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ABSTRACT

The energy band gap of a semiconductor material critically influences the
operating wavelength of an optoelectronic device. Realization of any desired band
gap, or even spatially graded band gaps, is important for applications such as
lasers, light-emitting diodes (LEDs), solar cells, and detectors. Compared to thin
films, nanowires offer greater flexibility for achieving a variety of alloy
compositions. Furthermore, the nanowire geometry permits simultaneous
incorporation of a wide range of compositions on a single substrate. Such
controllable alloy composition variation can be realized either within an
individual nanowire or between distinct nanowires across a substrate.

This dissertation explores the control of spatial composition variation in
ternary alloy nanowires. Nanowires were grown by the vapor-liquid-solid (VLS)
mechanism using chemical vapor deposition (CVD). The gas-phase
supersaturation was considered in order to optimize the deposition morphology.
Composition and structure were characterized by scanning electron microscopy
(SEM), transmission electron microscopy (TEM), energy dispersive x-ray
spectroscopy (EDS), and x-ray diffraction (XRD). Optical properties were
investigated through photoluminescence (PL) measurements.

The chalcogenides selected as alloy endpoints were lead sulfide (PbS),
cadmium sulfide (CdS), and cadmium selenide (CdSe). Three growth modes of
PbS were identified, which included contributions from spontaneously generated
catalyst. The resulting wires were found capable of lasing with wavelengths over
4000 nm, representing the longest known wavelength from a sub-wavelength
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wire. For CdyPb; S nanowires, it was established that the cooling process
significantly affects the alloy composition and structure. Quenching was critical
to retain metastable alloys with x up to 0.14, representing a new composition in
nanowire form. Alternatively, gradual cooling caused phase segregation, which
created heterostructures with light emission in both the visible and mid-infrared
regimes. The CdSSe alloy system was fully explored for spatial composition
variation. CdSiSe;.x nanowires were grown with composition variation across the
substrate. Subsequent contact printing preserved the designed composition
gradient and led to the demonstration of a variable-wavelength photodetector
device. CdSSe axial heterostructure nanowires were also achieved. The growth
process involved many variables, including a deliberate and controllable change
in substrate temperature. As a result, both red and green light emission was

detected from single nanowires.
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Chapter 1
INTRODUCTION

An ideal variable-wavelength optoelectronic device requires the
incorporation of a wide range of band gap materials on a single chip. The solution
to this formidable challenge has revolutionary applications in many scientific and
engineering technologies, including lasers, light emitting diodes (LEDs), solar
cells, sensors, and detectors. Semiconductor nanowires provide a solution for
these technological demands. The growth of semiconductor alloy nanowires with
controllable composition variation offers promising, innovative impacts on many
technological areas.

In an optoelectronic device, the operating wavelength is strongly
dependent on the fundamental band gap of the semiconductor material. Without
alloying, band gap values are limited to discrete values corresponding to naturally
existing semiconductor elements and binary compounds. Alloying of
semiconductor compounds to form a ternary alloy produces new band gaps in
between the values of the two original compounds. Unfortunately, this method of
achieving wavelength variability is severely limited by existing techniques for
planar, epitaxial growth of semiconductor thin films on a crystalline substrate.
The thin film lattice constant must be closely matched to the lattice constant of an
appropriate crystalline substrate to permit heteroepitaxial growth of high-quality
single crystals. Extremely narrow lattice constant mismatch inhibits the creative

design of new semiconductor-based optoelectronic devices.



Semiconductor nanowires are not subject to strict lattice mismatch
restrictions. Due to their small cross sections, semiconductor nanowires can
accommodate over 10% lattice mismatch while still maintaining epitaxial
growth.! Furthermore, nanowires can also be grown on amorphous substrates and
crystal substrates with arbitrary lattice constants, whereby substrates merely act as
mechanical support. This permits an even larger range of potential alloy

compositions.
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Figure 1. Band gap energy versus lattice constant for common semiconductor
materials. Inset, right: solar spectrum.

Figure 1 summarizes the lattice parameter and band gap relationship for
common semiconductor materials. For traditional thin film growth, both the thin
film and substrate must lie close to a vertical line in order to achieve high-quality,
dislocation-free growth. Alloying through nanowire growth is much less
constrained. As indicated on the figure, the binary compound materials of interest
for this dissertation as alloy endpoints are chalcogenides: cadmium sulfide (CdS),
cadmium selenide (CdSe), and lead sulfide (PbS). A chalcogenide is defined as a

compound between a group 16 element and a more electropositive element,



although the term is generally reserved for sulfides, selenides, and tellurides,
rather than for oxides. Alloys between CdS and CdSe generate a considerable
range of band gaps, corresponding to wavelengths in the visible spectrum. A
sample with composition variation in this range has applications in multi-spectral
photodetection and color-tunable LEDs. Band gaps generated by alloys between
CdS and PbS span from the visible to the mid-infrared (IR) spectrum. As
compared to the solar spectrum, it is clear that this range includes the spectral
window of significance to high-efficiency photovoltaic solar cells.

Nanowires merit investigation for use in optoelectronic devices because
the individual nanowire structure intrinsically provides channels for electrical
conduction and optical waveguiding.” Furthermore, the high-quality crystal
material within the nanowires can act as the gain medium required for lasing.”
Important for absorption-based devices such as solar cells, nanowire arrays can
offer significantly enhanced light absorption properties compared to continuous
thin films, ultimately leading to improved device performance.**

In this dissertation, chalcogenide alloy nanowires were created and studied
in order to understand spatial composition variation both within individual
nanowires and between distinct nanowires across a substrate.

1.1. Alloying and Phase Stability in Nanowires

By definition, nanomaterials have a high surface-to-volume ratio as

compared to bulk materials. As size is reduced, the surface atoms play an

increasingly crucial role in determining the overall material properties.



Specifically for nanowires, crystal structures and alloy compositions distinct from
bulk behavior have been theoretically predicted and experimentally observed.
1.1.1. Modeling Examples

Galicka et al. modeled the structure of hexagonal (wurtzite) and cubic
(zincblende) nanowires for various diameters.” With decreasing nanowire
diameter, the surface energy contributes a greater portion to the total energy; thus,
surfaces become more influential to determining the stable phase. It was found
that the number of dangling bonds at clean, non-saturated surfaces is higher for
zincblende than for wurtzite, resulting in higher surface energy for zincblende.
Therefore, small diameter nanowires were predicted to be more stable as wurtzite,
even if the bulk form prefers zincblende. Another modeling simulation described
the compressive stress caused by tensile surface stress along the length direction
of nanowires.® The surface stress was found to be the driving force for phase
transformation into a higher energy metastable crystal structure not typically
observed at ambient conditions.

Due to their unconstrained lateral surfaces, nanowires are considered to be
able to accommodate strain-relaxed growth. This is particularly relevant for
alloys. If two compounds with different equilibrium bond lengths are combined,
they may segregate by composition to relieve strain, instead of producing a solid
solution. Xiang et al. performed detailed modeling of InyGa; 4N nanowires with x
= 0.5, a composition considered to represent the maximum instability for random
alloying.” They found that the strain energy in the regions near the nanowire

lateral surfaces was much less than the strain energy in the bulk regions. The
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nanowire configuration was more favorable than bulk for maintaining metastable
InyGa; 4xN. Practical factors that influence the actual experimental observation of
these results include kinetic considerations within non-equilibrium growth
processes.

1.1.2. Experimental Examples

Although the theoretical description is still under examination in literature,
there are experimental examples of nanowires exhibiting phase and composition
behavior distinct from bulk. The ZnyCd; xSe ternary alloy can be achieved across
the entire composition range, 0 < x < 1. In bulk material, x > 0.7 results in a
zincblende structure; x < 0.5 results in a wurtzite structure; and 0.5 <x <0.7
produces a mixture of both phases.® Shan et al. grew Zn,Cd;.,Se alloy nanowires
over the entire compositional range.” They found that nanowires containing x >
0.13 were zincblende, while those with less Zn were wurtzite. Compared to the
alloy in bulk form, the crossover from zincblende to wurtzite is suppressed to a
much smaller x value. Low dimensional structures such as nanowires have the
potential to exhibit phase-composition relationships distinct from bulk.

Another interesting materials system is InyGa; xN. Because the direct band
gap can be tuned from the near-ultraviolet to the near-IR spectrum, InyGa; <N
ternary alloys have great potential in optoelectronic devices. However, actually
producing high quality InyGa; <N material over all compositions is not trivial due
to spinodal decomposition into In-rich and Ga-rich domains. The large difference
in lattice parameter between InN and GaN results in thermodynamically

10,11

instability over most In-rich concentrations. The miscibility gap was
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confirmed by attempted growth of thick In,Ga; \N layers.12 The resulting
microstructures showed striped composition fluctuations with increasing
amplitude around x = 0.5 - 0.6, the probable center of the miscibility gap.'
Another study revealed phase separation, dislocations, and planar defects for thick
films with x > 0.3."® Tabata ez al. also reported phase separation in thick films."

The unique properties of nanowires are essential to achieving growth of
InyGa; 4N ternary alloys across the entire compositional range. Kuykendall ef al.
grew nanowires with compositions spanning the entire range on a single substrate
in a single growth run."> The miscibility gap predicted for bulk InGa; N was not
observed. There was no phase separation, and no large variation in composition.
Pendyala et al. also demonstrated alloy nanowire growth of a wide range of
In,Ga, <N materials, deposited onto previously grown GaN nanowires.'®

Overall, the experimental work supports the proposition that nanowires
can maintain metastable alloy phases that are not easily retained in bulk form.
Nanowires have a complex free energy relationship due to unconstrained lateral
surfaces and a relatively large contribution from surface energy, which can cause
unusual behavior compared to the same composition in bulk form.
1.2. Growth of Nanowires
1.2.1. Substrate Considerations

Heteroepitaxy is defined as the growth of one material onto another. This
process inherently involves a lattice mismatch between the two materials.
Transferring crystallographic directions from the substrate across the growth

interface causes strain in the growing semiconductor. When the growth exceeds
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the critical thickness, it becomes energetically favorable to introduce dislocations
to relieve coherency strain.

Semiconductor nanowire growth can be considered in a similar manner.
Instead of a two-dimensional system of planar growth, the nanowire interfacial
dimension is so small that it can be considered a one-dimensional system."’
Nanowires can accommodate significantly more lattice-mismatch induced strain.
Unlike thin films, wires are not constrained laterally. This permits elastic
deformation of the lattice parallel to the interface along the nanowire length. The
nanowire can relax to its unstrained lattice parameter at a small distance along the
nanowire away from the interface.

Nanowires also have a critical size above which it is energetically
favorable to introduce misfit dislocations. The critical nanowire radius is
dependent on many variables dictated by the materials system, including lattice
mismatch and dislocation burgers vector. Modeling predicts nanowire critical
radii that are roughly an order of magnitude larger than the critical thickness of
the same substrate-thin film system.'” The lateral relaxation at the nanowire
boundary is essential for defect-free epitaxial growth of nanowires with large
lattice mismatch.'® All in all, the nanowire geometry permits creative
combinations of semiconductor and substrate, leading to the potential for
innovative applications and devices.

Additionally, nanowires can grow non-epitaxially on an arbitrary
substrate, which simply acts as mechanical support. Future nanoscale integrated

photonic systems may require flexibility of substrate such that the nanostructures
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are grown non-epitaxially. Recently demonstrated nanowire-based devices,
including photodetectors,'’ waveguide-integrated photoconductors,”” and
electrode connectors,”! were grown on amorphous or polycrystalline surfaces. In
general, the devices showed excellent performance, even compared to equivalent
devices made with crystalline bulk. The demonstrated success of non-epitaxial
nanowire devices represents an important validation for continued optoelectronic-
driven materials research.

1.2.2. Vapor-Liquid-Solid (VLS) Mechanism

The most thoroughly researched growth procedure for nanowires is the
vapor-liquid-solid (VLS) mechanism. First demonstrated by the gold-seeded
growth of silicon whiskers in 1964 by Wagner and Ellis, the process involves
liquid metal droplets as catalysts for unidirectional growth.”> Continued progress
on the initial concept has significantly reduced the diameter of the whiskers,
meriting the term “nanowires.”

The VLS growth mechanism begins with preparation of the substrate
surface. Catalytic metal particles can be introduced by several methods that
ultimately achieve similar results. For example, the particles may be deposited
directly by the evaporation of a colloidal solution containing particles of a well-
defined size.” A thin film of metal may be sputtered or evaporated on the
substrate. The metal film becomes islands by annealing, either during a separate
annealing procedure or simply because the substrate is at elevated temperatures
immediately prior and during growth.” Autocatalytic or catalyst-free growth

describes an exceptional situation to the need for metal particles. In that case, no
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catalyst is intentionally deposited on the substrate. Instead, if one of the growth
components contains a low melting point metal, a liquid catalyst particle may
result from its decomposition.23 The overall function of the catalyst particle is to
lower the activation energy of nucleation on the surface.

Nanowires with

characteristic
VLS morphology

source vapor \ \ j
metal catalyst \ \
particle / crystal
O —_liquid alloy growth

Tapered nanobelt

Figure 2. Schematic diagram of VLS and VS growth processes.

As schematically indicated in Figure 2, the next step in VLS growth is to
provide source material vapor to the liquid catalyst droplet. The source material
vapor pressure can be created by a variety of techniques including chemical vapor
deposition (CVD), metalorganic chemical vapor deposition (MOCVD),
molecular-beam epitaxy (MBE), pulsed laser ablation, or simply by evaporation.24
The energy required for incorporation of new material into the liquid particle is
much lower than the energy needed to nucleate a new island. According to
classical nucleation theory, there is a substantial barrier associated with the
formation of a critical nucleation cluster at an atomically flat substrate, known as
homogeneous nucleation. Vapor atoms that deposit on the surface in a cluster
smaller than the critical size will most likely re-sublimate into the vapor phase. If

the cluster exceeds the critical size, there is a high probability that it will remain
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solid on the surface. The catalyst particle acts as a heterogeneous nucleation site.
In the original VLS paper, Wagner described the liquid interface of the droplet as
“ideally rough;” that is, being entirely composed of steps and ledges, which are
accommodation sites for the incoming vapor atoms.?? This statement assumes that
the liquid is undersaturated with respect to the growth species and provides ideal
absorption sites for the depositing atoms. When the liquid becomes
supersaturated, some sites have the potential to act as desorption sites.”
Ultimately, the presence of catalyst particles lowers the nucleation barrier at the
substrate-nanowire interface, thus promoting preferential growth of nanowires at
the liquid catalyst sites.

As the metal particle becomes supersaturated with the growth species, it
becomes energetically favorable to crystallize new solid at the particle-substrate
interface. Crystallization has been observed to proceed by a layer-by-layer
deposition process, which generally creates single crystal material within each
nanowire.*® This process continues such that the semiconductor nanowire
increases in length, with the liquid droplet maintained at the tip of the growing
wire. If the wires are grown non-epitaxially to the substrate, they will each
nucleate and grow in random directions (see Figure 2).

In general, the nanowire diameter is controlled by the catalyst droplet
diameter. Additional deposition processes can influence the final morphology.
Vapor-solid (VS) growth involves the direct incorporation of vapor into solid
material without liquid mediation. This is especially likely to occur on the newly

formed crystal material just below the liquid droplet, where the surfaces may be
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undergoing energy-minimizing reconﬁguration.27 VLS growth of a nanowire in
conjunction with continuous VS deposition can result in tapered nanobelt
morphology, as shown (right, Figure 2).

1.3. Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) is a common material synthesis method
with many possible variations. Overall, gaseous chemical precursors are
transported to the vicinity of a substrate, where they react to form solid deposition
on the substrate surface. The growth methods developed in this dissertation
utilized binary compound powders, thermally sublimated to generate source
vapor. The source vapor molecules intermixed at the substrate surface to form
solid alloy crystal material. In the system of this work, the entire quartz furnace
tube was surrounded by a tube furnace, categorized as a hot wall reactor; on the
other hand, a cold wall reactor involves heating the substrate region only. The
quartz tube was stable for extended growth times at temperatures up to 1100°C.

In CVD processes, supersaturation is a useful parameter related to the
expected morphology of deposition. Generally, supersaturation is defined as the
ratio between the actual vapor pressure of source and its equilibrium vapor
pressure. This concept was investigated and expanded in more detail for PbS and
CdSySe;x growth. Supersaturation indicates the driving force for entering the
solid phase from the vapor phase. In CVD growth, epitaxial growth occurs at the
lowest supersaturation values, while gas-phase nucleation of powder is promoted
at extremely high supersaturations.”® The general growth trend with increasing

supersaturation includes platelets, whiskers, dendrites, polycrystals, and
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amorphous deposits.”® A wide spectrum of deposition is achievable by CVD
growth. Specifically in the work of this dissertation, catalyst conditions were
added to promote one-dimensional nanowire growth. Supersaturation was used to
consider the relative contributions of VLS and VS growth to form additional
nanostructures, such as tapered nanobelts and bulk crystallites.

For each growth procedure, many growth parameters were adjusted to
create the most favorable growth conditions for the desired alloy nanostructures,
mainly, source and substrate temperatures, system pressure, flow rate, and growth
time. These variables contribute to the supersaturation experienced at the
substrate position, which defines the resulting nanostructure morphology as
described. Various techniques specifically developed for composition-graded
nanowire growth were also employed, including the dual gradient method.”
Altogether, CVD growth and its associated experimental variables offer the
potential to achieve spatial composition variation in nanowire growth.

1.3.1. Post-Growth Treatments

Beyond CVD growth parameters, additional post-growth procedures can
dramatically influence the final observed structure and behavior of nanowires.
Post-growth treatments are divided into two main categories: thermal
considerations during cooling immediately after growth and subsequent defect
elimination.
1.3.1.1. Thermal Considerations

At the conclusion of CVD growth, the sample can either be quenched or

furnace-cooled. Quenching requires movement of the furnace tube such that the
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substrate is relocated to a position outside of the furnace, and a cooling fan is
directed onto the exposed tube surface to quickly dissipate the thermal energy
through enhanced convection. The cooling rate is very rapid. Alternatively,
furnace-cooled implies that the position of the furnace tube is not changed after
growth, corresponding to unassisted, gradual cooling to room temperature.

