data show nanophosphor YSO particle size to be in the range
25 — 100 nm, and XRD results indicate that it consists primarily of the monoclinic phase
with space group P2,/c. The usual structure of bulk YSO is monoclinic with space group
B2/b. ® Each of these structures have two inequivalent rare earth sites coordinated with
either 6 and 7 oxygens (B2/b) or with 7 and 9 oxygens (P2,/c). The nanophosphor
photoluminescence (PL) spectrum exhibits a well-defined maximum at 431 nm (Aex =
366 nm) along with a knee near 470 nm, and is red shifted relative to the bulk spectrum,
which is characterized by emission peaks at 395 and 420 nm (Ax = 356 nm). The latter
peaks are attributed to the well-known emission from the spin-orbit split ground state of
the Ce’" 4f electron manifold. Overlap of the excitation and emission bands is greater in
the bulk material than in nanophosphor, thus yielding increased self-absorption (reduced
Stokes shift), which implies reduced emission relative to the nanophosphor. Variations
in PL and PL excitation spectra of bulk and nanophosphor YSO are attributed to crystal
symmetry rather than reduced dimensionality.

However, reduced dimensionality effects are manifested in the emission lifetime
data. Ambient optical excitation of the main bands in bulk and nanophosphor YSO
powder yields fitted lifetime (1/e) values of 39 and 55 ns, respectively. When measured
in various media the nanophosphor lifetime was found to be dependent on the medium in
which it was immersed whereas the bulk YSO was independent of the medium.
Measured lifetimes of the nanophosphor varied from 35 to 55 ns. Now, cerium emission
is dominated by parity-allowed electric dipole transitions and the reciprocal lifetime is
proportional to the transition oscillator strength and local electric field correction in terms
of the materials’ refractive index. In bulk YSO most Ce ions are far from the surface and
their dielectric interaction with the embedding medium is negligible; the index of
refraction is just that of the host lattice. Conversely, nanoscale YSO has a much larger
surface-to-volume ratio with most of the dopant Ce ions residing near the surface. These
ions now experience a local electric field induced by the surrounding medium, which is
different from the average field of bulk YSO. Consequently, nanophosphor YSO
lifetimes vary according to the medium in which they are immersed. Thus, tunability of
the emission lifetime is a reality in this material and, presumably, in other nanophosphors
as well. A direct measurement of the radiative lifetime as a function of refractive index
allows extraction of the optical transition oscillator strength. This is a unique and
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straightforward method for obtaining this important parameter. The obtained oscillator
strength in nanophosphor YSO is 0.013, which is higher than the bulk value, 0.009. ’

Additional reduced-dimension behavior is associated with enhanced light output
of nanophosphor YSO. Upon x-ray excitation the nanophosphor light yield is ca. three
times that of bulk powder when the data are normalized to mass. This large increase
cannot be solely explained by the different bulk and nanophosphor structures with their
intrinsically different luminescent efficiencies, nor can it be explained by photon
scattering as a function of particle size. Although we do not understand the origin of this
enhancement, it underscores the novel behavior of nanophosphors and provides ample
motivation for further research.

Future Plans

This project began in mid-FY05 and we have already demonstrated novel
structural and optical behavior of select rare-earth nanophosphors, but, although
intriguing, the paucity of present experimental data allows only sample-specific
conclusions to be drawn. We will utilize additional methods to synthesize several rare-
earth nanophosphors with a primary goal of reducing (and controlling) particle size as
well as dopant concentration. An important issue to be resolved is the putative enhanced
luminescence efficiency via particle size reduction, as suggested by the earlier graphic
and supported by limited experimental data. Knowledge of luminescence quenching as a
function of dopant concentration as well as particle size distribution are required to
address this issue. Additional experiments designed to flesh out the role of the local
electric field perturbation on nanophosphor radiative lifetime will be pursued by
employing nanophosphor embedding media that cover a broad range of refractive indices,
and also by investigating the effect in different nanophosphors.

In addition to our present suite of microstructural and optical techniuges, we will
add electron paramagnetic resonance and Fourier-transform infrared spectroscopy to
assist in detecting the presence and identification of surface states. Theoretical work
aimed at understanding formation of polymorphic phases in YSO will also be initiated.
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Program Scope

Understanding the incorporation of indium during synthesis of InyGa;.x\N materials by
metal organic chemical vapor deposition (MOCVD) is a fundamental materials problem
that is key to continued improvement in the performance of light-emitting diodes. The
scientific issues include the kinetically-controlled growth of a supersaturated alloy
compound, its atomic-scale growth modes, and the potential formation of compositionally-
segregated regions. We have previously developed a unique capability for in situ studies of
MOCVD growth that is ideally suited to investigate these processes, using synchrotron x-
ray beams from the Advanced Photon Source (APS). We have initiated an exploratory
project to carry out real-time grazing-incidence x-ray scattering and fluorescence studies of
surface and film structure during growth of InyGa; N, in order to provide the fundamental
understanding of the underlying science and for rational design of MOCVD processes for

80 improved materials.
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3-; B applications, nitride LEDs with
g 60 | == % appropriate wavelength emission
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© 2 @ internal quantum efficiency that
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0 M LED performance. The light
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Vertical Cavity the emission wavelength. While
IEI Laser Diode uv anfl. blue LEDs have a
= Edge-Emitting composition x = 0.10 to 0.12,
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Fig. 1. Comparison of external efficiency of LEDs, laser diodes, X = .0'20' The internal qu?ntum
and conventional general illumination [1]. The performance of efficiency (IQE) of LEDs with x =
green LEDs (~575 nm) is limited by the internal quantum 0.10 is estimated at ~35%, but at x
efficiency of high-indium-fraction nitride materials. = 0.20 the IQE falls to only ~5%.
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This decay in IQE with higher indium fraction x is not presently understood. Thus, as
discussed in the technology roadmap "Light Emitting Diodes for General Illumination" [1],
one of the key scientific issues for improving nitride LED materials is to understand and
control the incorporation and spatial distribution of indium during growth of InyGa; <N
films, such that light emission is enhanced. With this goal in mind, the focus of this project
is to understand indium incorporation during the synthesis of InyGa; <N by MOCVD.

Although MOCVD is the best deposition process for production of nitride LED
devices, the MOCVD growth process for InyGa; (N displays complex behavior. Growth
rates are typically less than the desired transport-limited growth rate, and much more
temperature dependent than expected. Indium fraction x is also very sensitive to processing
conditions, being highly temperature and growth rate dependent, and not a simple function
of gas-phase composition. The InyGa; N quantum wells must be grown at much lower
temperatures than other layers in the device structure so as to achieve reasonable indium
incorporation. In addition, while the rest of the device is typically grown in an H, ambient,
the InyGa; <N must be grown in Nj, because it is very difficult to incorporate indium into
the film in an H, ambient [2]. The mechanisms underlying these empirically determined
behaviors have not yet been determined. The use of such growth conditions (lower
temperatures and N, carrier gas) is known to produce lower crystal quality, higher impurity
levels, and rougher surfaces in GaN growth. These effects could be responsible for the
lower IQE of high x InyGa; «\N quantum wells. Additionally, the strain state of the growing
layers is expected to have strong impact on the spatial distribution of indium incorporation.
Indium segregation, driven either by spinodal decomposition or by the so-called
composition-pulling effect, is poorly understood. There are several reports that InN may
form clusters or nano-regions in the quantum well [3], and that this effect is enhanced for
high indium fraction. This phase separation has been cited as a significant factor
determining IQE [1], but a quantitative understanding and control is lacking.

Clearly, a better characterization, understanding, and optimization of InyGa; 4N growth
conditions could be key to improving device performance. Most knowledge about the
MOCVD process is obtained by post-growth analysis of deposited films, because of the
difficulty in characterizing the growing film surface directly in the near-atmospheric-
pressure, reactive MOCVD environment. The need for improved in-situ diagnostics has
been recognized [1]. X-ray techniques offer one of the only possibilities for in-situ
measurements of atomic-scale structure in the MOCVD environment. We have pioneered
the use of synchrotron x-ray scattering to observe surface structure and growth modes
during MOCVD growth of materials such as GaN and PbTiOs. Our unique facility employs
high brilliance x-rays to penetrate the quartz walls of a MOCVD chamber, allowing the
observation of atomic-scale surface structure during growth in real time. A schematic of the
MOCVD/x-ray chamber is shown in Fig. 2. Examples of results achieved from in-situ
studies of GaN growth are determination of the equilibrium surface structure [4], mapping
of the homoepitaxial growth mode as a function temperature and growth rate [5], and
observing the effect of silicon on the growth mode [6]. In this project we are expanding the
capabilities of this facility by adding the apparatus needed for MOCVD of In,Ga;.\N
alloys, and for additional x-ray measurements such as grazing-incidence fluorescence and
specular reflectivity to monitor surface and film composition and strain. We will explore
the first application of in situ x-ray techniques to the problem of InyGa;«N alloy growth.
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Fig. 2: Schematic of vertical flow nitride MOCVD chamber mounted on a diffractometer for in-situ
synchrotron studies at beamline 12-ID-D of the Advanced Photon Source.

