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Physical, Chemical, & Nano Sciences at
Sandia National Laboratories

Message from the Director

The Physical, Chemical, & Nano Sciences Center
creates new scientific knowledge in support of
Sandia's mission areas — nuclear weapons; energy,
resources, & nonproliferation; defense systems &
assessments; and homeland security & defense. We
provide science-based solutions for the mission
needs of our parent agency, the National Nuclear
Security Administration (NNSA), particularly in
areas where we have unique expertise. Of equal
importance, we also perform focused long-term
research in areas that are most likely to have impact
on future Sandia missions and national securi-
ty, particularly in the physical, chemical, and nano
sciences that will enable future microsystems. This
volume highlights representative research in our
areas of emphasis, including Nanoelectronics &
Nitride Semiconductors; Nanomaterials; Nanome-
chanics; Electromagnetic Radiation: Generation,
Detection, & Spectroscopy; and Materials in
Extreme Environments.

The activities of the Physical, Chemical, & Nano

Sciences Center are supported by a diverse set of funding sources that reflect the broad impact of our
work, both scientifically and programmatically. The research described in this volume illustrates the
importance of a strong science base in the physical, chemical, & nano sciences for the success of the
Department of Energy's missions. Throughout this work, we have benefited immeasurably from our
partnerships with colleagues across the labs, in universities, and in industry. We gratefully acknowl-

edge their collaboration.

We appreciate your interest in our work and welcome your comments and inquiries.

Julia M. Phillips
Director

“Exceptional Service in the National Interest” 2006
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Evidence of Bloch Oscillations in Two-dimensional Quantum Dot Arrays

by W. Pan, R. G. Dunn, S. K. Lyo, J. L. Reno, and J. A. Simmons

Motivation—We investigate in this project the
physics and device applications of Bloch
oscillations (BOs) of electrons, engineered in
high mobility quantum wells patterned into two-
dimensional quantum dot arrays, i.e. quantum
dot superlattices (QDSL). A BO occurs when an
electron moves out of the Brillouin zone (BZ) in
response to a DC electric field, undergoes Bragg
reflection, and  consequently,  executes
oscillating motion. Many efforts have been
devoted to understanding and detecting BOs
over the years. The main motivation behind this
work is its huge potential for novel device
applications; the BO frequency can fall into the
terahertz (THz) regime when the magnitude of
the electric field and the period of QDSL are
carefully chosen. From a fundamental science
perspective, studying BOs will enable us to
probe high frequency many-body quantum
dynamics, coherent electron transport, and
energy and charge transfer. To date, no direct
evidence of BO has ever been observed using
electronic transport measurements. The primary
reason for this is the fast damping of BOs,
caused by strong electron-optical phonon
scattering. We tackle this challenge by
employing a new device structure, the so-called
QDSL, fabricated by an interferometric
lithography technique. This project is ambitious
and involves both large scale nano patterning
and low temperature transport measurements at
DC and radio-to-THz frequencies.

Accomplishment—We have carried out
current-voltage (I-V) and magnetotransport
measurements in QDSL structures. In the non-
linear 1-V measurements, negative differential
conductance (NDC) is observed. In Fig. 1, we
show the I-V curve in two different samples of

Sponsors for various phases of this work include:

Directed Research & Development

Contact:

different electron potential modulation strength
(3% vs. 15% of the Fermi energy). The
observation of NDC is encouraging since it may
represent the first step towards the definitive
establishment of electron self-oscillations in our
2D quantum dot arrays. To understand the
physical origin of NDC, theoretical simulations
have been carried out. Assuming Bragg
scattering for the 2D electrons at the boundary
of the Brillouin zone and a relaxation time
approximation, the theoretically obtained I-V
curve (red) is shown in Fig. 2. The deviation
from experiment at high fields may be due to
the neglect of full 2D elastic scattering, or other
mechanisms such as 2D domain formation.

In magnetotransport studies, a resistance spike
indicative of a resonance is observed. At the
present time, we believe that this resonance
behavior is caused by the edge magnetoplasmon
resonance. In contrast to previous experiments
on edge magnetoplasmon resonances, our
experiment did not apply external radiation to
the quantum dot array samples. The required
high frequency radiation, we speculate, is
provided by the self-oscillation of electrons
(i.e., Bloch oscillation) under large DC electric
fields.

This research was done in collaboration with D.
Li and S.R.J. Brueck at the CHTM at UNM.

Significance—We demonstrate, for the first
time, negative differential conductance and
evidence of Bloch oscillations in two-
dimensional quantum dot arrays. This could
eventually lead to the realization of frequency-
tunable, solid-state THz emitters and detectors.

DOE Office of Basic Energy Sciences and Laboratory

Wei Pan, Semiconductor Material & Device Sciences, Dept. 1123

Phone: (505) 284-9545 and (505) 844-3178, Fax: (505) 844-3211, E-mail: wpan@sandia.gov
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Figure 1. 1-V characteristics for two samples of different electron potential modulations; a) 3% and
b) 15% of the Fermi energy. In both samples, the negative differential conductance region
(highlighted by circle) is seen. Current steps are also observed in the NDC region for the 15%
sample. Interestingly, the 1-V curve shows different characteristics in two samples. This suggests
that the I-V characteristics, and probably the 2D electron dynamics, can be manipulated in a
controllable way.
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Figure 2. Theoretical result based on a relaxation-time approximation and on a 1D potential
modulation, as shown in the inset. Elastic scattering is ignored. Other parameters are chosen
according to real samples. The blue curve shows the result assuming no load resistance. The red
curve shows the results when a proper load resistance of 1.0 kQ is taken into account. Vo = 1 meV
corresponds to 15% modulation of the conduction band edge.



Analysis of the Quantum-Confined Stark Effect in InGaN Single Quantum Wells
by R.J. Kaplar, S. R. Kurtz, D. D. Koleske, and S. R. Lee

Motivation—The InGaN/GaN guantum well
(QW) system has recently attracted much
attention due to its central role in the
development of green, blue, and ultraviolet
optoelectronics. Based on the wurtzite crystal
structure, large (MV/cm) polarization-induced
electric fields are known to exist in strained
InGaN quantum wells grown on the basal plane
of GaN; these fields influence optical-device
performance by altering the electron and hole
wave-function overlap. A number of authors
have confirmed the existence of such fields, but
reported measurements of the field differ, even
for structures of similar indium composition. In
general, measured Stark shifts are much smaller
than expected from theory, and since
InGaN/GaN QW polarization fields have
typically been inferred from the measured Stark
shifts via band-structure theory, polarization
fields are usually underestimated as well.

Accomplishment—The present  research
resolves these discrepancies using a new
approach where QW polarization fields are
directly measured by capacitance-voltage (CV)
techniques. By combining these direct
measurements of the field with standard optical
measurements of the QW emission energy, we
can compare the dependence of Stark shift on
the polarization field to fully independent band-
structure theory. These unique comparisons
yield new insights into carrier-recombination
efficiency in InGaN/GaN QWs.