Composition variation within a single nanowire is much more sensitive to
cooling procedure than composition variation across a substrate. For composition
variation across a substrate, each individual nanowire has a generally uniform
composition. The composition changes with position across the sample, with a
typical length around 2 cm. For composition variation within a single nanowire,
distinct composition regions may only be separated by a few hundred nanometers
along the axis of the nanowire. Based on the close proximity of this geometry,
diffusion effects are much more likely to blur the composition interface,
compromising the heterojunction that divides the two segments. These effects
were specifically investigated in CdSSe axial heterostructure nanowires.
1.3.1.2. Defect Elimination

The small diameter of nanowires permits unique post-growth treatment
methods for defect elimination. During growth, defects or catalyst metal atoms
can become incorporated in the growing nanowire. Nanowires have a large
surface-to-volume ratio such that the impurities tend to have lower energy along
surfaces. On or near the surface, it is possible to eliminate these defects in ways
that are not feasible when they are buried deeply within bulk material. For
example, Philipose ef al. analyzed ZnSe nanowires grown by VLS during CVD.*
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The photoluminescence (PL) spectrum of the nanowires revealed poor optical
properties, with negligible band-edge emission and a very broad defect emission
peak, attributed to Zn-vacancies. The same nanowires were then annealed in a Zn-
rich atmosphere. The subsequent PL emission behavior was completely reversed,
dominated by a strong band-edge emission peak with virtually no defect emission.
During annealing, Zn atoms diffused into the nanowires to repair vacancies,
which is not possible in bulk materials where many defects are buried too deeply
to be penetrated by diffusing Zn atoms. In the case of Au atoms from the initial
catalyst particle, it has been found for some growth conditions that they solidify in
small clusters along Si nanowire sidewall surfaces.”’ Another study detected the
presence of Au atoms in Si wires, but mostly on surfaces.’> Au can be removed
from the surfaces by chemical etching.’® Passivation of nanowire surfaces was
demonstrated through the formation of a self-assembled monolayer of organic
molecules. The treatment drastically improved PL emission by promoting
recombination corresponding to band-edge emission, thus increasing the signal-
to-noise ratio.”> Nanowires likely contain defects just like thin film and bulk
materials, but their unusual dimension properties permit various types of post-
growth treatment to effectively reduce defects.
1.4. Characterization Methods

A variety of material and optical characterization methods were required

to fully investigate semiconductor alloy nanowires.
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1.4.1. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used to characterize the
nanostructure morphology and to evaluate the deposition density across the
sample surface. In SEM, a focused beam of electrons is scanned across the
specimen surface. The high-energy beam electrons, typically around 15 keV,
excite electrons in the specimen near the surface. Secondary electron (SE) mode
creates an image by collecting the secondary electrons that are ejected from the
specimen atoms by inelastic scattering interactions with the beam electrons.
Backscattered electron (BSE) mode generates an image by detecting the high-
energy beam electrons that are reflected out of the specimen through elastic
scattering interactions with the specimen atoms. Backscattering efficiency
increases with atomic number; as a result, heavier elements appear brighter than
lighter elements in the BSE image. Accordingly, contrast is an indicator of areas
with different chemical compositions, which is useful for identifying phase
segregation in CdxPb, S wires. If the specimen excitation volume is large
enough, some information about the internal structure is indicated.

For this dissertation, SEM imaging was performed on a FEI XL-30 field-
emission SEM with the capability for imaging resolution down to 3 nm.

1.4.2. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was crucial to the analysis of
the composition, morphology, growth direction, and internal structure of
nanowires. Basically, the TEM instrument can be divided into three sections.

First, the illumination system includes the electron gun and the condenser lenses,
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which serve to focus the beam and direct electrons to the specimen. Second, the
electron-sample interaction occurs in the objective lens and stage area of the
microscope. This process is the most critical to formation of images and
diffraction patterns. Finally, the intermediate and projector lenses of the imaging
system magnify the final image or diffraction pattern so that it can be observed on
the viewing screen or recorded. Appropriate TEM specimens must be sufficiently
transparent to the electron beam, which implies a very thin dimension in the beam
direction.

Within the same instrument, scanning transmission electron microscopy
(STEM) involves focusing of the electron beam into a narrow spot and rastering it
across the specimen surface. The image pixels are collected in series, rather than
in parallel as in TEM. Annular dark-field detectors collect high-angle,
incoherently scattered electrons. These electrons are highly sensitive to variation
in atomic number, which produces a Z-contrast image.

In this work, the nanowires were analyzed in a JEOL 2010F operating at
200 keV. The instrument is equipped with an annular dark field detector and a
thin-window light-element-sensitive x-ray spectrometer.

1.4.3. Energy Dispersive X-ray Spectroscopy (EDS)

In both SEM and TEM, the electron beam excites electrons in the
specimen. As the excited specimen electron relaxes to its ground state, it emits an
x-ray with energy characteristic to that specific element. Energy dispersive x-ray
spectroscopy (EDS) analysis collects these characteristic x-rays and provides
detailed composition information that corresponds to a SEM, TEM, or STEM
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image. EDS is highly accurate for qualitatively indicating the presence of an
element within a specimen. On the contrary, quantitative analysis of EDS spectra
are subject to errors up to 5 - 10% due to instrument constraints or data processing
techniques, including detector efficiency, background subtraction, peak fitting,
and assumptions on x-ray fluorescence and absorption.

1.4.4. X-Ray Diffraction (XRD)

X-ray diffraction (XRD) provides important information on the phases and
lattice parameters of alloy crystal material present within nanostructures. This
information is acquired through interpretation of the scattered intensity resulting
from an x-ray beam incident on a sample. High intensity peaks result from
coherent interference when Bragg’s law is satisfied:

nd = 2d sin(0),
where n is an integer, A is the wavelength of the incident x-ray radiation, d is the
spacing between the atomic planes in the lattice, and 0 is the diffraction angle
between the incident radiation and the scattering plane. The as-grown samples in
this dissertation contain many randomly oriented wires. This configuration of
small single crystals is equivalent to a randomly distributed powder or
polycrystalline material. For this reason, the powder method, or 8-20 scan, was
selected. In this setup, 0 is scanned through a wide range of values with the
detector located at 20. High intensity peaks correspond to the atomic plane
spacing, which can be reduced to the lattice parameter by indexing of crystal
planes. Also, experimental peak positions can be compared to data files for known

crystalline materials; however, many alloy materials do not have existing powder
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diffraction data. Therefore, Vegard’s law was employed to interpolate the lattice
parameter of detected alloy phases. Vegard's law is an empirically defined
relationship in which a linear relation exists between the lattice parameter of an
alloy and the concentrations of the constituent materials.**

XRD data was collected on a PANalytical X'Pert Pro Materials Research
X-ray Diffractometer equipped with copper K, radiation.

1.4.5. Photoluminescence (PL)

All of the chalcogenides in this dissertation are direct band gap
semiconductors, meaning that the conduction band minimum energy and valence
band maximum energy occur in the same position in k-space. This band structure
geometry promotes the likelihood of radiative recombination of electrons and
holes. During a PL. measurement, a laser beam is directed onto the sample surface.
The laser beam is made up of photons with energies greater than the band gap of
the sample. When illuminated, many electrons in the sample are excited across the
band gap into the conduction band. Then, they quickly thermalize to the band
edge. Finally, each electron has the potential to return to its non-excited state via
direct recombination with a hole in the valence band, created by the original
excitation process. During this recombination process, a photon is emitted.
Consequently, the wavelength of the detected light emission corresponds to the
band gap of the material. PL characterization is useful for defining the band gaps
of new alloy materials.

PL measurements were performed in the C. Z. Ning research group optical

laboratory. The laser excitation source was selected depending on the band gap
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range of the alloy material. Temperature-dependent PL measurements were
performed with the specimen contained in a cryostat chamber in conjunction with
liquid nitrogen (down to 77 K) or liquid helium (down to 4 K). In order to
simultaneously collect two useful forms of optical information, the light emitted
from the sample was divided using a beam splitter. Some of the signal was
directed to the spectrometer to quantitatively measure the intensity from each
wavelength, while the rest of the signal was focused into a camera for ultraviolet-

illuminated (UV) PL imaging.
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Chapter 2
PbS WIRES

PbS is important for a wide range of applications including mid-IR

35,36 38-41

emission and detection, electroluminescence,3 " lasers, solar cells,42 and
thermophotovoltaics.*® As a direct band gap material with a small band gap
around 0.4 eV, PbS has the potential for very efficient mid-IR emission due to its
nearly symmetric conduction and valence bands. The similar effective masses of
electrons and holes near the band edge increase efficiency of electron-hole
recombination and reduces the probability of Auger recombination, an important
non-radiative process in competition with radiative recomination in narrow gap
semiconductors.***

Specifically for PbS in nanowire form, numerous methods for growth have

been demonstrated, including chemical vapor deposition,*** hydrothermal,**>’

2,58~ 4
1’5 ,58-63 1’6 ,65

solvotherma template-assisted solvotherma and template-assisted
electrochemical deposition.®® The growth of large PbS whiskers with 140 micron
width and 400 micron length was reported in 1971 by heating solid bulk PbS in a
vacuum chamber.®” Of the more recent CVD methods, some report growth
without intentionally introducing any metal catalyst material,*' while others
demonstrate the use of various catalyst metals including gold, titanium, chromium
and lead.’> Several issues remain before PbS can be fully explored for various
applications. Markedly, all of the reported CVD methods use PbCl, and S powder

precursors. The use of PbCl, in the presence of H, gas leads to the formation of

HCI which can result in surface roughening by etching.*® In addition, separate
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sources of Pb and S require careful balance to produce stoichiometric materials. A
systematic and unified understanding of various growth modes is essential for
controlled synthesis with desired morphologies.

In this chapter, a simple CVD method was utilized for the growth of PbS
wires. By systematically studying growth conditions to achieve various wire and
bulk morphologies, three growth modes were identified and related to gas-phase
supersaturation.®® The role of catalyst was studied with and without intentional
pre-deposition of metal. PL revealed strong band-edge emission, indicative of the
high material quality. Single wires exhibited lasing behavior in the mid-IR
spectrum, representing the longest lasing wavelength from an optical cavity with
two sub-wavelength dimensions.

2.1. Growth Procedure

PbS wires were grown in a horizontal quartz tube furnace (Lindberg/Blue
M Three-Zone Tube Furnace) with stoichiometric PbS powder (Strem Chemicals,
Lead (II) sulfide (99.999%)) as the source material in the high temperature zone
(see Figure 3). The substrate, Si (100) with or without intentionally added
catalyst, was placed on a quartz plate in the low temperature. The temperature
zones were isolated by ceramic fiber insulation (Kaowool). The system was
evacuated to a pressure of <100 mTorr. Under flowing N, or Ar + 5% H; at 50
sccm, the pressure was maintained around 15 Torr. After the furnace reached the
set temperatures in the high and low temperature zones, the PbS source was

inserted into the center of the furnace via a magnetic loading rod. The PbS source
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powder was sublimated in the high temperature zone, and deposited onto the

substrates in the low temperature zone about 10 cm downstream.

° °
PbS source o ; E } E . Si substrate

Figure 3. Schematic diagram of furnace system setup indicating high temperature
source sublimation zone and low temperature deposition zone.

I o
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2.2. Materials Characterization

A diverse range of PbS deposition morphologies resulted from the growth
experiments, as summarized in Table 1. The samples were characterized by SEM,
XRD, TEM, and EDS.

Table 1. Summary of PbS growth conditions and results (S: Supersaturation)

Nominal | Nominal
Source | Substrate | Growth Observed Growth Modes
Temp Temp Time VLS wires on VS bulk VLS wires

Figure | Catalyst Gas (°C) (°C) (min) substrate crystallites on bulk S
4 None Ar+5%H, | 600 400 10 v Low
5 Pb N, 730 450 7 v v High
6 Pb N, 700 500 7 v v v Interm.
7 Pb N, 670 500 7 v v Interm.

2.2.1. SEM

SEM images in Figure 4 are typical as-grown PbS wires on Si(100) with
no intentionally added catalyst. There are many distinct, individual wires with
minimal deposition of other morphologies. The wires have a square cross section

with approximately 1 micron diameter and 10 micron length. The wires show no
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orientation relationship with each other or the substrate, indicating wire
nucleation directly from the substrate in random directions. These wires show a
larger diameter than the diameters reported in literature for PbS CVD growth,
ranging from 30 - 350 nm.**>* Larger diameters are especially beneficial for
many IR optical applications since they provide more optically active material

and serve as better waveguides for such long wavelengths in the mid-IR regime.
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Figure 4. SEM images of as-grown PbS wires with (a) wide area of coverage and
(b) direct nucleation from the substrate surface.
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Figure 5. SEM images of as-grown PbS wires with Pb catalyst with (a) dense
coverage across the substrate surface and (b) bulk crystallites between the wires.

Growth experiments were also completed with thin Pb catalyst layers
deposited prior to the growth process. An approximately 6 nm thick Pb film was
evaporated onto Si(100) substrates. The Pb catalyst sample in Figure 5 shows

wires with square cross sections, diameters from 3 - 5 microns, and lengths
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around 20 microns. The wires are surrounded by bulk crystallite deposition. The
sample in Figure 6 was also grown with Pb catalyst film, but with different source
and substrate temperatures than those shown in Figure 5. The growth produced
domains of similarly oriented wires. Figure 7 represents another set of
temperature conditions with Pb catalyst, revealing tapered wires extending from

bulk crystallites.

Figure 6. Pb-catalyzed PbS wires with local orientation domains. Arrow indicates
an area of bulk crystallite deposition. Dashed circle indicates example of VLS
wire growth nucleating on top of bulk.
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2 |
Figure 7. VLS growth of wires on top of PbS bulk.

2.2.2. XRD

XRD was performed on PbS wire samples with a representative scan
shown in Figure 8. The peaks are indexed to PbS and Pb as labeled. There were
no undesirable oxide phases detected. The PbS phase has cubic NaCl rocksalt
structure with calculated lattice parameter of 0.59 nm which matches well with
the known PbS lattice parameter of 0.5934 nm (JCPDS card no. 01-077-0244).
The remaining peaks index to Pb with lattice parameter of 0.49 nm which is in
good agreement with the known lattice parameter of 0.49493 nm (JCPDS card no.

703-065-2873). The sharp peaks indicate high-quality crystal.

PbS (111)
PbS (200)

Intensity (a.u.)

Pb (200)
PbS (220)

PbS (222)

PbS (311)

20(degrees)

Figure 8. XRD of as-grown PbS wires indexed to corresponding reference peaks.
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2.2.3. Individual Wire Analysis

In order to confirm the location of elemental Pb detected by XRD, TEM
was necessary to individually probe wires grown without intentionally added
catalyst and their round caps. Typical nanowires can be directly dispersed onto a
lacy carbon grid for TEM analysis, but due to the large diameter of these PbS
wires, auxiliary processing was necessary to create a TEM specimen with electron
transparency for high resolution TEM imaging and EDS analysis.
2.2.3.1. Specimen Preparation

The focused-ion beam (FIB) thinning process for PbS wires was modified
from a common lift-out procedure for semiconductor devices. First, PbS wires
(grown by conditions of Figure 4) were dispersed onto a clean Si substrate (Figure
9a). The wires were encased in layers of platinum (Pt) to protect the wire during
lift-out. Electron-beam-induced deposition was used for the first layer of Pt to
protect the PbS wire because the electron beam generally does not ablate material;
ion-beam-induced deposition of Pt at a much faster rate of deposition then
completed the encasement. Trenches were milled on either side of the wire using
the Gallium ion beam milling (Figure 9b). The Pt tip was welded to the Pt
encasement, and the entire structure was lifted out of the Si wafer (Figure 9c). The
wire was attached to a TEM grid using more Pt, and the Pt tip was disconnected
from the structure using Ga ion beam milling (Figure 9d). Stage tilt and rotation
positioned the structure for perpendicular thinning on both sides. As milling
continued, the Ga ion beam current and energy were decreased to minimize

amorphization and ion-implantation damage to the PbS crystal.
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Figure 9. Representative SEM images of FIB processing to create TEM specimen.
(a) Wire dispersion on a clean Si substrate, (b) encasement of the wire with Pt and
milling trenches on either side, (c) lift-out using Pt tip, and (d) attachment to TEM
grid.

The final PbS structure is approximately 50 nm thick with original wire material
in the TEM beam direction and residual Pt on the wire sidewalls (inset, Figure

10). The FIB process for TEM sample preparation exposes the wire cap and body

for separate elemental and crystallographic analysis.
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Figure 10. TEM images and diffraction patterns from thinned PbS wire. Inset, top
right: SEM image of wire cross section. Arrow represents TEM beam direction.

2.2.3.2. TEM

Figure 10 contains TEM image of the PbS wire and cap. The diffraction
pattern of the round cap shows rings of spots due to the polycrystalline grain
structure. The diffraction pattern from the PbS wire reveals the <100> zone axis,
with the (200) diffraction spots parallel to the wire sidewall, indicating that the
wire growth direction is <100>. This is consistent with the square cross section of
the wires, which is the equilibrium shape for a wire with (200) planes constructing

the sidewalls of the structure. The high resolution TEM image shows lattice fringe
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spots with an average spacing of 0.29 nm which corresponds well to the actual
0.2967 nm (200) spacing of bulk PbS, also confirming <100> growth direction.
2.2.3.3. EDS

EDS point scans were performed on the cap and body regions of the wire.
There are some challenges involved in the EDS analysis of PbS due to overlap
between the Pb M, absorption edge and S K, line. For this analysis, it is assumed
that the peak around those energies is attributed to S K, and the Pb L line was
taken as the Pb signal strength for quantitative calculation. Strong peaks from Pb
and S are apparent in the EDS spectrum with no unexpected impurity elements.
According to quantitative analysis, the molar ratio of S to Pb in the wire body is
1 : 1.1, which is consistent with the expected stoichiometric PbS crystal, and is
within experimental error due to x-ray peak overlap and FIB processing damage.
This amount of deviation from stoichiometry is similar to other reported
quantitative EDS analysis of PbS nanostructures.’>® The molar ratio of S to Pb in
the round wire cap is 1 : 8.4. This indicates that the cap contains some PbS in
addition to significant amounts of metallic Pb. The measurement of the isolated
Pb-rich cap is consistent with the wire growth mechanism of nucleation by
spontaneously generated Pb and subsequent VLS growth, as will be proposed.
2.3. Unification of Growth Modes

Based on the diverse morphologies observed in SEM, it is apparent that
multiple processes generate nanowire and bulk deposition during growth
depending on the experimental parameters. Here the growth modes are identified

and evaluated in terms of gas-phase supersaturation.
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2.3.1. Origins of Catalyst

First, it is interesting to understand several possible origins and role of
catalyst in the formation of various morphologies. For samples without
intentionally added Pb film, some Pb is spontaneously generated to supply the
required metal catalyst for VLS wire growth. There are two ways that Pb catalyst
particles can form depending on the presence or absence of H,. In the first case,
H, present within the carrier gas is expected to reduce some PbS vapor to form
volatile sulfur compounds, thus isolating elemental Pb atoms to be carried
downstream.” Similar behavior has been observed for the reduction of PbCl, in
PbS CVD growth.**>! The Pb vapor then condenses on the substrate, becoming
the liquid catalyst for subsequent VLS growth of PbS wires. The importance of H;
gas for consistent growth of PbS wires catalyzed by spontaneously generated Pb
was identified by Bierman et al., and they used SEM-EDS to verify the presence
of a Pb-rich cap of a PbSe wire.*® In this dissertation, the mechanism is further
verified by the TEM-EDS analysis of PbS wires. Alternatively, without H, gas,
PbS can incongruently sublimate to continually provide catalyst in the form of
elemental Pb vapor.

For samples grown with pre-deposited catalyst, there are two sources of
catalyst metal for the VLS growth: the pre-deposited layer on the substrate and
the spontaneously formed catalyst particles as described above. PbS wires
nucleated by Pb, either pre-deposited or spontaneously generated, are self-
catalyzed, meaning that the metal catalyst is an element of the semiconductor

compound to be grown, as opposed to a foreign metal such as Au.
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2.3.2. Identification of Growth Modes

From the growth experiments and materials characterization, several
growth modes and their associated mechanisms are proposed. The VLS growth
mechanism is very common and well established for the growth of wires. A
characteristic feature of VLS is a metal-rich round cap at the tip of the wire. As
the wire grows, this liquid droplet remains on the top of the wire as solid material
crystallizes at the bottom of the liquid droplet. The liquid droplet serves as the
catalyst because it lowers the activation energy of nucleation and promotes
subsequent one-dimensional growth.” All of the SEM images show some PbS
wires with round caps.

