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ABSTRACT
There is currently great interest in advancing both the fundamental technology and
underlying science of electronics and photonics. As chemists we can contribute to this area
through the synthesis and fabrication of new materials and materials structures with novel or
interesting optical and/or electronic properties. Synthesis of materials within templates, in
particular, is one powerful tool for realizing this goal. In this work microstructured optical fibers
have been employed as templates for the synthesis and organization of materials. High-pressure
gas mixtures containing chemical precursors have been configured to flow through the capillaries
of MOFs and thermally decomposed depositing materials onto the walls of the capillaries.
The deposition of silicon and germanium within the capillaries of various MOF templates
has been investigated. The deposition conditions, including temperature, pressure, and
concentration, have been refined such that it is possible to deposit solid microwires of silicon and
germanium several centimeters in length within the MOFs. Deposition of germanium within a
100 nm capillary over several centimeters has been demonstrated and confirmed by Raman
spectra and FESEM cross sections. The thermal annealing conditions to produce high quality
crystalline materials without degradation of the MOF integrity have also been investigated. Infiber solid polycrystalline silicon microwire waveguides exhibiting low optical attenuation,
5.8dB/cm at 1.55 µm, and high electron mobilities are demonstrated. This value is the lowest
reported for any type of polycrystalline silicon waveguide.
Junctions, which are the foundation of semiconductor devices, have been produced
within the capillaries of MOFs via sequential deposition of materials. Semiconductorsemiconductor and metal-semiconductor hetero-junctions are demonstrated. Demonstration of
such junctions opens the door to the fabrication of many potential in-fiber devices. A traveling
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furnace platform was constructed for the deposition of uniform layers. Deposition with the
traveling furnace is investigated and the formation of a highly uniform layer in a 1 m long 100
µm capillary is presented. The deposition of a silicon-germanium junction with uniform
thickness over 1 m in length is demonstrated.
The deposition chemistry of silicon carbide and silicon nitride has also been investigated.
The ability to tune material composition and optical properties by adjusting the deposition
temperature and the concentration of hydrogen gas in the precursor gas mixture is presented.
Silicon carbide layers with uniform composition were deposited within a 100 µm capillary using
a traveling furnace.
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Chapter 1
Introduction

1.1 Motivation

Optical materials play a critical role in the information age. The production of extremely
pure silica optical fibers that are kilometers in length, for example, has paved the way for optical
communications and the internet.1 The development of microstructured optical fibers (MOFs)
has further enhanced our ability to manipulate light, including properties such as dispersion,
nonlinearity, single mode guidance, and supercontinuum light generation.1-8 Similarly,
developments in semiconductor processing have enabled the production of high speed
modulators, new schemes for light generation, advanced sensors and detectors.10-17 As chemists
we can contribute to these developments through the synthesis and fabrication of new materials
and materials structures with novel or interesting optical properties. Synthesis of materials within
templates, in particular, is a powerful tool for realizing this goal. MOFs can be considered a new
class of micro/nano templates that have advantages such as exceptional transparency, high
strength, extreme aspect ratio geometries, and the capability for designing the template pattern at
dimensions down to 10 nm. As described below, my work focuses on integrating materials
within these templates. Integrating materials in this way into MOF templates may pave the way
for new classes of optoelectronic devices that mesh naturally with technology's natural conduit
for light, the optical fiber. New chemical sensing strategies are also enabled by these materials,
although this topic will not be the subject of this thesis. More generally, deposition within MOF
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templates provides an excellent means to organize both materials and molecules in all three
dimensions with nanoscale precision.
As described below, the primary issue faced in the deposition of materials within the
micro to nanoscale capillaries of MOFs is that the extreme aspect ratio geometries make
conventional low pressure CVD prohibitively slow. To introduce materials and structures within
the capillaries sufficient mass transport of chemical precursors must be achieved. We employed a
high-pressure chemical fluid deposition technique, enabling the conformal deposition of
semiconductors, metals, and other inorganic materials within the micro to nanoscale capillaries
of MOFs.18 High-pressure supercritical fluids are used to achieve sufficient mass transport of
chemical precursors through the capillaries for deposition. As the chemicals precursors flow
through the capillaries the fibers can be heated to thermally decompose the precursor molecules
and deposit materials along the capillary walls.
Figure 1.1 below shows germanium deposited within a “honeycomb” large air fraction
optical fiber (the templates are further described below). The silica has etched from the end of
the fiber revealing a bundle of 2 µm diameter Ge wires. Light at 488nm from an argon ion laser
has been free launched into the silica cladding to give better visual distinction of where the
cladding ends and the Ge wire bundle begins. To give scale to the picture the MOF has been
threaded through the eye of a sewing needle. In this case the amorphous germanium wires are
surprisingly robust. After etching the silica from the end of the MOF the Ge wire bundle was still
held together by the interstitial silica honeycomb network. However dropping the fiber resulted
in breaking up the silica and fanning out the germanium wires. It was even possible to physically
bend the amorphous wires with the sewing needle without fracture.
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Figure 1.1 Photograph of germanium microwires etched free from the silica of a honeycombstructured optical fiber.

1.2 Microstructured Optical Fiber Templates

Microstructured optical fibers (MOFs) possess air holes that extend down their length.
Designable patterns and arrays of capillaries are formed by drawing macro-scale performs on
fiber towers.2 Macroscale capillaries and glass rods are bundled into a tightly packed preform.
The selective positioning of the solid rods and capillaries allows great design flexibility in the
fabrication of nearly any imaginable periodic or aperiodic array that can be drawn down to the
micro scale. This is a key feature of the MOFs for our purposes. The diameter of the capillaries
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can be as small as 50 nm or up to tens of microns. The capillary walls within the MOFs are
extremely smooth with a surface roughness of less then 1 angstrom RMS.7 The control over the
design of the MOFs and the diameter of the capillaries coupled with the extremely smooth inner
surfaces and high purity materials makes them very appealing as templates for the deposition of
solid-state materials.
The wide variety of possible MOF templates can be seen in the SEM images of several
MOF cross-sections, Figure 1.2. The first image on the left is an example of a solid core index
guiding fiber. The capillaries have been fabricated surrounding a central silica core in such a
manner as to reduce the index of refraction of the material surrounding the core. The gradient in
the refractive index produced by the air filled capillaries aids in confining light to the higher
index silica core. The light propagates through the fiber via total internal reflection. This
particular fiber image demonstrates the ability to control both the size and precise positioning of
the capillaries within the MOFs. The middle image below is a close up view of a high-density
array of capillaries within a large air fraction holey fiber. The third image below is of a single
100nm nanometer diameter capillary. Together these images demonstrate the full spectrum of
design flexibility of MOFs.
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Figure 1.2 SEM cross-sections of microstructured optical fiber templates. Scale bars from left to
right 3 µm, 1 µm, and 100 nm respectively.

The MOFs are typically drawn from fused silica performs, but have also been drawn
from polymers, non-silica glass, chalcogenide glass, and telluride glass.6,19-21 Each new material
adds a potential element of greater control over the guided light including the ability to guide at
wavelengths not accessible to silica MOFs. 2

1.2 High-Pressure Chemical Deposition
1.2.1 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a process for which molecules in the vapor state are
chemically reacted to form solid state materials. CVD has been extensively studied because of its
wide spread importance in producing high purity electronic and optical materials.23 High purity
fused silica used in the manufacture of low loss optical fibers has been produced via CVD since
the early 1970's.2 Growing interests in nanoscale materials, photovoltaics, and optical coatings
are also driving research in CVD.24-26
Multiple forms of chemical vapor deposition have been developed to meet the demands
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of various applications. Some of the more common methods include plasma enhanced CVD, hot
wire CVD, laser assisted CVD, and thermal CVD.27-29 The choice of which method to employ is
an important one. Methods such as plasma enhanced CVD and hot-wire CVD enable deposition
while allowing the substrate to remain at temperatures much lower than would be necessary for
thermal CVD. However, in some cases it is not possible to employ these methods. The physical
geometry may be a limitation, such as in the case of deposition within templates possessing large
aspect ratios.

1.3.2 High-Pressure Chemical Fluid Deposition

Low pressures employed for typical CVD applications are not suitable for deposition
within extreme aspect ratio capillaries over significant lengths. High-pressures are necessary to
achieve sufficient mass transport of precursor molecules into the capillaries. We use inert gasses
such as helium, argon, and carbon dioxide at high-pressures to transport precursor molecules
through the MOFs.
In a typical deposition, a high-pressure reservoir is charged with a precursor or
precursors, then pressurized with an inert gas to between 5 and 40 MPa. At these pressures the
gasses employed are typically above their critical temperature and pressures making them
supercritical fluids. The fibers are attached to a valve on the high-pressure reservoir using a highpressure compression style fitting. When the valve is opened the high-pressure fluid mixture is
forced through the micro and nanoscale capillaries. The fiber itself is placed in a furnace and
heated as the fluid flows through the capillary. The precursor molecules thermally decompose

7
depositing the desired materials onto the capillary walls creating microtubes and wires within the
MOFs. The schematic below in Figure 1.3 illustrates this process.

Figure 1.3 High-pressure fluid deposition schematic.

The area of high-pressure chemical deposition is a relatively less explored field as most
chemical deposition techniques are carried out at atmospheric or reduced pressures.32 The MOF
templates are ideal for studying the chemistry of high-pressure chemical deposition. The fibers
themselves are very strong, with a tensile strength greater than that of steel, and capable of
handling extreme pressures. Because they are composed of high purity transparent fused silica
the possibility for in-situ optical characterization and observation exists.
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Greater detail of the deposition can be seen in an FESEM image of a fiber cross section,
Figure 1.4. The image below was collected on a partially silicon filled honeycomb structured
optical fiber. The deposition was carried out from a gas mixture consisting of 1.7 MPa of silane
and 32.3 MPa helium resulting in a total pressure of 34 MPa. The silicon deposition was halted
before the capillaries were completely filled resulting in an approximately 200 nm thick layer of
silicon deposited onto the capillary walls. This image displays the highly uniform deposition and
extremely smooth inner walls of the silicon tubes formed in the high-pressure fluid deposition
process. The low surface roughness is a critical feature for optical waveguide materials,
necessary for low attenuation in propagation. Further detail of the deposition of silicon and
germanium will be given in chapter 3.
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Figure 1.4 FESEM image of smooth silicon deposition within a honeycomb-structured optical
fiber. Scale bar 250 nm.