Here, we examine InyGa;xN (x=0.11-0.14)
single quantum wells (SQWs) embedded in the
n-side of GaN p™n junctions. Electron density
profiles obtained from CV measurements reveal
sharp peaks associated with charge storage in
the SQWs, with total QW charge consistent

Sponsors for various phases of this work include:

Weapons/Science & Technology

Contact:

with calculated values (Fig. 1). Photocurrent
and electroreflectance spectra were separately
measured as a function of applied field, and we
observe a blue shift due to the quantum-
confined Stark effect (Fig. 2). Unlike many
prior results where the inferred polarization
fields are too small, our direct measurements of
the SQW polarization fields show good
agreement with Schrodinger-Poisson
calculations performed using ab-initio values
for the polarization. Nonetheless, the presently
observed Stark shifts remain much less than
predicted, as in the previous studies (Fig. 3 -
see ideal model vs experimental data).

By comparing further band-structure calcula-
tions to the measured Stark shift versus electric
field, we show that without decreasing the SQW
polarization field a simple model incorporating
hole localization in the SQW removes much of
the observed Stark-shift discrepancy (Fig. 3 —
see localized-hole model vs. experimental data).
The operative hole-localization mechanism
could arise from indium-rich domains, defect
states, or intrinsic hole-wavefunction
localization produced by the ionic character of
the bonding in wurtzite-structure 111-V nitrides.

Significance—lf holes are in fact localized, the
electron-hole  wave-function  overlap in
InGaN/GaN QWs is larger than currently
believed. Thus, improvements in brightness
expected from InGaN-QW emitters grown on
non-polar GaN may be less than presently
anticipated, while emitters grown on the polar
basal-plane of GaN may ultimately become
more efficient than now thought possible.
These new scientific findings alter the pathway
forward to energy-efficient solid-state lighting.

DOE Office of Basic Energy Sciences and Nuclear

Stephen R. Lee, Semiconductor Material & Device Sciences, Dept. 1123

Phone: (505) 844-7307, Fax: (505) 844-3211, E-mail: srlee@sandia.gov
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Figure 1. Differential CV measurements of the
electron density depth profile and the total
integrated QW charge (Nqw). The QW is 2.5 nm
thick and consists of Ing14GaggsN. Inset:
Calculated electron density profile over the SQW
region at +3 V bias. The inset axes have the same
units as the main axes.
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Figure 2. Normalized photocurrent spectra in the
vicinity of the SQW absorption edge, measured at
77K using the bias values indicated. The same
Ing14GaggsN QW as in Fig. 1 is examined. Inset:
Zero-bias photocurrent measured over a wide
spectral range. The inset axes have the same units
as the main axes.

0.0 =t Al

2.7 3.2

3-05 ] 1 v ] ] T 3.25 ] J T 1 T
®  Data: PC g ® Data: PC
© Data: ER 320 ° Data:ER -
3.00Fr @ pata:PC+ER 9 @ Data: PC+ER
........ Model: Ideal o ] = Model: Ideal ,ﬂ"
Model: Loc. hole ] m 3.15} - Model: Loc. hole i
S 2.95+ L .
) u
g o m —— sk L -
o - o " om 7
© 2.90F - . , =
L ot 3.05F S A -
Bl ] S
a/_,--’- . '.'./-/ . -
n S i o
2.85 (@) SIC ., & (b) Sapphire._
substrate substrate
280 1 1 M 1 N 1 L 1 295 1 L 1 | " 1
0 250 500 750 1000 0 500 1000 1500

Depletion field (kV/cm)

Depletion field (kV/cm)

Figure 3. Energy of the SQW absorption edge versus the diode depletion field in the SQW. Solid
and open squares indicate experimental points obtained from photocurrent (PC) and
electroreflectance (ER), respectively. Smooth curves show the theoretical Stark shift vs. field
calculated using ideal and localized-hole Schrddinger-Poisson models. Models are offset to the
experimental energy at zero field to facilitate direct comparisons of the experimental and theoretical
energy shifts produced by the quantum-confined Stark effect. These small offsets remove field-
independent differences in energy arising from experimental uncertainties in the SQW composition
and thickness, imprecise knowledge of the exact energy level of the localizing state, and similar
effects. Note that the localized-hole model substantially improves the overall agreement between
theory and experiment.



Highly Aligned Arrays of GaN Nanowires Achieved via Selection of Substrate
Orientation, Catalyst Concentration, and Growth Temperature

by George T. Wang, J. Randall Creighton, A. Alec Talin, and Don Werder

Motivation—A lack of understanding of
vapor-liquid-solid  (VLS) based nanowire
growth has frustrated rational approaches for
controlling size, optical and electrical
properties, and morphology. In particular, the
ordered growth of vertical nanowire arrays with
controlled density, uniformity, anisotropy, and
coupled interactions is of interest for potential
novel device applications.

Accomplishment—We have demonstrated the
growth of dense, highly aligned arrays of single
crystalline GaN nanowires on untemplated,
unpatterned r-plane (1-102) sapphire substrates
via VLS catalyzed metal-organic chemical
vapor deposition (MOCVD). Scanning electron
microscopy (SEM) and transmission electron
microscopy (TEM) analysis indicate that the
nanowires share a common [11-20] growth
direction and have aligned facets. This growth
direction is the same as the observed (11-20)
GaN film growth on r-plane sapphire, with a
relatively low in-plane lattice mismatch of
1.15% in the [0001] GaN direction, leading to
ordered, vertical growth. In contrast, nanowires
grown on c-plane (0001) sapphire also most
commonly exhibit a [11-20] growth direction,
rather than the [0001] growth direction observed
for film growth, and do not exhibit a high
degree of ordering.

Interestingly, we find that the degree of
alignment and size uniformity is highly
dependent on the catalyst concentration applied
to the substrate. Optimal density, alignment,
and size uniformity occurs when the Ni(NO3),
concentration is ~20 times more dilute than
typically used for VLS-based nanowire and
carbon nanotube growth, as shown in Fig. 1.
Additional experiments show that the average

Sponsors for various phases of this work include:

Directed Research & Development

Contact:

catalyst nanocluster size decreases and size
uniformity increases with decreasing catalyst
concentration,  suggesting  orientation s
dependent on particle size.  Surprisingly,
analysis shows that the majority of the aligned
nanowires grown on r- plane sapphire do not
have a catalyst droplet at the tip (Figs. 1 and 2),
in contrast to GaN nanowires grown on c-plane
sapphire and SiO,, even though the presence of
catalyst is necessary for nanowire growth.
Further investigation of this observation is
underway.

The effect of growth temperature on nanowire
properties was also studied. Characterization
using a Sandia-developed platform reveals that
nanowires grown at 900 °C show a greater than
50 times increase in the absolute band edge
peak intensity (Fig. 3) and approximately three
orders of magnitude lower resistivity versus
those grown at 800 °C. We propose that these
effects are caused by increased carbon
incorporation as the nanowire  growth
temperature is decreased.

Significance—The ability to use inexpensive,
large area, and process compatible sapphire
wafers for the growth of aligned, vertical arrays
of GaN nanowires by MOCVD and without the
use of templates or patterning represents an
important step towards realizing devices based
on vertically integrated Ill-nitride nanowires.
Our results suggest that the alignment of VLS-
grown nanowires may be influenced not only by
substrate orientation, but also by catalyst
particle size. Additionally, we find that the
growth temperature is a critical factor for
controlling the nanowire properties, due most
likely to its effect on impurity incorporation.

DOE Office of Basic Energy Sciences and Laboratory

George T. Wang, Advanced Materials Sciences, Dept. 1126

Phone: (505) 284-9212, Fax: (505) 844-3211, E-mail: gtwang@sandia.gov
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Figure 1. SEM images of highly aligned GaN nanowires grown on r-plane sapphire at 800 °C using
0.0005 M nickel nitrate solution. Inset shows that facets of different wires are aligned.