If the conditions are such that the energy required for vapor incorporation
into the VLS liquid droplet is similar to that of the energy required for vapor to
form a critical nucleation cluster directly on the substrate surface, then wire
growth and bulk growth can occur simultaneously, although possibly at different
rates. VS deposition is the proposed mechanism for the growth of bulk crystallites
with flat facets without metal caps, see Figure 5b, Figure 6 (arrow), and Figure 7.
In the VS process, source vapor condenses to the substrate, and the molecules
arrange to maintain structural symmetry, creating a nucleation center.”’
Additional vapor molecules incorporate directly onto the solid to form the lowest
energy surfaces possible, which tend to be flat facets. As in Figure 6, the wires
with round caps are taller than the surrounding flat crystallites, indicating that the
one-dimensional VLS growth rate is faster than direct incorporation into the solid
by VS.
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A third growth mode, VLS wire growth on bulk-like crystallites, is
proposed to account for the SEM evidence of wires connected directly to PbS
bulk crystallites. In this case, wires are nucleated from the spontaneously
generated catalyst particles that developed on top of the already formed bulk
crystallites. Since the base of the wire is sometimes surrounded by bulk
crystallites as in Figure 5b and Figure 6, it is not always possible to definitively
distinguish which wires are nucleated by the original pre-deposited Pb or
incoming Pb vapor. Figure 7 shows an area of dilute bulk deposition with
individual reversely tapered wires clearly nucleated on top. The diameter of the
wire increases with growth, from 500 nm to 2 microns. This is consistent with the
proposed mechanism of spontaneous formation of Pb catalyst, whereby
continually incoming elemental Pb adds to the existing catalyst cap. The liquid
droplet, which defines the diameter of the growing wire, is continuously
increasing in volume; thus, the diameter of the wire increases correspondingly.’"
72 In both Figure 6 and Figure 7, an orientation relationship is observed between
the bulk and the wires nucleating on top. It appears that the wires on top of bulk
crystallize homoepitaxially to the flat PbS surface below, as verified for other
materials systems, including GaSb.” In summary, the observed PbS growth is
divided into three categories: VLS wires nucleated directly from the substrate, VS
of bulk crystallites, and VLS wire growth nucleated by spontaneously formed Pb

on top of the bulk crystallites.
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2.3.3. Gas-Phase Supersaturation
In order to investigate the favorable growth conditions for each growth
mode, the samples were organized by their distinct PbS gas-phase

supersaturations. Gas-phase supersaturation, S, is formally defined as:

P — Do
Po

where p is the actual gas phase pressure and py is the equilibrium vapor
pressure.’”* Gas-phase supersaturation at the substrate is estimated by considering
the magnitude of the source temperature and the difference between the source
and substrate temperatures. The magnitude of the source temperature controls the
rate of sublimation from the source powder, as the vapor pressure of PbS
increases with temperature.” When the source temperature is low ( ~ 600 °C),
there is very little vapor available to move downstream to the lower temperature
substrate zone. This results in low supersaturation over the substrate. Nearly all of
the precipitation from vapor phase can be accommodated by the VLS liquid
droplets. The rate of incorporation of new material into the liquid particle is much
larger than incorporation onto the substrate surface. When the source temperature
is high (> 650 °C), large amounts of vapor are available to move downstream. If
this vapor transitions to a moderately high substrate temperature zone, the
supersaturation is intermediate. The precipitating vapor can crystallize into both
VS bulk crystallites and VLS wires. There is substantial thermal energy at the
substrate that provides high mobility to the atoms on the substrate so they can

arrange into large grains or domains of similar orientation as in Figure 6.
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Subsequently, VLS growth can occur on top of these ordered bulk crystallites as
previously described. If large amounts of vapor immediately encounter a much
lower temperature zone, there is high supersaturation at the substrate. The vapor
crystallizes rapidly, favoring VS growth of bulk crystallites. Transition of the PbS
vapor to solid occurs too rapidly to be completely accommodated by VLS liquid
particles. Growth at even higher supersaturations than listed in Table 1 generally
produce only bulk crystallite morphology. In general, samples grown at different
supersaturation conditions reveal a complex growth process with the possibility
for three simultaneous growth modes.
2.4.PL

PL is one of the most important methods of characterization for materials
with optoelectronic applications. Unfortunately, PL measurement in the mid-IR
range is more challenging due to typically weak emission, limited detector
availability, and atmospheric absorption. Previous literature reports of PL
measurements on PbS wires are limited to quantized structures with PL emission
extremely blue-shifted away from the bulk value. The wires studied by Paleta et
al. have diameters of 1.8 nm with band-edge emission at 480 nm.®' Wu ez al.
reported PbS nanowires with 30 nm diameter with PL emission peaks at 365 nm
and 678 nm.> The optical properties of quantized PbS structures are completely
different from the mid-IR optical properties of the PbS wires in this work. The
large wires obtained here do not show any quantization and allow the fundamental

band gap emission in the mid-IR wavelength range to be studied. As displayed in
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Figure 11, very strong band-edge emission is observed with no defect emission,

indicating high quality wires.
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Figure 11. PL spectra measured at various temperatures showing band edge
emission with blue-shift with increasing temperature. Dips are due to atmospheric
absorption.
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A change in temperature modifies two main behaviors within a
semiconductor crystal: vibration of ion cores around equilibrium positions and the
overall spacing of said equilibrium positions. Each of these effects provides a
contribution to the change of band gap with temperature. The band gap (Eo)

temperature dependence can be written as:

dE, dE, 9k,
&), =G0, - (7).
or /p _\aT /), oP /),

where a is the volume coefficient of thermal expansion, and B is the bulk

76
modulus.
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The first term describes the effect of the electron-phonon interactions.
With increasing temperature, the ion core vibrations increase in amplitude, which
influences the behavior of the electrons. For most semiconductors including PbS,
this term is positive.’®

The second term considers the contributions from lattice effects. With
temperature, the equilibrium positions of ions within the lattice either expand or
contract depending on the magnitude of a, which is positive for PbS.”” The bulk
modulus of a material describes its resistance to uniform compression, which is
positive for all materials. Finally, the second term also contains the band gap
pressure coefficient, which is negative for PbS.”® Under hydrostatic pressure, the
ion cores are compressed such that the lattice constant is reduced while structural
symmetry is maintained.”® Even small changes in lattice constant have large
electronic effects, observable on the band structure. As neighboring Pb and S ions
come in closer proximity to each other, strong p-d wave function mixing occurs.
This serves to increase the energy of the valence band relative to the conduction
band at the L position, thus decreasing the band gap with increasing pressure.”
All of these combined contributions lead to a positive value of the total
temperature band gap coefficient. Accordingly, the band-edge emission peak from
PbS wires in Figure 11 shows obvious blue-shift with increasing temperature,
consistent with the established behavior of bulk PbS.®

As previously mentioned, the strong light emission of PbS is a result of
symmetric band structure which enhances the radiative process and inhibits the

non-radiative processes such as Auger recombination. The high-quality crystal
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and strong light emission make PbS an appealing material for optoelectronic
applications in the mid-IR wavelength range. This is especially important since
emission sources in the wavelength range around 3 microns are rare and typically
very weak due to various competing non-radiative processes.
2.5. Device Application: Mid-IR Lasing

As introduced, PbS intrinsically provides a band structure that favors
strong radiative recombination. The growth procedure developed here resulted in
high-quality crystal PbS material. The combination of these two aspects permits
the PbS wires produced here to achieve lasing. Single-wire measurements were
performed on individual PbS wires as shown in Figure 4. The flat and parallel
sidewalls defined an appropriate optical cavity for minimal losses. The lasing
results are summarized in Figure 12. At 10K under optical excitation (Ti:sapphire
laser, SpectraPhysics Tsunami, 800 nm, 150 fs pulse duration, 80 MHz repetition
rate) with initially low laser power, only a broad band of spontaneous emission is
observed. With increasing lasing power, one lasing mode around 4140 nm
becomes dominant and obvious over the broad background. Eventually the
spontaneous emission saturates, while the simulated emission continues

increasing to extremely high intensities (note the change in vertical axis scale).

37



4.00 | Laser power: 10K
s.00 [ 5-23 kWiem’ 4140 nm

2.00 -

1.00 |-

0.00 fro e —

Intensity (a.u.)
[=]
[=]
N
I

005 es ety PR PR NP
0.04
3.00 kW/ecm®
0.03 |-
0.02 |-
0.01 |-
0.00 NMW
......... Mannnnnnanflannnnnnnnallainnnnnnnn
3000 3500 4000 4500 5000

Wavelength (nm)
Figure 12. Individual PbS wire lasing at 10 K.

In comparison, literature examples of long wavelength emission from nanowires
include GaSb lasing at ~1600 nm®' and InAs emission around 3000 nm.> The
result here with lasing beyond 4000 nm represents the longest reported lasing
wavelength from a wire structure with sub-wavelength optical cavity dimensions.
2.6. Summary

In conclusion, high quality PbS wires were produced by a simple CVD
synthesis method, utilizing pure PbS powder as the source material. The growth
conditions for PbS wires are promising for integration with silicon-based
electronics because the potentially low substrate temperature is compatible with
traditional integrated circuit processing. Temperature-dependent PL showed
strong band-edge emission in the mid-IR up to room temperature, and lasing was

achieved with a wavelength over 4000 nm. The <100> growth direction and the
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VLS growth mechanism were confirmed by FIB thinning, subsequent TEM
imaging, and EDS. Multiple catalyst sources, both pre-deposited or spontaneously
formed, contribute to the growth of PbS wires.

Growth modes were systematically investigated under different growth
conditions, resulting in VLS growth of wires directly from the substrate, VS
deposition of bulk crystallites, and subsequent VLS wire growth on top of the
bulk crystallites. Gas-phase supersaturation relates the growth modes to the
experimental parameters, with VLS on the substrate dominating at low
supersaturation and VS growth of bulk crystallites dominating at high
supersaturation. The effect of supersaturation on the appearance of wires and bulk
crystallites is important to CVD growth of various morphologies and
compositions of nanostructures. Such systematic understanding of various growth
modes greatly contributes toward achieving synthesis by design, or achieving

nanowires of a given morphology by controlled experimental conditions.
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Chapter 3
CdPbS ALLOY NANOWIRES

A phase diagram displays the thermodynamically predicted equilibrium
phases that occur in a bulk materials system for a given pressure and temperature
range. Each distinct phase represents the most stable configuration, which has no
driving force to change over time. As shown in Figure 13, the stable equilibrium
state is represented as a global minimum in a plot of Gibbs free energy versus all
possible atomic arrangements. However, a materials system exhibits many other
configurations in addition to the equilibrium phase. If the Gibbs free energy of a
configuration sits at a local minimum position, then that configuration

corresponds to a metastable state.
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Figure 13. Plot of Gibbs free energy versus arrangement of atoms, schematically
depicting metastable and equilibrium states.

Transformation rates can be incredibly slow such that metastable phases

can be sustained at ambient conditions, even over long periods of time.
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Thermodynamic calculations do not predict the rate of phase transformation; thus,
kinetic considerations are required to understand changes over time. In general,
large energy barriers lead to slower transformation rates. Many interesting
engineered materials take advantage of metastable phases to produce useful
material properties. Additionally, phase diagrams are constructed for bulk
materials with large volumes relative to surface area. Therefore, low-dimensional
materials, such as quantum wells, thin films, nanowires, nanoparticles and
quantum dots, frequently exhibit phase and alloying behaviors distinct from those
described by phase diagrams.

The CdS-PbS alloy system is a pseudo-binary system with a large
miscibility gap in the solid phase region, as shown in the phase diagram (Figure
14). Within the solid region, it is thermodynamically favorable for the crystal to
segregate into separate Pb-rich cubic and Cd-rich hexagonal phases. On the Pb-
rich side of the phase diagram, the solid solubility of Cd in the PbS cubic phase is
up to 24 mole percent at 920°C.** On the Cd-rich side, the measured solubility of
Pb in the CdS hexagonal phase is negligible, even up to temperatures near the

melting point.
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Figure 14. Experimentally determined phase diagram for the CdS-PbS system.
Adapted from Bethke and Barton.™

The main crystal structure of PbS is cubic with NaCl rocksalt
configuration (Fm3m (International notation), O; (Schoenflies notation)). In
contrast, CdS is known to be allotropic with several possible crystal structures.
The most stable and most frequently observed phase is wurtzite (P63mc, CZ,).
CdS also crystallizes in two cubic forms, zincblende (F43m, T7) and NaCl,
although the NaCl lattice is most commonly observed by a polymorphic
transformation under a high pressure.™

The CdS-PbS alloy system is of particular interest for optoelectronic
applications due to its potential for band gap tailoring over a wide range,

corresponding to wavelengths from the mid-IR into the visible spectrum. Because

both PbS and CdS can exist in the same cubic crystal structure, it is
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crystallographically feasible to propose an ideal solid solution across the full
range of relative concentrations of Pb and Cd atoms. This theoretical alloy
represents a substitutional solid solution consisting of a crystalline phase with
compositional homogeneity, meaning Pb and Cd atoms randomly and uniformly
dispersed across the cation sites within the lattice. Attainment of the CdsPb;S
solid solution across the whole composition range is hindered by two main
inhomogeneity issues: composition and phase.

First, compositional inhomogeneity occurs if the single phase material
divides into Pb-rich and Cd-rich regions. Even if non-equilibrium growth
conditions are found to produce both PbS and CdS cubic crystal structures,
separation into distinct Pb-rich and Cd-rich regions might occur depending on
kinetic limitations, in order to reduce the overall Gibbs free energy of the
material.

Second, phase inhomogeneity occurs as a result of the various possible
crystal structures of CdS. Because CdS is more stable in the hexagonal phase
rather than the cubic phase, the alloy material on the Cd-rich side of the phase
diagram can exist in the hexagonal phase, while the Pb-rich side remains cubic. In
this situation, there is a two-phase transition region in which both hexagonal and
cubic phases exist simultaneously. In theory, both phases could even exhibit the
same x value, with no compositional inhomogeneity across different regions. But
because of the crystal structure distinctions, it is not a uniform solid solution.

A combination of composition and phase segregation are likely to occur

simultaneously during alloying within this materials system. The strong
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miscibility gap and distinct stable phases of PbS and CdS provide a fundamentally
challenging system for alloy growth.

Achievements of alloying in the cubic phase beyond the solid solubilities
predicted by the phase diagram have been reported and are summarized in Table
2.

Table 2. Summary of room temperature solid solubilities of CdxPb; S cubic
alloys in literature

X Morphology Method Characterization | Reference
84
0-0.25 Bulk Furnace heating XRD
83
0-04 Thin film MBE XRD
85
0-01 Thin film MBE TEM
86
0-0.18 Thin film CBD XRD
87
0-0.2 Thin film CBD XRD
88
0.05-0.25 Thin film CBD XRD
89
0-0.27 Thin film CBD XRD
90
0-04,08-1 | Thin film CBD XRD
91,92
0.4-0.8 Thin film CBD XRD
93
06-1 Thin film CBD XRD
High temperature 94
0-1 Powder compression XRD

Calawa et al. formed solid solutions in bulk crystals with compositions beyond
the stable phase boundary limit by heating PbS and CdS sources in sealed quartz
ampoules, followed by water quenching. Epitaxial films with compositions up to
x = 0.4 were reported on NaCI** and up to x = 0.1 on mica substrates by a two-

source MBE method. The change in lattice parameter as measured by XRD was
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found to follow Vegard’s law. The linear relationship between lattice parameter

and x was described by the following equation:®’

ao(Cd,Pb,_,S) = 5.938 — 0.375x (A).

Substitution of x = 1 for pure CdS results in a lattice parameter within the range
of reported values for CdS with NaCl cubic lattice structure. Sood et al. also
found that a growth temperature decrease was required to achieve increased
cadmium concentrations. Moreover, single crystal growth of the alloy phase was
favored over polycrystalline growth with Cd-rich protrusions only for a very
narrow temperature range, indicating a sensitive metastable growth process.™

Chemical bath deposition (CBD) is the most widely explored method for
thin film production of polycrystalline CdyPb;.S films. Most alloying
achievements are in the Pb-rich region of the composition spectrum, although
some results have been indicated in the Cd-rich region and select values in the
center of the composition range between 0.4 and 0.8. Rabinovich et al. proposed
criticisms of previous CBD work, citing that the wide range of solubilities
claimed was not always sufficiently supported by the XRD results.*® They
demonstrated CBD-grown films with x up to 0.18, as determined by detailed
XRD and additionally verified by atomic absorption spectroscopy to measure the
Cb:Pb ratio in the film. CBD involves a delicate optimization of parameters and
does not always support the growth of solid solutions. Reddy et al. reported one
such attempt that produced (PbS);.,(CdS), two-phase material instead of a
Cd,Pb,.,S uniphase ternary alloy.”” Regardless of the exact Cd compositions

within these thin films, the overall results prove that it is possible to maintain the
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metastable CdsPb;«S cubic alloy in thin films through suitable preparation
conditions.
Under high temperature and extreme pressure compression, a mixture of

PbS and CdS powders were converted into a CdxPb;«S solid solution.”* The cubic

metastable phase was retained for the entire range of compositions, 0 <x <1,

even after the temperature and pressure were returned to ambient conditions. For
pure CdS, some hexagonal phase material was detected in addition to the cubic
phase.

No literature reports indicate CdyPb,«S alloying in nanowire form. Jang et
al. performed gas-phase substitution to convert hexagonal CdS nanowires to cubic
PbS nanowires.”> No measureable alloying was detected, although some partial
conversion at lower temperatures resulted in separate domains of PbS and CdS
material within a single wire. Although the cubic structure of CdS is not the
thermodynamically predicted equilibrium crystal structure, Xu ef al. reported pure
CdS nanowires with cubic structure by physical vapor deposition.”® Selected area
diffraction in TEM and imaging of the lattice fringes indicated the cubic structure
of the nanowire. This result demonstrates that pure CdS nanowires can maintain
the metastable cubic phase under atmospheric pressure growth conditions.

In this chapter, the goal was to create and characterize high-quality
CdyPb, S alloy material in nanowire form by CVD for band-gap tailored
applications. Nanowires were achieved with significant alloying in the cubic
phase, up to x = 0.14 as measured by XRD. The study of growth variables

focused on the effect of post-growth cooling treatment on alloy composition and
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phase segregation morphology. The resulting nanowires were characterized in
detail to expand the understanding of the growth and stability of the CdsPb;S
system.
3.1. Growth Procedure

Several CVD configurations were attempted for CdyPb,«S alloy growth.
Of all the methods, the simplest (Figure 15) is similar to that of pure PbS growth
(Figure 3). A mixture of source powder with a 1:1 molar ratio of PbS and CdS
was placed in the center of a one-zone tube furnace (Lindberg/Blue M). One or
more substrates with sputtered Au catalyst film were placed horizontally in the
temperature gradient region.
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Figure 15. Side view of CVD system for CdyPb;S alloy growth using mixed
source powders.

The main benefit of this setup is that it permitted exploration of a wide range of
supersaturation values because multiple substrates, corresponding to a wide range
of temperature values, can be included in a single growth experiment.

A more complicated CVD setup utilized a dual port configuration to
maintain CdS and PbS source powders in separate source dispersion tubes within
the furnace (Figure 16). The inset shows the temperature profile for the one-zone

furnace at a typical set temperature of 700°C.
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Figure 16. Top view of CVD system for CdPb; S alloy growth by the dual
gradient method. Inset: temperature profile for one-zone furnace, 700°C set
temperature.
Advantageously, this setup allowed individual temperature selection for each
source material, as marked by the vertical dashed lines. The source vapors were
collimated and directed toward the substrate surface where they were permitted to
intermix and form crystal alloy material. Combined with a vertical substrate
position at an angle, this setup created two gradients across the substrate, with
both source material composition and temperature changing with position. In
general, the dual gradient method has demonstrated great potential as a growth
strategy to achieve organized composition grading across a substrate surface.*’
Although a wide range of parameter space was tested, including variations
in source and substrate temperature, flow, and pressure, the deposition always
appeared non-uniform with irregular deposition density across the substrate
surface, including regions of no deposition or textured bulk film. Nanowire
growth tended to favor positions near the edges, indicating some sort of

preferential edge effects possibly due to temperature or flow. Due to heat loss, the

edges of the substrate experience different temperature conditions as compared to
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the bulk center section. Flow around substrate edges may be subject to complex
boundary conditions.