A great advantage is presented by the ability to rely on the decades long CVD knowledge
base for the introduction of materials and structures. The chemistries of many materials and
compositions have been thoroughly investigated in the low-pressure regime. This knowledge can
be used as a starting point and aide in adaptation to high-pressure in-fiber deposition.
With this technique we have already demonstrated simple in-fiber devices such as FETs
and all optical modulators via the introduction of crystalline and amorphous silicon and
germanium.33,34 Further development of the technique has enabled the production of low loss infiber poly crystalline silicon waveguides with attenuation of only 5.8 dB/cm at 1.55 µm that will
be discussed in chapter 6.

This value represents the lowest loss reported to date for any
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polycrystalline silicon structure. The technique has also been adapted to allow single crystalline
silicon microwires hundreds of microns in length to be grown via a vapor fluid solid technique.30
Our goal is to continue to expand our knowledge and capabilities for in-fiber deposition to
enable the synthesis of new in-fiber functionalities and devices.

1.4 In-Fiber Devices

There are tremendous technological advantages to the introduction of functionality within
optical fibers. An excellent example of this observation is the erbium doped fiber amplifier
(EDFA). The EDFA was developed in the late 1980's to compete with the semiconductor laser
amplifier and Raman amplifier as an optical repeater.35-37 The EDFA as its name suggests is an
amplifier, however in contrast to the more costly less efficient electronic rectifiers the EDFA is
capable of amplifying an optical signal while in transit. A simplified diagram of an EDFA is
displayed below Figure 1.4. The erbium ions within the fiber are optically pumped into an
excited state by coupling laser light into the capillary. The incoming weakened optical signal,
represented by the wavy line on the left, is amplified as it is transmitted through the erbiumdoped fiber via a stimulated emission from the excited erbium ions. The pump source is filtered
out at the opposite end of the doped fiber and the amplified optical signal continues on. Because
the EDFA is an in-line process it is capable of much faster amplification than an opticalelectronic-optical rectifier. The EDFA was in large part responsible for the boom in optical
networks in the 1990's that continues to this day.38
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Figure 1.5 Schematic diagram of light amplification with an EDFA.

The EDFA is an example of the tremendous technological advantage of incorporating
functionality within the optical fiber itself. The ability to further incorporate functionality via the
addition of solid-state materials within the fibers by using them as templates for the deposition
an organization of materials is a very exciting avenue to pursue, which could lead to the
development

of

many

new

scientifically

and

technologically

important

in-fiber

functionality.18,30,33,34,39-44

1.7 Thesis Structure

The primary goal of my work has been the further development of the high-pressure
chemistry technique for the improvement of materials properties and the introduction of new
materials, and new architectures within the micro and nanoscale capillaries of the MOFs. The
end goals include enabling the fabrication of in-fiber devices by developing a tool set for the
controlled introduction of materials within the MOF capillaries as well as more generally new
approaches to nanofabrication in two and three dimensions. To this end the deposition and
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annealing conditions of silicon and germanium have been extensively studied, the means to
incorporate smooth uniform layers and junctions via sequential deposition has been developed,
and the in-fiber CVD chemistries of various solid-state materials including direct gap materials
have been investigated. The introduction of device quality solid-state materials such as
crystalline semiconductors into the pores of the MOFs will potentially open the door to a host of
new in-fiber devices that could dramatically influence the present technology by introducing new
in-fiber functionality and allowing greater control over the transmission of light.
In chapter 1 I present the background and motivation for the deposition of materials
within MOFs. I have included some examples of the benefits already realized for in-fiber
devices, as well as a brief introduction of other techniques employed in introducing materials
within the MOFs.
Chapter 2 covers the general experimental methods and a description of the analytical
techniques employed in the characterization of the deposited materials.
Chapter 3 presents the deposition of group IV materials Si and Ge within the MOFs. The
chapter begins with the motivation for silicon as a photonic material and an introduction into the
thermal CVD of silicon from silane. The formation of long solid microwires as well as
deposition within nanoscale capillaries will be discussed.
A traveling furnace was constructed for the deposition of uniform layers within the
capillaries. The formation of hetero-junctions by sequential deposition and the controlled
deposition of uniform layers of silicon and germanium within the capillaries using a traveling
furnace will be discussed in chapter 4.
Chapter 5 presents experimental details and results of a study on thermal annealing of
silicon and germanium within the MOFs for improved crystalline properties. New furnaces
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capable of quickly reaching high annealing temperatures were constructed. The results of
annealing the capillaries within stationary furnaces at high and low temperatures for various
durations will be presented.
Chapter 6 presents results for low optical loss high electron mobility in-fiber
polycrystalline silicon waveguides. Experimental details including the deposition and annealing
conditions and characterization techniques and results are presented.
Chapter 7 presents the incorporation of silicon carbide and silicon nitride within MOFs.
The deposition chemistry and possibility of composition tunable waveguide materials is
discussed. Use of the traveling furnace for the deposition of layers with uniform composition is
also investigated.
Appendix A includes a repository of experimental conditions that have been investigated
for the deposition of various materials including ZnO, ZnS, ZnSe, GaN, GaAs, Pt, GeS, and
SiGe.
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Chapter 2

Characterization Techniques and High-Pressure Apparatus

2.1 Characterization of Materials within MOFs
2.1.1 Optical Microscopy
The first characterization performed on materials deposited within the MOFs is optical
microscopy. In many cases, the MOFs are quickly scanned to ensure no major variations in the
deposited material along the capillary length are present. However when investigating the
deposition of new materials or using new techniques, more detailed higher resolution images are
required. Because the curved silica outside diameter of the MOFs functions as a cylindrical lens,
it is difficult to achieve resolution of small features when focusing on a fiber in air. For this
reason, whenever possible, the fibers are immersed in silica index matching oil. For the best
results the samples are prepared by sandwiching the MOF immersed in fused silica index
matching oil between a microscope slide and a No. 0 cover slip. Immersion oil with an index of
1.510 matching the objective and condenser optics was placed between the cover slip and the
microscope objective as well as between the condenser and the microscope slide. Both the fused
silica matching oil and the objective index matching oil were purchased form Cargille Labs.
Figure 2.1 is a simple diagram illustrating the sample setup.
By sandwiching the MOF between the cover slip and slide in fused silica matching oil,
the difference in optical path length due to the curvature of the silica cladding can be eliminated.
Even though the light will still pass through media with different refractive indices, each
differing index transition occurs at a flat surface so that the distance traveled in each is the same.
In this way, it is possible to obtain very clear optical images of deposition within micron

19
diameter capillaries.

Figure 2.1 Schematic of the setup for viewing capillaries under transmitted light with immersion
oil.

The brightfield transmission image of a 4.25µm diameter silicon carbide tube within a
MOF collected with a 100x 1.25NA immersion oil objective, for example, is displayed in Figure
2.2. With the index matching oil, the silica of the MOF is nearly impossible to see. The images
were collected at the end of a MOF that was partially filled with high carbon content SiC
resulting in the deposition of a transparent tube. It is possible in this case to see some variation in
the film, likely the result slight roughness in the deposition.
Optical microscopy allows some determination of material composition as well based on
appearance. The material displayed in Figure 2.2 is transparent indicating that is a silicon carbide
of unknown composition. The only other possible solid materials that could form from the
precursor employed are silicon and sp2 carbon. Neither of these materials is transparent in the
visible.
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Figure 2.2 Brightfield transmission image of a 4.25 µm SiC tube within a MOF using immersed
in silica index matching oil. Scale bar 6 µm.

Materials are typically viewed in both reflection and transmission because the reflectivity
of a material both modes can give useful information. As an example, Figure 2.4\3 displays two
side-by-side images collected at the same position on a high-temperature annealed silicon
sample. The transmission image on the left allows the deformed and expanded 5.6 µm capillary
and the roughening of the once pristine silicon deposition to be viewed. The reflection image
further reveals a highly reflective region in the silicon. This observation of a reflective region,
coupled with Raman spectroscopy, reveals that a small single crystal of silicon has formed in the
annealing process.
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Figure 2.3 Comparison of transmission and reflection images of a high temperature annealed
silicon wire. Scale bar 10

Reflection differential interference contrast microscopy (DIC) has been employed to
study the roughness at the interface between the silica MOF and the deposited material.
Resolution of surface roughness down to ~1nm has been observed with DIC.1 The DIC
microscope employed in studying the surface roughness of the silicon wires is set up for
reflected light DIC, because many of the deposited materials are opaque to visible light. An
Olympus BH-2 microscope equipped with an Olympus MS-Plan 100x immersion oil objective
and an Olympus T-2 100 Nomarski prism is used to collect 100 times magnification DIC images.
Using the same microscope with an Olympus neoS-plan 20X objective and an Olympus T4-2 20
Nomarski prism 20 times magnification DIC images are collected. After the MOF sample is
prepared, it is oriented at ~45° so that the wire runs with the shear axis of the prism.
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2.1.2 SEM Characterization

Fiber cross sections are prepared for SEM characterization by mounting short fiber
segments vertically on a standard 12.7 mm diameter aluminum SEM pin mount. The top surface
of the pin is predrilled with an array of ~0.35 mm holes ~1 mm deep in which the fiber segments
are mounted. Silver paint is applied to the base of the fiber segment to hold the fiber segments
vertically in place. The silver paint is dried in an oven set to 110°C. The mounted fibers are
cleaved with a diamond scribe purchased from Thor Labs. The side of the MOF is marked with
the scribe, moisture from an exhale is added, and the end of the MOF is flicked. This generally
results in nicely cleaved fiber surfaces for viewing with the SEM. The SEM pins are coated with
gold for conductivity just prior to introduction into a FEI Phillips XL-20 SEM instrument.
Field emission SEM samples are prepared in a similar fashion using a 12 mm diameter 14
mm tall FESEM post for viewing in a Joel 6700F field emission SEM instrument. SEM
characterization is primarily used to study the material morphology including surface roughness
and axial deposition profiles of materials within the capillaries.