Figure 2. High resolution TEM image and selected area electron diffraction (SAED) patterns (inset)
of single crystalline GaN nanowire grown at 800 °C. Note lack of catalyst nanocluster at tip.
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Figure 3. Representative photoluminescence (PL) spectra of GaN nanowires grown on r-plane
sapphire at (a) 800 °C and (b) 900 °C.
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Novel AIN Growth Processes for High Performance Deep UV Optoelectronics

by A. A. Allerman, M. H. Crawford, K. H. A. Bogart, S. R. Lee, D. M. Follstaedt,
N. A. Missert, and P. P. Provencio

Mootivation—AlIGaN semiconductors have
emerged as materials of great technological
importance. With direct energy bandgaps that
are tunable throughout much of the ultraviolet
(UV) region of the spectrum (200-365 nm),
these alloys have recently enabled compact,
solid-state, solar-blind detectors as well as UV
light emitting diodes (LEDs) and laser diodes.
Relevant applications for these devices include
flame and  missile  plume  detection,
fluorescence-based biological agent detection,
non-line-of-sight communication, and portable
water purification.

A major challenge of achieving high
performance AlGaN optoelectronic devices is
the lack of commercially available native
substrates. Growth of AlGaN alloys is typically
performed on lattice-mismatched sapphire or
SiC substrates, resulting in high (> 10" cm?)
densities of threading dislocations. Our
previous research has shown that the electrical
and optical performance of deep UV emitters is
critically limited by threading dislocations.
Therefore, a major emphasis of our research has
been to investigate methods to lower the
dislocation density of AlGaN device structures
by controlling the AlGaN growth process on
lattice-mismatched substrates.

Accomplishment—To date, our best AlGaN
device structures have been nucleated on AIN
epilayers grown on sapphire substrates. Our
studies have revealed that the crystal quality of
AlGaN-based device layers is largely
determined by the nucleation and growth
conditions of the AIN epilayer. We have
developed a growth process for AIN epilayers
that utilizes a morphologically complex
“transitional” AIN layer between the sapphire or

SiC substrate and the conventionally grown AIN
epilayer. This transitional layer consists of a
self-organized, denticulated surface structure
that is revealed by the atomic force microscopy
image in Fig. 1. The structure is created by the
application of lower growth temperatures and
careful selection of the partial pressures of
hydrogen, ammonia and trimethylaluminum.

The overgrowth of a high temperature AIN layer
on an AIN surface similar to Fig. 1 enables the
recovery of a smooth surface morphology
suitable for device structures and results in a
significant reduction of dislocation density. The
full width half max (FWHM) of two
complementary  x-ray diffraction (XRD)
measurements of AIN epilayers with and
without the transitional layer is shown in Fig. 2.
Improved crystal quality is indicated by
narrower FWHM of the x-ray linewidths. The
application of this denticulated layer has
specifically enabled dislocation densities of <
1x10° cm™, compared to densities of 2-5 x 10*°
cm? achieved without this transitional layer.
This novel AIN growth process and its
application to improved AlGaN devices is the
subject of a patent application that has recently
been filed by the Sandia team.

Significance—The reduction of dislocation
density in AIN films is expected to improve the
performance of UV emitters and detectors by
improving the electrical and optical properties
of the overlying AlGaN device layers. With
improved performance, AlGaN optoelectronic
devices will replace photomultiplier tubes,
mercury lamps and/or large frame lasers and
enable a new generation of compact, robust and
portable systems for sensing, communications
and water purification.

Sponsors for various phases of this work include: Defense Advanced Research Projects
Agency/Semiconductor Ultraviolet Optical Sources, Laboratory Directed Research &
Development, and Nuclear Weapons/Science & Technology

Contact:

Andrew A. Allerman, Advanced Materials Sciences, Dept. 1126

Phone: (505) 845-3697, Fax: (505) 844-3211, E-mail: aaaller@sandia.gov
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Figure 1. An atomic force microscopy image of the surface of an AIN transitional layer showing
the self-organized, denticulated structure formed under specific growth conditions. This structure is
responsible for the reduction in the density of threading dislocations of the overgrown, high
temperature AIN layer.
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Figure 2. A significant reduction in the full width half max (FWHM) of the x-ray diffraction (XRD)
linewidths of the high temperature AIN layer is achieved when an AIN transitional layer, similar to
Fig. 1, is grown before the high temperature AIN layer. The smaller FWHM linewidth indicates
improved crystalline quality. Through application of this transition layer, the quality of AIN films
on sapphire is approaching that of GaN epilayers that are commonly used in commercial blue LEDs.
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Microwave Dissipation in Carbon Nanotubes and Silicon Nanowires

by Clark Highstrete, Mark Lee, and Alec Talin

Motivation—SingIe-waII carbon nanotubes
(SWCNTSs) and silicon nanowires (SiNWSs) are
predicted to have novel electrodynamic
properties that could be exploited to push
nanotechnology into the microwave frequency
domain. For example, there are claims in the
literature that short, pure SWCNTs and SiNWs
support ballistic charge transport at room
temperature, meaning that electrons cross these
nanomaterials without scattering. From the
point of view of microwave response, ballistic
transport implies a “magic” microwave material
with no high-frequency power dissipation. Such
dissipationless behavior has some experimental
as well as theoretical support in the literature,

but the signal-to-noise levels in reported
empirical work are poor and remain
controversial. It remains unclear whether

nanomaterials such as SWCNTs and SiNWs are
truly “magic” or whether they have microwave
loss characteristics that are simply too small to
be detected by the methods reported.

Accomplishment—We succeeded in using AC
dielectrophoresis (ACDEP) directed self-
assembly to incorporate arrays of between 102
to 10* SWCNTs or n-doped SiNWs onto a
broadband  co-planar  waveguide (CPW)
microwave measurement platform. These
nanomaterials are assembled in such a way that
they are parallel to the electric field polarization
of the propagating microwave mode on the
CPW, maximizing their interaction with the
electromagnetic field. Figure 1 shows an
optical microscope image of SiINWSs assembled
across the signal-to-ground plane gaps of a
CPW.

The CPW's complex reflection and transmission

coefficients before and after ACDEP assembly
of nanomaterials were measured using a
precisely calibrated vector network analyzer on
a broadband probe station. Most importantly we
developed a carefully calibrated and controlled
measurement procedure that yielded signal-to-
noise and systematic reproducibility that is a
factor of 10 to 100 times better than what has
been reported in the literature.

Because of this very high measurement quality,
we were able to reliably calculate from the
measured data the change in power loss as a
function of frequency between having
nanomaterials assembled on a CPW and the
original CPW without nanomaterials. Such
additional power loss is attributable to high-
frequency dissipation by the nanomaterials.
Figure 2 shows the microwave loss coefficient «
as a function of frequency measured for three
different samples with SWCNT arrays and one
with an n-doped SINW array. The loss
coefficient is always positive and frequency-
dependent, proving that these nanomaterials
dissipate microwave power.

Significance—The data shown in Fig. 2 are the
first reliable measurements of frequency-
dependent microwave power loss in SWCNTSs
and SiNWSs. This proves that, at least at room
temperature, these are not lossless “magic”
microwave materials, contradicting several
prominent claims in the existing literature.
However, an estimate of the loss per nanotube
or per nanowire shows that the high-frequency
loss in a single nanotube/wire is nonzero but
extremely small. Thus these nanomaterials are
an extremely good microwave material.