To consider these edge effects, the flow regime of the CVD growth
condition is evaluated. The mean free path is defined as the average distance a

molecule travels before colliding with another, and is given by the formula:

kT
a \V2mdzp’

where ky, is the Boltzmann constant, T is temperature, d is the molecular diameter,
and P is pressure.97 For a typical set of growth conditions for CdsPb;S alloy
nanowires (T = 700°C, P = 15 Torr, Ar atmosphere), the mean free path is 0.075

mm. The Knudsen number is a dimensionless quality as follows:

Kp ==,
"TD

where D is the diameter of the tube.”” A tube diameter of 38 mm results in a
Knudsen number less than 0.002, which corresponds to the laminar flow regime.
In this regime, the gas velocity is zero along the sidewalls of the tube and
transitions smoothly to the maximum at the center of the tube. These boundary
conditions could also play an effect as the source vapor flows around the edges of
the substrate. Especially for vertical positions, the substrate effectively disrupts
the laminar flow paths. Further work is required to understand and optimize the
growth conditions to favor nanowire deposition equally over the whole substrate
surface.

Of all the growth configurations and parameters, post-growth cooling

treatment was identified as the most critical variable for alloy composition and
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phase segregation. Figure 17 shows a graph of substrate temperature with time
during a standard CdsPb; S growth procedure. The furnace was heated to the set
temperature over a period of 15 minutes, and the temperature was maintained for
30 minutes of growth. Until this step, the conditions were identical for both
procedures; thus, the deposition is assumed to be identical as well. After turning
off the furnace, the quenched procedure involved immediately translating the
quartz tube downstream and simultaneously turning on a high-speed cooling fan
directed at the exposed tube surface. The substrate region was surrounded by
flowing air that effectively dissipated heat in a rapid manner by increased

convection.
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Figure 17. Substrate temperature versus time for post-growth cooling treatments:
quenched (red solid line), furnace-cooled (blue dashed line).
As shown in the temperature plot, the cooling rate for quenching immediately

after completion of growth was in excess of 120°C per minute. Conversely, the

furnace-cooled procedure involved no movement to the furnace tube, permitting
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the system to naturally radiate heat and slowly come down to room temperature.
The cooling rate immediately after growth was a mere 14°C per minute. The
substrate remained at elevated temperatures for over 3 hours as the temperature
incrementally decreased over time. The drastic difference in thermal energy
experienced by the nanowires in the two post-growth cooling procedures caused
definitive effects on phase segregation and composition, as will be discussed.
3.2. Materials Characterization and Discussion
3.2.1. SEM

SEM images of typical morphologies of CdxPb; «S nanostructures are
depicted in Figures 18, 19, and 20. The dense nanowires in Figure 18 were
imaged in a cross-section perspective near the edge of a sample that was
quenched after growth. The round catalyst tips indicate that the nanowires were
grown by the VLS mechanism. Figure 18b is of the same region but in BSE
imaging mode. As brightness scales with atomic number, the Au-rich catalyst tips
appear the brightest as expected because the atomic number of Au is greater than
the average atomic number of the CdyPb; S crystal material. No phase
segregation is observed for the quenched sample, as evident by the uniform

contrast within each nanowire.
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(a) SE mode, (b) BSE mode.

In furnace-cooled samples, phase segregation was observed to occur in
both the axial and radial directions. Axial phase segregation created
heterojunctions between distinct composition regions along the axis of each
tapered nanobelt (Figure 19). Phase segregation in the radial direction appeared in

another sample as shown in Figure 20.
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Figure 20. SEM of furnace-cooled Cdxbl_XS nanowires: (a) SE mod, (b) BSE
mode reveals some nanowires with radial phase segregation (bright core and dark
shell).
Although TEM is better suited for internal morphology characterization, the
electron beam in SEM characterization contains enough energy to penetrate
slightly into the small wires and probe beyond the surface. The corresponding
BSE image of Figure 20b clearly shows a contrast distinction between the center
and edges of some nanowires, indicating a core-shell type configuration. The
nanowire diameters are around 400 nm, while the core diameters are around 150
nm. Additionally, some wires exhibit a contrast change along the length,
demonstrating that phase segregation occurs simultaneously in the radial and axial
directions. TEM is required for more precise characterization of the internal
structure.
3.2.2. TEM

Nanowires from a sample area similar to Figure 20 were dispersed onto a
copper TEM grid with lacy carbon support film. Figure 21 contains TEM and

dark-field STEM images of a grouping of three nanowires. The sidewalls,

especially of the larger nanowire, show some incomplete faceting behavior. In the
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dark-field STEM image, where contrast corresponds to atomic mass, there is

clearly non-uniform distribution of material in all of the nanowires.

Figure 21. (a) TEM and (b) STEM images of three furnace-cooled CdyPb; S
nanowires.

The large diameter nanowire exhibits distinct contrast strips of equal width on
both sides of the center bright section, consistent with the two-dimensional
projection of a core-shell nanowire heterostructure. The thinner wires did not
show a continuous, central segregation of material, instead exhibiting irregular,
patchy contrast. In order to fully characterize the complex internal configuration
of phases, cross-sectional TEM specimen preparation would be necessary.
Although EDS was attempted for all of the wires imaged in TEM, the results were
inconclusive due to the minimal Pb signal detected. Only a few large area scans
collected any Pb signal above the background noise level. Of the vapor pressures
of the three elemental constituents of the alloy crystal, Pb has the lowest; thus,
during long times at elevated temperatures during furnace-cooling, Pb is not

expected to diffuse out and leave behind a surface depletion layer.”®
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3.2.3. XRD
To determine the metastable alloy composition, XRD was completed on
as-grown furnace-cooled and quenched CdyPb; S samples (Figure 22). The (111)

peak was selected for detailed characterization.

1.0 4
S5 084
&
>
b~
72}
2 0.6
Q
)
£
® 044
N
©
E
S 0.2-
Z

0.0 -

' 1 i 1 v ) v I v 1 N 1 ! 1 v 1 v 1 i ]

254 255 256 257 258 259 260 261 262 263 264
2*Theta (degrees)

Figure 22. XRD of as-grown CdxPb, S alloy samples: furnace-cooled (red solid
line), quenched (blue dashed line). Pure PbS wires (black dotted line) shown for
reference.
Due to the large x-ray beam spot size relative to individual nanowires, the
characterization sampled many wires with a range of crystal compositions.
Because a range of composition values was probed simultaneously, the peaks
corresponding to alloy material were broader than that of a single composition
material (see PbS for reference). The K, doublet cannot be resolved; thus, the

copper wavelength used in Bragg’s law for calculation of the lattice plane spacing

was the weighted average value of K,; and K, (A= 1.541874 A). The lattice plane
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spacing was converted into the lattice parameter for the cubic alloy materials. The
Cd fraction x was extracted by a linear interpolation of the known NaCl cubic
lattice parameters of the two binary endpoints (CdS: JCPDS card no. 03-065-
8873, PbS: JCPDS card no. 01-077-0244). Out of all of the furnace-cooled
samples measured, the largest detected alloy composition was x = 0.06. For
quenched samples, the largest detected alloy composition was x = 0.14. As
discussed, it is expected that the quenching procedure prevents or at least severely
suppresses the post-growth diffusion that reduces the alloy fraction accomplished
during growth. The quenching procedure successfully retains metastable cubic
phase alloy material.
3.2.4. Discussion of Composition and Phase Segregation

In the CVD setup of Figure 15, substrates positioned along the entire
deposition region effectively sample a wide range of supersaturation values in a
single experimental run. Because of the temperature gradient, each substrate is at
a distinct temperature with a specific amount of available source vapor.
Combining the most favorable growth conditions with a large range of substrates
did not improve the composition range achieved. For the given values of
supersaturation possible in this CVD system, x = 0.14 is considered to be the
maximum value of Cd available in the cubic alloy phase. As suggested from
literature, extension of the cubic alloy composition range into more Cd-rich
values may only be possible with growth conditions further away from

equilibrium, such as high temperature compression to extreme pressures.
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The SEM and TEM results support that quenching inhibits phase
segregation in the CdxPb; S alloy nanowires. The results are consistent with the
diffusion-controlled mechanism for phase segregation proposed for CdyPb; S thin
films. According to Sood et al., a matrix of dislocations acted as fast pathways for
diffusion of material during cooling after growth.® Also in regard to direction of
phase segregation, it is apparent that axial versus radial segregation depends more
on nanowire diameter than on growth conditions because the grouping of wires in
TEM were from the same area of a sample. Only the larger diameter wire
exhibited obvious core-shell radial segregation, while the thinner nanowires
showed irregular, splotchy segregation in the axial direction.

The generation and morphology of compositional inhomogeneity involves
a balance of energy. Because Pb-rich and Cd-rich regions exist along the entire
length of the nanowire, the core-shell structure requires only short diffusion
lengths to reach an enriched region. The trade-off is that a cylinder of interfacial
area, with an associated energy cost, is generated along the entire length of the
nanowire. This configuration is apparently not favorable for small diameter
nanowires or nanobelts, which have higher surface-to-volume ratios. Nanowires
with small diameters, and nanobelts with a thin thickness dimension, appear to
favor axial segregation. Generally, axial segregation produces less interfacial area
than the core-shell type segregation, although Pb and Cd atoms may have to
diffuse farther to reach an enriched region. The diameter or thickness of each
nanostructure indicates its directional preference for segregating into distinct
composition regions while minimizing its overall energy. The phase segregation
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effectively creates self-organized heterostructures by a single step growth method,
with the useful potential to offer visible and mid-IR emission from the same
nanostructure.
3.3. Optical Characterization

Given that CdS and PbS are direct band gap materials, alloys are expected
to have interesting optical properties with emission corresponding to band gaps
between that of CdS and PbS.
3.3.1.PL

PL characterization of dispersed, furnace-cooled nanowires, similar to
those in Figure 20, produced two band edge emission peaks corresponding to Cd-
rich and Pb-rich material (Figure 23, red solid lines). The 505 nm peak in the
visible spectrum corresponds to pure CdS material. The 2277 nm peak in the mid-
IR is significantly shifted from that of pure PbS (shown for reference), indicating
an alloy composition between PbS and CdS. Emission from quenched nanowires
(dashed blue line) showed a mid-IR peak at 2085 nm, which corresponds to an
alloy composition that is more Cd-rich than that of the furnace-cooled sample.
Depending on the PL spot position, the visible peak was occasionally detected as
well. For quenched samples, it is believed that the Cd-rich emission originates
from separate nanostructures, not due to phase segregation within single
nanowires, as supported by SEM-BSE imaging.

Comparison of the mid-IR peak widths reveals that the furnace-cooled
peak is significantly wider than the quenched peak. The quenched peak exhibits
similar width as the single composition pure PbS, indicating uniform, high-quality
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crystal material. The peak broadening for the furnace-cooled sample has two
possible contributions. Peak broadening can arise from near-band-edge defect
emission. Also, it is expected that because the slow furnace-cooling permitted
composition segregation, a range of Pb-rich alloys contribute to the light emission
contained within the broad peak.
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Figure 23. PL emission from furnace-cooled CdPb;S nanowires (red solid

lines), quenched nanowires (blue dashed line), and pure PbS wires (black dotted
line).
3.3.2. Band Gap Tailoring with Composition

To consider the effect of band gap tailoring relative to alloy composition,
PL emission peaks were converted into band gap values and plotted against their
corresponding x values as extracted from XRD. Each pair of Cd fraction and band
gap, from pure PbS, furnace-cooled, and quenched nanowires, are plotted in

Figure 24. With limited data points in the Pb-rich end, it is not clear how the band

gap trend continues with increasing x. But for the available data, a simple linear
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fit produces a slope around 1.2. The band gap of CdsPb,«S alloy nanowires
appears less sensitive to increasing x than previously reported for this alloy
system. Literature-reported linear slope values for thin films range from 1.8 to
3.5 8483929399 1f linear behavior continues for increasing x, the low slope value
established here for the Pb-rich range does not predict the known pure CdS band

gap at x = 1.
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Figure 24. Band gap tailoring by Cd«Pb,«S alloy composition.

Sood et al. proposed that a non-linear variation of band gap with composition is
likely, especially due to the complex alloy band structure with conduction band
minima and valence band maxima that occur at different symmetry points in k-
space, depending on composition.” It is also possible that the nanowire
morphology itself contributes to the unusual band gap tailoring properties due to
the strain relaxation provided, as detailed for nanowires in other chalcogenide
alloy materials systems.'* In general, band gap tailoring with composition

permits the selection of the functional wavelength of an optoelectronic device. In
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combination with fast and sensitive photoconductive response, lead chalcogenide
ternary systems offer properties and band gap ranges useful for IR detection
applications.®
3.3.3. Individual Nanobelt Characterization

Figure 25 contains the characterization of an individual furnace-cooled
CdsPb, S self-organized axial heterostructure nanobelt. Several distinct
composition segments along the length of the nanobelt were indicated by contrast
variation in the SEM-BSE image of Figure 25a. Figure 25b and 25c¢ contain the
optical microscopy images of the same nanobelt under broadband and UV-

illumination, respectively.

Figure 25. Characterization of an individual CdyPb;.«S nanobelt (length = 17
microns). (a) BSE-SEM image revealing contrast segments along the axis length,
(b) optical microscopy image under broadband illumination, (¢) UV-illuminated
PL image with emission corresponding to 505 nm.

One segment of the nanobelt emitted visible light at 505 nm, consistent with pure
CdS material. The mid-IR signal from a single nanobelt is too weak to be
detected. EDS indicated Pb-rich material near the wide end of the nanostructure,

at a Cd:Pb ratio of 1 : 26. This region did not emit visible light and can assume to

emit in the mid-IR spectrum, with the specific wavelength dependent on its local
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alloy composition. This combination of materials and optical characterization
proves that phase segregation generates complex structures within each wire. As
also found by TEM, there is a significant amount of wire-to-wire variation, even
within the same sample. It is difficult to exactly correlate the bulk measurements
from XRD and PL to those of individual wires in TEM and PL imaging.
3.3.4. Temperature-Dependent PL

Another interesting optical effect available for study in the CdyPb;S
materials system is the band gap temperature dependence. As discussed in Section
2.4, the emission from pure PbS is known to blue-shift to shorter wavelengths
with increasing temperature due to its unusual negative band gap pressure
coefficient. On the other hand, CdS shows the typical semiconductor behavior,
with an emission red-shift to longer wavelengths with increasing temperature.
Therefore, an alloy between these two materials is expected to show a transition
from blue-shift to red-shift behavior at some point along the composition
spectrum. The semiconductor alloy crystal at this changeover point shows
complete temperature insensitivity; the band edge emission is the same
wavelength over all temperatures. Using the known temperature dependences for
bulk CdS'™" and PbS™, the crossover from positive to negative dependence is
theoretically calculated to occur around x = 0.6.

The temperature dependence of PL emission from CdyPb; S nanowires is
shown in Figure 26. Two long-wavelength emission peaks were detected from a
sample that was furnace cooled. Emission from pure PbS wires (x = 0, see Section

2.1) is also shown for reference. Indicated by the smaller wavelength values, the
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emission peaks represented by blue triangles originate from crystal alloy material
with larger x than the orange squares. The slope of the larger x material, in terms
of change in emission wavelength per change in temperature, is closer to zero.
With increasing x from the Pb-rich side of the alloy, it is expected that the
CdyPb, S alloy material exhibits less temperature sensitivity as it approaches the
predicted temperature insensitivity composition. Although the data from alloy
nanowires demonstrates the expected trend of temperature sensitivity reduction, it

occurs at a much faster rate than previously demonstrated in literature.
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Figure 26. Change in PL emission wavelength with temperature for two CdPb;.«S
alloys (orange squares and blue triangles) and pure PbS (red circles).

Zolotov et al. reported emission from CdxPb;«S thin films in a similar
wavelength range to the data plotted here. They demonstrated that increased Cd
content from x = 0.06 to x = 0.08 produced a corresponding decrease in

102

temperature sensitivity from -2.21 nm/K to -1.75 nm/K. ™ The slope values

observed for the nanowire alloys of this chapter (-0.56 nm/K and -0.53 nm/K) are
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much closer to zero than for the reported thin films; thus, the alloy material shows
significantly reduced temperature sensitivity. Based on this comparison, perhaps a
temperature insensitive CdsPb;S alloy nanowire material exists with a much
smaller x than the predicted value of 0.6. Because the ability to retain metastable
phases is plagued by increasing thermodynamic instabilities with increasing x, a
material with smaller x is more easily achieved. A material with temperature-
independent emission and absorption is useful in devices that experience extreme
temperature conditions and require stable optical performance. Possibly, the
observed temperature insensitivity has contributions from near-band-edge defect
emission that influences the measured peak positions. Determining the precise
origin of the decreased temperature sensitivity requires further optical
characterization.
3.4. Device Application: Solar Cell

In general, CdiPb,«S alloys are of interest for solar cells because the band
gap tailoring property permits selection of a favorable band gap for a single cell
solar device.*®**"%%° According to the Shockley-Queisser limit, the maximum
theoretical efficiency of a solar cell using a single band gap p-n junction is only
around 30%.'" Significant intrinsic losses arise because the single band gap of
the solar cell is not properly matched to the broad solar spectrum. Incoming
photons with energies greater than the band gap are subject to energy loss by
thermalization of hot carriers; low energy photons are wasted by transmission
through the active material.'® In order to increase the efficiency of a photovoltaic

solar cell device, multiple band gaps are required to minimize thermalization and
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transmission losses. Although multi-junction solar cells in a stacked design
provide multiple band gaps, the crystal growth involves careful lattice matching,
which drastically limits the selection of possible materials. Laterally arranged
subcells provide an alternative to stacked multi-junction cell designs.

The nanowire alloy growth work completed in this chapter was originally
motivated by the potential applications in broad-spectrum solar cells. The band
gaps of the CdPb; S alloy correspond well to the solar spectrum of sunlight,
ranging from the mid-IR into the visible spectrum. The nanowire morphology
permits growth of a wide range of compositions on a single substrate without
lattice mismatch concerns. In conjunction with the growth experiments, efforts
within the C. Z. Ning research group were made to design a proposed solar cell
device with Cd,Pb,«S alloys as the active, light-absorbing material, as pictured in
Figure 27. With this configuration, a dispersive concentrator is necessary to split
the incoming broadband sunlight into its distinct spectral components, and then
concentrate and direct the light to its associated band gap subcell. Detailed device
simulations predicted an impressive efficiency of 42% under 240 sun
illumination.'” Work is ongoing to overcome the fabrication challenges

associated with the nanowire solar device design.
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Figure 27. Schematic representation of CdPb,S laterally arranged solar cell.
Adapted from Caselli and Ning.'?®

3.5. Summary

The experiments of this chapter have demonstrated the growth of
Cd«Pb, S alloy nanowires with compositions well into the metastable regime, up
to x = 0.14 as verified by XRD. Consistent with predictions from the equilibrium
phase diagram, significant alloying was achieved on the Pb-rich side, while the
resulting Cd-rich hexagonal phase remained essentially pure. Elemental analysis
by EDS has not yet confirmed the compositions of alloy materials, possibly due to
significant variation between individual nanowires. Both furnace-cooled and
quenching post-growth procedures were explored as variables of the growth
procedure. Quenching was essential to maintain high x values in the metastable
cubic phase. The furnace-cooled procedure permitted phase segregation to occur
by diffusion, which generated Cd-rich and Pb-rich composition regions. These
self-organized heterostructures were conveniently created through a single-step

CVD growth process. Further experimentation is required to discover growth
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parameters of a single experiment that generates composition grading in an

orderly fashion across the width of the substrate.
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Chapter 4
CONTACT PRINTING OF CdS,Se;x NANOWIRES

Growing nanowires of varying compositions on a single substrate is a
practical way to achieve a range of band gaps in a small spatial area. In general,
alloying between two direct band gap semiconductors creates semiconductor
material with intermediate values of band gap. Conventional epitaxial thin film
growth techniques can only support the growth of a narrow range of compositions
due to lattice mismatch between the film and substrate. However, growth of single
crystal nanowires non-epitaxially on an arbitrary substrate eliminates the
composition restrictions of thin film growth, and thus provides opportunity for
unique optoelectronic devices with variable band gaps.