2.1.3 TEM Characterization

TEM is a useful technique for studying the crystalline grain structure of materials;
however, it is necessary to have samples thin enough for the electron beam to transmit through.
The dimensions of the silicon and germanium wires deposited within the capillaries are typically
on the order of several microns thick. For silicon and germanium, it is necessary to have samples
with a thickness on the order of 100 nm. To achieve this, a dual beam FEI quanta focused ion
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beam is used to cut slices from exposed wires, attach them to a copper TEM grid, and thin them
down to 100 nm.
Wires are initially etched free from the silica MOF with hydrofluoric acid. They are then
attached to an SEM post with carbon tape. The circular disk of carbon tape is cut in half with a
razor blade before attaching to the SEM pin. This leaves the pin half covered with the carbon
tape. The remaining silica of the MOF is attached to the carbon tape so that the etched wire is
hanging over the middle of the post away from the tape. If a wire sticks to the tape it is not be
possible to remove it. An FEI Quanta 200 3D dual beam FIB is then used to image and slice the
wire.
After focusing both beams, the ion beam is set to a low power and used to deposit a
protective layer of platinum from an organo-metallic precursor. The platinum protects the
underlying material from being damaged by the cutting focused ion beam. The ion beam is then
set to a much higher power to cut the end of the tube or wire, creating a clean flat surface. A
probe is then brought into contact with the end of the wire and glued by depositing platinum.
After attaching the probe, another cut is made behind the platinum deposition freeing a slice of
the tube or wire. Figure 2.4 displays a freed slice attached to the probe. The rough material on
top of the slice is the platinum protective layer. In this case, a tube has been sectioned creating a
doughnut shaped slice.
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Figure 2.4 FIB preparation SEM image, 5.6 µm fiber segment attacted to probe. Scale bar 5.5

The probe is then positioned near the TEM tab so the slice of material is touching the
copper tab. Platinum is then used to attach the slice to the tab, and the ion beam is used to cut the
connection between the slice and the probe. After the probe has been removed, more platinum is
added on two sides of the slice to ensure stability. The Ion beam is then used to thin the sample
cutting at a slight angle from both sides. Progressively smaller and lower power cuts are made as
the sample is thinned until a thickness of 100 nm is reached.

2.1.4 Raman Characterization

The MOFs are drawn from high purity fused silica, giving them excellent optical
transparency from the near-UV to the near-IR region.2 Because of this transparency, it is possible
to characterize the materials deposited within the capillaries using optical techniques such as
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micro-Raman spectroscopy. Raman spectroscopy is a versatile nondestructive optical technique
used to probe the vibrational states of molecules. Raman spectroscopy has been used to study
strain, dopant concentration, and crystalline nature and orientation in silicon and other
semiconductor materials.3-7 This work has employed Raman spectroscopy to study the crystalline
fraction and grain size, strain, and composition of deposited materials.
Monochromatic laser light is generally employed for Raman spectroscopy. The sample is
excited into a virtual state by the laser light and emits light upon returning from the virtual state.
Upon returning from the virtual state, a given photon can either have the same energy as the
exciting photon (Rayleigh scattering), or it may gain or lose energy to the vibrational energy
states (Raman scattering). Figure 2.5 is a simple energy diagram that depicts this process. Laser
light of energy hν can excite a molecule from either the ground state or an excited vibrational
energy state into a virtual state, illustrated by the dark arrows. From the virtual state, the
molecule will return to either the ground state or an excited vibrational energy state. If the
molecule is excited and returns to the same state, it will emit a photon of the same energy as the
laser, represented by the thin black arrows. Raman scattering occurs when the molecule is
excited from one state and returns to another. The most probable form of Raman scattering at
room temperature is Stokes scattering, where the molecule is excited from the ground state and
returns to the first vibrational state, represented by the red arrow. The energy of the emitted
photon is lower by a value ΔE corresponding to the energy difference between the ground and
first vibrational energy states. Anti-Stokes scattering occurs when the molecule is excited from
the first excited vibrational energy state and returns to the ground state, represented by the blue
arrow. In this case, the emitted photon increases in energy by ΔE.
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Figure 2.5 Raman energy diagram.

The atoms in crystalline silicon have tetrahedral symmetry. Each silicon atom has four
neighboring silicon atoms that are equally distant, and the angle separating each silicon atom is
equal. Because of the high symmetry crystalline silicon possess, there is only one fundamental
Raman peak observed in the spectra due to a triply degenerate optical mode.8 In high quality
crystalline silicon, this mode gives rise to a single sharp peak at 521cm-1. The sharpness of the
peak is a result of the identical nature of the bonds within the solid. Perturbation of symmetry is
generally detectable as a change in the shape and or position of the Raman scattered mode.
The Raman spectra were collected with 633nm excitation on a Renishaw Invia microRaman system using an 1800 grooves/mm grating. Figure 2.6 displays a Raman spectrum
collected from a single crystal wafer. In contrast, Figure 2.7 is the Raman spectrum of an
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amorphous silicon wire. The intrinsic linewidth of crystalline silicon at room temperature is 2.7
cm-1, and the FWHM peak width of the single crystalline silicon mode in Figure 2.6 is 3.18 cm1 8

. The extra width is due to the instrumental bandpass. The instrumental component of the error

is approximated as a Gaussian peak that is convoluted with the Lorentzian Raman peak. It is
possible to deconvolute the instrumental and Raman contributions to the peak using a Voigt fit.
Igor carbon Pro software form Wavemetrics is used for deconvolution of the peaks. In the case
below, the instrument has a bandpass is 1.2 cm-1 at 633 nm excitation.

Figure 2.6 Typical Raman spectrum of a single crystal silicon wafer collected with 633 nm
excitation.
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The Raman signal is very sensitive to the nature of the bonding within the silicon; the
difference in the appearance of the crystalline vs. amorphous spectra is large. The amorphous
silicon has very broad peaks resulting from the broad distribution of bond energies within the
amorphous material. The Raman mode observed from a single crystalline wafer is in contrast
very sharp, because there is a very narrow distribution of bond energies.

Figure 2.7 Raman spectrum of amorphous silicon deposited within a MOF.
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If silicon is deformed by stress or strain, the bonds will deform resulting in a shift and
possible widening of the Raman peak position.9,10 We have observed that the TO Raman peak of
crystallized silicon is red-shifted when encased within the MOF, indicating that it is under strain.
If the wire is removed from the silica by etching with hydrofluoric acid, the peak shifts up
several wavenumbers closer to the expected position for crystalline silicon, near 521 cm-1. The
origin of this strain is the difference in thermal expansion between the fused silica MOF template
and the deposited crystalline silicon wire. Fused silica and silicon have coefficients of thermal
expansion of 0.55x10-6 /K and 2.5x10-6 /K, respectively. During annealing, the silicon is
thermally expanded to a greater extent than the fused silica. Upon cooling, the silicon is kept
from contracting due to the strong adhesion to the silica MOF. This results in straining the bonds
of the crystalline silicon and is observed in the redshift of the Raman mode. The Raman spectra
of a silicon wire both encased in the silica and freed can be seen in Figure 2.8. The Raman peak
of a single crystal wafer is also displayed for comparison. In this example, the wire was annealed
to 725°C for 12 hours. A shift of 2.3 cm-1 is due to the strain. The peak is further shifted from
521 cm-1 of the wafer as a result of amorphous and polycrystalline fractions.
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Figure 2.8 Raman spectra of silicon wafer (above), a strained polycrystalline silicon wire in a
MOF (red), and the same wire etched free from the MOF (blue).

Raman spectroscopy is sensitive to a number of properties of polycrystalline silicon
including defects, grain size, disorder, and crystalline fraction.11-17 For samples with large
amounts of amorphous material, an approximation of the crystalline fraction can be obtained
from the intensity of the crystalline and amorphous Raman modes. The ratio of the integrated
crystalline peak area divided by the amorphous peak area is proportional to the crystalline
fraction.12,17
Investigation of the crystalline nature of the deposited silicon with Raman spectroscopy is
simplified by removing the wire from the silica, alleviating any strain due to the MOF template.
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The Raman spectrum of a 5.6 µm diameter wire annealed to 1000°C along with several red
fitting curves can be seen in Figure 2.9. The Raman peak can be fit by a sum of Voigt profiles.
Three peaks are used to fit the spectra as seen in Figure 2.9: (1) a peak at 521 cm−1 with a 5.4
cm−1 full width half maximum (FWHM) due to crystallized grains tens to hundreds of
nanometers in diameter, (2) one at 517 cm−1 with a 9.6 cm−1 FWHM attributed to more defective
silicon, and (3) a broad weak feature centered at approximately 497 cm−1 with a FWHM of
approximately 40 cm−1 attributed to amorphous silicon.18 This is consistent with a mixed phase
of silicon with both amorphous and crystalline fractions present.

Figure 2.9 Raman spectrum of polycrystalline silicon with displaying three fitting peaks (red).
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The Raman Spectrum of germanium is very similar to that of silicon, except that the
crystalline TO Raman mode is found at 300 cm-1. Like silicon, the sharpness and position of this
peak are sensitive to any disorder in the crystalline lattice, including strain, defects amorphous
fraction, and grain size. In contrast to silicon, germanium wires do not exhibit strain when
encased within the MOFs. The coefficient of thermal expansion for germanium is higher than
that of silicon, so if the bond between the silica and germanium were strong enough, we would
expect to see larger deformation than the silicon. The lack of strain in the Raman suggests that
the germanium is not strongly bonded to the silica, thus allowing relaxation upon cooling. The
Raman spectrum of a germanium wire annealed to 900°C can be seen in Figure 2.10. The peak
width and position are nearly identical to those of a single crystal germanium wafer.
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Figure 2.10 Germanium Raman spectrum.

2.1.5 UV-Raman Spectroscopy

Typically the primary advantage of using UV laser excitation is to avoid interference
from photoluminescence in samples that luminesce in the visible. The use of organo-metallic
precursors employed for depositing, e.g., binary materials can give rise to carbon impurities,
which luminescence upon being illuminated with laser excitation. Because Raman scattering is
not as efficient as typical photoluminescence processes, visible Raman collection is not possible
on these samples. A Renishaw Invia micro-Raman spectrometer with a 3600 groves/cm grating
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is used to collect Raman spectra with ultraviolet excitation at 244 and 258 nm from a frequency
doubled argon ion laser, and the 364 nm line of an argon ion laser.
UV Raman is also a useful tool for investigation of surfaces and interfaces, because the
penetration depth in many materials is very shallow. The strain at the interface between the silica
and silicon within MOFs are investigated with 364 nm excitation. The penetration depth of
364nm light in crystalline silicon is ~12 nm.