Recent Progress

This project is currently in an exploratory phase. In the past few months we have
successfully grown high-quality InyGa; 4N films in the in situ x-ray facility, and have
performed initial x-ray studies of surface structure and composition using x-ray reflectivity
and fluorescence.

Some of our initial studies have focused on simply dosing the GaN surface with
indium. Because InN is relatively volatile in the MOCVD environment, growth does not
occur when Ga is not supplied. We have found that we can conveniently determine the
effective indium vapor pressure at the surface by observing the point at which elemental
indium begins to condense, as indium precursor (TMI) flow is increased. Indium
condensation produces a continuing increase in the In Ka x-ray fluorescence signal. The
change is reversible when TMI flow is reduced, indicating that the liquid indium
evaporates. We have mapped the condensation boundary as a function of vapor flows,
vapor composition, and substrate temperature. We have also found that both x-ray
fluorescence and reflectivity are sensitive to sub-monolayer coverages of indium on the
surface. This has allowed us to map the indium surface coverage at precursor flows below
the condensation boundary, as a function of vapor composition and substrate temperature.
Both the condensation boundary and surface coverage depend sensitively on the hydrogen
content of the vapor. Analysis of these effects is underway.

These initial results give us confidence that in-situ x-ray techniques can provide key
insights into the atomic scale mechanisms of InyGa;_«N synthesis by MOCVD.

Future Plans

Indium incorporation: A key issue is to understand the detailed mechanisms by which In
incorporates into a growing films, and synthesize this knowledge to establish an optimum
MOCVD process window for the growth of high-quality, high x InyGa; N films. Indium
incorporation efficiency into the film is typically very low, requiring vapor phase In/Ga
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ratios much larger than the deposited film composition. By investigating the dependence of
film composition on growth conditions, we will be able to understand the factors limiting
indium incorporation and potentially design more optimal growth conditions or procedures.
Surface structure and morphology: Knowledge of the surface structure is critical to
understanding thin film growth. We will be able to use x-ray scattering to determine if a
reconstruction or a wetting layer is present, to determine step structure in situ during
growth, and to explore the effects of high indium fraction.

Growth mode and surface kinetics: By observing surface scattering in real time during
growth, we can determine the growth mode (e.g. step flow, island nucleation and
coalescence, or 3-dimensional). Indium may be acting as a surfactant during growth since
smooth layers often can be achieved by flowing the indium precursor into the chamber.
Real-time studies of island coalescence and surface reconstruction formation following
growth will give key insight to the surface mobility and kinetics.

Vapor phase: Even very small amounts of H, (e.g. 2% of the carrier gas) are known to
severely limit the indium fraction that can be achieved [2]. This is very puzzling, since
even without H, carrier gas, the chemistry of the MOCVD process inherently creates
significant atomic hydrogen through the decomposition of both organo-metallics and
ammonia. We can determine the origin of this phenomenon by observing the effects of H,
on the surface structure and growth modes.

Composition inhomogeneities: Indium-rich clusters have been cited as a significant factor
determining IQE, and considerable effort has been made to study this important issue.
Evidence of nanocluster-induced luminescence in InyGa;«\N films has been observed
[3,7,8]. X-ray diffraction studies have shown multiple peaks indicating regions of different
lattice parameter consistent with different compositions [9-11]. TEM and AFM images
have revealed In-rich regions having dimensions of 3-100 nm [7,8,12,13]. However, it has
also been shown that electron-beam damage can be responsible for the formation of these
regions in TEM studies [14]. In-situ scattering studies with x-rays, which are not expected
to affect indium segregation, can clarify whether indium-rich nano-regions are present in
as-grown quantum wells.
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Program Scope

Waurtzite-structure Ill-nitride alloys of InN, GaN, and AIN exhibit unusual optoelectronic and
structural properties unlike those of well-known cubic-structure alloys such as SiGe, InGaAs, and InGaP.
For example, the InGaAIN alloys span an unprecedented range of direct bandgaps that reach from the
infrared (InN), to the visible (InGaN), upwards into the ultraviolet (AIN). These wide-bandgap alloys
enable diverse new technologies important to solid-state lighting, remote sensing, and perhaps even
quantum computing. Yet, the high lattice mismatch, the immiscibility, and the widely varying thermal
stability of the III-nitride alloys make their synthesis almost as challenging as their promise.

Consequently, as-grown Ill-nitride materials often contain extended defects like dislocations or V-
defects, as well as various point defects or impurity complexes, not to mention possible carrier-localizing
compositional inhomogeneities -- the resulting complex microstructure alters the underlying intrinsic
properties of these materials. These intrinsic properties are in themselves distinctive. For example, the
wurtzite structure of the Ill-nitrides produces enormous piezoelectric fields that fundamentally alter
bandstructure via the quantum-confined Stark effect (QCSE). Compared to cubic alloys, the wurtzite
structure of the III-nitrides also alters both the elastic properties and the dislocation slip systems available
for strain relaxation.

Against this remarkable backdrop, we seek improved understanding of the luminescence
mechanisms that operate in InGaN alloys. Our approach combines complementary optical and structural
characterization studies with unique experimental designs based on novel heterostructures and tailored
materials growth. This approach attempts to isolate specific processes, structures, or defects in order to
improve our understanding of the mechanisms that link epitaxial growth, materials microstructure, and
luminescence pathways in these alloys. These studies help to provide the fundamental knowledge needed
to make energy-efficient solid-state white lighting a practical reality. Such a reality could ultimately
reduce American energy expenditures for lighting by as much as $30 billion/year.

Recent Progress

Quantum-Confined Stark Effect

In several previous works, the measured Stark shifts
due to the QCSE in InGaN single quantum wells (SQWs)
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% smaller than the theoretical values expected for coherently
s 08[25 30 35 strained QWs; subsequently inferred InGaN/GaN QW
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1 voltage characteristics of these devices allow us to
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27 28 29 30 34 32 field with bias. With this analysis, we can completely
Photon energy (eV) decouple the Stark shift measurements from the QW
polarization field measurements. In contrast with previous
work where these effects are not independently
characterized, we find that the applied field needed to
cancel the opposing QW polarization field at near-flatband
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Figure 1. Photocurrent spectra in the vicinity
of the SQW absorption edge measured versus
p-n junction bias voltage. Note the blue-shift
that occurs as negative bias lowers the QCSE.
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conditions approaches the theoretically expected value; nevertheless, the separately measured Stark shift
remains much too small as in previous work. These new results lead us to propose a localized-hole
picture of the InGaN QW that reconciles the anomalously reduced Stark shift seen in the presence of the

theoretically expected QW polarization field.
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Figure 2. Energy of the absorption edge

versus the diode depletion field at the SQW.
Solid and open squares indicate experimental
points obtained from photocurrent and
contacted electroreflectance,  respectively.
Smooth curves indicate the expected Stark-
shift calculated using Schrodinger-Poisson
modeling techniques.

In these experiments, In,Ga; (N SQWs are embedded
in the n-side of GaN p'n junctions that were grown by
metal-organic chemical vapor deposition on sapphire (x =
0.11) and SiC (x = 0.14) substrates. In addition, we use a
Si modulation doping layer that is well removed (25 nm)
from the SQW. Capacitance-voltage (C-V) measurements
of the electron density profile in these structures reveal a
sharp peak associated with charge storage in the SQW,
with a total QW charge consistent with calculated values.
The applied depletion-layer field at the SQW was
determined by integrating the C-V charge profile. Low-
temperature (77 K) photocurrent and electroreflectance
spectra were measured versus the applied electric field.
As seen in Fig. 1, SQW features were well resolved and
displayed a blue-shift in reverse-bias due to the QCSE.