CdS,Se; x nanowires have been previously grown across the entire
composition range on a single substrate.'°® Such a wide range of bandgaps in a
narrow spatial range is very useful for many optoelectronic applications including
chemical or biological sensing, photodetectors, solid-state lighting, solar cells,
microdisplays, tunable light emitting diodes and lasers. Due to the random
orientation of nanowires during growth, subsequent organization of the nanowires
is required to actually construct an optoelectronic device. The aim of these
investigations was to optimize CdS,Se; x growth parameters to meet the
morphology and length requirements for contact printing device processing. Many
growth variables were investigated, but the critical parameters identified during
this optimization were source and substrate temperature, pressure during heat-up

and growth, and flow rate. Ultimately, these factors served to unify the gas-phase
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supersaturation over the substrate for both CdS and CdSe. This work represents
an important push toward achieving complete device potential by exploiting the
benefits that CdS,Se;.x nanostructured materials offer to the field of
optoelectronics. The optimized CdSSe nanowires enabled the demonstration of a
wavelength-variable photodetector device that covers a wide portion of the visible
spectrum.'®’
4.1. Introduction to Contact Printing

Contact printing has been demonstrated as a successful technique for the
direct transfer of nanowires from an original growth substrate to a new device

108112 The basic process involves the directional sliding of the as-grown

substrate.
nanowire substrate on top of a receiver substrate. The nanowires are effectively
combed by the shear force, aligning to the sliding direction while detaching from
the original substrate and transferring to the receiver substrate. The assembly
process creates ordered arrays of nanowires. It requires no elevated temperatures,
allowing for compatibility with diverse substrate materials including plastics and
papers.'

The surface force between the nanowires and the receiver substrate is the
critical interaction that controls the transfer process. The chemical binding
interactions or van der Waals forces between the wires and the receiver surface
need to be significant enough to disturb the wires from their original nucleation
sites.'” The surface chemistry of the nanowire to be transferred is a fundamental

property of its specific material composition. Surface chemical modification, for

example, by application of siloxane monolayers or polymer thin films, can be
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performed to optimize the interaction forces.'” Additional variables for
optimization include the amount of applied pressure between substrates, velocity
of sliding, and use of lubricant. Lubricant forms a spacing layer between the two
substrates and minimizes the nanowire-nanowire friction during the sliding
process. Use of lubricant has been found to improve the overall alignment of
transferred nanowires and to decrease the uncontrolled breakage and detachment
of nanowires during the sliding process.'®

Contact printing of a compositionally graded sample, as compared to a
single-composition sample, introduces material and morphology complexities that
significantly affect the printing process. First, different materials have inherently
distinct surface chemistry characteristics, such that different regions of the graded
sample could transfer with varying densities onto the receiver substrate. Second,
the morphology of the nanostructures can vary across the sample due to the
intentional temperature and source material gradients during growth, which are
necessary to generate the desired composition grading. Specifically, CdS and
CdSe demonstrate distinct preferred morphologies during growth. In the growth
regime investigated for these samples, CdS tends to form long, parallel-sidewall
wires for a large region of parameter space. Conversely, CdSe grown in the CVD
system of this and previous work tends to form nanobelts, even for minimal
deposition rates.”'% The desire for compositionally graded CdS,Se;.
nanostructures with uniform morphology across the whole range has lead to a
more detailed study of CdSe growth characteristics, specifically the contributions
of VLS and VS deposition.
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4.2. Growth Characteristics of CdSe

As discussed for PbS growth in Section 2.2.3, the gas-phase
supersaturation in CVD growth describes the driving force for source material to
leave the vapor phase to form solid phase crystal material. Higher
supersaturations tend to favor polycrystalline or bulk-like deposition by the VS
growth mechanism. Lower supersaturations combined with appropriate catalyst
conditions can promote VLS nanowire growth. The final morphologies observed
on a sample are very sensitive to many growth variables. Identifying and
understanding the essential variables is crucial to designing nanostructures with
appropriate morphologies for devices.

Within a single substrate, it is not expected to observe perfectly uniform
nanostructure morphology or sizes, due to several factors. Upon heating, the
catalyst film becomes liquid and breaks into droplets. The droplets will naturally
have a size distribution that is further intensified by Ostwald ripening. With
increased annealing or hold time at high temperature prior to growth, the larger
liquid metal droplets will increase in volume at the expense of the smaller
shrinking droplets.''* Additionally, the deposition rate has contributions from
multiple growth modes including VS and VLS, which are sensitive to local
fluctuations in temperature and availability of source material. To quantify
nanostructure morphology and size, it is necessary to collect data from a
representative area of the sample and average or generate a distribution of the

possible sizes and morphologies.
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4.2.1. Quantitative Stereology Analysis of Nanostructures

All of the nanostructures in this work nucleate and grow in random
directions with no orientation relationship to the substrate. SEM of nanostructures
are typically performed on the as-grown sample in a top-down orientation (beam
direction parallel to substrate normal). This imaging condition creates a two-
dimensional projection of three-dimensional structures. It is important to consider
the errors introduced by performing measurements on projected images. Because
of the random orientations, the measured projected length will underestimate the
actual nanostructure length. Similarly, the nanostructures could be rotated with
respect to the radial direction, resulting in underestimation of the sidewall angle.
This is critical for tapered nanobelts with non-radially symmetric shapes. In
contrast, pure nanowire shapes with parallel sidewalls would not be affected. For
high nanostructure densities, the length may be additionally underestimated
because the connection to the substrate is obscured by other structures. Processing
techniques to alter the as-grown sample for improved measurement accuracy can
be considered. Each, however, has its own merits and sources of error.

Alternative processing techniques for imaging include as-grown
cross-sectional SEM or dispersion of nanostructures. Cross-sectional viewing
requires that the as-grown sample is cleaved to expose a facet through the
deposition region. This destructive process disrupts the original characteristic
nanostructure distribution. Similarly, any dispersion method, including stamp
printing, mechanical abrasion, or sonication, can introduce uncontrolled errors to

the characteristic nanostructure size and morphology distribution.
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Stamp printing dispersion involves touching a receiver substrate flat
against the growth substrate. This method preferentially collects the longest
nanostructures that extend the farthest from the substrate surface. Length
breakage is also a concern as the nanostructures fracture at some unknown
distance from the nucleation base.

Mechanical abrasion consists of scraping a razor blade or tweezers across
the growth substrate surface and collecting the debris on a receiver substrate.
With this method, both long and short nanostructures are collected, in addition to
any film-like undergrowth layer deposited by the VS mechanism, which can
complicate the interpretation of dispersed structures. Length breakage is also a
potentially significant effect.

Sonicating the as-grown substrate in alcohol involves no direct contact to
the nanostructures, but breakage can occur during or after the structures are
agitated from the surface. Drops of alcohol containing the suspended
nanostructures are then pipetted onto a clean substrate repeatedly and allowed to
evaporate until the desired nanostructure density is achieved. For some materials
this method is ineffective at removing large nanostructures if they are too strongly
bound to the growth substrate surface.

In general, dispersed nanostructures have less geometrical projection error
because they tend to lay flat on the receiver substrate surface. Also the flat
distribution permits high-resolution imaging of all edges within a narrow depth of
field. On the other hand, as-grown nanostructures require a large depth of field

due to the large thickness distance over which the structures exist, and inevitably,

73



some edges will be blurred depending on the deviation from optimum focus
length.

Each dispersion method exhibits preferential removal or destructive
characteristics that would modify the original morphology and size distribution of
the as-grown sample. The characterization of CdSe aims to compare samples
grown over a wide range of growth rates with very different nanostructure lengths
and densities, such that no single dispersion method would be appropriate for all
samples. As-grown top-down SEM is the most comparable method for unbiased
morphology measurements. The projection errors from the random orientation
should be equivalent and affect all samples equally.

Nanostructure size and morphology were characterized through a
statistical analysis of 50 nanostructures per sample. Measured parameters were
the tip width (T), base width (B), and length (L). The tip width is defined as the
diameter of the nanostructure at the intersection of the nanostructure with the
metal catalyst droplet, base width as the diameter of the nanostructure at the
intersection with the substrate, and length as the distance between base width and
tip width. These measurements were performed only on samples with low
nanostructure density such that the nucleation site on the substrate surface was
visible to allow for an accurate assessment of length and base width. From these

three parameters, the sidewall angle was calculated by the following equation:

(B-T)
_ -1 2
0 = tan /L
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The aspect ratio was defined by the length divided by average diameter:

AR = L/(B+T)'

2

As previously described, measured lengths are potentially underestimated; thus,
the aspect ratios are subject to underestimation as well. Overall, the values should
be reasonably comparable between samples.

The mean intercept length is a useful parameter to quantitatively describe
nanostructure size for comparison between samples with high nanostructure
density. Although not a direct measurement of nanostructure length or size, mean
intercept length is an unbiased and well-established measurement technique for
the characterization of many types of structures including grains, particles and

voids. The mean intercept length is defined by:

Ly = l/ D>
where 1 is the total test line length and p is the number of nanostructure
intersections.'"” In the SEM two-dimensional projection of high density
nanostructures, the nanobelt density is high enough such that there is no substrate
area visible between the belts, and they can be considered to be space-filling
along the test lines. The mean intercept lengths presented in the following section
were collected by placing circular grid patterns on each SEM image and counting
the number of intercepts between nanobelts. This method is an appropriate
alternative for quantification of high density nanostructures with obscured lengths

and base widths, without requiring removal from the substrate.
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4.2.2. CdSe Growth

Generally in CVD growth, very low supersaturation favors epitaxial
growth of perfect crystals; moderately low supersaturation favors nanowires;
intermediate supersaturation promotes nanobelts or dendrites; and high
supersaturation facilitates nanosheets, polycrystalline films, or textured bulk
deposition.”*"'® Specifically, CdSe nanostructure growth is known to be rich with
diverse morphologies of nanostructures.''” For the CVD setup and growth regime
characterized here, the liquid-catalyzed nanostructures exhibit sidewall angles
greater than zero. Over a wide range of supersaturation values down to minimally
detectable deposition, VS growth still contributed significantly to the overall
growth process, as will be supported by the following nanostructure growth,
characterization, and analysis.

CdS,Se; x and pure CdSe nanostructures were grown in a one-zone
horizontal tube furnace CVD system. The temperature gradient of this system is
very different from the three-zone system utilized for the growth of PbS in
Chapter 2. In the three-zone system, ceramic fiber insulation (Kaowool) isolated
the two heating zones from each other (Figure 28, left). The source was placed in
the upstream high temperature zone, and the substrate was placed immediately
downstream from the sharp temperature gradient in the low temperature zone. The
temperature of each zone was controlled independently, with a possible difference

in temperature up to ~ 250°C.
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Figure 28. Schematic representation of temperature (blue solid line) and
supersaturation (red dashed line) relative to position. The shaded rectangle in the
three-zone setup represents the ceramic insulation between two heating zones for
the three-zone furnace, and the insulation region at the exit of the furnace for the
one-zone furnace.

The temperature difference between source and substrate, AT, is directly
related to the gas-phase supersaturation. Supersaturation plotted with substrate
position can be visualized as sharp peak. The proposed shape of the
supersaturation curve is further supported by the very narrow region of visible
deposition along the tube wall after growth. The resulting growth morphology
has a step-function dependence on position. If the substrate is placed within the
high supersaturation zone, then deposition occurs on its surface. If it is placed
beyond the high supersaturation zone, then no deposition appears. During growth
optimization in this setup, the substrate position is generally held constant while
the magnitude of AT is used to adjust the peak value of supersaturation.

Conversely, the temperature profile in the one-zone furnace is a smooth

gradient that slowly transitions from the source temperature incrementally

through each lower temperature to eventually reach the substrate temperature.
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Changing the source temperature alters the whole profile, including the
temperatures and supersaturations in the substrate position region.

At the front end of the deposition zone, supersaturation can be controlled
by AT as in the case of the three-zone furnace. As AT increases further
downstream, supersaturation does not continue to increase. The source material
originally present in the gas phase slowly condenses out, apparent as a long region
of solid deposition along the tube sidewalls. In this region, supersaturation
becomes limited by the available amount of source material. Describing
supersaturation in the one-zone furnace is more complex than in the three-zone
furance because it strongly depends on both AT and substrate position. For
optimization, both furnace set temperature and substrate position cause dramatic
changes in supersaturation, thus morphology.

The supersaturation curves plotted in Figure 28 are for growth conditions
with low carrier gas flow rates. The effect of increasing carrier gas velocity is to
increase forced diffusion downstream driven by carrier gas flow, rather than
molecular diffusion driven by a concentration gradient. For fast carrier gas
velocities, the supersaturation profile is generally flattened out, with a more
constant value over a larger distance along the tube axis.”*

Figure 29 contains SEM images of pure CdSe nanostructures grown at
various substrate positions with a constant source temperature of 900°C. Visually,
it is apparent that the features are quite large and dense, and decrease in size with
decreasing substrate temperature. The size reduction is confirmed quantitatively

by the decrease in mean intercept length, from 530 to 440 to 298 nm. Decreasing
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nanostructure size confirms that these substrate positions are on the downstream

side of the supersaturation maximum in the one-zone furnace plot of Figure 28.

Figure 29. CdSe nanostructures grown in one-zone furnace with decreasing
substrate temperatures from top to bottom. Mean intercept length L; decreases
with temperature.

According to the general supersaturation trend, further decrease of supersaturation
should lead to a favorable regime for nanowire growth. However, this was not the
trend observed. Extending the supersaturation even closer toward zero results in
the CdSe nanostructures of Figure 30. From top to bottom, the supersaturation

during each growth run was gradually decreased to the point of minimally
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detectable deposition. The low nanostructure densities allow for direct
measurement and evaluation of the sidewall angle, length, and aspect ratio. The
minimum projected length average is only 165 nm with an aspect ratio of 2,
which represents barely any deposition. According to the histogram plots,
sidewall angles greater than zero make up a significant fraction of apparent
nanostructures at all values of supersaturation of CdSe. Decreasing
supersaturation from the maximum (Figure 29, top) through to the minimum
(Figure 30, bottom) does not provide a regime for complete one-dimensional
growth. Even the smallest nanostructures still show belt-like character as
indicated by the non-zero sidewall angles.

Sidewall angle is an indicator of the relative VLS and VS deposition rates.
If the nanostructure is grown entirely by VLS, all of the vapor is accommodated
by the liquid particle. Nucleation on any surface other than the
nanostructure/catalyst interface is suppressed.” Assuming constant liquid catalyst
droplet size, the sidewalls will be parallel with a sidewall angle equal to zero.
Unlike PbS growth of Chapter 2 in which spontaneously generated catalyst plays
a crucial role to observed diameter, this growth regime shows no distinguishable
difference for growth in N, atmosphere compared to Ar/H,, indicating no
significant contribution of spontaneously generated catalyst by decomposition of
binary sources or CdSe/H; reduction reaction. All of the measured features exhibit
a round Au catalyst tip. This indicates that VLS makes at least some contribution

to the deposition rate for all the resulting nanostructures.
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Figure 30. CdSe nanostructures grown in one-zone furnace with decreased
supersaturation values from top to bottom. Average projected lengths (L) and
aspect ratios (AR) as listed. The histograms of sidewall angles show prominent
high-angle belt-like character at all supersaturations.

Generally for high supersaturation, not all of the incoming vapor species
can be accommodated by the liquid droplet. The accommodation coefficient is
defined as the fraction of the arriving growth species that are actually
incorporated into the new phase, not desorbed or diffused away.? The
accommodation coefficient for the liquid catalyst droplet is dependent on the

concentration of source material in the solution. If the concentration of source

material in the catalyst is very high, the chemical potential of the source material
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in the liquid phase could exceed the chemical potential in the vapor phase, thus
eliminating the driving force for preferential accommodation into the liquid.”
This situation arises if the precipitation of crystal at the bottom of the droplet
cannot keep up with the arrival of vapor attempting to incorporate into the droplet.
The vapor molecules will instead incorporate elsewhere, nucleating new crystal
growth via the VS mechanism. This is especially likely to occur on the recently
grown nanostructure crystal immediately below the catalyst droplet. The newly
formed surfaces may still be in a high energy state, and incoming molecules can
incorporate there easily during the restructuring stage.”” Any point along the
sidewall can experience VS layer-by-layer epitaxial growth if the adsorbed atoms
have enough thermal energy and surface mobility to reach their lowest energy
configurations.''® The tapered nanobelt morphology is a result of the VS sidewall
incorporation process occurring continuously throughout growth. The base is
wider than the tip because that area was grown initially, and thus experiences
more time overall in the vapor atmosphere, accumulating more deposition on the
sidewalls. Tapered belt-like nanostructures show a sidewall angle greater than
Zero.

In regard to optimization of CdSSe; x nanostructure growth for contact
printing, this analysis indicates that no growth regime exists that perfectly favors
CdSe nanowire morphology in the wide range of parameter space studied. In
conjunction with VLS growth, VS growth contributes to the overall deposition
rate even at low supersaturations. The supersaturation threshold above which VS

growth dominates is lower for CdSe than for CdS. The optimization needs to
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balance considerations for the total desired length with minimized sidewall angle
to provide the most effective nanostructure morphology and size for successful
contact printing.
4.3. Optimization of CdS,Se;.x Growth

The growth parameters of selected procedures along the optimization
process are presented in Table 3.

Table 3. Growth parameters of selected CdS,Se;x growth experiments along the
optimization process

Temperature (°C) Nominal Pressure (Torr)
Cds CdSe Growth Flow Rate
Sample | Source | Source | Substrate Heating Growth Time (min) (scem) Flow Gas
A 900 900 539 15 15 30 50 | Ar,5%H,
B 900 774 | 522-490 15 15 30 50 | Ar,5%H,
C 700 596 521 > 300 15 30 50 | Ar,5%H,
D 700 580 521-515 > 300 5 30 100 | Ar,5%H,

The starting point for the optimization of CdSsSe; growth for contact printing
was adapted from previously established growth procedures for a similar

experimental setup.'®

In order to establish a composition gradient, the cited work
used only a temperature gradient across the substrate and a mixture of binary
source powders. The growth procedure of Sample A is comparable in that the two
binary source powders were both maintained at the same temperature during
growth. It differs in that it made use of source dispersion tubes to generate a
source material gradient across the substrate surface, as first established for
InGaN growth.15 The two source vapors were isolated from each other until

arriving at the substrate surface where they were permitted to intermix. The

substrate was assumed to have a constant temperature due to its vertical position
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perpendicular to the tube axis. Eventually, the two possible gradients across the
substrate, source material and temperature, are combined to provide maximum
control over the morphology and composition of the growing nanostructures.”
The initial optimization process considers the source material variables separately
before adding the complexities of substrate temperature gradient.