2.1.6 Photoluminescence Spectroscopy

Photoluminescence spectroscopy (PL), unlike Raman spectroscopy, is concerned with
electronic states rather than vibrational states. As such, it can present us with very different
characteristics of a material. In the case of semiconductors, it can be used to probe the band gap
making it a very useful tool. Photoluminescence spectra were collected with visible and UV
excitation with Renishaw Invia micro-Raman systems.

2.2 High-Pressure Reservoirs

Precursor/carrier gas mixtures are contained within homemade stainless steel reservoirs.
The reservoirs are constructed using components purchased from the High-Pressure Equipment
Company in Erie, Pennsylvania. The most common size reservoir employed has a 2 ml capacity.
It is constructed from a 2 ft. length of ¼ in. diameter high-pressure tubing rated to 60,000 psi, a
60,000 psi valve, and a pressure gauge. Two types of pressure gauges, both rated for corrosive
service, are employed. The first is a digital gauge with +/- 1% accuracy at full pressure (rated to
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5000 psi total pressure) and the second is an analog gauge capable of reading pressures up to
5000 psi. Both of the gauges were purchased from McMaster Carr. The stainless steel highpressure tubing is coiled and formed so that the two ends of the tube face the same direction. The
coil allows the tubing to be immersed in a liquid nitrogen Dewar so that gaseous precursors,
primarily silane and germane, can be frozen into the reservoir.
Many of the precursors employed in the deposition of semiconductors are toxic and/or
pyrophoric. However, the small volumes and/or low concentrations allow for safe handling. In
typical experiments, low volume reservoirs with a total volume of 2-ml were employed. Larger
reservoirs of 20-ml and 100-ml volumes were also employed when working with lower
concentrations of precursors.
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Chapter 3

Deposition of Group IV Semiconductors Silicon and Germanium within MOF
Capillaries

3.1 Silicon
3.1.1 Introduction to Silicon

Silicon is an indirect gap semiconductor that dominates the electronics industry.
Transistors were first fabricated from germanium, but the ease of fabricating high purity silicon
crystals at lower costs along with its increased thermal stability, and the usefulness of the native
oxide shifted the focus from germanium to silicon.1 The advent of the integrated circuit and
subsequent boom in the semiconductor electronics drove interest in silicon processing
techniques. This focus has generated a wealth of knowledge about silicon processing and
fabrication, and which is, in turn, a major driving factor in the development of silicon photonics.
This extensive development of silicon processing by the electronics industry, along with a
natural abundance of source materials (silicon makes up ~26% of the earth's mass), has made
silicon a potential low cost solution for optical communications, photonics, and optoelectronic
integration.2
Silicon is opaque in the visible region but is transparent between 1.2 and 7 µm. This
window of transparency makes silicon of interest for various optical and photonic applications,
because it includes commonly used telecom frequencies, 1.3 and 1.5 µm’s. Silicon waveguides
are routinely formed on silicon wafers for integration of optics and electronics. A major hurdle
for planar silicon waveguides is the need to couple light efficiently into the chip-based structures
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from optical fibers.3 This hurdle could be mitigated by incorporating the silicon waveguide into
the optical fiber itself.

3.1.2 Optical Modulation and Silicon

Optical modulators based on silicon have recently attracted attention due to the increases
in their speed to in excess of 1 GHz.5 Silicon was initially not viewed as an suitable material for
modulation applications, because it lacks the linear electro-optic effect and only possesses
weaker higher order electro-optic effects, such as the Kerr effect.6,7 However, new designs have
enabled fast optical modulation in silicon. Intel has recently announced a silicon based modulator
capable of data transmission at 40 Gbps using a Mach-Zehnder interferometer (MZI) based
design for a silicon electro-optical modulator.8 This development may pave the way for
integration of photonics in the computing industry and provide a low cost solution for various
optical communication applications.
The basic MZI functions based on interference generated by slight differences in optical
path length between two optical paths within a resonator. In-coming light is split into two
separate paths, and the path length of one or both paths is controllably altered. Upon
recombination, the light from the two paths is no longer in phase. The recombined light adds
destructively causing a drop in intensity. This is displayed schematically in Figure 3.1.
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Figure 3.1 Schematic of a Mach-Zehnder interferometer.

A change in the optical path length can be generated in silicon by altering the free carrier
concentration. The change in free carrier concentration effectively changes the index of
refraction, and changing the refractive index changes the optical path length because the speed of
light in a medium is defined by the speed of light in a vacuum divided by the refractive index of
the medium. As the index changes so does the speed of light propagating within the material.
The concentration of free carriers can be altered in a number of ways. Liu et al. have
demonstrated high speed silicon modulators utilizing the free carrier plasma dispersion effect by
injecting and/or removing carriers with reversed bias pn junctions.9

3.2 Light Generation with Silicon

Since silicon is an indirect gap material light generation has generally been seen as a less
appealing avenue to pursue. However, several avenues are being pursued in silicon light
generation the most common include porous silicon, erbium doped silicon, and Silicon Raman
emission.10-13 Interest in erbium doped silicon for the production of silicon based light emitting
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devices at 1.54 µm has drawn some attention.14,17 Nanocrystalline and nanoporous silicon is also
being investigated for potential light generating devices. However, the most promising route to
light generation and amplification in silicon may rely on the Raman effect. Both silicon based
Raman amplifiers and Raman lasers have been demonstrated.19-21

3.3 Potential In-Fiber Applications of Silicon

The lowest hanging fruit when it comes to the possible in-fiber device applications of
silicon are those that would require the simplest design. In fiber Raman amplifiers may be one of
the most attractive candidates for initial demonstrations of an active in-fiber silicon based device
because all that is necessary for Raman amplification is simply an optically pumped waveguide,
which must be of suitable materials quality.19 Thus a key need is for low loss silicon waveguides
in MOFs.
One of the primary concerns for SOI based waveguides is coupling light from an optical
fiber to the waveguide. It is necessary to construct tapered silicon couplers to introduce light
from an optical fiber into planar waveguides. The primary issue for coupling light between an
optical fiber and a planar silicon waveguide is that the optical field dimensions of a single mode
fiber are typically much larger than a silicon waveguide.3 By introducing the silicon into the
pores of microstructured optical fibers this need could be eliminated altogether, either by
reducing the size of the optical field in the fiber itself prior to coupling, or by removing the need
to use planar waveguides all together. Coupling the light guiding geometry of optical fibers with
the active and passive optical properties of silicon will open the door to a host of in-fiber devices,
and would potentially side step the issue of coupling into planar waveguides for many potential
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applications. Utilizing the decades long silicon knowledge base to open the door to in-fiber
silicon modulators, amplifiers and detectors may greatly enhance the progression towards all
photonic processing of information by generating faster cheaper devices that work in-line with
data transmission.

3.4 Deposition of Silicon
3.4.1 Silicon Deposition by Thermal Decomposition of Silane

By all accounts silane is stable at room temperature, and begins to undergo slow thermal
decomposition around 370°C under atmospheric pressure conditions.22 Interest in silicon
deposition for the microelectronics and photovoltaics communities has produced many studies
on the thermal decomposition of silane.24-26 The silane molecule itself is simple in nature, a
silicon surrounded by 4 hydrogen atoms, an analogue of methane for silicon. Hydrides are nearly
ideal precursors for the deposition of high purity materials since the only by product is hydrogen
gas which is easily removed.
Thermal decomposition of silane results in the formation of hydrogen and solid silicon.
Decomposition of silane onto surfaces can allow for fabrication of several materials, including
amorphous hydrogenated silicon, polycrystalline silicon, and crystalline silicon depending on the
deposition conditions and substrate. Amorphous hydrogenated silicon is of interest for the
production of photovoltaic devices, and as a waveguide material.27,28 It is possible to produce
hydrogenated silicon via thermal CVD, but generally the thermal decomposition of the
monohydride does not lead to appreciable hydrogen incorporation in the solid.29 Low deposition
temperatures are needed to incorporate substantial amounts of hydrogen incorporation in a film.
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Thermal deposition of higher order silanes such as disilane can form hydrogenated silicon
because they possess lower deposition temperatures than monosilane.30
Thermal CVD of silicon from silane has been extensively studied at sub-atmospheric to
atmospheric pressures and temperatures between ~500 and 1100°C. A review of the literature
regarding silicon deposition reveals that it is highly sensitive to the deposition parameters. This
sensitivity allows for considerable control over the nature of the deposited material. However,
considerable care must be taken in the experimental setup and the choice of deposition
parameters. The parameters of primary concern are the temperature, the total gas pressure, the
partial pressure of silane and (possibly) hydrogen, the presence of impurities in the carrier gas,
the deposition layer thickness, and the reactor geometry. There are of course other factors that
have an impact as well, but for the purpose of a general introduction into thermal deposition of
silane prior to discussing in-fiber deposition these will be sufficient.
Both the total pressure of the precursor gas mixture and the pressure of the gas
components, especially hydrogen if present, and silane, have been shown to impact the film
deposition. The relationship between the total pressure of a precursor gas mixture containing
10% silane and 90% hydrogen on surface roughness, crystallite size and orientation has been
studied.31 The results indicated that higher pressures produced films with higher surface
roughness and smaller crystallite size, with stronger preferential <110> orientation at
temperatures between 580 and 700°C and pressures between 0.002 and 1 Torr. The authors
concluded that the surface diffusion had a pressure dependency and the preferential orientation is
due to reduced surface diffusion of silicon species at higher pressures due to surface hydrogen.32
Dependency of grain orientation and surface roughness on the total pressure was also
investigated at higher pressures, although the results showed a weaker dependency than the low
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pressure findings described above.33 The lowest surface roughness is observed for films
deposited at pressures above 200 Torr. A maximum roughness is observed at 50 Torr where a
transition between preferential deposition of <311> and <110> texture is observed.
The surface roughness of deposited silicon films is strongly dependant on temperature.
Low pressure silicon deposition onto silica, 1-Torr, from a 20% silane helium gas mixture
resulted in a maximum roughness at 550°C where a mixture of poly crystalline and amorphous
materials are deposited.34 The lower temperature completely amorphous deposition at 510°C
resulted in the flattest surface. Polycrystalline films deposited at higher temperatures displayed
moderate surface roughness.
The decomposition of silane can occur homogeneously in the gas phase, as well as
heterogeneously on a surface, and both gas phase and surface reactions play important rolls in
the thermal CVD of silicon.26,35,36 However, at high temperatures and high silane pressures
homogeneous reactions dominate, resulting in the formation of silicon particles.37,38 These
particles can adhere to the surface resulting in very rough films. Most reports suggest that the
formation of silicon is preceded by the formation of silene (SiH2) in the gas phase.23,39,40 Silene
can in turn react with silane forming disilane and higher order silanes. These higher order silanes
can then adsorb to the substrate for Si film deposition, or further react in the gas phase producing
silicon particles. Figure 3.2 is a schematic of the mechanism of Si deposition from silane
produced by Jasinski.36 This is a very nice representation of the basic film deposition mechanism
illustrating both the gas phase and surface reactions that occur in silicon deposition from silane
gas.
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Figure 3.2 Schematic of the mechanism of Si film deposition.36