Sponsor for various phases of this work include: Laboratory Directed Research & Development
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Figure 1. Optical microscope image of an array of n-doped silicon nanowires assembled via the
ACDEP process across the gaps of a broadband microwave co-planar waveguide. The gap width
between signal line (center gold strip) and the outer ground planes is 5 pm.
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Figure 2. Microwave loss coefficient measured as a function of frequency for three different
SWCNT arrays with different numbers of nanotubes and one array of n-doped SiNWSs. A positive
value for & means that the material dissipated microwave power.
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Photoluminescence Dynamics of Broadband Emission from
Cadmium Sulfide (CdS) Quantum Dots

by J. E. Martin and L. E. Shea-Rohwer

Motivation—Cds quantum dots typically
have a narrow bandwidth emission that is
accompanied by a photoluminescent lifetime on
the order of a few ns. This fast decay is
attributed to direct electron-hole recombination.
Both the emission bandwidth and the PL
lifetime can increase dramatically upon the
addition of surface ligands. The nature of the
decay can also become strongly non-
exponential, and these three characteristics are
thought to be due to the formation of surface
trap states. Surface functionalized CdS QDs
can be made following the reverse micellar
synthesis developed by Lianos and Thomas.
The surfactant dioctyl sulfosuccinate sodium
salt (AOT) acts as the surface ligand, and the
resulting 2 nm QDs have nearly white emission.
Our interest is in characterizing and
understanding the decay dynamics of this
complex emission and how this is affected by
UV photolysis.  Our goal is to determine
whether the PL lifetime can be controlled in
such a way that QDs can be used as taggants
that have both emission color and lifetime as
identifying characteristics.

Accomplishment—CdS quantum dots were
prepared in reverse micelles in heptane and
were purified by cooling to -30°C and cold-
filtering out the ice that formed. The purified
solutions were then photolyzed with UV light,
which is known to increase the emission
intensity. Both the quantum yield (QY) and the
PL lifetime were monitored during photolysis.
Significantly, the emission spectrum is only
slightly changed by photolysis. The QY was
found to increase with photolysis, reaching a
maximum value of 24%. This high value,
which is twice that reported in the literature, is
due to the purification before photolysis. The

Sponsors for various phases of this work include:

Directed Research & Development
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PL lifetime was found to increase in proportion
to the quantum yield, Fig. 1, demonstrating that
control of the lifetime is possible without
altering the emission color. The proportionality
of the lifetime and QY can be explained by a
simple model of parallel radiative and non-
radiative decay channels, where the non-
radiative lifetime increases with photolysis.
Studies at -70°C show that the quantum yield
and the lifetime increase to more than twice
their ambient values, which is consistent with
trap state emission. Further evidence of trap
states comes from the form of the PL decay,
which is well described by a stretched
exponential with an exponent of 0.5, Fig. 2.
This decay is consistent with an exponential
distribution of lifetimes, which is expected for
trap states. Finally, the lifetime and the
quantum vyield were found to decrease
significantly with the addition of alkane thiols,
with only a modest red-shift in the emission, so
the addition of these ligands can be used to
control the lifetime.

Significance—ln understanding the trap state
emission in quantum dots we have shown that it
is possible to control the PL lifetime
independently of emission color. Lifetime
control can be accomplished by photolysis or by
the addition of surface-active ligands, such as
alkanethiols. This discovery demonstrates that
QDs can be used as two-dimensional taggants,
which greatly increases the number of
distinguishable taggants that can be synthesized.
With the development of UV LEDs it is now
possible to make a compact device for
measuring the PL lifetime, based on the phase-
shift method, so lifetime tagging may become a
practical reality.

DOE Office of Basic Energy Sciences and Laboratory

James E. Martin, Nanostructure & Semiconductor Physics, Dept. 1112

Phone: (505) 844-9125, Fax: (505) 844-4045, E-mail: jmartin@sandia.gov
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Figure 1. For both purified and unpurified CdS samples the lifetime is proportional to the quantum
yield, although the purified sample has a considerably larger QY. The QY increases with photolysis.
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Figure 2. The PL decay of broadband-emitting CdS quantum dots is well described by a stretched
exponential decay with an exponent of 0.5. This is consistent with a broad, exponential distribution
of lifetimes. The characteristic time of this decay is 240 ns.
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Self-assembled Quantum Dots for Detectors and Emitters
in the Long-wavelength Infrared

by Jeffrey G. Cederberg and Eric A. Shaner

Motivation—Self-assembled quantum dots
(SAQD) have unique optical properties that
make them promising for potential long-
wavelength infrared (LWIR) applications.
Unlike quantum well infrared photodetectors
(QWIPs), detectors utilizing the electrons
populating the conduction subband, introduced
by doping the SAQD, can readily couple to
surface-normal incident radiation. The electron
promoted to a higher conduction band state can
tunnel through potential barriers under applied
voltage and be sensed as a photocurrent.
Emitters require injection of electrons into an
excited state and a radiative transition to the
ground state of the SAQD. We are utilizing the
intersubband transitions of SAQD to develop
detectors and emitters. SAQD have several
advantages over quantum well analogs. The
quantum mechanical selection rules for a SAQD
allows them to emit or sense radiation with all
polarizations. For emitters this eliminates the
need to engineer a grating structure to extract
light out of a cascade laser based on quantum

wells. This characteristic makes the detector
structure sensitive to normal incidence
radiation.

Accomplishment—We have undertaken the
development of LWIR emitters. For efficient
emitter operation, the ground state of the SAQD
must be above the conduction bandedge of
GaAs. The conduction band diagram in Fig. 1
shows this can be achieved by increasing the
potential around the SAQD using an AlAs
matrix. A prerequisite for SAQD growth is a
smooth morphology of the underlying layer.
While this has been reported by molecular beam
epitaxy, this structure has not been reported by

metal-organic  chemical vapor deposition
(MOCVD). Our use of a low decomposition
temperature metal-organic precursor allowed us
to achieve smooth AlAs surfaces at
temperatures as low as 480°C (Fig. 2a). The
root mean square roughness of the AlAs layer is
0.6 nm. The growth of InAs SAQD on AlAs
challenged our paradigm developed for InAs
SAQD on GaAs. For the InAs on GaAs system,
a post-growth purge has been shown to be
essential to facilitate the surface mass transfer
needed for SAQD formation. The short post-
growth purge of two seconds was found to have
a negative influence on InAs SAQD grown on
AlAs (Fig. 2b) resulting in large, faceted islands
(20 nm high). Eliminating the post-growth
purge from the growth sequence produced small
(2 nm high), dense islands (Fig. 2c).

Significance—Success in finding appropriate
conditions for InAs SAQD growth on AlAs
provides an internal source of material for
LWIR emitters and detectors. Future efforts
will generate cavity structures to look at
resonant cavities with and without two-
dimensional photonic crystals etched into the
surface. This success impacts not only emitter
fabrication, but it extends the wavelengths over
which detectors are sensitive. Shorter
wavelength detector sensitivity should be
achieved with InAs SAQD in high Al content
AlGaAs matrices compared to current GaAs
based designs. The long term goal of this effort
is to demonstrate a surface emitting quantum
cascade laser structure, which would be a
significant advancement for this technology.