SEM images of Sample A shown in Figure 31 show straight, dense, and
very long CdS nanowires. On the contrary, the Se-rich deposition formed tapered
nanobelts with much shorter lengths. The center alloy region exhibits nanowires
that are shorter than pure CdS with significant kinking along the wire length. PL
spectra across the as-grown substrate in Figure 32 shows strong band edge

emission ranging from around 520 nm to 690 nm. The composition gradient

across the substrate successfully covers a large portion of the visible spectrum.

84



AN 5 e e e ot SR TR SR
Figure 31. SEM images of the S-rich, center and Se-rich regions of CdSSe graded
samples, left to right. Top, representative photograph of graded region of as-
grown sample with length of 1 cm. Note the higher magnification of Sample C.
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Figure 32. PL spectra from across the CdSSe;.x graded sample. As-grown (left).
After contact printing (right).

Figure 33 shows SEM images of the first attempt of directional contact
printing by collaborators in the Javey Research Group at University of California,
Berkeley. In the S-rich region, CdS nanowires did not significantly adhere to the
receiver substrate, even though they were of the appropriate morphology with
long length, parallel sidewalls, and straight growth direction. This result implies
that the contact printing variables required optimization as described previously in
the introduction. In the Se-rich region, the nanostructures show a better sticking
fraction but without much alignment in the direction of the sliding direction. The
tapered nanobelt morphology was found to be non-ideal for contact printing. In
the center alloy region, there was no transfer during the contact printing process.
This region required improvement in both growth and contact printing aspects of
the process.

Despite the poor printing quality, the PL spectra of the contact printed
nanowires (Figure 32) can be correlated to the as-grown optical results. The

overall range of wavelengths is the same from around 520 nm to 690 nm. Due to

the low transferred density, the signal is much weaker for the contact printed
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sample. The signal-to-noise ratio decreases dramatically for curves approaching
the mid-alloy range. The PL signal from the center section was completely
indistinguishable from the background noise due to lack of nanostructure
material. The comparison of optical characterization before and after printing
provides initial confirmation that the directional printing process does not disrupt
the band gap grading, and that it is a promising method deserving of continued

study.

Figure 33. Contact printed alloy nanowires 0 -rich (lef) and Se-rich (right)
regions. Sliding direction indicated by arrow. Rectangular source/drain contact
electrodes are visible across the deposition.

From the initial contact printing feedback, the growth goal was defined to
be the creation of a uniform morphology across all compositions. Specifically that
involved reducing the belt-like qualities of the Se-rich segments while
maintaining high density of nanowires in the S-rich region. Because the gas-
phase supersaturation controls the morphology, a uniform supersaturation of CdS
and CdSe should promote a uniform morphology in the alloy nanostructures.

Comparison of the equilibrium vapor pressures of CdS and CdSe in Figure

34 shows that CdSe has a higher vapor pressure than CdS. This means that to
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achieve similar supersaturations through production of similar amounts of
available vapor, CdSe source material should be maintained at a lower
temperature than CdS, assuming saturation of vapor above the source powders

during growth.
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Figure 34. Comparison of equilibrium vapor pressure of CdSe and CdS. Adapted
from Mills.'"”
Toward that end, the changes applied to the growth procedure for Sample B was
the reduction of the CdSe source temperature by moving its position from the
highest possible temperature at the center of the furnace to a position further
downstream in the gradual temperature gradient region approaching the open end
of the furnace. As discussed in the previous section on CdSe growth, reducing the
source temperature limits the amount of available vapor and can reduce the gas-
phase supersaturation in an attempt to minimize VS deposition. Also the substrate

was placed at a small angle with respect to the tube axis to generate a slight

temperature gradient across the surface. Compared to Sample A, the Se-rich
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region was at a significantly lower temperature and the S-rich region temperature
was reduced slightly. These changes resulted in a slightly reduced length in the S-
rich wires and smaller features in the Se-rich region. Further progression was
necessary to unify the morphology and length discrepancies between the two end
regions.

The growth of Sample C reduced the source temperatures further by
reducing the overall furnace set temperature from 900 to 700°C. The substrate
position was adjusted toward the center of the furnace to maintain its temperature
in the appropriate range for deposition. Additionally, the pressure during the
furnace temperature ramp up portion of the growth procedure was maintained
above 300 Torr. The pressure shutter method allowed for precise control of the
onset of growth, isolating it to the steady state temperature regime only.
According to Colli et al., use of the pressure shutter results in less diversity of the
final observed nanostructures and allows for characterization of the actual
representative morphology for a given set of growth conditions.'**'*' The
experimental setup for pure PbS growth of Chapter 2 achieved similar, accurate
constraint of growth by using magnetic loading of the source powder in and out of
the high temperature zone. Translation of the source powder by magnetic loading
is not feasible in the CdS,Se;.x growth procedure. The complex source dispersion
tube geometry within the furnace tube is too susceptible to disruption to permit
manipulation of source placement after initial alignment.

The pressure shutter method exploits the relationship between the total

pressure within the system and the interdiffusion coefficient of source vapor in the
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carrier gas. The diffusion coefficient is inversely proportional to the total
pressure.'?* Consequently, above a certain critical pressure, the diffusion of
source vapor out of the region directly above the source powder becomes
negligible. The flux of source vapor is severely suppressed; thus, there are not
significant amounts of available source material arriving to the substrate.
Although the carrier gas flow has an effect on the source vapor transport,
diffusion is known to be a dominant process in the growth regime studied here,
indicated by the locations of the source deposition. In a flow dominated regime,
there would only be deposition at the downstream exit of the furnace tube.
Actually, there is significant deposition along the tube walls at both the upstream
and downstream openings of the furnace, indicating the strong influence of
diffusive transport.'*’

With the addition of the pressure shutter to the CdS,Se; x growth
procedure, the resulting nanostructures of Sample C are much smaller in size (See
Figure 31. Note the change in magnification compared to Samples A and B). This
indicates that significant amounts of growth were occurring during the transient
heat-up phase of the growth timeline. Although the morphology is more
consistent due to isolation of growth to only the steady-state temperature regime,
the nanostructures are too short for successful contact printing. The as-grown
nanostructures need an initially long length because breakage incurred during the

199 Also as noted in the

transfer process can reduce the average length up to 50%.
previous discussion on CdSe growth, VS still contributes to belt-like growth even

at low supersaturations without reaching an exclusively VLS regime. The best
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possible compromise of conditions needs to balance all of the constraints for the
desired qualities in length and morphology.

Figure 35 shows the nanostructures resulting from the final optimized
growth procedure. The length and deposition amount was increased through the
combination of decreased growth pressure and increased flow gas velocity. The
purpose of reducing the growth pressure is the inverse of the mechanism of the
pressure shutter. By lowering the pressure, the diffusion of source vapor was
increased. There was a lower backpressure provided by the carrier gas molecules.
Therefore, the sublimation rate was increased and led to a higher deposition rate

at the substrate.

(low mag) S8

Figure 35. SEM images of final op
to Se-rich (left to right).

Increasing the flow gas velocity from 50 sccm to 100 scem increased the
flux of source vapor that reached the substrates. The flow disrupted the saturated
vapor region above the source powders and carried it downstream more quickly.
Also as mentioned previously, higher flow is predicted to lead to more constant

values of supersaturation over larger areas of position.”* The center section shows
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more deposition and indicates a more equal combination of CdS and CdSe
supersaturations.

Low magnification of Sample D compared to the original growth in
Sample A shows that the length is more similar over larger regions of the
substrate. A slight temperature gradient across the substrate positioned each
composition into its preferred growth temperature regime. In the Se-rich region,
all of the belt-like features could not be eliminated. Although some short and
tapered nanostructures appear, especially at the substrate surface, nanowires
extend out from the surface, which are available for transfer during contact
printing.

4.4. Device Application: Variable-Wavelength Photodetector

In basic terms, the purpose of a photodetector is to sense light by
converting the optical signal into an electrical signal. For a successful device, the
active material must show a photoconductive response, meaning a significant
increase in electrical conductivity after absorbing electromagnetic radiation.
Specifically, nanowires can demonstrate the light-induced conductivity necessary
for sensitive light detection or switching between “ON” and “OFF” states.'*
Here, the basic photodetection concept is applied and expanded to create a
wavelength-variable phototector device containing CdSSe;.x compositionally
graded nanowires.

The basic device fabrication process path is displayed in Figure 36. First
the nanowires were grown with a spatial composition gradient across a substrate

around 1 cm in length. Then, the randomly oriented nanowires were arranged onto
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the receiver substrate by contact printing. The directional sliding preserved the
compositional grading and aligned the wires into parallel assemblies, as shown in

the SEM image inset. Finally source/drain electrodes were deposited with electron
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I VIV == SI\NHINN TR [V LIN Y

beam evaporation (5 nm Ti, 40 nm Au).'”

.
0

........... L
"""""" Receiver substrate
et
- THEHANT
C(iS CdS,Se,, :)cigc)a-
(x=1) X=

Figure 36. SEM images of final optimized CdS,Se; x graded structure, from S-rich
to Se-rich (left to right).

The device is comprised of many cells, each of which covers a small
wavelength range. All of the cells within the device were fabricated
simultaneously. A single growth run generated all of the desired compositions.
The contact printing and metal electrode deposition are both single step processes
as well, independent of the number of cells within the device.

Each cell detects a different color of light and can convert it into an
electrical signal. The alloy composition controls the fundamental band gap value
of the nanowire and determines the cutoff wavelength for exciting electron-hole

pairs across the band gap.
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The normalized PL intensity of the contact printing in Figure 37 shows
much improvement over the noisy signal of the initial contact printing attempt as

shown in Figure 32.
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Figure 37. PL spectra from across the contact printed CdS,Se;x sample.
The peak positions vary between around 525 nm and 650 nm as a function of
location across the substrate, corresponding to the S-rich and Se-rich regions,
respectively. The peak broadening around the 650 nm range can be attributed to
an inhomogeneous composition gradient near the edges of the sample. Future
device processing should remove the inhomogeneous substrate edges prior to
contact printing. Defect emission is not a likely contributor in this situation
because the PL emission of the as-grown sample showed narrow peaks, indicating
high quality crystal.
The normalized XRD spectra taken from three different locations on the

printed substrate support that the change in wavelength is a direct function of the

change in composition (Figure 38). For the small wavelength side, the peaks
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match well with the typical bulk wurtzite crystal structure of CdS. Across the
sample, the peaks gradually shift to smaller angles, indicating that the lattice
constant gradually increases as the nanowires become Se-rich. The extracted
lattice parameters are determined to be between the range x = 1 (CdS) and x =
0.52 (CdSos2Seo4s).'>* The contact printing process is an effective method to

maintain the composition grading as designed on the original grown substrate.

.L(mz)

__--F-,;_-(ms)

7
\

NN

]
1
1
I
|
1
1
1

Intensity (a. u.)
al

x=0
x=0

R

1

36 40 44 48
20 (degrees)

Figure 38. Normalized XRD spectra from three locations along contact printed
device. Dashed lines correspond to pure CdS (JCPDS card no. 41-1049).
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Figure 39. Detailed photoresponse characterization of one representative cell. (a)
Normalized photocurrent with light polarization, (b) photocurrent with optical
power. Vps: voltage applied across source/drain contact electrodes, (c¢) light and
dark current with back-gate voltage Vgs, (d) photoresponse under chopped light
illumination (halogen lamp, 1 mW cm™).

Figure 39 contains the detailed photoresponse characterization of one
representative cell within the nanowire photodetector device. This cell has a
composition near the center of the alloy range with x = 0.52 (CdS s52Sep 4g). The
polarization-dependent photoconduction measurement was performed to analyze
the alignment of the nanowires, which is critical for uniform response of the

devices.'"® Nanowire arrays with strong alignment show polarization sensitivity

because the majority of light absorption occurs when the polarization of the
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'2 The photocurrent was

incident light is parallel to the long nanowire length axis.
measured by rotating the polarization direction of the incident light source
(halogen lamp, 1 mW cm™?). 0 is the angle between the nanowire orientation and
the polarization direction of the incident light. The current was normalized by the
current at 8 = 0. The photocurrent response shows the expected harmonic

behavior and can be fitted to a cos*0 function. The polarization anisotropy is

calculated through the relation:

_ (Ill B IJ.)
Uy + 1)

where /| and /. are the photocurrents obtained from light illumination parallel and
perpendicular to the nanowire direction, respectively. Randomly oriented wires
would show zero polarization anisotropy. Alternatively, even perfectly aligned
wires would not show a value of 1 because some light absorption occurs when the
polarization is aligned along the narrow radial dimension of the nanowires. The
polarization anisotropy extracted from the data from this nanowire photodetector
device is ~0.67, which represents significant polarization sensitivity and
successful alignment by directional contact printing.

The dependence of the photocurrent amplitude on the optical power is
shown in Figure 39b. A constant voltage of 3 volts was applied across the
source/drain contact electrodes while the optical power (light intensity) was
incrementally increased. The photocurrent response is basically linear with a
fitted slope of 1.09. This slight deviation from linearity is attributed to the

complex interactions between electron-hole generation, trapping, and
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recombination processes.''® For this device, the strength of the electrical signal is
directly related to the strength of the light intensity incident upon it. This test
demonstrates that the photodetector is uniformly sensitive over a large range of
optical power.

The plot in Figure 39c compares the current output with and without
illumination by a halogen lamp (13.2 mW c¢m™) as a function of gate bias, Vgs.
For Vgs =0 - 1V, the ratio between photocurrent and dark current is very high
(>100). Low dark current is desirable for high signal-to-noise ratios during device
operation. The photocurrent/dark current ratio can be tuned depending on Vs.
Most importantly, this plot demonstrates that the device resistance is dramatically
decreased under white light illumination. The light induces efficient electron/hole
photogeneration within the CdSSe alloy nanowire. The electron/hole pairs are
subject to field-induced carrier separation by the applied voltage. The electrons
and holes then flow to the contacts to be detected as the photocurrent.

Time-resolved photoresponse measurements were conducted for multiple
illumination cycles using chopped light illumination (halogen lamp, 1 mW cm™)
as shown in Figure 39d. Each photoresponse cycle is comprised of three transient
regimes: a sharp rise, a generally steady-state regime, and a sharp decay. The
response time and recovery time, defined as the time between 10% and 90% of
maximum photocurrent, are 200 ms and 800 ms, respectively. The time constant
for response (Tresp) 1 130 ms, and those for slow and fast recovery (Trec siow, Trec, fast)
are 80 ms and 350 ms, respectively, which are found by fitting the equations [ =
To(1 - e Nand = Loe™" to the leading and trailing edges of a single pulse. The
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biexponential behavior of the recovery is consistent with previous studies of CdS
and CdSe nanostructures.'>'*® Overall, the consistent photoresponse over
multiple illumination cycles demonstrates the reproducibility and robustness of
the nanowire optical photodetector.

The spectral response was investigated from representative cells
corresponding to the S-rich, center, and Se-rich regions of the compositionally
graded nanowire arrays. The normalized photocurrent with Vpg =3 V is plotted in
Figure 40 as a function of illumination wavelength. The illumination wavelength
was controlled by passing it through filters to incrementally span a large range of

incident light wavelengths.
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Figure 40. Spectral response from three cells within the photodetector device.

The response transition wavelengths extrapolated for the plotted devices
are ~510 nm, ~600 nm, and ~690 nm. Above the transition wavelength, the cells
do not show any photocurrent generation because the energies of the incoming

photons are less than the semiconductor band gap energy of the nanowire
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material. They do not contain enough energy to excite an electron-hole pair; thus,
no photocurrent is generated. For incident wavelengths below the transition, the
photon energy is sufficient to span the band gap energy. These generated electron-
hole pairs are influenced by the applied voltage to separate into carriers, flow to
the contacts, and contribute to the photocurrent. Especially for the Se-rich region,
there is some noise in the below-threshold region that could be improved by
higher quality printing or nanowire growth. The Se-rich region also exhibits a
fairly wide wavelength range to transition from zero to full response, indicating a
possible broad range of composition within that cell. Overall, the spectral
response provides sufficient validation of a tunable-wavelength photodetector
array based on the variable band gap of CdSSe « alloy nanowires.

4.5. Summary

In conclusion, unifying the values of CdS and CdSe supersaturations
across the substrate by altering source temperatures, substrate temperatures,
pressure, and flow resulted in a more uniform morphology and length. Combined
with optimization of the contact printing process variables, the growth
optimization led to the successful demonstration of an optoelectronic device that
utilizes the benefits of compositionally graded substrates.

The spectral response of the wavelength-variable photodetector device
was demonstrated, with each cell containing a distinct composition of CdSxSe;.x
alloy nanowires. The results prove the feasibility of devices fabricated from
compositionally graded substrates and the contact printing method. The

directional printing process successfully preserved the spatial composition
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grading. Future devices will expand upon these techniques to extend wavelength
coverage beyond the wavelengths demonstrated here and to increase spectral
resolution. As the number of cells increases, so does the manufacturing advantage
of using compositionally graded substrates. All of the required compositions are
integrated on a single substrate and generated from a single growth run.
Alternatively, if a device is constructed of nanowires grown in separate growth
runs, it requires significantly more furnace time and post-growth manipulation to
arrange composition grading with spatial position. Creating all desired alloys in
only one CVD furnace run provides a great cost and time benefit to the overall

device production process.
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Chapter 5
CdSSe AXIAL HETEROSTRUCTURE NANOWIRES

Heterojunctions between different semiconductor materials are crucial to
the function of advanced optoelectronic devices. Heterojunctions in thin films are
well studied and fully exploited in commercial applications, including
photodiodes, solar cells, lasers, and LEDs. On the other hand, heterojunctions in
nanostructures represent an active area of research. Further exploration is required
to achieve their complete device potential. Heterostructure nanowires offer the
same size and property benefits of single component nanowires, but they also
provide additional degrees of freedom for realization of novel functionalities.
129130 Band engineering along the length of a nanowire through composition
modulation can be used to tailor device properties. Axial heterostructure
nanowires are an important area for research due to their potential contributions
toward functional integrated nanosystems.

The most common growth mechanism utilized for axial heterostructure
nanowires is VLS. Switching the vapor composition mid-growth changes the
composition of the growing crystal. This technique is used to create a junction
between two distinct composition segments within the nanowire. The segments
are separated by an interface transition region due to the reservoir effect from the

131 At the instant when the vapor composition is switched

liquid catalyst droplet.
from the first growth species to the second, the liquid catalyst droplet still
contains residual incorporated species from the first phase of growth. Growth in

VLS proceeds by a layer-by-layer deposition process, such that each layer
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crystallizes some of the first species until they are completely consumed and
replaced by the second species.'*? The crystal grown during this transition regime
contains both species, resulting in a diffuse interface.'*' The growing nanowire
does not contain exclusively second phase species until all of the first phase
species have been depleted from the catalyst. Thus, the width of the junction
interface between the two segments is controlled by the solubility of the vapor

species in the liquid catalyst droplet.'’

If the species are less soluble in the
catalyst, there will be fewer of them available within the droplet to act as a
reservoir. They will be depleted rapidly over a few layers of deposition, with the
interface approaching atomic abruptness.