Using a Schrédinger-Poisson model, the theoretical
QCSE and screened polarization field were calculated for
comparison with experiments. In the more robust sample
on sapphire, where the calculated polarization field at
flatband was 1.9 MV/cm, a reverse-bias applied field of
1.6 MV/cm was measured. Although the applied field
approached the calculated flatband value, the observed

Stark-shifts were = 50% less than predicted by theory. To reconcile these results, we modeled the
proposed localized-hole picture for InGaN QWs. As shown in Fig. 2, hole localization is consistent with
the reduced blue-shift that we measure; moreover, hole localization does not alter the QW polarization
field or the applied field required to achieve flatband. The success of this model indicates that electron-
hole wave-function overlap in InGaN QWs may be larger than previously thought; thus, improvements in
brightness for InGaN QWs grown on non-polar substrates may be less than expected.
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Figure 3. Solid-phase InGaN composition vs.
TMIn flow rate. The gas-phase composition is
held constant at In/(In+Ga)=0.4.

InGaN Materials Growth and Characterization

Initial materials growth work has focused on the
successful installation of a new Veeco D-125 MOCVD
reactor and subsequent optimization of this reactor to
grow state-of-the-art InGaN/GaN heterostructures in
support of fundamental studies of luminescence.
Optimization studies have examined the influence of
growth parameters such as temperature, pressure, growth
rate, precursor flow, and carrier-gas flow on both indium
incorporation and attendant materials defects. Optical and
structural characterization of these epitaxial layers was
performed using photoluminescence spectroscopy (PL),
electroluminescence quick tests, x-ray diffraction (XRD),
atomic-force microscopy, and transmission electron
microscopy (TEM). These studies have led to Sandia's
first multi-milliwatt blue LEDs and Sandia's first green
LEDs emitting at 525 nm.
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These growth studies confirm that temperature,
growth rate, and coherency strain strongly influence the
4 composition attained during InGaN epitaxy on GaN. For
Coherr—;ntly example, Fig. 3 shows the InyGa; 4N alloy composition vs
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coherent || shows that the solid-phase composition increases with
GaN | growth rate. This growth-rate dependence weakens at
0.0 | lower growth temperatures; moreover, lower temperatures
0 5'0 160 150 also produce higher indium compositions. In all cases
TMin flow rate , umoles/min. sho.wn,. the solid-phase composition is llmlted to x<0.2,
e " S0 p— which is well below the gas-phase composition.
‘gure . measurements of _the Additional experiments show that this x~0.2
composition of 100-nm-thick InGaN films o . .
o i composition limit for InyGa; N growth on GaN arises
grown on GaN at 760 °C. Initially coherent . . .
o _ : from coherency strain. Figure 4 again shows In,Ga; (N
In,Ga; N films are limited to x=0.20. Strain . . .
relaxation occurs as the film grows thicker comp(?smon vs TMIn flow, but now the trimethylgallium
yielding a second layer with higher In content, ~ flOW is held constant such that a range of gas-phase
compositions (from 0.08 to 0.58) are probed as the TMIn
flow increases. As previously seen in Fig. 3, the solid-phase composition of thin, coherent InGaN layers
is again limited to x~0.2; however, when these layers are grown much thicker so that strain relaxation
occurs, the composition almost doubles to x~0.4. Clearly, the coherency strain fundamentally limits
indium incorporation when InGaN alloys grow pseudomorphically on GaN.

Initial cross-sectional TEM images of thin InGaN MQWs grown on GaN show coherent quantum
wells that are laterally uniform in thickness. Imaging with g = (0004) or (0002) diffraction vectors often
produces contrast that varies from one side of the image to the other, indicating that contrast is very
sensitive to the exact specimen orientation. High magnification imaging shows nanometer-scale contrast
variations along the quantum wells; however, material outside the quantum wells shows variations as
well, apparently due to specimen roughness. Thus the surface roughness of our present specimens
obscures any similar variations in contrast due to fluctuations in In content within the quantum wells.
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densities measured by XRD (pxw) to those density from the fitted lattice distortions.  Rapid,
measured by TEM (pm). Various GaN, nondestructive feedback provided by this XRD analysis
AlGaN, and AIN epilayers are compared. method has allowed us to efficiently develop GaN pseudo-
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substrates with controlled threading-dislocation densities spanning a wide range from 4x10°® to 1x10"
cm™. These tailored substrates will be used in future studies of the impact of threading dislocations.

Future Plans

The focus of selected near-term plans are summarized below; further details, as well as our longer-
term research plans, will appear in our upcoming FWP submission to DOE/BES.

The influence of growth temperature on the optoelectronic properties of InGaN remains poorly
understood because the composition of these alloys is strongly temperature dependent. Resulting
temperature-induced composition changes alter key luminescence mechanisms (the QCSE and
localization, for instance) thereby masking other important growth-temperature-dependent effects like the
incorporation of point-defects and impurities. We will probe these latter effects by developing growth
techniques that hold the InGaN/GaN heterostructure design constant even as the growth temperature
varies. Similar heterostructures thus grown over a wide range of temperatures will then be optically and
structurally characterized in order to isolate the changes in luminescence that specifically result from
temperature-dependent defect formation.

The addition of even small concentrations of indium produces a large increase in the luminescence
efficiency of GaN. A seemingly related effect occurs when a single heterolayer of relatively dilute
InGa; xN (x~0.02-0.06, thickness~100 nm) is inserted between a GaN pseudo-substrate and an overlying
InGaN/GaN MQW. In preliminary experiments, we find that the MQW PL intensity increases by up to
8X when this dilute InGaN underlayer is added, even though the basic structure of the MQW remains
unchanged. These PL-efficiency enhancements have been variously attributed to indium-induced carrier-
localization and defect reduction, but in fact, remain poorly understood. We have begun optical studies of
the effects produced by varying the design and the growth conditions of these InGaN underlayers. These
will be followed by structural studies that will seek the physical mechanisms responsible for this
intriguing improvement in luminescence efficiency.

Finally, while strain relaxation greatly increases indium incorporation into InGaN alloys, we find
that defects introduced during relaxation profoundly reduce the resulting InGaN luminescence -- this
contrasts with the widespread notion that dislocations are relatively benign in typical wurtzite-structure
III-V semiconductors such as InGaN. These divergent observations motivate us to pursue further studies
of strain-relaxation processes in InGaN materials with emphasis on complementary optical studies that
evaluate the impact of relaxation on luminescence pathways.
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Overcoming Doping Bottlenecks in Semiconductors and Wide-gap Materials
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Program Scope

Doping semiconductor is a necessary step in controlling its conduction type and
free-carrier concentration. Yet, there often exist strong doping bottlenecks that could
severely restrict potential applications of semiconductors, especially the wide-band-gap
ones where bipolar doping is almost universally difficult. Recent rapid progress in
semiconductor researches has reached a point where these doping limitations can be, and
have to be, overcome in order to tune their properties for desirable new functionalities.
We have developed an initial theoretical underpinning toward overcome such doping
bottlenecks in several important prototypical semiconductors such as p-type zinc oxide,
n-type diamond, bipolarly dopable transparent conducting oxides, ultra-highly doped
silicon, and isovalent dilute nitride alloys. Doping semiconductors is essential for
applications in clean affordable energy generation and in improved energy efficiency,
which is vital to our nation’s long-term energy security and sustainability, and is hence of
significance to the mission of the Department of Energy.

Recent Progress

Silicon is the most studied semiconductor. Yet, ultrahigh doping of silicon is
poorly understood. As part of the efforts of developing a systematic non-equilibrium
doping theory for semiconductors, we recently examined some recent work on very high
hole-concentration in boron-doped silicon. ' Our study revealed that the ultrahigh
solubility of boron in silicon is a result of epitaxial growth. We predicted that by
adequately passivating the silicon surfaces during growth, up to atomic % of boron could
be incorporated into bulk silicon. We also analyzed the boron ionization processes,
finding good agreement with experiment. Ultrahigh doping could enable a number of
new applications such as ultrafast switches and ultra-dense device arrays.

Among the wide-gap semiconductors, diamond is special not only because it can
sustain extremely hash conditions but also because diamond can be doped only p-type, in
sharp contrast to others where p-type is the doping bottleneck. We have studied
codoping of diamond by nitrogen with impurities isovalent to carbon. By a careful
design of four silicon atoms plus the nitrogen, we showed that the electron ionization
energy of the complex (a tenth of an eV) could be significantly lower than that of isolated
nitrogen (more than an eV). This is perhaps the first time that a shallow donor was
theoretically demonstrated for diamond.