Monosilane along with other higher order silanes produced in gas phase reactions adsorb
to the surface and decompose losing hydrogen to produce solid silicon. A proposed mechanism
for the decomposition of silane on the surface is a sequential dehydrogenation atoms are
sequentially removed.41 The hydrogen is then able to diffuse on the surface and combine forming
hydrogen gas. The desorption of hydrogen gas has been proposed as a rate limiting step for the
film growth because the hydrogen blocks surface sites for silane adsorption. However, this is
strongly dependant on the deposition conditions including temperature, flow rates of gasses
through the reactor, and hydrogen partial pressures.32,42,43
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3.4.2 Silicon Deposition within MOFs

Silicon is deposited inside the MOFs using high-pressure inert gasses to force silane
precursor molecules through the narrow extreme aspect ratio capillaries. Both helium and argon
have been used as the high-pressure inert carrier gas in the deposition of silicon. As the gas
mixture flows through the capillaries the MOF is heated in a tube furnace to thermally
decompose the silane depositing amorphous silicon onto the capillary walls. The deposition byproducts, unreacted silane, and carrier gas are able to exit the opposing end of the capillary. The
deposition can be stopped at any point by halting the flow of the high-pressure mixture, or
removing the fiber from the furnace, resulting in the formation of a tube. However, if the
deposition is allowed to continue to completion the capillary will completely fill with silicon to
form, surprisingly, a solid wire.
As discussed above the total pressure, temperature, and concentration all have an impact
on the morphology and crystallinity of the materials deposited by thermal chemical vapor
deposition. Higher temperatures lead to higher silane decomposition rates. Temperatures above
560°C result in the deposition of polycrystalline material and in increased surface roughness.44,45
Excessive homogeneous deposition due to high concentrations or high deposition temperatures
can also result in surface roughness. Very few studies have been carried out on the high-pressure
thermal decomposition of silane. The studies that have been conducted are concerned with the
homogeneous reaction and formation of hydrogenated Si particles rather than the heterogeneous
surface reaction.46
Based on the discussion above, and the work by Odden, there doesn't seem to be any
reason to expect to obtain appreciable heterogeneous decomposition at silane partial pressures in
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the MPa regime.46 The expectation is that the silane would react primarily in the gas phase due to
the increased collision rate of the high-pressure conditions. However, we have demonstrated
deposition of smooth highly conformal silicon within the microscale capillaries at silane partial
pressures as high as ~1.7 MPa. FESEM images of partially silicon filled capillaries of a holey
fiber cross-section reveal the highly conformal deposition and smooth surfaces formed by the
high-pressure process. Figure 3.3 reveals the sharp vertices formed by the highly conformal
deposition, and the extremely smooth inner surface of the silicon deposition within the
capillaries. No evidence of homogeneous deposition is visible. Either it does not take place, or
any gas phase solid particles are removed by the flow of high-pressure gas before implanting on
the surface. The deposition displayed in Figure 3.3 was carried out at 500°C within a 70cm long
tube furnace.

Figure 3.3 FESEM images of Si deposition within a holey fiber. Scale bar 500 nm.
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There are two significant differences between our deposition experiments and the
experiments of Odden et al. The first difference is the addition of He or Ar carrier gas, raising the
total pressure to ~35 MPa. The second is the flow of gas through the fiber. The temperatures
investigated by Odden are between ~430 and 560°C, within the range typically employed for
MOF depostion.46 At higher concentrations and higher temperatures homogeneous nucleation
and growth does occur within the capillaries, which suggests that the addition of inert gas
suppresses the homogeneous deposition until higher temperatures are reached. Several
depositions within capillaries under static flow conditions have been carried out, which also
resulted in smooth, well developed annular films. The ability to deposit smooth layers with no
gas flow suggests that the flow may not play a critical role in the suppression of homogeneous
deposition. The ability to take the smooth deposition all the way to complete filling of the
capillaries is further evidence that the addition of inert gas rather than the flow that is responsible
for the smooth deposition.
It should be noted, however, that occasionally rough deposition is observed within the
MOFs. The origin of this deposition can be from either contamination of the high-pressure
reservoir with impurities such as oxygen, or silica dust being forced into the capillary upon
opening the high-pressure valve. This roughness is generally limited to the material deposited
near the furnace entrance. Other potential causes of roughness in a deposition have included
computer errors that have lead to fluctuations in the furnace temperature during deposition.
Deposition at pressures below ~2500 psi within the 5.6 µm capillaries also seems to produce
rough material. Pressures between 5500 and 2500 psi yield the best results.
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3.4.3 The Deposition Profile

The thickness profile of the silicon deposited within the microscale capillaries can be
determined by SEM cross sections of the MOFs. Deposition of silicon within a 5.6 µm capillary
using a 12 hour ramp from 450 to 500°C yields a profile with maximum filling at ~5cm within a
15 cm long deposition furnace. The hole formed by the silicon deposition in the capillary quickly
shrinks to a hole of nanoscale dimensions (< 25 nm) between ~2 and 5cm, and then gradually
opens up to 5.6 µm by ~13 cm with an increase in thickness near the 7.5 cm position. Figure 3.4
is a plot of the thickness profile vs. furnace position.

Figure 3.4 Deposition thickness vs. furnace position for Si deposition within a 15 cm long
furnace.

Figure 3.5 displays several of the fiber cross sections collected to determine the profile.
The first image in the upper left below represents the nearly complete filling near 5 cm. The top
right image was collected at 6 cm, bottom left at 9 cm, and the last image at 10.5 cm. The
deposition is smooth throughout the capillary.
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Figure 3.5 Si deposition profile within a 5.6 um capillary.

The deposition profile is controlled by the temperature profile of the furnace, the flow
rate, and the concentration/pressure of the silane. The temperature profile of the 15 cm furnace at
a setpoint of 500°C can be seen in Figure 3.6. The maximum temperature of the furnace is in the
middle near the 7.5 cm position. Higher temperatures lead to higher deposition rates. Deposition
of only a thin layer allows observation of the initial stage of the deposition. If the layer is thin
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enough the gas flow through the capillary and the pressure of the reservoir will remain relatively
constant. Deposition of a thin layer at 500°C from a 5% silane:He gas mixture at 5000 psi results
in a profile with the thickest region in the middle of the furnace at the highest temperature.

Figure 3.6 Typical temperature profile for a furnace used for MOF deposition.

Allowing the deposition to continue beyond the formation of a thin film results in the
gradual constriction of gas flow through the capillary. As the flow rate decreases the deposition
rate near the entrance increases with respect to the rate in the middle of the furnace. This is
evident in the deposition thickness profile presented in Figure 3.4. The depletion of the silane
near the furnace entrance results in lowering the concentrations of silane further downstream.
This in turn lowers the deposition rate in the middle of the furnace.
Adjusting the temperature ramp of the furnace during deposition can alter the deposition
profile. Longer slower temperature ramps seem to favor deposition near the middle of the
furnace. If a slow temperature ramp is used the middle will be the first region at a high enough
temperature for deposition, giving a head start for material to build up on the walls. Even as the
flow becomes restricted the temperature near the entrance is not high enough to reduce the
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concentration enough to overcome the deposition in the middle until it is nearly completely
filled. As the temperature reaches 500°C the deposition continues near the furnace entrance.
Over several days a 5.6 µm capillary can be completely filled over 3 cm forming long extreme
aspect ratio solid Si wires.

3.4.4 Deposition of Solid Si Wires

The ability to completely fill the capillaries with material producing long solid wires is
advantageous for various potential in-fiber applications, especially those that would require light
to be guided within the deposited material. Several SEM images of a capillary completely filled
with silicon can be seen in Figure 3.7. This capillary is completely filled from 4 cm out to 7 cm.
A 47-hour ramp from 450 to 500°C is used to obtain the long complete deposition. Because of
the long duration of the deposition the reservoir pressure dropped from 5000 psi to 2600 psi.
This pressure drop can be over come with the use of larger volume reservoirs, but for a single
capillary deposition the small reservoir is adequate. Attempts to deposit silicon in three 5.6 µm at
a time from a small reservoir are not as successful since the pressure drop is greater. This usually
results in a shorter of length of the completely filled region.
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Figure 3.7 SEM images of fiber cross-sections displaying a capillary completely filled with
silicon at 3 cm (A), 4 cm (B), 6 cm (C), and 7 cm (D).

Figure 3.8 is a deposition profile generated from measurements obtained from cross
sectional SEM images of the fiber. The profile is steeper at near the furnace entrance
transitioning from nearly empty to filled over ~1.5 cm. The transition from completely filled to
nearly empty is more gradual on the exit end of the capillary. This is further evidence of the
filling process. After the flow of gas through the capillary is essentially pinched off in the middle
of the furnace the deposition is halted beyond ~7.5 cm. The deposition continues at a slow pace
from the middle of the furnace towards the furnace entrance. After 6 days the deposition has
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produced a 3 cm long solid wire. If the deposition is stopped sooner the length of the completely
filled capillary will be shortened.

Figure 3.8 Deposition profile of silicon within a 5.6 um diameter capillary.