Reduction of solubility in the catalyst has been achieved by various
methods. Perea et al. tuned the solubility by alloying the liquid gold catalyst with
gallium."*® They demonstrated a systematic increase in interface sharpness by
increasing the Ga content, which decreased the solubilities of the source materials
within the liquid catalyst droplet. Alternatively, Wen ef al. eliminated the liquid
catalyst and replaced it with a solid catalyst. Growth occurred through the vapor-
solid-solid mechanism."** The low solubility of both Si and Ge in the solid
catalyst permitted the creation of compositionally abrupt junctions between Si and
Ge segments.

Conversely, a diffuse interface is essentially an alloyed region between the
two distinct composition segments. This type of region is known to act as a buffer

and mitigate the inherent lattice mismatch strain energy of the heterojunction.'**

The small nanowire cross-section provides further effective strain relief in the
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junction region by elastic relaxation, as opposed to traditional thin film junctions,
which are constrained in the lateral direction."’

Specifically for the CdSSe; 4 alloy system, single composition
nanostructures have been grown by means of the VLS mechanism with one
composition per growth run.'®'?*!35-3¥ Nanowires across the whole composition
range have also been fabricated on a single substrate in a single growth run.'**'"’
With regard to heterostructures, various configurations have been reported.

Kim et al. produced CdSe nanosheets with lateral CdS segments irregularly
nucleated along the side edges."*® They improved on the growth process to
generate lateral heterostructure nanobelts with continuous CdS side segments
surrounding a central CdSSe alloy section.'*” Using CVD, they first heated CdSe
source powder to grow the central nanobelts, then cooled the system to room
temperature, then heated CdS source at a lower growth temperature to generate
the lateral segments. Xu et al. reported similar lateral heterostructure nanobelts
with comparable morphology, but they were grown by a different CVD
procedure.'*® CdS central belts were grown initially and then converted to CdSSe
alloy by anion exchange of S for Se in the presence of CdSe vapor. Finally, an
additional CdS growth stage at a lower temperature produced the CdS lateral side
segments.

For nanowires, Gu et al. created compositionally graded CdSSe alloy
nanowires with no abrupt junctions between composition regions.'*' The
composition was smoothly altered from pure CdS to pure CdSe along the length

of the wire. The CVD procedure involved slowly moving source materials
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through the furnace to continuously modify the vapor composition ratio
throughout growth. As an alternative to CVD methods, Ouyang et al. reported a
solution-liquid-solid growth process in which metal catalysts were introduced to
organic solutions containing the reactive precursor materials.'** Nanowire
heterostructures with CdS-CdSe-CdS segment modulation were grown, resulting
in total lengths around a few microns. The 20 nm wide interfaces were found to
be epitaxial with no alloying between the two phases and less than 5% stacking
faults.

Based on the literature reported CVD growth of CdSSe heterostructures,
dramatic or complete switching of the source vapor composition generally tends
to terminate axial VLS growth and promote lateral VS growth of side segments.
Slow continuous switching of the source vapor composition shows continuation
of axial growth but does not actually form a heterojunction between two distinct
segments. In order to achieve the desired heterostructure, some degree of two
phase growth is required. The optimized growth procedure must appropriately
balance between conditions to achieve a junction between two distinct
composition regions and conditions to achieve continuation of axial growth. In the
work described in this chapter, it was found that the axial growth continuation
from Se-rich to S-rich regions is a sensitive process. A relatively subtle change in
source vapor composition, in combination with a substrate temperature change, is
sufficient for creating a heterojunction between two segments.

Also in literature, the substrate temperature was a direct function of the

source temperature. The growth setup established in this chapter permits
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independent control of the source and substrate temperatures, both in time and
magnitude. This useful feature is important not only for the optimization CdSSe
growth presented here, but also for general optimization of any heterostructure
composition or morphology grown in this system. The independent variable
control of this setup could ultimately lead to a wider variety of heterostructures
containing higher quality crystal material.

For the optoelectronic applications of interest here, interface abruptness is
less critical than high quality crystal in both segments and within the interface for
strong radiative recombination, thus strong light emission. This work pushes the
boundaries of heterostructure growth in direct band gap semiconductor material
for potential optical applications in color-tunable LEDs and displays, as will be
proposed.

5.1. Growth procedure

As shown in Figure 41, CdSSe heterostructure nanowires were grown by
CVD in a one-zone tube furnace (Lindberg/Blue M). Within the 1.5 inch diameter
quartz furnace tube, two 0.375 inch diameter quartz tubes individually controlled
the source material position and flow. Measured amounts of source powder
material (0.24 g CdS, 0.27 g CdSe. Sigma-Aldrich, 99.99%, trace metals basis)
were placed near the openings of their respective source dispersion tubes. CdS
source powder was located at the center of the furnace and CdSe was slightly
upstream. A silicon substrate with sputtered gold film (~10 nm thick) was placed
downstream. The system was evacuated to below 40 mTorr by a rotary vane
vacuum pump (ULVAC GLD-136). The flow of N carrier gas through the
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furnace tube was used to backfill the system until the pressure reached 165 Torr.
The source dispersion tube flows were then turned on at 55 sccm Ar, 5% H;

through each tube. The furnace was heated to 925°C over a period of 20 minutes.

One-zone furnace

]
1D o
Source Cdse Vacuum pump
tube flow —
—>
Substrate
Cds
- N,

Fumnace Cooling fan
tube flow

Figure 41: Schematic diagram of the CVD system and dual port configuration
used for CdSSe axial heterostructure growth. The rounded green rectangles
represent ultra-torr vacuum fittings. The purple crossed rectangles represent
valves that control flow through each source dispersion tube. The cooling fan was
directed at the exposed quartz tube at the outlet of the furnace.

Table 4 summarizes the differences in growth parameters for Phase 1 and
Phase 2 of the growth procedure. Phase 1 began when the furnace reached the set
temperature, and the conditions were maintained for 70 minutes. At the end of
Phase 1, the cooling fan located at the downstream opening of the furnace was
switched on at its maximum speed. This action caused the substrate temperature
to be decreased by 265°C over a transition period of 20 minutes. The start of
Phase 2 was marked by shutting off flow through the CdSe source dispersion tube
and moving the CdSe source 1 cm upstream. Discontinued flow through the CdSe
source dispersion tube effectively doubled the flow through the CdS tube because
they were jointly connected to a common gas cylinder by a “T” connection as
detailed in Figure 41. The CdSe source relocation effectively reduced the CdSe

source temperature by about 15°C. At the conclusion of Phase 2 after 80 minutes

of growth, the furnace was turned off. The cooling fan remained on, and the
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system cooled to room temperature. Throughout growth, the pressure was
maintained near the nominal value of 165 Torr. The flow gas composition was
also constant, with N, through the furnace tube and Ar, 5% H, through the source
dispersion tubes.

Table 4. CdSSe axial heterostructure nanowire growth parameters for standard
condition of growth

Temperature (°C) Flow (sccm)
Procedure
Phase CdS Source | CdSe Source | Substrate Cds CdSe Time (min)
1st Phase 925 866 693 55 55 70
2nd Phase 925 852 428 110 0 80

In the following sections, this growth procedure will be referred to as the
standard condition. In order to determine the contribution of each growth variable
change between Phase 1 and Phase 2, the growth procedure will be divided into
test conditions. The results of each test condition will be compared to the results
of the standard condition.

5.2. Characterization of Segmented Wires

Figure 42 contains the SEM, optical microscopy, and UV-illuminated PL
images of CdSSe axial heterostructure nanowires resulting from the standard
condition. As clearly demonstrated in the representative SEM image, the standard
growth procedure produced large, uniform areas of nanostructures with high

number density.
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condition: (a) SEM, (b) optical microscopy, (c¢) UV-illuminated PL.

Figure 42b is an optical microscopy image illuminated by a broadband light
source. The color results only from light scattering from the surfaces of the
nanostructures. The internal optical properties of the nanostructures were
characterized by an UV PL system (Picoquant semiconductor pulse diode laser,
40 megahertz repetition rate, 50 picosecond pulse width) with an excitation
wavelength of 405 nm. Figure 42¢ shows the real color UV-illuminated PL image
that corresponds to the broadband-illuminated image of Figure 42b. The UV-
illuminated image reveals two-color emission from the nanostructures. The
distinct red and green colors were emitted from separate segments along the
nanowire axis, with the red color originating from the base region closest to the
substrate. The red segments were therefore grown during Phase 1.

Figure 43 shows the PL spectrum of the colors emitted from the as-grown
CdSSe axial heterostructure nanowire sample as shown in Figure 42c. As
determined by Gaussian peak fitting, the peak wavelengths are 544 and 635 nm,
corresponding to green and red color emission, respectively. The peak widths (full
width at half maximum) are indicated by the capped lines. This notation will be
utilized in later plots that summarize as-grown PL spectra for different growth

conditions.
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Figure 43. PL spectrum of as-grown CdSSe axial heterostructures, corresponding
to the emission of Figure 42c. The green square and red diamond indicate the
peak wavelength values and the capped lines represent the peak widths (full width
at half maximum), as determined by Gaussian peak fitting.

Although the generated heterostructures were a mixture of both nanobelt
and nanowire products, the individual heterostructure characterization of this
work will focus on the long nanowires with uniform diameters. The standard
condition of growth generates enough of the structures of interest, which can be
located after a dispersion process. The proposed device application involves a
single wire, as opposed to the contact-printed photodetector of Chapter 4 which
involved thousands of nanostructures during the device processing. For future
device manufacturing, the relative yield of nanowires compared to nanobelts can
be improved by applying similar techniques as established for the contact printing

optimization. Overall at this point in the research, the current yield of desired

nanostructures is sufficient for characterization and device proposal.
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The heterostructure nanowires were isolated for further characterization by
a stamp printing dispersion process. The substrate surface was gently touched
against a glass receiver substrate in order to preferentially collect the long,
straight nanowires of interest. The nanowire lengths became obvious after they
were positioned flat on the receiver substrate, and they can reach a length of more
than 100 microns.

Figure 44 displays the change in composition along the length of an
individual CdSSe axial heterostructure nanowire. In the UV-illuminated PL
image, the Au catalyst tip is visible as a yellow bright spot at the end of the green
segment. Because the liquid droplet rides on the top of the growing wire during
VLS growth, this observation further supports the conclusion that the green region
was grown during Phase 2, and the red region was grown during Phase 1.

The composition, plotted as sulfur fraction (x), was extracted from the
position-dependent micro-PL scan data. The laser beam was focused down to a
spot size around 2 microns, and it was scanned along the wire in 5 micron
increments. Each collected PL spectrum along the length of the wire contained
one strong peak, corresponding to the local light emission from that small region
of the wire. The interface width between the two segments was estimated around
500 nm. This is a reasonable value because it is on the order of the wire diameter,
which is standard for typical liquid-mediated heterostructure growth subject to the
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reservoir effect. © Both the interface region alloying and the small cross-section

of the nanowire contribute to the alleviation of the lattice mismatch strain between
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the segments, permitting high quality crystal without defects and strong emission

from both segments.
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Figure 44. UV-illuminated PL image of a single CdSSe nanowire with axial
heterojunction (top). Sulfur fraction (x) plotted along length of wire (bottom). The
dark regions in the green section correspond to local regions with low emission
intensity.

The detected light emission is from the band edge, meaning that the peak
wavelength converted into energy corresponds to the band gap of the excited
material. The alloy band gap is directly related to the alloy composition by the
following equation:

E,(CdS,Se _y) = xE;(CdS) + (1 —x)Ez(CdSe),
where x 1s the sulfur fraction, and E, are the known band gap values of the binary
endpoints: 2.45 eV for CdS and 1.75 eV for CdSe. Here the quadratic bowing

parameter is neglected according to Kwon et al. due to the effective strain

relaxation provided by the nanowire structure.'®
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The composition plot clearly indicates a sharp transition between the red
Se-rich segment and green S-rich segment of the nanowire, jumping from a
composition of x = 0.36 to 0.59. Within each segment, there is a smaller variation
in composition of around 0.09. The composition of the red region ranges from x =
0.27 to 0.36, and the composition of the green region ranges from x = 0.59 to
0.68. The mid-point composition of each section generally corresponds to the
overall composition extracted from the as-grown PL measurement, which
averages over the entire lengths of many wires. This indicates that the
composition change along the length is roughly similar for all of the
nanostructures grown on a single substrate. The growth parameter differences
between Phase 1 and Phase 2 of the standard condition, which serve to change the
source vapor composition and substrate temperature, successfully alter the
growing wire composition dramatically without disrupting the growth
continuation of the whole wire. Within each growth phase, there were apparently
subtle fluctuations in the source vapor composition or substrate temperature that
produce a composition change in the growing nanowire. Physical vapor transport
methods in general are known to have local variations in gas flow dynamics and
growth temperatures.'*’ But overall, the smooth composition variation across each
segment (Ax = 0.09 over ~50 microns) is minor in comparison to the significant
composition change over a narrow region between the two segments (Ax = 0.23
over ~0.5 microns).

To review, a change in emission wavelength is observed along the length

of the nanowire. The emission wavelength is converted to the band gap of the

113



material, which is controlled by the alloy composition. Therefore, a change in
emission wavelength directly corresponds to a change in composition. Based on
the band gap interpolation as described, it is equivalent to plot either wavelength
or sulfur fraction. The plots based on PL data depicted in this chapter are plotted
in terms of emission wavelength. As previously introduced, the emission
wavelength peak is denoted with a solid data point, with the full width at half
maximum indicated by capped lines.
5.3. Identification of Variable Effects

The general goal of the two-phase CVD procedure is to grow the first
segment and then continue axial growth to the second segment without
detrimentally affecting the initially grown material. Overall, the changes to the
growth parameters between Phase 1 and Phase 2 serve to alter the source vapor
composition and the substrate temperature. Each parameter has an influence on
the final observed growth. In the following sections, each parameter is isolated,
tested, and discussed.
5.3.1. Comparison to Pure Sources

To compare the effect of source vapor composition, CdSSe segmented
growth was attempted with only CdSe source vapor during Phase 1 and only CdS
source vapor during Phase 2. This is in contrast to the standard condition in which
both CdS and CdSe source powders were intentionally heated at different ratios
during each phase. Growth experiments following the standard condition and pure
sources during each phase were halted mid-procedure to reveal the evolution of
the optical and morphological characteristics throughout growth.
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As expected, Phase 1 growth with only CdSe source in the furnace shows
PL emission that is red-shifted toward the longer wavelength of pure CdSe as
compared to the source configuration of the standard condition (Figure 45). The
emission does not exactly correspond to pure CdSe, indicating that trace amounts
of CdS incorporated into the growing CdSe. CdS was present in the CVD system
as tube wall deposition, residual from previous growth experiments. The PL
emission intensity is weak, possibly due to defects in the crystal structure because
the growth parameters are not optimized for the growth of that specific
composition. The morphology resulting from Phase 1 of pure CdSe source growth
is also undesirable. The majority of deposition is in the form of short and wide
nanobelts. During standard condition growth, intentionally introduced CdS
present during Phase 1, influences the morphology toward long and radially
symmetric nanowires. This is consistent with the observations made for
optimization of CdSSe; x growth for contact printing in Chapter 4, in which S-
rich alloys tend to be more wire-like than pure CdSe which tends to be belt-like.
For future devices made up of these segmented heterostructure nanowires, it is
more desirable to obtain long, constant diameter nanowires with alloy

compositions, rather than the irregular nanobelt morphology made of pure CdSe.

115



End Start End Standard
Phase 1 Phase 2 Condition

750 ‘ ‘ ‘
700 ¢ (#

€
c
< 650 + +
> t
c
[+}]
2
g 600
0
550 .
500 : : } } : |
70 90 110 130 150 170 190 210

Growth time (min)
Figure 45. Comparison of PL emission wavelengths from as-grown samples with
different source configurations: standard condition (solid points), and pure
sources during each phase (hollow points).

After completion of Phase 2 with pure CdS source, the only observed peak
is at 575 nm. The S-rich vapor environment during Phase 2 further degraded the
quality of the original Se-rich nanobelts until the emission was below detectable
limits. The new growth during Phase 2 corresponds to a composition of x = 0.58.
Although CdSe source powder was not intentionally introduced during Phase 2,
there was CdSe available in the form of deposition that occurred during Phase 1.
The sulfur fraction of the wires grown during Phase 2 with pure CdS source (x =
0.58) is further away from pure CdS (x = 1) than the sulfur fraction of the green
segment grown by the standard condition (x = 0.76). For standard condition
growth, an appropriate ratio of CdS to CdSe source vapor during Phase 2 seemed

to stabilize the quality of the originally grown Se-rich segment while still

supporting growth of new S-rich material. Under these conditions, the emission
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intensity of the red peak is not detrimentally affected by Phase 2 growth. The
peak wavelength of the red emission is influenced by Phase 2 growth with a slight
blue-shift from 655 to 635 nm. This wavelength shift with time will be
investigated in more detail in the following section. Overall, the growth procedure
using pure sources during each phase produces nanostructure morphology and PL
emission that are unacceptable for device applications, mainly a smaller sulfur
fraction, lack of Se-rich emission, and nanobelt morphology.

Although the use of pure sources during each growth phase has been
reported for other CdSSe heterostructure growth,**'** a mixture of both CdS and
CdSe vapor during the two growth phases was found to be more successful in
producing the desired combination of composition values and morphology. The
relatively subtle source vapor composition change between Phase 1 and Phase 2
of the standard condition, in combination with change in substrate temperature, is
enough to achieve distinct compositions in the heterostructure nanowire.

5.3.2. Growth Time

For the CdSSe system, it is known that Se-rich material tends to grow at
higher temperatures than S-rich material.'*®'**'3*3% For the standard condition
established here for axial heterostructure nanowires, Se-rich growth was selected
for Phase 1 so that the substrate temperature would be decreased as opposed to
increased during the subsequent Phase 2. Increased temperature during Phase 2
would cause re-sublimation of the deposited material, with the potential to
completely vaporize the initially grown nanowire segments. Additionally, higher
temperatures promote faster diffusion such that the heterojunctions would be less
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stable. The heterostructures would be more susceptible to undesirable diffusion
effects, including ion exchange with the vapor environment by diffusion across
surface areas or interdiffusion within the wire around the interface, both of which
will be discussed in more detail.

As mentioned in the previous section, the emission wavelength of the Se-
rich segment changes between the onset and completion of Phase 2 (110 to 190
minutes). Nanowires by definition have a high surface to volume ratio compared
to bulk materials. This fundamental characteristic is significant in this situation
because the large surface areas can be dramatically affected by the vapor

. . 140,14
environment surrounding them.**"**!'** Ag

intended, the vapor composition
changes cause a change in the composition of the growing nanowire. An
additional consequence is that the vapor environment also influences the
composition of the previously grown material through diffusion and ion
exchange.

To investigate the effect of growth time on previously grown material and
to characterize the ion exchange processes, eight growth experiments were
completed according to the standard condition. Each experiment was halted at a
different point along the growth timeline at 20 minute increments, including two
experiments with even longer growth times than specified by the standard
condition. It is assumed that interrupting the procedure effectively captures the
wavelength characteristics at that moment during growth. Each experiment was

cooled by the same procedure using the cooling fan at maximum speed. The

samples were characterized by PL for their peak wavelengths and peak widths.
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Figure 46 illustrates the variation in PL emission wavelength with time
throughout the growth procedure. From the end of Phase 1 at 90 minutes, until the
middle of Phase 2 at 170 minutes, the wavelengths are basically stable. This
represents a steady-state condition in the vapor composition, which generates a
relatively constant composition in the growing nanowire, as supported by the
single wire scan of Figure 44. The red wavelength peak remains strong around
655 nm, indicating that the transition from Se-rich Phase 1 growth into S-rich
Phase 2 growth does not destroy the initially grown CdSe segments. The new S-
rich growth proceeds at the preferred composition for the specific combination of
vapor composition and substrate temperature. During this regime, there exists a
range of acceptable compositions that are not deteriorated by the surrounding
vapor environment, including that of the Se-rich segment. The peaks do not show
a dramatic increase in width, which indicates minimal interdiffusion within the
wire. The interface between the two compositions is stable in this regime.