Sponsor for various phases of this work include: Laboratory Directed Research & Development
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Figure 1. Conduction band diagram of intersubband emitter structure using SAQD as the active
media. By placing the InAs SAQD between AlAs layers, the ground state is raised above the GaAs
conduction bandedge, a necessary condition for depopulation of the ground state.

Figure 2. Atomic force microscopy images of surfaces: a) AlAs grown at 480°C with a RMS
roughness of 0.6 nm, b) InAs SAQD on AlAs purged for 2 sec without AsH3; present in growth
chamber, c) InAs SAQD not subjected to any time without AsH3 during their growth.
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Active Transport of Carbon Nanotubes Using Motor Proteins

by B. C. Bunker, E. D. Spoerke, J. Hendricks, and G. D. Bachand (SNLA);
Professor Robert Haddon (University of California, Riverside)

Motivation—Parallel and directed assembly
of nanoscale building blocks is required to
create nanodevices of practical significance.
We are exploring the use of energy-
consuming “nano-robots” — motor proteins and
microtubules - for the active transport,
assembly,  reconfiguration, and healing of
nanocomposites in artificial environments. As a
model system, we are currently collaborating
with Professor Robert Haddon’s research group
at the University of California, Riverside, to
learn how to use motor proteins to manipulate
single-wall carbon nanotubes (SWNTSs) in
microfluidic systems. The ultimate goal of the
collaboration is to learn how to create arrays of
programmable conductive interconnects.

Accomplishment—The geometry we have
selected for promoting the active transport and
assembly of carbon nanotubes (Fig. 1) is the so-
called inverted motility assay. In this geometry,
self-assembled monolayers containing the motor
protein kinesin (pink) are anchored to an array
of gold electrodes such that the mobile “feet” of
the motors are available for binding to short
segments of microtubules called shuttles
(green). In the presence of adenosine
triphosphate (ATP) “fuel”, the motors propel the
shuttles and any associated “cargo” across the
substrate surface. Haddon’s group has
functionalized their carbon nanotubes (blue)
with streptavidin (red arc), which forms a strong
linkage with microtubules that we have
functionalized with biotin (red ovals). As both
the microtubules (25 nm diameter) and the
typical bundles of carbon nanotubes (5-10 nm
diameter) are too small to observe under normal
circumstances, both components have been
labeled with fluorescent dyes that allow them to
be observed under a fluorescence microscope.

Sponsors for various phases of this work include:

Integrated Nanotechnologies (CINT)

Contact:

We recently received the functionalized SWNTs
from the Haddon group and have been able to:
(1) disperse the SWNTSs, which are normally
agglomerated, (2) attach the SWNTs to our
microtubules in solution, (3) adsorb the
microtubules onto patterned gold electrodes,
and (4) examine the adsorption and motility of
the microtubule-SWNT constructs under the
microscope. Images obtained to date (Fig. 2)
clearly show that (1) the microtubules are
almost exclusively adsorbed onto the gold
electrodes by the motor protein monolayers, (2)
the carbon nanotubes are bound exclusively to
the microtubules (no free nanotubes are
present), (3) single microtubules (which can be
over 10 microns long) can span the gaps
between electrodes, bridging the gaps with
conductive carbon nanotubes, and (4) (not
shown) although coated with SWNTs, the
microtubules remain active and are propelled by
the motor proteins in the presence of ATP fuel.
Work will now progress to determining the
electrical conductivity of the microtubule-
SWNT bridges and learning how to program the
microtubules to create and remove bridges on
command.

Significance—SWNTs are regarded by many
as the ultimate nanomaterial because of their
unique electrical, optical, and mechanical
properties. If we can learn how to manipulate
SWNTs with motor proteins, we should be able
to create and reconfigure complex, responsive
networks of SWNTSs using biomimetic strategies
that are more versatile and controllable that
existing techniques. For example, it is difficult
to create such networks using current methods
that involve physically picking up and placing
each nanotube using nanomanipulators such as
scanning probe systems.

DOE Office of Basic Energy Sciences/Center for

Bruce C. Bunker, Chemical Synthesis and Nanomaterials, Dept. 1816

Phone: (505) 284-6892, Fax: (505) 844-9781, E-mail: bcbunke@sandia.qgov
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Figure 1. Depiction of the system used for the active transport of carbon nanotubes (blue) attached
to microtubules (green) via the biotin-streptavidin linkage (red ovals to red arcs). Motion is
provided when the “feet” of tethered motor proteins (pink) “walk” along and thereby propel the
microtubule shuttles.

Figure 2. Fluorescence micrographs of microtubule-SWNT constructs bound via motor proteins to
gold electrodes (square region is 25 microns across). Left — Fluorescence signal from the
microtubules. Note that one microtubule spans the gap between the top and bottom electrodes.
Right — Fluorescence signal from the carbon nanotubes. Note that all carbon nanotubes are
associated with microtubules.
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Chain Transfer to a Surface—a Novel Method for Forming Polymer Nanofilms

by D. L. Huber and B. C. Bunker

Motivation—One of the hallmarks of
nanomaterials is their high surface area.
Controlling surface properties are therefore
critical to their synthesis, processing, and often
their usefulness. Polymers have long been a
popular coating for modifying surface properties
of a wide range of materials. The surface
properties of a polymer are generally dictated by
the top few nanometers, but it is difficult to
synthesize pinhole-free nanoscopic polymer
films.  The ability to grow, through an in-situ
polymerization, ultrathin polymer films opens a
wide range of surface functionalizations for
nanoparticles and nanomaterials. Applications
include solubilization and compatibilization of
nanomaterials, and synthesis of active polymer
films with extremely fast kinetics.

Accomplishment—We have developed a
method of functionalization a wide range of
surfaces, with an equally wide range of
polymers. Any surface that can support a self-
assembled monolayer can be functionalized by
any polymer capable of undergoing a radical
polymerization.

The basic synthetic scheme is shown in Fig. 1,
using a silicon oxide surface with a silane
coupling agent as an example. A monolayer
coating of a chain transfer agent is applied to the
substrate and a solution of monomer and free
radical initiator covers the surface. The radical
initiator is initiated, and a fraction of the
initiators that are near the surface when they
become free radicals are able to transfer their
free radical to the surface. The surface bound
radical is then able to initiate the growth of a
surface bound polymer. This polymer grows for
a very short time before undergoing a chain

Sponsors for various phases of this work include:

Directed Research & Development

Contact: Dale L. Huber, CINT Science, Dept. 1132

termination event, whether chain transfer,
recombination, or some side reaction. The
kinetics of the steps in this polymerization are
critical to the resultant polymer film.

Figure 2 shows a plot of film thickness for the
synthesis of two polymers, poly(N-isopropyl
acrylamide) (pNIPAM) and poly(methyl
methacrylate) (PMMA), using this method. The
film thicknesses in the pNIPAM system reveals
an interesting behavior based upon the system’s
kinetics. The linear increase at low monomer
concentrations is due to the expected linear
increase in polymer molecular weight. At
higher concentrations, the viscosity of the
solution becomes an issue. This viscosity
increase slows the diffusion of free radicals to
the surface, lowering the graft density. The net
effect of the reaction kinetics is that the reaction
is self-limiting.  Film synthesized by this
method is necessarily nanoscopic, and are
generally pinhole-free.