In recent years, zinc oxide has attracted much attention as an alternative direct
wide-gap material after gallium nitride for blue and UV lasers and LEDs, and potentially
solid-state lighting. The big hurdle with zinc oxide, however, is that it is very difficult to
be doped p-type. Recently, some very puzzling experimental results emerge where it was
shown that large group-V atoms such as phosphorous, arsenic, and antimony could be
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used as the dopants for p-type conductivity, > potentially better than the size-matched
group-V nitrogen. Our study showed that these group-V impurities do not substitute the
next column, group-VI oxygen, but rather substituting the group-III zinc as triple donors.
The prediction was recently confirmed by emission channeling experiment.

Interestingly, we predicted that in such samples zinc vacancy acceptors should be
spontaneously created, leading to net p-type conductivity. While recent positron
experiment is indicative of the correlation between the zinc vacancy and group-V
impurities, our work has already spurred a great deal of interests in the research
community to understand the deeper physics of doping in highly ionic semiconductors.

Besides the “traditional” bulk materials, more attentions are also paid to the
doping and defect physics of nanostructures. Recently, we studied the electronic
properties and doping of carbon nanotubes supported on flat semiconductor surfaces. To
our surprise, no extrinsic dopant is necessary in order to dope the carbon nanotubes. By
using a polar substrate with different crystal orientations, one can engineer either p- or n-
type conductivity of the nanotubes with desirable free carrier concentration. The
elimination of impurities could greatly simplify the process of fabricating devices out of
such nanostructures, as their doping is not always easy. The underlying mechanism,
which should enable coherent carrier transport, is also general for other one-dimension
systems beyond just the carbon nanotubes.

In another “nano” example, we studied the stability of the DX center in GaAs
quantum dots. The formation of the DX centers from shallow donors is an important
mechanism for the self-compensation of intended dopants. It was found that the
formation energy of the shallow donor increases noticeably with size reduction, whereas
that of the DX center does not. As a result, it is energetically more likely for the donor to
go through a shallow-to-deep transition, accompanied by a large local lattice distortion.
This study reveals one of the challenges that we are facing in terms of doping
nanostructures that is how to stabilize the dopants structurally to avoid such shallow-to-
deep transitions.

Not only defect and impurity doping can alter the electronic properties of a
nanostructure, but also at the nanometer size scale certain defects (stacking faults, in
particular) can spontaneously form, leading to new nanostructures never envisioned
before. Recently, we predicted that several hundreds or even thousands of silicon atoms
would form a novel 20-sided polyhedron with icosahedral symmetry to minimize its free
energy. The polyhedrons or dots have optimal quantized band structures that are
drastically different from those of conventional silicon quantum dots. A subsequent
literature search revealed direct relevance of these dots to experiment. * Moreover, a very
recent theoretical study > showed that a nano drop of silicon liquid would spontaneously
condense into the icosahedral phase that we have predicted instead of the bulk phase.

Future Plans

Non-equilibrium doping for higher carrier concentration will be a focus of our
future plan. This requires a comprehensive study of epitaxial growth and associated
surface physics in the presence of dopants, the formation of native defects and their
interplay with extrinsic impurities, and the finite-temperature effects such as diffusion
barriers and the kinetics of cooling. More emphasis will also be placed on nanostructures
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and organic semiconductors, as the theory of doping in such systems is at best just
starting to emerge.

We will continue our quest of p-type zinc oxide. It is now experimentally
established that the incorporation of dopants during epitaxy depends critically on the face
of the crystal, ® so does the electrical behavior of the doped ZnO films. ’ Despite of the
observations, so far little is known about the atomic structure of the ZnO surfaces. The
best STM images for the polar (0001) surfaces are still lack of atomic resolution. ¥ 1tis
difficult to even obtain unipolar films (namely, either Zn- or O-polar, but not multigrains
with both polarities). ° On the other hand, zinc oxide is one of the few semiconductors
with a great flexibility to form rich nanostructures, ranging from simple nanobelts to
more complex nanocombs, flowers, tetrapots, and to the recently discovered double
helixes. Available theory on all of the above (nanostructures) appears naive, simply
making use of classic electrostatics. '° Clearly, our first-principles quantum mechanical
study can play a central role in both areas. As we enter the realm of non-equilibrium
doping, it is also important to understand kinetic factors other than those associated with
the growth front. For instance, several recent studies '"'? attributed certain defect
complex formation to the effect of thermal cooling when at least one of the defects has
small diffusion barrier. These observations offer a new handle to maneuver the dopant
concentration and their electrical behaviors beyond the thermodynamic limits.

We will study the interaction between defects and dopants under illumination,
which is also important for solid-state lighting. Even in semiconductors as benign as
silicon, photoinduced diffusion and subsequent generation of complexes involving dopant
can have detrimental effects on the device performance as in the case of solar cells.
Currently, we are investigating such an effect in boron doped silicon. In non-equilibrium
doped materials, not surprisingly, photoinduced carrier-type conversion from p to n is
more commonly seen. In p-type zinc oxide, the observed type-conversion usually
subsides after the light source is removed. All these observations raise critical issues
concerning photoresponse and stability of non-equilibrium doped semiconductors.

In the context of doping nanostructures, there emerges a novel surface transfer
doping mechanism, which does not require any impurity inside the host material. A
recent example involves surface p-type conductivity of diamond, which has made
important technological advances such as field-effect transistors (FTE). The concept is
new, and, in our view, could have implications also to other semiconductor nanoparticles.
For example, surface doping of carbon nanotubes can also be viewed as a transfer doping.
We plan to understand the microscopic origin of the transfer doping in diamond and to
establish the concept over a wide range of semiconductor nanostructures. In cases where
extrinsic impurities are indeed required, one needs to know how the impurity interacts
with surfaces, and to what extend surface segregation will take place. Experimentally, it
has been shown that impurity solubility can increase significantly in a nanostructure, for
example, copper-doped CdSe could have a Cu concentration as high as 10%, '* to be
many orders of magnitude higher than that of the bulk. It was also observed that doping
could alter the crystal structure of a quantum dot to be distinctly different from that of the
bulk, " just like the stacking faults did to the silicon dots.
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Program Scope

The solid composition and microstructure of semiconductor alloys is complex and of
great importance for devices such as high efficiency light emitting diodes (LEDs) and
cascade solar cells. The most important single alloy for these two applications is the
AlGalnP system, grown by organometallic vapor phase epitaxy (OMVPE). Previous
work on this DOE-supported project has shown that the addition of surfactants
isoelectronic with P (namely Sb and Bi) can be used during epitaxial growth to control
the microstructure, in particular ordering and phase separation, and dopant incorporation.

The incorporation of dopants, particularly acceptors, in high bandgap materials has been
a major technological hurdle retarding the development of materials, particularly for
yellow, green, and blue LEDs. This is believed to be due to the high energy cost of
moving the Fermi Level to a position near the valence band edge in high bandgap
semiconductors. This leads to compensation. In III/V semiconductor alloys grown by
OMVPE, this occurs most commonly by the introduction of hydrogen, forming neutral
acceptor-hydrogen complexes.

The use of surfactants to control dopant incorporation in GalnP has major technological
implications for LEDs and solar cells. In addition, this research provides insights into the
“last frontier” of fundamental understanding of OMVPE, namely the understanding and
control of the surface during growth in order to enhance materials properties. Thus, the
results of this research will be of direct relevance to the other major alloy system for LED
applications, namely AlGalnN.

Recent Progress

Dramatic changes in the incorporation of both dopant and background impurities during
the OMVPE growth of GaAs, GalnP, and GaP has been demonstrated by the use of the
surfactants Sb and Bi. Since these surfactants are isoelectronic with P, they produce no
independent doping. In addition, both are much larger than P; thus, they incorporate very
little into the epitaxial layer. Their low vapor pressures enhances their usefulness as
surfactants.

Our initial studies indicated that incorporation of the acceptor Zn into GaAs could be
increased by a factor of 3 using the surfactant Sb, added as TMSb during OMVPE
growth[1]. In the last year the scope of the study has been increased to include the higher
bandgap materials GalnP and GaP. This has given a clearer idea of the mechanism
responsible for the increased doping.
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In GalnP both Sb and Bi were observed to increase Zn doping[2]. In this case, SIMS
profiles of 3 layer structures, with surfactant present only during growth of the middle
layer, clearly showed an increase in the H incorporation induced by the surfactant.
Repeating the earlier GaAs experiments showed that no H was detected either with or
without Sb or Bi in the system.