From 170 to 210 minutes into growth, there is noticeable blue-shift of the
peak emission from both segments, corresponding to a value of -0.8 nm per
minute. During this regime it is apparent that the surrounding vapor has become
more S-rich than the previous regime. The S-rich atmosphere provided an
increased number of S atoms available to diffuse into both segments of the
nanowire through their large surface areas. The S atoms preferentially replaced Se
atoms in the nanowire crystal material, changing the alloy composition as
detected by the change in band edge emission wavelength. This anion exchange

by diffusion of vapor through nanowire sidewalls is consistent with the observed

119



behavior for other CdSSe nanostructures.'*® Again, no broadening of the peaks is
observed. It can be expected that the diffusion with the vapor over the surface
areas will be a much more noticeable effect than diffusion across the interface
within the wire due to the relative size difference between the entire surface area
and the small cross-sectional diameter of the wire.
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Figure 46. PL of as-grown CdSSe heterostructure nanowires by the standard
condition, with growth interrupted at 20 minute increments.

The trend for very long growth times in the region from 210 to 230
minutes is a red-shift of both peaks and a broadening of the Se-rich emission
peak. By this time during growth, the CdS source powder was nearly consumed,
resulting in a Se-rich vapor environment. The CdS source material that did remain
after growth exhibited an orange color instead of yellow, indicating that Se had

incorporated into the previously pure CdS source powder. Analogously, the red-

shifted emission peaks can be attributed to the Se atoms incorporating into both
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segments of the nanowire by anion exchange. The peak broadening indicates
interdiffusion within the wire around the interface between the Se-rich and S-rich
segments. As the interface became more diffuse, a wider range of alloy
compositions was created in the buffer region, corresponding to a broad range of
emission wavelengths. A long growth time with the sample at elevated
temperatures was sufficient to complete the apparent incubation period before
interdiffusion within the wire became significant. During even longer growth
times, the nanowires may continue to progress toward equilibrium by
homogenization into single composition alloys, completely eliminating the
heterojunction interface.

The PL emission wavelengths of both peaks were found to vary with
growth time during the growth procedure. The vapor composition defines a
preferred composition for new growth and a range of acceptable compositions for
previously grown material that are stable in the vapor environment. For the
current masses of source powders specified by the standard condition, the blue-
shift trend ends at 210 minutes into growth. For other masses or ratios of source
powders, the trend potentially could be extended further to create increasingly S-
rich material. The current standard condition ends at 190 minutes into growth,
which generates compositions corresponding to desirable wavelengths, prior to
entering the peak broadening regime.

5.3.3. Effect of CdSe Flow

For Phase 2 of the standard condition, flow through the CdSe source

dispersion tube was turned off. The only transportation method for CdSe was
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diffusion, so the CdSe source flux arriving at the substrate was dramatically
reduced. For the test condition, the CdSe flow was left on at 55 sccm during
Phase 2. This implies that the CdS flow was also 55 sccm instead of 110 sccm due
to the joint connection to the gas cylinder as previously described.

As shown in Figure 47, the resulting growth of the test condition exhibits

only red and orange emission, centered between 600 and 650 nm.
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Figure 47. Effect of CdSe source dispersion tube flow during Phase 2.
The large amounts of CdSe source vapor arriving at the substrate during Phase 2
generated Se-rich growth, in spite of the reduced substrate temperature. The
decrease in substrate temperature was not sufficient to promote growth of S-rich
segments in the highly Se-rich vapor environment. In this situation, the source
vapor effect dominated over the substrate temperature effect. For this test
condition, the final lengths of the nanowires are much shorter than the standard

condition. This indicates that the increased CdS source flow during Phase 2 is
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critical to achieving longer nanowire lengths. It is also possible that the Au liquid
catalyst droplets are not as efficient at accommodating CdSe vapor when the
substrate temperature does not correspond to the ideal preferred vapor
concentration ratio of CdS to CdSe.

5.3.4. Effect of CdSe Source Temperature

Moving the CdSe source upstream to effectively lower its temperature was
achieved by withdrawing the source dispersion tube though its port in the dual
port configuration. The ultra-torr vacuum fitting o-ring provided a sliding seal that
permitted translational motion while still maintaining vacuum pressure within the
CVD system. The dual port configuration linked both source dispersion tubes to
the area outside of the furnace, which permitted external manipulation of the
source flow and temperature during the growth procedure. This represents a
significant improvement over previous experimental designs that utlized
unsecured source dispersion tubes contained completely inside the furnace.
Dynamic adjustment of the source temperature and flow is a powerful variable
available for optimization of this or any growth procedure performed in this
system.

The test condition involved maintaining the same CdSe source position
during Phase 2 as in Phase 1. The CdSe source remained at its high temperature.
The growth resulted in morphology similar to that of the standard condition, with
axial growth continuation from Se-rich to S-rich segments. For PL emission as

plotted in Figure 48, both main peaks are red-shifted around 20 nm as compared
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to the standard condition. Also, a weaker broad peak appears below strong red

peak.
700
650 ¥
£
2 600
K
4]
>
[
= ]
550
| |
500 |
852 866
Standard Test
Condition Condition
T (°C)

Figure 48. Effect of CdSe source powder temperature during Phase 2.

The effect of lowering the CdSe source temperature is to decrease the
amount of CdSe vapor available for deposition on the substrate by decreasing
amount of CdSe sublimation. Moving CdSe even further upstream disrupted axial
growth continuation between the two segments. Small changes of CdSe source
temperature during Phase 2 can be used to tune the desired final wavelengths of
the two segments. For this work, the wavelength goal for green emission is for it
to be less than 550 nm, so the CdSe source movement in Phase 2 is necessary to
meet that condition.

5.3.5. Effect of CdSe Substrate Temperature
As stated, procedures reported in literature for CdSSe heterostructures did

not optimize the substrate temperature independently; it was directly linked to the
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source temperature. As part of the system constructed for the growth in this
chapter, use of the cooling fan is an effective and precise method to independently
adjust the temperature of the substrate during growth. The temperature can be
lowered over 250°C due to the increased convective heat loss by the air flow
moving across the exposed quartz tube at the downstream furnace opening. The
speed of the cooling fan controls the substrate temperature. This method is much
more reproducible for precise temperature changes than mechanical methods,
including magnetic loading of the substrate or translation of the entire furnace
tube. The mechanical methods serve to relocate the substrate relative to the
furnace heating elements within the highly position-sensitive temperature
gradient. Small errors in position correspond to large variations in substrate
temperature. With the strong dependence of CdSSe alloy composition on
substrate temperature, it is essential to use the highly reproducible cooling fan
method. This section also addresses the importance of cooling after growth is
completed.

The substrate temperature with various cooling fan speeds during Phase 2
was measured using an external thermocouple, and the results are shown in Figure
49. The standard condition (red solid line) utilized the cooling fan at its maximum
speed, resulting in a decrease of substrate temperature by 265°C between Phase 1
and Phase 2. Typical growth procedures involved the cooling fan on at 100%
during cool down after the furnace was shut off, resulting in an estimated cooling
rate of about 40 degrees per minute as measured immediately after completion of

the growth procedure. The plot includes one curve that had no cooling fan during
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post-growth (green dashed-dot). The cooling rate without the fan is only around

15 degrees per minute, significantly slower than the cooling rate with the fan.
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Figure 49. Substrate temperature with time for various cooling fan speeds during
Phase 2.

PL was again used to characterize the emission of the resulting nanowires
(Figure 50). The right inset corresponds to the observed wavelengths for no
cooling fan during growth and no cooling fan during cool down. The emission
peaks have significantly broadened and blurred together. As measured between
peak centers, A\ is only 16 nm. The peaks are nearly indistinguishable as distinct
colors. As visualized in Figure 49, the furnace takes over 3 hours to cool to room
temperature without the cooling fan, as compared to around 1 hour with the
cooling fan. Ultimately, the substrate remains at elevated temperatures for a much
longer period of time. This additional thermal energy results in higher atomic

motilities, thus faster diffusion processes. Interdiffusion within the wire smoothed
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out the interface composition gradient to produce alloys with compositions closer

to the overall median composition value.
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Figure 50. Effect of substrate temperature during Phase 2. In main plot, all

experiments had 100% cooling fan during cool down. In right inset, there was no
cooling fan during cool down.

Even though the growth parameters were identical to the comparable Phase 2
substrate temperature experiment in the main plot, the wavelength results are very
dissimilar because of the difference in post-growth cooling procedure. The
cooling procedure is critical to maintaining the interface between segments in the
heterostructure nanowire. Because the distances between distinct compositions
can be on the order of possible diffusion lengths, nanowires with multiple
compositions within a single wire are much more sensitive to cooling than

samples with multiple compositions on a single substrate but in well-separated

wires.
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During Phase 2, the composition of the S-rich growth is highly dependent
on the substrate temperature and can produce a wide range of wavelengths. The
green wavelength shows a variation of approximately 0.2 nm per degree cooling,
as measured relative to the maximum substrate temperature during Phase 2 at
693°C. The initially grown Se-rich segment emission is relatively stable to
changes in Phase 2 substrate temperature and vapor environment.

In addition to directly changing the substrate temperature, the cooling fan
also decreases the amount of available CdSe source vapor above substrate
because the temperature at which excess CdSe vapor condenses is moved further
upstream from substrate position.

The cooling fan is critical for tuning the wavelength of S-rich growth
during Phase 2. Cooling fan speed at 100%, with a substrate temperature of
428°C, produced the most S-rich growth corresponding to a desirable green
wavelength below 550 nm. With increasing cooling fan speed, AA reaches a
maximum of 91 nm, which represents increasingly distinct colors valuable for
broader wavelength coverage in optoelectronic applications. A further decrease in
substrate temperature, in order to access possibly increased ranges of S-rich
compositions, could be possible by adding multiple or higher power fans.
However, the growth achieved here is sufficient for the specific optoelectronic
application of interest.

5.4. Device Application: Color-Tunable LED

Using nanowires to establish p-n junctions has led to advances in a wide

144,145 146,147

range of optoelectronic applications including lasers, solar cells, and
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LEDs."**!5 The CdSSe axial heterostructure nanowires created in this work
demonstrate strong light emission in the visible spectrum, which is highly relevant
to LED and display applications. The device design proposed here for an
electrical injection LED with tunable color is a feasible method to take advantage
of the capabilities enabled by these unique heterostructure nanowires.

In order to provide context for the color tuning potential of the proposed

device, the CIE 1931 color space chromaticity diagram is shown in Figure 51.'>*
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Figure 51. CIE 1931 color space chromaticity diagram. Solid squares correspond
to CdSSe axial heterostructure nanowire emission.

This diagram specifies how the human eye experiences light with a given
spectrum, which is essential to consider for LED and display applications. The
outer curved boundary represents monochromatic light with wavelengths shown

in nanometers. All of the colors along any straight line on the diagram can be

created by mixing the two colors at the line endpoints. Specifically, the emission
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wavelength peak centers resulting from the standard condition of growth, 544 and
635 nm, are shown as solid squares connected by a dashed line. This combination
of wavelengths, with a large AA of 91 nm, is appropriate for creating a large
portion of the visible spectrum, including green, yellow, orange, and red.

Reports of color control in literature typically refer to separate
nanostructures that have distinct alloy compositions or sizes.'>*'*""'** Both of
these parameters are permanently fixed after growth and processing is completed.
Huang et al. integrated completely different nanowire materials into an LED array
which was capable of generating three spectrally distinct light emission peaks.'*
Yang et al. reported individual composition gradient nanowires, each with a
different composition corresponding to a fixed, single point near the center of the
CIE diagram.'® The goal of the device proposed here is to enable dynamic color
tuning from a single structure during operation.

A device capable of color control must be able to vary the relative
intensity of each wavelength that contributes to the perceived output color. The
schematic diagram of the proposed CdSSe axial heterostructure nanowire device
is shown in Figure 52. There are two separate metallic n-contacts which connect
to each segment of the nanowire individually. The nanowire is dispersed flat on a
p-doped Si substrate such that its entire length is in contact with the substrate.
Regions of electrical insulator material surrounding the nanowire prevent direct
contact between the n-contacts and the substrate, which would short out the
device. A metallic p-contact pad is deposited on the substrate separate from the
nanowire.
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Figure 52: Schematic diagram of the color-tunable LED device based on a CdSSe
axial heterostructure nanowire.

In the proposed device, a voltage is applied across the p-contact and n-
contacts to inject electrons into the nanowire at the n-contacts and to inject holes
into the nanowire from the p-type substrate. The locally generated carriers within
the nanowire recombine radiatively to create photons. Because nanowires with
smooth sidewalls define an optical cavity, they can act as waveguides.'>® The
generated light emission is strongly guided and propagates to the end facets,
mimicking a conventional optical fiber. For the specific CdSSe axial
heterostructure geometry of this device, the green light that propagates into the
red region will be absorbed because the material has a smaller band gap than the
energy contained in the light. The larger band gap material of the green segment
is transparent to the red light, such that both wavelengths can propagate through
the green segment and out the end facet of the axial nanowire as pictured in
Figure 52. The waveguiding effect is confirmed by the PL image of the single
wire in Figure 44, in which the combination of red and green emission is visible at

the end facet of the green segment as yellow color.
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The voltages applied to each n-contact can be independently adjusted by
the user during device operation to change the color of the output light. A higher
voltage provides more carries within the nanowire, which implies a higher
radiative recombination rate, resulting in a higher emission intensity of that band
edge emission peak. The wavelength value emitted from each segment is
constant, but the relative ratio of the two peak intensities can be tuned and
controlled dynamically. Also, the overall magnitude of voltage can be used to
tailor the brightness. For LED applications, an entire array of nanowires could be
connected such that many wires emit in the same way. For a display application,
the n-contacts of each wire could be independently controlled such that each
nanowire emission represents one pixel in a high-resolution display. For these
applications, it is beneficial that the nanowires have minimal composition grading
across each segment. The n-contacts on top of the nanowires excite a local region
of the wire. If there were many alloy compositions in that region, the emission
peaks would be broad and not capable of displaying spectrally pure colors.

5.5. Summary

In summary, a standard growth procedure was established to create CdSSe
axial heterostructure nanowires. The procedure makes use of multiple growth
parameter variables to alter the source vapor composition and the substrate
temperature between Phase 1 and Phase 2. The parameters were isolated to
consider their individual contribution to the resulting growth morphology and
wavelength as desired for device applications. A mixture of CdS and CdSe source

vapors during both growth phases is required to achieve Se-rich nanowire
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morphology that continued by axial growth to S-rich material. Depending on the
growth regime, the growth time can be used to tune the wavelengths of both
segments by anion exchange with the vapor environment. The reduction of CdSe
flow dramatically affects the wavelength of growth during Phase 2 and is
necessary to continue growth of S-rich material. The CdSe source temperature
exhibited a minor influence on the resulting wavelengths of both segments. The
substrate temperature during Phase 2 is the most critical variable for tuning the
CdSSe alloy composition. The impressive ability to incorporate segments of
distinct composition material within a single nanowire can be expanded in the
future to include a blue light emission material for a wider range of color
coverage, represented by a triangular area on the CIE diagram instead of a single

line.
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Chapter 6
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
RESEARCH

Methods to control the composition of chalcogenide alloy nanowires have
been established for spatial variation across a substrate and within individual
wires. The material and optical properties of the nanowires have been carefully
studied and considered for potential optoelectronic devices. Overall, this
dissertation has demonstrated the value of chalocogenide alloy nanowires as
interesting structures for materials characterization, while also offering new
device functionalities in the field of optoelectronics.

6.1. Conclusions

The identified growth modes for PbS were especially complex due to the
spontaneously generated catalyst from the vapor phase. The preference for each
growth mode was organized in terms of gas-phase supersaturation. Ultimately, the
growth led to PbS wires with efficient radiative recombination in the mid-IR
range. Single wire lasing was demonstrated with wavelengths over 4000 nm,
longer than any reported wavelength for sub-wavelength wires.

Cd«Pb; «S metastable alloys were achieved in nanowire form for the first
time. Although many growth variables were investigated, the cooling of the
substrate after growth was identified as the most critical parameter for alloy
composition and structure. Rapid cooling by quenching retained metastable alloy
material with compositions up to x = 0.14. Gradual cooling permitted phase

segregation into distinct Cd-rich and Pb-rich regions. Depending on wire
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diameter, the phase segregation preferred to occur along different directions. In
thinner nanowires and nanobelts, segregation occurred along the axis to form
axial heterostructures. In nanowires with larger diameter, the segregation
appeared in the radial direction to form core-shell structures. The composition
variation in CdyPb,«S alloy nanowires was used to demonstrate band gap
tailoring in the mid-IR range.

The CdS-CdSe alloy system was fully exploited for spatial composition
variation. CdSsSe; x over the entire composition range was grown on a single
substrate. The composition changed along the length of the substrate, with a
uniform alloy within each nanowire. Through the optimization of growth
parameters, the supersaturation was made uniform across the substrate to promote
uniform morphology. Subsequent device processing by contact printing preserved
the original composition variation. Ordered arrays of high-quality nanowires with
band gap variation along the substrate were critical to the demonstration of a
variable-wavelength photodetector device.

Moreover, axial heterostructure nanowires were achieved with each
structure containing distinct segments of CdSSe alloy material. In the growth
process, a relatively subtle change in source vapor composition, in combination
with a controllable change in substrate temperature, was established as a
successful procedure to generate segments with compositions corresponding to
the desired band gaps. As a result of the deliberate growth process, both red and

green light emission was observed from single nanowires.
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6.2. Future Work

Although the PbS wires grown here were capable of mid-IR lasing at low
temperatures by optical pumping, a more useful device would be capable of lasing
at room temperature by electrical injection. Further research is required to
determine the optimum device design and fabricate an electrically driven mid-IR
laser based on the PbS wires achieved in this work.

Band gap tailoring of CdyPb; S demonstrated for alloys on the Pb-rich
side is suitable for use in tunable mid-IR detection. In regard to the proposed
broad spectrum solar cell design, it is recommended that future research pursues
alternative alloy material systems. Initial results indicate that the band gaps of
Cd«Pb, S alloy nanowires do not follow a linear interpolation between the two
endpoint band gaps. Therefore, even if alloy nanowires with increased x values
are achieved, they may not exhibit the required band gaps to achieve the high-
efficiency solar cell as simulated.

Sequential probing of three cells within a variable-wavelength
photodetector device was completed in this work. In future devices, the number of
cells should be increased for better wavelength resolution and larger wavelength
range. Furthermore, for complete device functionality, all of the cells should be
integrated and calibrated, such that a single broadband light exposure could be
characterized over a wide wavelength range in parallel. Multi-spectral detection
with no moving parts would permit reliable and stable optoelectronic

performance.
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Although the desired CdSSe axial heterostructure nanowires were
achieved, the yield of desired nanowires relative to the yield of nanobelts was
relatively low. Therefore, it is recommended that the growth parameters are
further optimized for improved morphology yield, as already completed for other
CdSSe growth procedures. As mentioned, the addition of a third segment with
blue emission would significantly enhance the color tuning capability, opening
the potential for white light emission. Zinc sulfide and zinc selenide are
appropriate materials for consideration. Distinct composition segments within a
single nanowire offer a general strategy to achieve tunable multi-color or white

light emission.
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