Significance—A simple and versatile method
to form continuous ultrathin polymer films
using only commercially available reagents has
been developed. This synthetic technique has a
multitude of applications to microfluidics,
biotechnology, nanomaterials preparation and
funtionalization, etc. Traditional techniques for
forming in-situ polymer films have required
laborious synthesis of custom initiators, and
carefully  controlled reaction  conditions
(concentrations, purities, inert atmospheres,
etc.).  This method requires none of these.
Using this technique, a minimally skilled lab
worker can prepare a wide range of high quality
surface bound polymer films on most of the
commonly encountered surfaces and particles.

DOE Office of Basic Energy Sciences and Laboratory

Phone: (505) 844-9194, Fax: (505) 284-7778, E-mail: dlhuber@sandia.gov
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Figure 1. Reaction scheme for a chain transfer to a surface. Free radicals are generated in solution,
and transferred to the surface via proton abstraction. The surface bound radical is then capable of
initiating a surface bound polymer.
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Figure 2. Thickness of polymer films as a function of the monomer concentration, with all other
reaction conditions held constant. At low monomer concentration the thickness increases due to

increasing molecular weight, while at high monomer concentration the thickness decreases due to
decreasing graft density.
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Controlled Growth of Single- and Multi-Wall Carbon Nanotube Arrays

by M. P. Siegal, P. P. Provencio and D. L. Overmyer

Motivation—Carbon  nanotubes (CNTys),
perhaps the prototypical  nano-material,
demonstrate intriguing physical properties and
promise a plethora of potential applications,
ranging from room-temperature cold-cathode
electron field-emitters (pulsed-power, p-mass
spectrometers, low-voltage flat-panel displays)
to nanoelectrodes for electrochemical sensing to
nm-sized hollow tubes for mass separation and
filtration to thermal conducting heat pipes for
cooling various platforms. Many of these
applications require arrays of highly-crystalline
CNTs, to minimize electron and phonon
scattering, on a substrate surface with uniform
diameters and controlled spacings, and grown
preferably at the lowest possible temperatures.

Accomplishment—Arrays of  single-wall
CNTs (metallic or semiconducting) grow at
temperatures > 800 °C. Multiwall CNTs grow
at lower temperatures and are always electrical
conductors, advantageous for most of the above
listed applications. Previously, using thermal
chemical vapor deposition (CVD), we showed
independent control of CNT diameters ranging
from 7 — 350 nm (via growth temperatures from
630 — 790 °C) and the average spacing apart in
arrays from nm’s to um’s (via the metal catalyst
residual stress and the chemical reactivity of the
hydrocarbon feed gas). Only CNTs with
diameters < 10 nm were found to consist purely
of concentric graphene cylinders.

Recently, we explored CNT growth down to
530 °C. These CNTs have superb crystallinity
and can result in arrays primarily consisting of
single and double-wall CNTs. This is the first
demonstration of such small diameter CNTs in
arrays and at such low growth temperatures.
CNTs harvested from substrates into solution

were deposited onto holey-carbon grids for
analysis by transmission electron microscopy
(TEM). Figure 1 shows clusters of single
(530°C) and double-wall (550°C) CNTs. Since
CNTs with pure graphene sheet outer walls
cluster together in solution via Van der Waal’s
forces, individual CNT structures can be
discerned in transmission only from the edge of
a bundle.

Figure 2(A) shows the analysis of the TEM
images and finds that CNT diameters increase
linearly with growth temperature from 530 —
610 °C. Resolution is sufficient to count the
number of concentric graphene cylinders in a
given nanotube. Plotted in Fig. 2(B), an
additional graphene cylinder grows ~ with every
20°C of thermal CVD temperature. The average
wall layer thickness, measures to be the same
for every sample at 0.375 + 0.10 nm, comparing
favorably with the 0.335 nm interplanar spacing
of graphite. The hollow inner core of the CNTs
over this entire range of growth temperature is
0.7+0.1 nm.

Significance—Carbon nanotube arrays have
potential for many nano-electronic, thermal, and
chem/bio sensing applications. For the first
time, we demonstrate precise control of CNTs
within arrays with thicknesses ranging from 1 —
6 concentric graphene cylinders. Further, these
small-diameter and high-crystalline nanotubes
are all grown at temperatures below previous
reports.  In principle, such precise nano-
structural control should vastly improve
electrical and thermal properties. Future work
needs to identify structure-property
relationships to develop a better fundamental
understanding.

Sponsor for various phases of this work include: Laboratory Directed Research & Development
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Figure 1. High-resolution TEM images of carbon nanotubes harvested from films grown at 530 °C
and 550 °C. Van der Waal’s forces cause the CNTs to agglomerate in bundles; therefore, to discern
the structure of individual tubes, attention must be paid to the edge of a bundle where the electrons
have the best chance to transmit through only a single nanotube. The 530 °C sample yielded single-
wall CNTs; the 550 °C yielded double-wall CNTs. Examples are highlighted in yellow to guide the
eye.
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Figure 2. Results from high-resolution TEM images as in Fig. 1. (A) Outer diameters of nanotubes
vs. CVD growth temperature. (B) The number of concentric graphene cylindrical sheets per
nanotube vs. CVD growth temperature. Note that the wall diameter and number of sheets per wall
increase linearly with growth temperature.
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Crawler for Microfluidic Systems Based on Switchable Polymers

by B. C. Bunker, D. L. Huber (SNL), and Ulrich Wiesner (Cornell University)

Motivation—One  of the fundamental
problems in microfluidics is the transformation
of energy into directed motion and load
transport on very small length scales. While it
has been demonstrated that active motor
proteins extracted from living cells can provide
such motion, there are many potential
advantages in using synthetic as opposed to
biological materials for such systems. Synthetic
devices could work in a much wider range of
environmental conditions, and be -easier to
maintain and control. This collaboration
between Sandia and Professor Uli Wiesner at
Cornell University involves investigating one
such transportation system based on the use of a
switchable polymer gel called poly (n-isopropyl
acrylamide) or PNIPAM.

Accomplishment—The switchable polymer
we are investigating for active transport
(PNIPAM) is one that Sandia has already
utilized for creating programmable surfaces to
grab and release species such as proteins. The
polymer undergoes a phase transition at 35°C
(Fig. 1, left). Above the transition temperature,
the polymer is in a collapsed, dense state.
Below the transition temperature, the polymer
swells in water, increasing its net volume by an
order of magnitude. Experiments conducted by
the Weissner group at Cornell have shown that
this volume change can be exploited to create
polymeric plugs that can be programmed to
“crawl” through microchannels (Fig. 1, right).
This mechanism for motion is inspired from the
locomotion of earthworms, which move by
making their body “fat” or “thin” at different
point in time and space. “Fat” segments provide
anchor points and allow for further extension of
the “thin” parts. The Weissner group has

Sponsors for various phases of this work include:

Integrated Nanotechnologies (CINT)

Contact:

created nanocomposites of PNIPAM and 30 nm
wide hectorite clay particles as stabilizers and
demonstrated that composite plugs can transport
glass beads at a rate of 15 microns/second ina 1
mm capillary tube. The Wiesner group has also
developed a theoretical expression indicating
that gel velocities should be inversely
proportional to the square of the gel diameter.
Uli Weisner is interested in collaborating with
Sandia to test this model. Sandia’s major
contribution to the project involves the
developing the means to thermally program the
PNIPAM gel on small length scales. Sandia has
developed a microdevice (Fig. 2) that is capable
of providing highly localized heating (and
cooling) on a length scale of around 10 microns.
Sandia is also exploring the use of focused IR
lasers to provide localized heating to PNIPAM
gels in microchannels. Integrated fluidic
systems are currently being developed for the
PNIPAM experiments, and should be ready to
be deployed within a few months.