Experiments in the GaP system were more dramatic. For growth at 650 C, the presence of

Sb gave a 10-fold increase in Zn doping to 1020 cm_s, the highest Zn doping ever
reported for GaP[3]. Unfortunately, not all of the Zn is electrically active, indicating that
some Zn is incorporated onto interstitial sites at these high Zn doping levels. The H
concentration was also clearly observed to increase when either Sb or Bi was added
during growth. The H:Zn ratios were typically on the order of 1:5.

The mechanism responsible for the increased Zn incorporation induced by surfactant Sb
or Bi was explored by the use of first principles calculations. One possible mechanism for
the increase in Zn incorporation induced by addition of surfactant to the system is related
to the observed increase in H incorporation. If Zn is incorporated as a neutral Zn-H
complex, the solubility will be much higher, for thermodynamic reasons: it requires a
large amount of energy to push the Fermi Level down to a position near the valence band
edge in high bandgap materials[4]. LDA calculations of the total energy performed using
the VASP code with ultrasoft pseudo-potentials, indicated that the concentration of H on
the reconstructed surface is actually reduced when the normal (for OMVPE growth)
surface termination is replaced by Sb. This is simply due to the much weaker Sb-H (as
compared to P-H) bonds. Thus, unless the H concentration is increased at the step edge,
where Zn incorporation occurs, it appears unlikely that increased incorporation of Zn-H
complexes accounts for the surfactant effect on Zn incorporation. A second set of
calculations compared the incorporation of Zn from the vapor onto a Ga site just below
the surface for surfaces terminated by P dimers with a surface terminated by Sb dimers.
The result was a remarkable 1000 meV reduction in the energy of the Zn atom beneath an
Sb terminated surface. This would give a large thermodynamic advantage for Zn
incorporation provided by the surfactant Sb, even at the growth temperature.

For growth at 775 C, the same favorable effect of Sb on Zn incorporation was observed.
In addition, a huge (>100 X) reduction in the concentration of the background acceptor
carbon was observed. A similar decrease was observed for Bi. This is a second beneficial
effect of surfactant Sb and Bi, since C is a potentially harmful background impurity. The
mechanism for the decreased C incorporation is likely to be a simple result of the

decrease in the binding energy of CHj3 radicals to the Sb (or Bi) terminated surface.

The residual impurities S and Si, due to autodoping from the substrates, were also
detected by SIMS analysis of the GaP structures. The concentrations of both of these
impurities were also significantly decreased when either Sb or Bi was added to the
system during growth. Perhaps more significantly, the concentration of residual oxygen
in GalnP was observed to decrease when either Sb or Bi was added to the system. This is
an additional beneficial effect of the addition of one of these surfactants to the system
during OMVPE growth.
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Future Plans

In the immediate future the incorporation of two other acceptor dopants, Mg and Cd, will
be studied, in particular the effects of Sb and Bi on the distribution coefficients. These
two acceptors were chosen because Mg, Zn, and Cd are all from the same column of the
periodic table and Mg is smaller than Zn while Cd is larger. It is believed that the
advantage in Zn incorporation energy provided by Sb and Bi is related to strain energy
considerations. Thus, the surfactant effects would be expected to be significantly
different for Mg and Cd. Furthermore, Mg is the commonly used acceptor in LED
applications for both AlGalnP and AlGaInN. The Mg and Cd incorporation will be
studies experimentally, using the established technique of SIMS analysis of 3 layer
structures. In addition the total energy calculations will be performed for both Mg and
Cd.

Further calculations with be used in additional efforts to probe the effects of surfactant Sb
on Zn incorporation: 1) The effect of temperature (entropy) on the concentration of H on
the surface and 2) The effect of removing surface dimers by hydrogen “passivation” of
the surface. These calculations will be necessary in order to validate the proposed
mechanism for the surfactant effect on acceptor incorporation. Both calculations require a
major effort.

The experimental and theoretical methodologies established for the acceptor impurities
will be expanded to include donor impurities.

A more ambitious goal of the computational part of the project will be the addition of
surface steps. Of course, dopant incorporation during growth is expected to occur at
surface steps. To date, we have not addressed the configuration and bonding of the atoms
at the step edge. Such problems produce formidable obstacles for first principles
calculations, because they are computationally very demanding. Although it is not
practical to carry out extensive first-principles step calculations, we plan to perform trial
calculations aided by an educated guess of the possible step configurations. Our goal is to
obtain the typical values of energy difference between H adsorption at a step and on the
singular surface for given surfactants. This information can then be used as input into
phenomenological models and Monte-Carlo simulations to investigate the role of surface
steps. The goal of these calculations will be the determination of the effect of the
surfactants Sb and Bi on the concentration of H adsorbed at both A and B type steps
during OMVPE growth.
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Many Body Effects in Nanotube Fluorescence Spectroscopy
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Program Scope

Fluorescence excitation spectroscopy from suspensions of single wall carbon
nanotube probes their intrinsic electronic excitations with unprecedented resolution,
focusing attention on the fundamental role of electron electron interactions in the excited
state properties. Prior to this work, the most widely accepted theoretical models for
carbon nanotubes posited that their electronic properties are controlled mainly by the
periodicity of their wrapped lattice structures. Experimental work now provides a
database of the fundamental first and second subband excitations for over thirty different
wrapped semiconducting tube structures and challenges this point of view. The band
theoretic description of the excitations of these systems fails quantitatively and in some
cases even qualitatively. The goals of our work are: (a) to use the existing experimental
database to extract the rules governing the dependence of optical excitation energies on
tube structure, radius, chirality, strain and (b) to extend the theoretical models to include
interaction effects and account for these rules.

Progress

By examining the scaling of the observed first and second subband transition
energies with tube radius and chirality, we find that the breakdown of the independent
particle model is manifest by the failure of three of its fundamental scaling predictions.
These are referred to as (a) the “ratio problem”, (b) the “blue shift problem” and (c) the
“deviations problem.” The most important of these is the “blue shift” problem, namely
the observed excitation energies are systematically shifted to the blue with respect to the
analogous interband transitions in graphene, and remarkably these energies exhibit a
nonlinear dependence on inverse tube radius that persists into the large tube-radius limit.
This implies that the quasiparticle dispersion relation remains nonlinear in the large
wavelength limit, contradicting the assumption that the effective dispersion relation is
described by the linear solid state “Dirac cone” in graphene.

We discovered that these difficulties could be largely accounted for by extending
the theory to include the interactions through the exchange self energy which are
anomalous in two dimensional graphene because of its gapless excitation spectrum.
Indeed we find that the quasiparticle exchange self energy inherits a nonanalytic term,
varying with momentum according to E(gq) = Av,.q(1+(g/4)log(A/q))instead of as
proportional to g as one might have naively expected. This signals a marginal

breakdown of the Fermi liquid description of the quasiparticle dispersion relation.
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Remarkably, we find that this nonanalytic self energy provides an extremely good
description of the scaling of the observed excitation energies with inverse tube radius.

The success of this model is problematic because since it neglects the excitonic
binding of the electron to the hole in the optically excited states. This effect is expected to
be large because of the low dimensionality of the nanotube. Precisely because it is a one
dimensional structure, the long distance attractive electron-hole interaction is
ineffectively screened and the exciton binding energy is expected to be large. Indeed
most theoretical estimates (including ours) suggest that the excitonic binding energy
remains a substantial fraction, perhaps one-third, of the quasiparticle bandgap.

We found that large effects of the electron hole binding energy are largely offset
by a correspondingly large positive band gap renormalization from the Coulomb
interaction. Thus the strongest effect of the Coulomb interaction enter with opposite
signs, and nearly cancel. This cancellation provides access to the finite momentum
structure of the quasiparticle self energy. These ideas were refined and quantified by a
solution of the Bethe Salpeter equation for the particle hole excitation spectrum in the
static screening approximation.

Future Plans

The existence of strong effects of the electronic excitations has important
implications for the photophysics of carbon nanotubes. Indeed the fluorescence yields for
nanotubes are known to be very small (of order 10"-4), a situation which may be
controlled by the thermalization of photoexcitations into intrinsic optically forbidden
excitonic states. The graphene derived nanotubes are particularly susceptible to this since:
(a) intervalley scattering provides a spectrum of optically forbidden low energy singlet
states and (b) the strong interactions suggest that the long lived excited states may be
triplet states populated by intersystem conversion following a pump in to the optically
allowed band.