The pressure drop is much larger in MOFs with multiple capillaries such as a photonic
bandgap fiber. It is either necessary to constrict the flow sooner with a faster temperature ramp,
or use a larger reservoir. Using a shorter ramp, 1 hour from 450 to 500°C, a similar pressure drop
is observed for a photonic bandgap fiber consisting of ~130 capillaries 3 µm in diameter each.
The majority of the capillaries are completely filled over 3 cm in length; however, some of the
outer capillaries are completely filled over only 1 cm. SEM images of the filled and partly filled
capillaries can be seen in Figure 3.9. Because a shorter ramp is employed, the completely filled
region of the fiber is found between 2.5 and 5.5 cm, as well as a short completely filled region at
the middle of the furnace.
The deposition conditions experienced by each of the capillaries should be similar. The
origin of the difference between the long complete filling of the central capillaries and the lesser
filled outer capillaries is uncertain. Several possible conditions could have caused the difference
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in filling. One would be a partial obstruction of some of the outer capillaries due to a either a bad
cleave of the capillary or remaining debris from the cleave. A second possible cause is that the
energy released in the decomposition of the silane generated heat increasing the temperature of
the central capillaries during the deposition. Similar radial filling profiles have been observed in
honeycomb structured optical fibers as well. Fortunately, the function of the fibers will be less
affected by incomplete filling in the outer capillaries because the guided light is confined to a
central silica core.

Figure 3.9 Silicon filled PBG fiber.

3.4.5 Deposition within a 100 nm Capillary

The high-pressure technique is capable of introducing material within capillaries as small
as 100 nm over several centimeters. Deposition of silicon within a 100 nm capillary was initially
attempted; however, the lack of contrast between the silicon and the silica of the MOF made it
impossible to resolve with the FESEM. Germanium has much better contrast with the silica in
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the FESEM. Prior to deposition, the flow of gas through a 100 nm capillary fiber was observed
by viewing gas exiting a pressurized capillary while immersed in oil. Slow evolution of gas was
observed by the formation of a ~0.1 mm bubble after 20 minutes.
The deposition was carried out in a 70 cm long tube furnace. Because of the slow flow of
gas through the capillary, the furnace temperature is programmed with a very slow temperature
ramp. The furnace is heated to 350°C from room temperature over 100 hours. The reservoir
contained a gas mixture of 250 psi germane pressurized to 5000 psi total with helium. The
pressure of the reservoir does not drop over the duration of the deposition. After deposition, the
MOF is annealed to 600°C to crystallize the germanium. Both micro Raman spectra and FESEM
are used to confirm deposition within the 100 nm capillary over 7 cm in length. Even though the
capillary is only 100 nm in diameter it is still possible to locate by first adjusting the height of the
microscope so that the laser spot would be focused near where the capillary should be, then
searching by small movements of the stage and focus. Eventually, scattering of the laser due to
the capillary is observed. Figure 3.10 displays scattering from a 514 nm argon ion laser focused
on the 100 nm capillary. The brightest spot in the image is scattering at the surface of the MOF.
The second spot near the center of the image is the scattering from the capillary.
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Figure 3.10 514 nm laser light scattering from a 100 nm capillary.

This technique of finding the capillary is used to collect Raman spectra every centimeter
along the length of the fiber. Figure 3.11 is a representative Raman spectrum collected at the 17
cm position. Deposition of Ge is confirmed by the presence of the crystalline Raman peak at 300
cm-1.
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Figure 3.11 Raman spectrum of 100 nm Ge capillary.

The Raman spectra collected are used as a guide to determine where to cleave the MOF
for FESEM imaging. Seven sections of the MOF were prepared for FESEM by mounting
vertically in silver paint. Only several of the cross sections could be resolved due to difficulty
finding the central capillary of the MOF. Figure 3.12 was collected near the middle of the 7 cm
long segment. In this image it appears that a well developed tube of Ge has formed within the
100 nm capillary.
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Figure 3.12 FESEM image of Ge tube deposited within a 100 nm capillary.

3.5 Conclusion

The highly conformal deposition within the microscale capillaries of MOFs has been
studied and adapted to produce long solid microwires of silicon and enable deposition within
capillaries as small as 100nm in diameter over centimeters in length. The incorporation of solid
wires may facilitate the fabrication of in-fiber waveguide devices. The ability to deposit material
within nanoscale capillaries over centimeters in lengths presents the possibility of unprecedented
light matter interaction within a confined geometry. Furthermore the deposition of materials
within MOF presents unprecedented possibilities for organization of extreme aspect ratio
structures.
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Chapter 4

Deposition of Uniform Layers within MOFs

4.1 Junctions

The ability to incorporate junctions between semiconductors and metals within MOFs is a
necessary development step in moving towards in-fiber optoelectronic devices.1 The ability to
include layers of materials surrounding the central core of an optical fiber also opens up new
possibilities for light confinement. The inclusion of dielectric mirrors surrounding the central
core of an optical fiber capable of guiding light at from the visible out to 10.6 µm has been
demonstrated.2.3 This is an important advance for light guiding at 10.6 µm since previous means
of guiding required much less flexible waveguides such as metal tubes. Losses and power
handling capability of such waveguide structures could be further improved by the ability to
include lower loss materials capable of withstanding higher temperatures. The high-pressure
chemical vapor deposition technique is potentially capable of depositing any material that has
been deposited by traditional CVD, and therefore uniquely poised to further exploit the in-fiber
dielectric structure for low loss high power transmission.

4.2 Formation of Hetero-Junctions with a Stationary Furnace

Figure 4.1 displays a heterojunction formed between silicon and germanium within a
5.6µm diameter capillary of a MOF. The dark grey material around the periphery is the silica of
the optical fiber, the lighter grey circular material is silicon, and the lightest material inside the
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silicon is the germanium. As the MOF was cleaved in preparation for the SEM the silica broke
away from the silicon advantageously displaying the very smooth side of the silicon tube,
demonstrating the conformal adhesion of the silicon to the silica. Until now the images have
displayed the smooth inner surface of the deposition. We expect similar adhesion between the
silicon and germanium due to the highly uniform nature of the high-pressure deposition.

Figure 4.1 SEM image of a Silicon-Germanium heterojunction formed within a 5.6 µm diameter
capillary. Scale bar 2 µm.

Silicon-germanium junctions are formed by sequential deposition of silicon followed by
germanium. The silicon in Figure 4.1 was deposited from a 5% silane in helium gas mixture at
5000 psi and 500°C. The flow of gas exiting the MOF was monitored. As the flow of gas slowed
the fiber was pulled from the furnace immediately halting the deposition. The capillary was then
detached from the silane reservoir and reattached to a high-pressure germanium reservoir within
a glovebox under argon atmosphere. The germanium deposition was carried out at 300°C from a
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5% mixture of germane gas in helium with a total pressure of 5000 psi. Both the silane and
germanium depositions were carried out in a 70 cm long tube furnace. The cross section used in
the image above represents the deposition within the capillary at 36 cm into the furnace.
Using the same technique it is also possible to form semiconductor-metal junctions. Such
junctions could facilitate in-fiber electrode contacts to semiconductor materials. The SEM image
below is and example of a potential Schottky diode structure formed within a capillary. It
consists of a 200 nm thick layer of silicon followed by an 80 nm thick layer of gold. The
structure is formed by sequential deposition. This time however, the silicon deposition was
monitored by time and not flow so that a much thinner layer could be deposited. Silicon was
deposited at 550°C for 15minutes from a reservoir containing 5% silane in helium pressurized to
5000 psi. The gold layer was deposited from a reservoir containing ~50 mg gold
hexaflouroacetylacetonate pressurized in a mixture of ~5% hydrogen gas in carbon dioxide. To
obtain a uniform layer gold deposition is carried out at a low temperatures resulting in a very
slow deposition rates. The gold layer in Figure 4.2 was deposited at 275°C for 15 hours.
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Figure 4.2 SEM image of a silicon-gold junction within a 5.6µm diameter capillary.

Junctions formed in a stationary furnace possess a deposition profile along the length of
the capillary. The images below were collected at different positions along the same fibers as
above. The upper images in Figure 4.3 below display the deposition profile of the SiGe
heterojunction at positions nearer the furnace entrance than the image displayed above in Figure
4.1. The lower left image represents the deposition profile beyond the middle of the furnace.
The lower right image represents the deposition profile of the gold-silicon junction closer to the
furnace than Figure 4.2 above. In this image the gold deposition is nearly 300 nm thick and the
silicon deposition is only ~100 nm thick. It is easy to see that the deposition profile is more
complicated when dealing with the deposition of two materials.
The lower left image below is a good example of the conformal silicon-germanium
junction. The germanium tube has partially broken away from the silicon in the cleave revealing
the extremely smooth interface between the silicon and germanium. The smooth interfaces are

67
necessary for both the optical and electrical functions of junctions. For a junction to work
intimate contact between the layers is necessary. Any roughness in the junction leads to higher
propagation losses due to scattering. As these examples, and the image above of silicon
germanium, demonstrate it is possible to form highly conformal smooth junctions between
materials. Further characterization will be necessary to determine the optical losses and electrical
properties of junctions formed using high-pressure CVD.

Figure 4.3 SEM images of fiber cross-sections collected at various positions along the length of
a MOF after sequential deposition of silicon followed by germanium. Scale bars 2 µm.
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Figure 4.4 below is a schematic representation of an axial cross section of the SiGe
heterojunction. Because the silicon is deposited initially and is stopped before the flow is
completely pinched off, the profile generated has a maximum thickness in the middle of the
furnace. Following this with germanium deposition results in a thicker layer of germanium in the
first half of the capillary, and a much thinner layer beyond the middle because the flow of
precursor is restricted. The restriction in flow causes greater depletion of the germane
concentration near the furnace entrance, which results in lower concentrations and reduced
deposition beyond the middle of the furnace.

Figure 4.4 Schematic of deposition profile of silicon and germanium within the MOF. (Not to
scale)

4.3 Deposition of Uniform Layers
4.3.1 Traveling Furnace

We have demonstrated the ability to introduce smooth materials and junctions however;
controlling the thickness of the deposited films over the length of the fiber will be necessary for
the development of in-fiber waveguides. As was discussed in the previous chapter a deposition
profile is generated when carrying out a deposition in a stationary furnace primarily due to the
temperature profile of the furnace. When only a thin film is deposited this profile is thickest in
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the middle of the furnace. To gain control over the film thickness uniformity along the length of
a capillary I designed and constructed a computer controlled furnace platform. With this platform
a furnace can be moved along a MOF as precursor gases pass through the capillaries, depositing
films of controlled uniform thickness. The travel rate of the furnace is used to control the
thickness of the films.
The image below is a picture of the traveling furnace platform. The furnace platform was
designed for extremely smooth motion at a wide range of velocities. To accomplish this a stepper
motor was purchased from Oriental Motors with an adjustment for variable step sizes. The motor
is attached to a worm gear with a 20:1 ratio to aide in removing vibrations generated by the
stepper motor. A belt drive is also used to further isolate vibrations produced by the motor. The
furnace platform is attached to a ball screw with a ball nut to allow smooth controlled motion of
the platform. The four corners of the platform are attached to 1 inch thick steel rods with linear
bearings to ensure that the platform remains completely level while in motion. A National
Instruments stepper motor control card is used in conjunction with Labview software to control
the motion of the furnace platform. Several programs were written in Labview to control the
motion of the platform as well as the temperature of the furnace.
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Figure 4.5 Photograph of the traveling furnace platform.