Significance—Vqume phase transitions in
polymer gels are diffusion controlled, which
means that transition times are dependent on
sample dimensions. By reducing the size of our
polymer plugs down to microns, we should be
able to create a transportation system in which
the phase transition could drive objects in
microchannels at velocities that could exceed
100 microns/second. Our Cornell-Sandia
collaboration will enable us to test theoretical
predictions of the transitional velocity of
polymer gels, elucidate the length scale at which
macroscopic behavior of the gel will break
down (e.g. due to gel heterogeneities), and help
CINT explore new concepts for microfluidic
systems based on engineered nanomaterials.

DOE Office of Basic Energy Sciences/Center for
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Figure 1. Schematic representation of the translation of a PNIPAM gel plug in a microchannel.

Figure 2. Sandia’s micro-hotplate that will be used to program the phase transition in PNIPAM
contained in a microchannel above the heater. Each hotline in the center has a diameter of 10
microns and can be independently programmed to induce the translation of the PNIPAM gel.
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Growth, Assembly, and Characterization of Zinc Oxide Nanostructures

by J. W. P. Hsu, N. C. Simmons, T. L. Sounart, J. Liu, D. A. Scrymgeour, D. A. Tallant,
L. N. Brewer, J. A. Floro, and J. A. Voigt

Motivation—2znO nanostructures are at the
forefront of nanomaterials research because of
their interesting semiconducting, optical, and
piezoelectric properties, combined with their
relative ease of growth by various techniques.
The next step in making these nanostructures
useful requires assembling them on surfaces in a
controlled  manner.  Since  conventional
lithography techniques are not conducive to
patterning of three-dimensional nanomaterials,
new approaches need to be developed.

Accomplishment—Microcontact printing was
employed to form an organic template in order
to direct ZnO nanorod growth from solution on
Ag surfaces [Fig. 1(a)]. Solution growth utilizes
environmentally benign chemistry and is
compatible with the use of organic molecules to
control/modify  inorganic  crystal  growth.
Organic modifiers were used to create complex
ZnO nanostructures. Fig. 1(b) shows an
example of these nanostructures assembled on
pre-determined locations on surface.

In this experiment, it was observed that the
majority of ZnO nanorods orient with the [0001]
axis perpendicular to the Ag substrate. The Ag
films used were polycrystalline with high (111)
texture but no in-plane alignment. ZnO
nanorods also display random in-plane
orientations. However, when a multi-grain Ag
foil was used as a substrate, preferential
nucleation on [111] oriented grains was evident
[Fig. 2(a)] with ZnO rods orienting
perpendicular to the surface and displaying in-
plane alignment (modulo 6-fold degeneracy).
Since transmission electron microscopy images
show that the ZnO-Ag interface is abrupt and
contains no foreign materials such as AgO [Fig.

2(b)], there is definitely a crystallographic
relation between ZnO and Ag.

The physical properties of these ZnO nanorods
were investigated with piezoelectric force
microscopy (PFM) and photoluminescence
(PL). ZnO has a wurtzite crystal structure, with
inversion symmetry broken in the [0001]
direction and piezoelectric response parallel to
that direction. Using PFM, it was established
that these ZnO nanorods are oriented with
<0001> directed away from the substrate (Fig.
3). Piezoelectric response was quantitatively
measured and found to vary from rod to rod.
This variation was not correlated with rod
length or diameter. The origin is currently being
investigated. PL measurements of as-grown and
annealed nanorods reveal that the defects
responsible for deep-level luminescence are
different from those found in vapor phase grown
nanostructures, are not associated with oxygen
deficiency, and most likely exist in the bulk,
rather than the surface, of the nanorods.

Our efforts in ZnO nanorod growth and
characterization  have  generated several
publications in premier journals (including one
feature article with cover art), many invited and
contributed talks, and a First-place “Art as
Science” award at the Materials Research
Society Spring 2005 meeting.

Significance—The ability to synthesize
controlled ZnO nanostructures is the foundation
of our current work on next-generation solar
cells based on ZnO nanostructures and
conducting polymer matrices. These hybrid
solar cells are targeted for light-weight, portable
applications, such as consumer electronics.

Sponsors for various phases of this work include: Laboratory Directed Research & Development,
Truman Fellowship, and DOE Office of Basic Energy Sciences
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Julia W. P. Hsu, Surface & Interface Sciences, Dept. 1114
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Figure 1. Solution-grown ZnO nanostructures on Ag substrates containing a molecular template. (a)
Oriented nanorods assembled in 1.4-micron width rings. (b) Complex ZnO nanostructures clustered
at 10-micron square lattices.

Figure 2. (a) Preferential nucleation of ZnO nanorods on (111) oriented Ag grains. (b) Abrupt and
facetted ZnO-Ag interfaces.
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Figure 3. Piezoelectric force microscopy images of a single ZnO nanorod. 0° phase indicates
<000 1> orientation and +180° phase indicates <0001> orientation.
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Porphyrin-Based Nanostructures for Electronic Applications

by J. A. Shelnutt, Z. Wang, H. Wang, and C. J. Medforth

Motivation—Nanostructures composed  of
porphyrin molecules were recently discovered at
Sandia and their application to important
catalytic reactions such as light-assisted water
splitting to make hydrogen fuel is being actively
investigated. Another unexplored realm of
potential use of these multi-functional
nanostructures is in nanoelectronics and
nanophotonics, as previous research on
porphyrin  crystals and aggregates have
demonstrated conducting and semiconducting
properties.  Photoconductivity and non-linear
optical properties with visible light have also
been demonstrated in porphyrinic materials.
Now, with the advent of our well-defined
porphyrin nanostructures like tubes, spheres,
wires, rods, and structures with more complex
morphologies, an opportunity presents itself for
integration of these functional porphyrin-based
nanostructures into electronic and
optoelectronic devices.

Accomplishment—A variety of porphyrin
nanostructures with different morphologies has
been synthesized by ionic self-assembly of
oppositely charged porphyrin tectons and by
metal-coordination-induced self-assembly of
functionalized porphyrins. We have extensively
investigated the catalytic properties of these
porphyrin nanostructures in the photocatalytic
reduction of metal complexes to deposit zero-
valent metals. In many cases, the metal deposits
onto the porphyrin nanostructure to form a

metal composite  with  the  porphyrin
nanostructure thus leading to functional
nanodevices. For example, we have used

porphyrin nanospheres that are platinized to
reduce water to hydrogen using visible light as

an energy source. Similarly, a porphyrin
nanotube containing a gold nanowire and
platinum particles on the outer tube surface is
being investigated for water splitting to produce
hydrogen and oxygen using solar energy.
Figure 1 illustrates the water-splitting
nanodevice base on the porphyrin nanotube and
a transmission electron microscopy (TEM)
image of the gold nanowire that has been grown
in the nanotube. The photocatalytic activity that
allows the nanowires to be grown in the tubes
suggests that nanotubes and other porphyrin
nanostructures will likely have interesting
electronic and optoelectronic properties.