Theoretical work exploring these possibilities is at a primitive stage of
development. The goal of our work is to develop controlled theoretical models that will
provide access to the many body excitations, allowing us to understand their dependence
on tube radius, chirality, applied static electric and magnetic fields, and possibly also on
doping density.
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Solid-State MAS NMR Studies of Supramolecular Zinc Chelates and ZnO Nanorods
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Program Scope

The ability to assemble materials with well-defined structure (i.e., pore/channel
size, geometry, dimensionality), function (i.e, sensing, catalysis, charge transporting),
and/or property (i.e., magnetic, optical) has been the impetus behind development of new
nanostructured materials and synthetic strategies. This program uses a combination of
unique material synthetic approaches, characterization techniques (solid-state NMR
techniques) and theoretical modeling to establish an understanding of structure and
structure evolution of advanced functional materials. The targeted goals of the project
are to ultimately control and manipulate self assembly of nanostructured materials with
tuneable properties. Some of the current materials systems under investigation include
organic electroluminescent metal chelates and inorganic metal oxide nanostructures. A
key component of the program is in the detailed structural characterization leading to a
more fundamental understanding of bulk properties.

Recent Progress

We previously investigated the oligomeric purity and stability of the organic
electroluminescent metal chelate, zinc (8-quinolinolato) (Znq,). X-ray diffraction studies
showed that the metal chelate formed a tetrameric structure composed of a chain of three
Zn,0, four-membered rings via oxo-bridging of the 8-quinolinolato ligand.'”
Methylated derivatives of Znq, showed enhanced organic light-emitting device (OLED)
properties,” but material structure characterizaton had been elusive. Through a
combination of theoretical modeling of the oligomerizaton energetics leading to
supramolecular structures and experimental size exclusion chromatography we showed
that all methylated derivatives likely form supramolecular structures." However, solid
state characterization of these structures was still lacking.

A combination of °C CP MAS solid state NMR and DGAIO-SCFF calculations
was then used to characterize the Zn(II) (8-quinolinolato) tetrameric solid state structure.’
Crystallographic splitting of the carbon resonances in the solid state were correlated to
different ligand environments defined by how the phenolato oxygens were bonded
(bridging vs. nonbridging) to the two crystallographically distinct Zn ions in the
tetrameric structure. These assignments were supported by the 13C spectral simulation
for the known Znq, tetrameric structure (see Fig. 1). Structural information was
unavailable for the methylated Znq, derivatives, so ab initio Hartree-Fock computations
(GIAO) were performed for the series of methylated ligands and proposed Zn tetrameric
structures. By focusing on 13C chemical shifts and their statistical correlations, we were
able to extend the utility of these methods to larger sized systems, even without invoking
molecular symmetry. As the eventual tetrameric target structures are considerably sized
for extensive basis set Hartree-Fock methods, smaller basis set results were explored for
correlation for the ligand chemical shifts. Comparisons of the simulated spectra of the
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individual ligands with experimental results gave strong linear correlation coefficients
(>0.99). Similar strong linear correlation coefficients (>0.96) were obtained for the
methylated Znq, tetrameric derivatives using gas phase optimized tetrameric structures
and allowed us to: 1) differentiate between the size of the oligomeric structures, and 2) be
predictive on the ligand effects on the local and extended structure.
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Figure 1. Solid state *C CP-MAS NMR spectrum for Zn(II)(8-quinolinolato) tetramer
showing C8 and C2 resonances are different depending on the mode and environment of
ligand chelation. (Inset: Simulated spectrum showing C8 and C2 resonances from
DGAIO-SCFF calculations).

Another material system of great interest is ZnO, because nanorods and/or
nanowires made from this material have shown extremely interesting catalytic and
optoelectronic properties. However, achieving large quantities of well-dispersed and
uniform ZnO structures for fine-tuning these properties has been a challenge. We have
developed a new low-temperature reflux method to form large quantities of uniform ZnO
nanorods ~ 200 nm in diameter.” Different surfactants were used to control the
nanostructure morphologies. Since structural defects can impart significant influence
over the physical and chemical properties of ZnO nanostructures, it is vital to characterize
these defects. We show that temperature dependent high resolution '"H MAS NMR
studies of ZnO nanorods allows determination of the adsorption and desorption of
protons from different sites on the nanorods providing a unique structural probe which
differentiates ZnO nanorods prepared by different synthetic methodologies. In contrast to
commercially available ZnO nanorods, our uniform nanorods show a surprisingly sharp
'H NMR resonance that appears after heating to 175 °C and is sustained upon heating to
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500 °C (see Fig. 2). This suggests that some unusually stable OH species exist, most
likely due to the lattice defects in ZnO nanorods. These new NMR results will be used to
better understand and establish structure / function properties of ZnO materials related to
its photoluminescent, catalytic and proton conductivity properties.
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Figure 2. ZnO nanorods grown uniformly by a new low-temperature reflux method and
corresponding temperature-dependent 'H MAS NMR spectrum.

Future Plans

While controlling the orientation and reactivity of specific chemical building blocks
remains a considerable challenge, computational methodologies offer a means for systematic
investigation of the controlling influences through structure-property relationships. In the
case of zinc quinolate chelate materials, the topology and the critical energetic balance
between inorganic-coordination and oligomerization are key elements to the evolution of the
three dimensional supramolecular structure. Critical phenomena, such as aspects affecting the
reactivity of specific building blocks needs to be accessed prior to developing a synthetic
method for forming such supramolecular structures in a controlled fashion. As evidenced by
recent computational studies, thermodynamic and spectroscopic quantities for the formation
of inorganic-organic building blocks and the structure of the resulting supramolecular
structures are achievable. We hope to apply computational modeling techniques, such as
eigenvector following’ and intrinsic reaction coordinate (IRC) analysis,® which have
proven invaluable for assessing the viability of new materials through examination of the
enthalpies and entropies of candidate reaction pathways. In addition, we plan to extend
our solid state NMR studies to new organic phosphine oxide materials developed for
organic light emitting devices and novel metal oxide nanostructures developed in our
laboratory.
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Program Scope

This proposal addresses fundamental issues in nanoscale science and technology, namely the
design of nanostructured materials and processes with desired, novel characteristics. The
research projects focus on several broad areas: (i) nanotube-based structures for high-specificity
sensors, multi-terminal electronic components and capacitance probes, (i) the formation of
organic/Si interfaces for integration of biomolecules with Si technology, (ii1) properties of
magnetic semiconductors for spintronic applications, and (iv) optical signatures of complex
materials for structural identification and feedback-controlled layer-by-layer growth. These
projects build on the work accomplished during the prior proposal period, which included several
investigations of electronic properties and quantum transport in nanotube structures, and of
complex adatom and molecular structures at Si surfaces. We have also made substantial
methodological gains and can now study quantum transport from first-principles using accurate
real-space methods that scale essentially linearly with the number of atoms N, and we have
refined the methodology for computing optical signatures of surface structures, aiding in the
identification and classification of complex adsorbate-induced surface configurations. Our
technical approach relies on proven, large-scale electronic structure methods implemented on the
latest state-of-the-art parallel computers. The calculations use recently developed real-space
multigrid techniques, which provide for automatic preconditioning and convergence acceleration
on all length scales.

Recent Progress

Using large scale O(N) real-space-based ab initio calculations, we carried out a theoretical study
of novel carbon nanotube-cluster composites as prototype systems for molecular sensing at the
nanoscale. Dramatic changes in the electrical conductance of the composite are predicted when
gas molecules are adsorbed onto the metal clusters. The effects of different adsorbing gases at
different coverage have been investigated for systems based on either metallic or semiconducting
nanotubes. The observed sensitivity and selectivity of the change in the electrical resistance upon
gas adsorption suggests new avenues for the design and production of nanotube-based molecular
Sensors.

Although it has long been known that classical notions of capacitance needs modification at the
nanoscale, in order to account for quantum effects, very few first-principles investigations of
these properties exist for any real material systems. We have investigated the capacitance
properties of prototypical carbon nanotube systems with a recently developed real-space
nonequilibrium Green's function method, with special attention paid to the treatment of the
bound states present in the system. Specific systems investigated include two and three-nested
nanotube shells, the insertion of a capped nanotube into another, a connected (12,0)/(6,6)
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nanotube junction, and the properties of a nanotube acting as a probe over a flat aluminum
surface. First principles estimates of the capacitance matrix coefficients for these systems have
been determined, along with the origin of the quantum corrections. For the case of the nanotube
junction, the numerical value of the capacitance is sufficiently high as to be useful for future
device applications.