Since the original construction of the furnace platform mounts for two large 100 ml highpressure reservoirs with a valve system capable of flushing the capillary with high purity argon
gas have been added. A schematic of the valve system can be seen in Figure 4.4 below. Both of
the large reservoirs are attached to a single valve capable of selecting gas from either reservoir.
This allows the precursor gas mixtures to be switched quickly in-between layers. The MOF is
attached to a three-way valve with an argon gas inlet, and an inlet for the precursor gas mixture.
The argon gas is used to flush the line prior to deposition and between precursors. This valve
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system is attached to the top of the traveling furnace platform so that the MOF can be threaded
through the furnace from above.

Figure 4.6 Traveling furnace valve schematic.

4.3.2 Deposition of Si in 5.6 µm Capillary

Deposition of silicon films with the traveling furnace platform was initially investigated
within 5.6 µm diameter capillaries. Initially deposition at various precursor concentrations was
investigated. Below is a SEM cross sectional image of a 5.6 µm capillary after deposition at
500°C from a precursor gas mixture containing 15% silane in helium at 5000 psi. The furnace
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was programmed to travel at a rate of 0.25 cm/min. It is obvious that the resulting material will
not be a useful waveguide. At 15% concentration homogeneous phase nucleation and growth
giving a very rough deposition is evidently favored. The origin of the rod like morphology of the
deposited material is perplexing. Wire growth has been observed previously within the
capillaries arising from a vapor liquid solid growth mechanism from gold nano particles on the
capillary wall.4 The capillary walls in this case should be extremely clean and free from
contaminants, so the wire-like growth is unexpected. The deposition temperature is too low for
crystalline material, unless there was a VLS like growth mechanism. Raman spectra did not
reveal crystalline silicon, indicating that the material is amorphous, which suggests that the
formation of the rod like structures is not due to a VLS mechanism.

Figure 4.7 SEM image of high concentration, 15% silane, deposition of silicon with the
traveling furnace.
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A second deposition within a 5.6 µm capillary was carried out with a 5% silane
concentration at 500°C and a total pressure of 2400 psi. The resulting material is much improved
from the previous deposition. The layer is relatively uniform in thickness over 50 cm in length,
+/- 10%, however surface roughness is easily visible in the SEM image below. Ideally the
surface roughness should not be visible. Higher resolution FESEM images of silicon deposited in
structured capillaries with a stationary furnace display extremely smooth surfaces, indicating the
potential to produce smooth layers with further optimization.

Figure 4.8 SEM image of Si film deposited from 5% silane at 500C using the traveling furnace.

Before proceeding to lower concentrations a deposition from a freshly charged reservoir
containing 5% silane at 5000 psi was carried out. The travel rate of the furnace was set to 0.25
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cm/min. The resulting film is smooth, possessing a thickness of approximately 75 nm with a
variation in thickness between 65 nm and 85 nm over 30 cm within the 5.6 µm capillary. The
ability to produce a smooth film from deposition at 5000 psi and not 2400 psi indicate that the
pressure, and possibly flow rate, play a role in film morphology. (Observations by Dong-Jin
Won of the Gopalan group also suggest that deposition of silicon at pressures lower than ~2500
psi result in high surface roughness.) Repeated depositions at pressures between 3000-5000 psi
within 5.6 µm capillaries resulted in the formation of smooth films on the capillary walls.

Figure 4.9 SEM image of 76.8 nm thick silicon layer deposited with the traveling furnace.

4.3.3 Deposition and Capillary Diameter

Beyond deposition of uniform layers the traveling furnace can be used as a tool to
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investigate the high-pressure deposition process. Study of how the deposition changes with
respect to the capillary diameter is important because as a deposition continues the diameter of a
capillary is reduced. For very thin layers this may not have an impact on the deposition,
however, as the thickness of the deposited layer increases, the flow of gas through the capillary
will decrease. Understanding how this will affect the deposition is important in determining the
appropriate conditions for the deposition of uniform layers of material within the capillaries.
Attaching a 1.6 µm and a 5.6 µm capillary to the same reservoir keeps some of the
process variables constant. Before proceeding it is necessary to understand some of the
differences in conditions that arise due to capillary diameter. The reservoir pressure, initial
precursor concentration, and temperature profile will be the same for each capillary. Differences
between the capillaries include the flow rate of the gas mixture and pressure drop along the
length of the fiber. Using the Poiseuille equation as an approximation it is possible to gain some
understanding of the difference in flow of fluids through each capillary:

"r 4 #P
Q=
8$L
The volume flow rate Q, is used to compare the fluid flow rate through each capillary.
The viscosity η, total pressure drop ΔP, and the constant π are the same for both capillaries. It

!

should be noted that this equation is really not valid since it is derived for non-compressive fluid
flow and we are working with compressible supercritical fluids and gasses. Other failings of this
approximation include the fact that viscosity is not constant over a range of pressures for gases
and fluids. However if ideal non-compressive flow is assumed, the equation above states that
volume flow rate is proportional to the radius, r, to the fourth power. With capillaries 1.6 and 5.6
µm in diameter we would expect the flow to be on the order of ~150 times greater through the
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larger capillary. A simple experiment was carried out to determine if this is a good
approximation of the proportional flow rates. Measuring helium gas flow through two capillaries
of the same length demonstrated a greater disparity in the flow than the Poiseuille equation
predicts. The measured flow rate was ~275 times greater for the larger capillary.
Beyond the flow rate we also need to consider gas rarefaction along the length of the
capillary. The pressure at a given point along either capillary drops exponentially with distance
from the reservoir.5 The pressure drop experienced at a given distant from the reservoir is not be
the same for each capillary. The pressure drop is roughly proportional to the inverse of the
diameter. This means the smaller diameter capillary will experience less initial drop near the
reservoir followed by a steeper drop near the exit. This rarefaction reduces the collision
frequency of the precursor molecules and affects the reaction rate.
Since there is such a strong dependence on the flow rate with respect to the capillary
diameter the process is further complicated by capillary constriction as material is deposited onto
the capillary walls. A change in the flow rate and changing pressure drop along the length of the
capillary is experienced throughout a deposition. This complicates the deposition of layers with
uniform thickness within a capillary. The restriction of the gas flow will increase as the length of
the thick material increases within the capillary because the flow rate is inversely dependant on
the length of the capillary. This results in changing the pressure and flow conditions as
deposition within a capillary proceeds.
Germanium depositions were carried out at 5% and 2.5% GeH4 precursor concentrations
and at several pressures between 5000 and 3000 psi with 1.6 and 5.6 µm capillaries attached to
the same reservoir. The furnace temperature was set to 325°C. Over the series of depositions it is
observed that the deposition is more uniform and consistently smooth in 1.6 µm capillaries. This
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suggests that the pressure plays a role in film smoothness. The pressure in a larger capillary at a
given distance from the reservoir is lower than the pressure in a smaller capillary. The SEM
images displayed in Figure 4.10 below are representative cross sections of the deposition in the
two capillaries.

Figure 4.10 SEM images of simultaneous deposition of germanium within a 1.6 µm (left) and a
5.6 µm (right) capillary using the traveling furnace.

The image on the left in Figure 4.10 is a cross section of a 1.6 µm diameter capillary. The
thickness of the germanium layer is 250 nm. The smooth inner wall is representative of the
deposition along the length of this capillary. Next to this is the image of a 5.6 µm capillary with a
~200 nm thick Ge layer. The film thickness and roughness both vary along the length of the
capillary for the larger capillary. Generally the roughness of the films increased further from the
reservoir. This suggests that higher total pressures favor smooth deposition, since the pressure
further from the reservoir and closer to the exit of the capillary is lower. This is further evidenced
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by the rough deposition observed at lower total pressures compared to higher pressures within
1.6 µm capillaries, Figure 4.11. The deposition displayed to the left was carried out from a
reservoir at 2700 psi, compared to 4300 psi on the right.

Figure 4.11 SEM images of deposition at 2700psi (left) and 4300 psi (right) within 1.6um
capillaries using the traveling furnace.

4.3.4 Layer Deposition in 100 µm Capillaries

It is not possible to allow gas to simply exit larger capillaries as is done with the smaller
diameter capillaries. The flow rate through larger capillaries is too high, and in a 100 µm
diameter capillary the 2 ml high-pressure gas reservoir is exhausted in a matter of seconds. The
flow of gas exiting the fiber must be regulated. Initial deposition within a 100 µm capillary was
carried out in sealed fibers since helium and hydrogen gas can both diffuse through the silica
walls of the fiber. The diffusion of helium and hydrogen allows some flow of gas within the
sealed capillary.
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The fibers for the no-flow depositions were prepared by first sealing one end of the
capillary with a torch then attaching the fiber to the high-pressure reservoir inside a glove box
under argon atmosphere. There is an initial small pressure drop when the reservoir is first opened
to a sealed capillary as the high-pressure gas fills the capillary. After the initial drop the reading
of the pressure gauge does not change throughout the deposition indicating very little gas escapes
from the sealed fiber. The pressure gauges used are only accurate for measuring relatively large
pressure changes, typically greater than 50 psi. Because of the limitation of the gauge we are
unable to detect very small changes in the pressure that would indicate a slow flow of the gas
into the capillary.
The thickness of the deposited layer can be used to determine whether there is some flow
resulting from diffusion of the hydrogen and helium through the capillary walls. The theoretical
thickness of the deposited film under no-flow conditions can be determined from the initial
pressure of silane if several assumptions are made. Assuming ideal gas behavior, that there is no
flow, no diffusion, and that all of the silane decomposes and contributes to the formation of solid
silicon; the thickness of silicon deposition is given by:

t"