We are now actively investigating the electronic
properties of porphyrin  nanosheets and
nanowires. For example, porphyrin nanosheets
(see Fig. 2a) were synthesized and characterized
by TEM. Atomic force microscopy (AFM) on
conducting surfaces (with HP Palo Alto, CA)
was used to determine the conductivity through
the 10-nm thick nanosheets. In addition,
nanowires composed of porphyrin nanofiber
bundles (Fig. 2b) have been successfully
deposited electrophoretically onto interdigitated
electrodes for conductivity measurements and to
determine their surface charge.

Significance—The integration of  micro-
electronics with unconventional nanomaterials
such as self-assembled soft nanostructures is an
important processing goal. The porphyrin-based
nanostructures offer a unique opportunity for
exploring bioinspired functional nanostructures
and nanodevices and for discovering the means
to incorporate them into conventional electronic
and photonic devices.

Sponsors for various phases of this work include: DOE Office of Basic Energy Sciences Core Program
and Center for Integrated Nanotechnologies (CINT), and Laboratory Directed Research &

Development
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John A. Shelnutt, Surface & Interface Sciences, Dept. 1114
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Figure 1. A proposed water-splitting nanodevice based on our photocatalytic porphyrin nanotube,
TEM images of a nanotube (a), a gold nanowire grown inside the hollow core of a porphyrin
nanotube (b), and a free standing gold nanowire after dissolving the porphyrin nanotube (c).
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Figure 2. (a) TEM and AFM images of porphyrin nanosheets, AFM thickness profiles, and their
current-voltages traces from AFM on silicon. (b) Optical (top) and fluorescence (bottom)
microscope images of porphyrin nanofiber bundles electrophoretically deposited onto gold
interdigitated electrodes.
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Oxidation of the Copper (100) Surface Induced by Local Alkalization

by N. Vasiljevic, R. G. Copeland and N.A. Missert
Collaborators: L.T. Viyannalage and N. Dimitrov, SUNY at Binghamton

Motivation—It is generally known that the
stability of metal surfaces can be greatly
influenced by localized phenomena associated
with the oxygen reduction reaction (ORR). The
ORR is considered as one of the most important
electrochemical reactions in the field of
corrosion. The kinetics of the ORR processes
often determines the general corrosion rate of
metals and the damage evolution in many
commercially important alloys. As the ORR
proceeds on the copper surface, by either
consuming hydrogen ions or generating
hydroxide ions, the local pH can increase well
above the solution bulk value, setting a pH
gradient from the surface toward the bulk of the
solution. Therefore, the ideal conditions for the
oxidation to take place are created locally, even
in acidic aqueous media for which the
equilibrium  thermodynamics rule out the
possibility of stable oxide formation.

Accomplishment—Our work presents the first
in-situ scanning tunneling microscopy (STM)
study of the initial stages of Cu(100) oxidation
occurring in naturally aerated acidic solutions.
The presence of dissolved oxygen in the
solution results in a very distinctive
electrochemical behavior of the Cu(100) surface
that is manifested by pairs of pronounced peaks
not present in deaerated solutions with identical
pH, Fig. 1. The observed difference is a clear
manifestation of the kinetic effect of the ORR
that results in local solution alkalization. The set
of peaks observed in naturally aerated solutions
represent the adsorption/oxidation surface
processes taking place, while their pH-
dependent behavior points toward the important
role of oxygen species (O and OHY) in the

process of surface oxide formation. Following
the surface structures and morphological
changes using an in-situ STM, we showed how
the extent of local alkalization and the
concomitant extent of oxidation depend on
experimental conditions: solution pH, potential
and time of exposure. We focused our research
on the initial stages of copper oxidation, known
as underpotential oxidation, in a 0.1 M NaClO,
solution of pH 2 and pH 4, Fig. 2. Quantitative
analysis showed that in highly acidic solutions
(pH 2), the surface actually experiences much
higher pH of almost 7 to 8. In-situ STM results
in pH 4 solutions revealed a striking similarity
with the morphologies usually observed in
alkaline solutions of pH 9 to 11. These results
confirm the proposed local alkalization
mechanism governing the stability of the copper
surface.

Significance—In recent years copper surface
stability became an increasingly important issue
due to its varied applications in many fields of
technological importance. Our knowledge of
locally-induced copper oxidation will impact the
technology of copper processing and design
procedures in the electronics industry, help in
understanding the corrosion behavior of copper-
based alloys and eventually help in improving
their corrosion resistance. This work provides
an opportunity to generate a new body of
knowledge that will enable development of
many pH-controlled processes, playing a key
role in the fields of solid-state synthesis,
corrosion and chemical sensing. From the
fundamental point of view, our work opens new
pathways in studying and understanding the
initial stages of noble metal oxidation.

Sponsor for various phases of this work include: DOE Office of Basic Energy Sciences
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Figure 1. Cyclic voltammetries of Cu(100) in 0.1 M NaClO4 solutions of different pH with a
scan rate of 150 mV/s. (a) Naturally aerated and (b) deaerated solutions.
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Figure 2. In-situ STM images of the Cu(100) surface at different potentials in 0.1 M NaClO4
solutions of pH 2 and pH 4. (a) Bare surface. Potential dependant surface processes: (b) oxygen
adsorption and (c) monolayer of underpotential Cu,O growth in solution pH 2. (d)
Underpotential and (e) bulk growth of Cu,O in pH 4 solution.
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Correlating Atomic Structure and Material Properties in Erbium Tritide

by R. R. Wixom and D. R. Jennison

Motivation—The well-known justifications
for storing H in the form of metal hydrides
remain valid for storage of deuterium (D) and
tritium (T). As such, tritides and deuterides of
Sc, Pd, Ti, Zr, and Er are commonly used in the
nuclear industry as storage media. Here at
Sandia ErT, is used to make targets in neutron
generators. To ensure proper functionality in
this application, it is critical that we understand
the transient behavior of the material. A
complicating factor is the short half-life (12.3
years) of T, which results in the substantial
build-up of impurity He. This is concerning
because, as an inert impurity, He is detrimental
to the physical integrity of the host tritide and
when released from the solid can be catastrophic
to component functionality. In addition, O can
be introduced during processing, creating
unknown changes in material properties. Our
goal is to develop a science-based
understanding of this material and facilitate a
predictive response to production and design
needs.

Accomplishment—We have wused first-
principles density functional (DFT) calculations
to study the structure of ErT, and atomic
processes within the solid. The ideal ditritide
has the CaF, crystal structure where Er sits at
FCC lattice sites, T fills all of the tetrahedral
positions, and the octahedral sites remain empty
(Fig 1). This is known as the B-phase, and is
stable for a small range (+/- 0.1) of T/Er ratio
centered at 2. Our calculations reveal that T
prefers the tetrahedral, rather than octahedral,
site by 0.75 eV. However, once the tetrahedral
sites are filled, additional T loaded into the
sample is forced into octahedral positions.
Continued loading will eventually drive a phase
change, but even small amounts of overloading

have significant effects. For example, we found
that the mechanism (and barrier) for T migration
depends on the T/Er ratio. Morever, the
mechanism involves concerted motion of both
tetrahedral and octahedral T.

Experimental examination of ErT, thin-films
indicates significant concentrations of O within
the crystal. It is also observed that O-rich
inclusions form during annealing. We find that
O is most stable in the tetrahedral site,
displacing T into the octahedral site and in
doing so, O effectively increases the amount of
overloaded (octahedral) T, changing the
stability of the R-phase and modifying the
behavior of He. In agreement with observations,
we predict that O will become mobile at 200 °C,
and similar to T, the 