We investigated (Ga,Mn)As, which is the most widely studied diluted magnetic semiconductor
(DMS). It is widely regarded as a testing ground for understanding DMS properties. Our
calculations explain well the experimentally observed substantial increase of the ferromagnetic
transition temperature in GaMnAs upon low temperature annealing. We show that this is due to
out-diffusion of compensating Mn interstitials towards the surface. Our calculated diffusion
barrier is in very good agreement with the experimental data, and our calculations highlight the
complex interplay between the substitutional and interstitial Mn configurations. Our key
conclusions (diffusion and surface-accumulation of interstitial Mn; formation of p-n junctions to
inhibit diffusion into bulk) will have important implications for many previously published
experimental works. The low temperature annealing effect, the reported thickness dependence of
Tc, and the effect of capping layers are some examples. Mn diffusion will also have to be a
consideration when designing (Ga,Mn)As-based heterostructures or examining previously
published heterostructure studies. In particular, for Mn in (Ga,Mn)As, the nature of the diffusion
is richer and more complex than in more ‘traditional’ cases (e.g., interstitial Li in GaAs) due to
the percolation character of the diffusion and distribution of energy barriers, Mn-Mn interactions,
and spin-dependence of the barriers. These effects had to be fully accounted for in order to
explain the experimental data.

As a new area for us, we investigated many-body effects in the optical spectrum of water. This
spectrum provides an important signature for its detection and a measure of its properties, yet it
is poorly understood despite decades of effort. Usually, when individual molecules condense into
a liquid or a solid, the first absorption peak shifts to lower energies, because of broadening of
their energy levels. For water the opposite occurs and this puzzle remained unexplained. Our
supercomputer calculations, which use newly developed theoretical methods (GW and Bethe-
Salpeter in a real-space basis), show that hydrogen bonds between neighboring molecules enable
optically excited electrons to move farther away from their origin, thus lowering the binding
energy of the electron-hole pair. In fact, the pair "sees" the first and even the second neighbors of
the excited molecule. The optical shift, which is fully reproduced by the calculations, can be used
to measure microscopic aspects of intermolecular interactions in water.

Understanding the time evolution of modulated systems has been a problem of long-lasting
interest and importance. Recently, there has been a resurgence of interest in this issue brought
about by the advent of nanotechnology. It has become clear that future molecular electronic,
biomedical and photonic systems will require the self-assembly of the associated device elements
into a functional unit. One way to achieve this is to make use of patterns that are produced by
modulated systems, which can act as lithographic templates. In particular, spectacular long-range
ordering on suitable length scales has been achieved with soft-condensed matter systems such as
block copolymers and related surface systems. To date, the current patterns for templates are for
the most part based on "stripes" and "bubble" patterns. We have analyzed the domains and
instabilities that form in modulated systems and have shown that a very much larger variety of
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patterns -- based on long-lived metastable and glassy states -- may be formed as a compromise
between the required equilibrium modulation period and the strain present in the system. The
strain is the result of topological constraints, which effectively preclude the system from
reaching its equilibrium configuration. Ultimately, it is hoped that many of the new patterns will
be identified experimentally, and find their application as nanolithographic templates, thereby
enriching the choice of patterns in current use.

Future Plans

A considerable effort is currently devoted to the search of semiconductors with ferromagnetism
controlled by band carriers for potential spintronic applications. (Ga,Mn)N attracts a particular
attention because the predicted Curie temperatures Tc exceed the room temperature. However,
ferromagnetic spin alignment in (Ga,Mn)N has proven highly elusive, with typically only a small
fraction of about 1-10% of Mn spins participating in ferromagnetism and coexistence of ferro-
and paramagnetism. Several of these observations are not compatible with the assumption of FM
mediated by free carriers in samples with a random distribution of Mn ions. We are thus
investigating the possibility of the formation of MnN inclusions in (Ga,Mn)N. Turning to
organics-on-Si structures, we are examining the electron transport properties of cyclopentene on
Si(001). We have previously determined its precise adsorption geometry through a comparison
of the computed and measured reflectance anisotropy spectra, which are extremely sensitive to
surface and adsorbate structure.

Currently, the transport characteristics of two different semiconducting nanotubes (carbon and
boron nitride) coupled to metallic Al leads are under investigation with the combined
nonequilibrium Green's function/density functional theory formalism. The characteristics of such
a device are determined by Schottky barrier, Fermi-level pinning and band-bending phenomena,
which we are probing. Specifically, there is evidence for a modest Schottky barrier of about 0.46
eV for the carbon nanotube system, which is subject to Fermi level pinning because of the metal-
induced gap states (MIGS).
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Program Scope

One of the exciting developments in materials science has been the discovery that a wide
class of transition metal oxide materials can exhibit exotic(and possibly useful) electronic
properties, including “half metallicity” (metallic ferromagnetism with complete spin
polarization) and high temperature superconductivity. A key scienti c obstacle to practical
applications of these materials is a lack of understanding of the surface and interface physics; in
particular, proximity to a surface or interface seems to change the interesting electronic behavior
in ways we do not yet fully understand. Our research aims to 11 this gap.

We investigate theoretically the effects of proximity to a surface or interface on “correlated
electron” phenomena such as magnetism and superconductivity. The issue is important in its
own right as a fundamental scienti ¢ question, is crucial for the interpretation of wide classes of
experiment and is necessary background information for the development of devices. The
research is fundamental and exploratory in nature: the basic physics and materials science of the
systems is not at present understood. The problem is difficult because the phenomena of interest
(high-spin-polarization magnetism, high temperature superconductivity) occur in transition metal
oxide materials characterized by strong electron-electron interaction effects and a strong
coupling of the electronic behavior to the lattice and local structure.

Our approach is to identify the relevant physical, structural and chemical changes (“control
parameters”) occurring near surfaces/interfaces, develop a theoretical understanding of the
effects of each control parameter separately, and then produce a picture of the combined effects.
A crucial aspect of the study of the individual control parameters is the identi cation of systems
which express a particular control parameter strongly and can be fabricated and studied
experimentally, so that the theory can be compared to data. The theoretical work requires
development of new methods, capable of treating strongly interacting systems with strong spatial
inhomogeneity. Our current focus is on “heterostructures”: multicomponent systems containing
atomically thin layers of one or more materials with important magnetic or electrical properties.

Recent Progress

Two crucial issues are the development o f appropriate theoretical and computational methods,
and the validation of these methods by comparison to appropriate experimental control systems.
We are interested in electronic properties such as magnetism which arise from the correlations
induced in the quantum mechanical wave function by electron-electron-interactions. Study of
these phenomena is difficult, and the difficulty is increased by the spatial symmetry breaking
occurring at surfaces and interfaces. For this reason the established techniques of many body
physics are inadequate. We have developed and tested for accuracy a new “semiclassical”
computational method (see publication[2] below) which is more than two orders of magnitude
faster than the standard approaches, and have also found a new way to test for electronic phase
separation (publication[3] below). We have applied our results to gain insight into theoretical
model systems which capture important parts of the physics of heterostructures, including the
competition between different possible magnetic orderings (publication[4]) and the
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interplay between charge con nement and magnetic order (publication [5]).

Recently, experimental groups have succeeded in fabricating two classes of heterostructures:
SrTiOs/LaTiO; (studied by the group of H.Y. Hwang at the University of Tokyo and by
scientists at the Max-Planck institute in Stuttgart) and “Colossal Magnetoresistance”
(LaMnO3/SrMnO:s) (studied by the group of J. Eckstein at the University of Illinois at Urbana-
Champaigne). For the SrTiO;3/LaTiO; we have combined band-theoretic and many-body physics
methods to produce predictions for the phase diagram, transport and optical properties which can
be fruitfully compared to experiment. We predict large lattice distortions and a novel form of XY
orbital order, as well as ferromagnetism (in systems which are antiferromagnetic in bulk
(publication [6]). We are presently engaged in the computations which will allow us to make
analogous predictions for the manganite-based materials.

In addition, two review articles summarizing the present status and future prospects of the

eld were prepared and are in press (manuscripts [1] and [7] below).

Future Plans

We are continuing the development of theoretical methods. We have begun a collaboration
with a group at Ecole Polytechnique (France), who are developing a new computational method
which may be suitable for the problems of interest to us.We are also continuing to develop the
techniques and ideas needed to combine the band-theoretic and many-body physics calculational
tools, to allow accurate study of the effects of strain and lattice relaxation. Of particular
importance is the development of techniques which can capture the behavior of systems with
partially lled d-shells (where the high degree of orbital degeneracy leads to amultiplicity of
interactions and a great richness of behavior). An approach involving expressing the interactions
in terms of the rotational in variants of the system and applying continuous Hubbard-
Stratonovich transformation techniques is presently being developed.

Concerning experimental systems, we plan to extend our techniques to a wider variety of
heterostructures, in particular to systems with components involving different transitionmetals.
Another crucial open question concerns surfaces. Because most of the surfaces of materials of
interest are polar, signi cant lattice reconstructions are expected to occur and to couple strongly
to the many-body physics. In collaboration with experimental groups at Brookhaven, Oak
Ridge and elsewhere, we will develop an understanding of how to “passivate” or otherwise
control the surface of a transition metaloxide.
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Metal-Insulator-Semiconductor Photonic Crystal Fibers: A New Paradigm for
Optoelectronics

Y. Fink and J. D. Joannopoulos
Research Laboratory of Electronics
Massachusetts Institute of Technology, Cambridge MA, 01239

Abstract

The demonstrated ability of photonic crystals to control light in truly unique ways
makes them extremely attractive candidates for addressing problems in the general areas
of radiation conversion, conservation, and control. Guiding radiation through air-
waveguides without losses, radiation insulation inside and outside homes, heat-retaining
lightweight clothing, and energy-generating thermal or solar collectors, are obvious
examples where photonic crystal materials could play a very important role. By the same
token, the ability to work within a fiber-processing platform, as in the optical or textile
fiber industries, provides the intrinsic possibility for very low cost production and for
very large area coverings. Unfortunately, virtually all electronic and optoelectronic
devices are made of conductors, semiconductors, and insulators in well-defined
geometries and prescribed length scales. Clearly, it would be an enormous benefit if
there were some way to combine the advantages of all three without a corresponding
sacrifice in performance. Recently, we succeeded in taking the first steps along this
direction by demonstrating that cylindrical, omnidirectionally reflecting multilayer film
photonic crystal fibers can be drawn with exquisite precision and exceptional optical
properties. We also demonstrated that such fibers can be co-drawn with metal, insulator,
and semiconductor (M-I-S) components leading to new fiber functionalities for the
simultaneous guiding of both electrons and photons, and for creation of optoelectronic
fiber devices. Current efforts are being focused on exploring the feasibility of designing
and producing extended lengths of efficient and flexible power-generating M-I-S
containing fibers for use in Photovoltaic (PV) and Thermoelectric (TE) applications.
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Program Scope

There is increasing interest in three-dimensional (3D) crystals which can confine light in
all directions. This will lead to efficient light emission by controlling transition
probabilities of excited atoms or molecules. However, most research has been limited to
2D photonic crystals mainly because of difficulties in 3D micro-fabrication. The program
we are developing uses a non-photolithographic process, called two-polymer
microtransfer molding (2P-uTM), and is expected to realize low cost and tailorable 3D
structures. Polymer templates fabricated by 2P-uTM were successfully converted to both
dielectric and metallic 3D photonic crystals. With this expertise in 3D microfabrication,
the program aims to extend 2P-uTM to photonic crystals applicable at near-infrared or
visible frequencies, and to explore novel photonics applications of 3D periodic polymer
microstructures. We are developing a 2D holographic lithography tool to generate smaller
master patterns for 2P-pTM and to develop a 2™ generation scheme of our alignment
method using fluorescence-based moiré fringes. As this program progresses, we believe
that our techniques for fabrication of dielectric, metallic and polymeric microstructures
will improve the performance of a variety of solid lighting devices, especially organic
light emitting devices and miniaturized lasers.

Recent Progress

Photonic crystals were first proposed in 1987 as a way to control the spontaneous
emission' or the localization’ of light. Early work done at Ames Laboratory established
the existence of a photonic band gap in the diamond structure.’ The Ames group
produced designs that allowed three dimensional photonic band-gap crystals to be
realized at high frequencies™”. In 1998, using the Ames Laboratory’s patented, layered
lattice design, S. Y. Lin and J. G. Fleming at Sandia National Laboratories successfully
fabricated photonic crystals with band-gaps in the infrared and fiber-optics wavelengths®’.
In 2002, they, in collaboration with Ames Laboratory scientists, extended the fabrication
to photonic crystals made of tungsten®. These photonic crystals can be removed from the
substrate and were found to be highly efficient light emitters in a specific frequency
range’. However, conventional microfabrication techniques require high cost and
expensive equipment for three-dimensional photonic crystals. Although a wide variety of
novel approaches have been introduced to alleviate the difficulties in 3D microfabrication,
they are not both low cost and tailorable.

We have proposed and demonstrated an economical technique to fabricate a three-
dimensional layer-by-layer photonic band gap structure in the infrared wavelengths'®''. A
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polymer template of a photonic crystal structure is assembled using the microtransfer
molding technique. This template is infiltrated with sol-gel or nanoparticle titanium oxide
slurry, the template is later removed by heat treatment. Central problems with this method
were production yield in template fabrication and the alignment of the structure between
different layers.

We developed an advanced microtransfer
molding technique, 2P-uyTM that shows an
extremely high yield in layer-by-layer
microfabrication sufficient to produce highly
layered microstructures. The use of two different
photo-curable prepolymers, a filler and an
adhesive, allows for fabrication of layered
microstructures without thin films between
layers. The difference in surface energies
between the polymers allows filling and
selective. coating of the two prepelymers with Fig. 1 12-layered polymer microstructure
self-healing properties. The capabilities of 2P-  y2p_ M
uTM are demonstrated by the fabrication of a
wide-area 12-layer microstructure with high structural fidelity [see Fig. 1]

Instead of employing the
usual  high-resolution marker
alignment that 1is standard
practice in microfabrication, the
alignment and layer distortions
can be imaged through the use of

e moiré patterns using visible light.
Fig. 2 Comparison of (a) conventional and (b) diffracted We  studied the  Ist-order

moiré fringes with (c) their imaging configurations. diffracted moiré fringes of

transparent multilayered

structures comprised of irregularly deformed periodic patterns. By a comparison study of

the diffracted moiré fringe pattern and detailed microscopy of the structure, we show that

the diffracted moiré¢ fringe can be used as a nondestructive tool to analyze the alignment

of multilayered structures. The alignment method yields high contrast of fringes even
when the materials being aligned have very weak contrasts [see Fig. 2].

An efficient method of fabricating free-standing three-dimensional metallic
photonic crystals using 2P-uTM was also developed Low cost and ease of fabrication are
achieved through gold sputter -
deposition on a free-standing
woodpile polymer template [see
Fig. 3(a)]. The photonic crystals
behave as full metallic structures
with a photonic band edge at a
wavelength of 3.5 wum. The
rejection rates of the structures Fig. 3 SEM images of (a) metal-coated and (b) titania
are about 10 .dB per layer. By photonic crystals
using ceramic infiltration of
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polymer templates, ceramic woodpile structures were created. The ceramic infiltration

technique for complex three-dimensional microstructures allows us to realize excellent

structural fidelity and a low crack density [see Fig. 3(b)]. The fabricated photonic crystals

have a photonic band gap at around 5Sum and agree well with theoretical calculations.

Since the structure of the crystals is fully controllable, diverse applications are expected

by implanting functional defects.
= 17l

i

We also found that polymer
templates can be backfilled with metals
by electro-deposition and removed by
thermal decomposition. By doing so we
can get woodpile-like full metallic
structure [Fig. 4(a)]. And the metallic
structure can be heated by passing an

electrical current directly through the
Fig. 4 (a) SEM images of a full metallic photonic  g¢rycture [Fig. 4(b)]. In Fig. 4(b), the
crystal; (b? photograph of a glowing crystal by bright region is the photonic crystal
Joule heating. patterned region in our copper filament.
The emission of visible light is stronger than an unpatterned copper film with the same
thickness. Based on this approach, we are designing efficient geometries for tailorable
thermal radiation and investigating the emission behavior of full metallic photonic
crystals with different configurations.

(2) SERER

S—2 pm — 2 MM

Future Plans

We will continue to develop new methods to align multiple layers (up to 32
layers). By solely using moiré fringe method, multilayer over four layers is difficult. To
extend aligning capability, we will develop a fluorescence-based alignment method,
complementing the developed moiré fringes technique. At present, we have been
demonstrating our techniques with patterns with a 2.5 p pitch. We are developing an
optical apparatus for 2D holographic lithography to reach higher frequencies with
submicron pitch patterns. The resulting 2D structures will be used for master patterns for
2P-uTM and a modified layer-by-layer fabrication. With the smaller-pitch polymer
templates, ceramic and metallic infiltration will be carried out. For thermal emission
purposes, new metal-based composite photonic crystals will be studied for the potential
of narrow emission peaks and high energy efficiency.
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