PMr
2RT#

Where P is the pressure of the silane gas, M is the molar mass of silicon, r is the radius of the
capillary, R is the gas constant, T is the temperature, and ρ is the density of solid silicon. A

!

deposition within a 100 µm diameter capillary from a 5000 psi 5% silane mixture would result in
a maximum ~80 nm thick layer of silicon. If the silicon is much thicker than this we can
conclude that diffusion through the capillary walls and diffusion of silane across the
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concentration gradient generated as silane is consumed within the capillary allows silane
molecules to move from the reservoir into the capillary of the sealed fiber.
Following these conditions silicon was deposited within a 100 µm diameter capillary
using a 70 cm long tube furnace. The furnace was heated to 500°C before opening the reservoir
to the capillary and the deposition was allowed to proceed for 3 hours. SEM cross sections along
the length of the capillary display a pronounced deposition thickness profile, with a thickness
greater than 6 µm near the furnace entrance gradually tapering off to less than 1 µm by 20 cm.
The amount of material deposited clearly demonstrates that silane does flow into sealed
capillaries throughout deposition. The thickness profile of the deposition is an indication of flow.
If the flow is slow with respect to the decomposition rate of the silane then a thicker silicon layer
will form near the furnace entrance. This is because the silane would be depleted as the gas
flowed through the capillary.
The thickness of the deposition is promising indicating that it will be possible to use the
high-pressure deposition technique within larger diameter capillaries. However for the purposes
of waveguides it is necessary to have films with uniform thickness along the length of the
capillary. The traveling furnace was employed in an attempt to gain greater control over the film
thickness and uniformity along the length of the fiber. A sealed 100 µm was again attached to a
reservoir containing 5000 psi 5% silane gas mixture and connected to the traveling furnace
tower. The furnace was set to 500°C and moved at a rate of 7.6 x 10-2 cm/minute along the fiber.
Below is an SEM image of the silicon film deposited within the capillary. The thickness of the
film varied between ~100-350 nm over 60 cm within the capillary. The deposition was thickest
near the reservoir, and gradually tapered down to ~100 nm at 60 cm.
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Figure 4.12 SEM image of a ~300nm thick silicon layer deposited within a 100µm capillary.

By slowing the travel rate of the furnace it was possible to increase the thickness of the
film. Following the same deposition conditions as above with a rate of ~.1 mm/minute it was
possible to achieve a thickness of ~2 µm near the reservoir. Between 0 and 10 cm the film was
2µm thick and gradually tapered beyond 10 cm. No deposition was observed at 100 cm from the
reservoir. SEM images of fiber cross-sections at 5 and 10 cm can be seen in Figure 4.13. In
preparing the cross sections for the SEM the end of each section was etched in a 20% HF
solution for 10 minutes to generate a separation between the silicon film and the silica. The gap
formed enables the thickness of the silicon film to be measured more accurately. In the left
column are overview images of the cross section at 5 cm (top) and 10cm (bottom). To the right
of each overview is a higher magnification image of the silicon film.
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Figure 4.13 SEM images of silicon layer deposition within a 100µm capillary displaying a gap
formed via etching.

The taper of the film thickness could potentially be corrected by adjusting the travel rate
of the furnace so that it moves slower at distances further from the reservoir. However the time it
would take to deposit a meter long 1 µm thick film would become prohibitive. Even at the rate of
deposition near the reservoir it would take nearly 70 hours to deposit a 1 µm film a meter in
length. Another option is deposition under regulated flow. The capillary is too large to allow the
precursor gas mixture to flow unrestricted, however a smaller diameter capillary can be attached
to the end of the large capillary to restrict the flow. The flow rate of the gas can be controlled by
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increasing or decreasing the diameter of the restricting capillary. Initially a 10 cm long segment
of a 5.6 µm diameter capillary was used to regulate the flow through the larger capillary. The
initial choice of the length and diameter of the restricting fiber was somewhat arbitrary. The use
of this capillary limited the flow of gas through the larger capillary to ~3ml/minute, measured
exiting the capillary at 300 K and 1 atm. This allowed deposition of a layer without total
exhaustion of the reservoir.
Silicon films deposited using regulated flow were much more uniform and displayed
much less surface roughness than the films deposited in sealed capillaries. The taper of a film
over 1 meter was found to be ~15%. Figure 4.14 below is an SEM image of a silicon film
deposited at 500°C with a travel rate of 1.26 mm/minute.

Figure 4.14 SEM image of a smooth silicon layer within a 100 µm capillary.
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After multiple depositions it was determined that the pressure drop of the reservoir may
be contributing to the variation in film thickness along the length of the capillary. With a single
pass deposition the film thickness tapered down as the pressure dropped. To overcome this the
furnace was programmed to make multiple passes so that the pressure drop would be
experienced more evenly at every position along the capillary. This resulted in a ~15% taper in a
1 µm thick film. The film was thickest near the reservoir, and gradually tapered to 850 nm at 1
meter.
A larger reservoir was employed to correct the taper by reducing the pressure drop of the
reservoir during the deposition. Initially a plug was inserted into a 100 ml high-pressure reservoir
limiting the total volume to 20 ml. This reservoir was then charged with 150 psi silane and
pressurized to 5000 psi with helium resulting in a 3% silane mixture. The large reservoir could
not be submerged in liquid nitrogen limiting the silane charging to the pressure exiting the silane
tank.
To quickly find the travel rate necessary to obtain a 1 µm thick layer a new program was
written using the Labview software. The program was used to reduce the rate of the furnace
every 20cm so that as the furnace made one pass over a meter long fiber 5 different travel rates
could be tested. Figure 4.15 below is an SEM image of a 1 µm thick silicon layer deposited with
a furnace travel rate of 0.56 mm/minute. The layer is exceptionally smooth and uniform in
thickness throughout the deposition.
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Figure 4.15 SEM image of a uniform 1 µm thick layer of silicon.

To further increase the rate of the deposition higher temperatures and lower
concentrations were investigated. SEM observations of the film thickness and roughness were
used as a guide to determining the ideal conditions. The figure below displays a representative
sample of deposition at various conditions. The upper left image in Figure 4.16 is of a deposition
from a 3% silane concentration at 550°C. The deposition rate was more than doubled, however
the roughness is dramatically increased. The upper right image is a deposition at 550°C and 0.5%
silane. The deposition rate is lower than the higher concentration deposition, however the surface
roughness was reduced. The final image in the lower left represents a deposition at 535°C with a
concentration of 0.5% silane.
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Figure 4.16 SEM images of silicon deposition at 550°C from 3% silane (upper left), 550°C from
.5% silane (upper right), and 535°C from .5% silane (lower left).

After optimizing the deposition rate it was possible to deposit a smooth, uniform, 1 µm
thick silicon layer 1 meter in length within a 100 µm capillary in under 7 hours. Figure 4.17
below is an SEM image of a 1 µm silicon layer deposited from a 5000 psi 0.5% silane mixture at
535°C and a travel rate of 0.25 cm/minute. The reservoir volume was increased to 100 ml so that
multiple depositions could be carried out before needing to recharge. This was deemed safe with
the lower concentration of silane.
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Figure 4.17 SEM image of 1 micron thick silicon deposited from .5% silane at 535°C.

After determining the deposition conditions for a 1 µm layer of silicon the deposition
conditions for germanium were investigated. Initial deposition of germanium on a silicon layer
was carried out at 350°C from a 5000 psi 5% germane gas mixture. The result was a rough film
deposited at a slow rate. Figure 4.18 below is an SEM image of the rough germanium film
deposited on a 1 µm silicon film. The film measured ~200 nm thick with a furnace travel rate of
0.25cm/minute.
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Figure 4.18 SEM of germanium layer deposited onto silicon within a 100 µm capillary.

The precursor concentration and temperature were optimized for the germanium
deposition. The deposition conditions for germanium were determined to be 1% germane
concentration at 350°C. A 0.75 µm thick film was deposited on top of a 1 µm thick silicon film
using a travel rate of 0.8 mm/minute. Both layers demonstrating exceptionally low variation n
thickness along the length of the 1 meter long capillary. With this process it will be possible to
form in-fiber dielectric waveguides from a wide range of materials.
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Figure 4.19 SEM image of Si-Ge junction within a 100µm capillary.

4.4 Conclusion

The formation of junctions within the capillaries of MOFs has been demonstrated via the
sequential deposition of materials. A traveling furnace has been designed and constructed for the
deposition of uniform layers within MOF capillaries. A process for depositing smooth uniform
thickness layers was developed using the traveling zone furnace. Demonstration of a long
smooth uniform junction was between silicon and germanium indicates the possibility for the
introduction of new dielectric waveguide structures within an optical fiber. This will increase the
ability to tailor the waveguide properties of the fiber potentially enabling higher power handling
and lower losses in transmission of IR and visible wavelengths. Future work will include
expansion of the uniform deposition to include new materials and waveguide structures.
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Chapter 5

Thermal Annealing of Silicon and Germanium Filled MOFs

5.1 Introduction

Both high crystalline fraction and large grains are desirable for photonic and electronic
applications. Amorphous material and grain boundaries have a negative impact on electron
mobility and optical loss.1,2 The morphology of the deposited material is also important to its
function. This chapter presents the investigations into the thermal annealing of silicon and
germanium deposited with the MOFs. The goal of this work was to obtain the best material
possible for potential optical and optoelectronic applications. With this in mind various thermal
annealing conditions were investigated, and the impact on the materials crystalline fraction, grain
size and physical morphology were studied. Raman spectroscopy was employed extensively in
the study of the crystalline properties as it presents a fast non-destructive method for assessing
material properties.
Amorphous silicon is commonly deposited and converted into crystalline silicon by
various techniques. The crystallization techniques vary depending on the application and desired
properties of the material. The most straightforward technique is solid phase crystallization by
thermal annealing. When amorphous silicon is heated above 550°C crystalline nuclei form
randomly within the solid material, upon further heating these nuclei grow into crystalline
grains.3 Lower temperatures result in the formation of fewer nuclei, but produce larger
crystalline grains if allowed to grow for long periods of time. Relatively large grains can be
formed at 550°C over the course of 100 hours.4 Increasing the temperature increases the
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nucleation and growth rate of the crystalline grains. At higher temperatures the increase in the
crystalline fraction is much more rapid. However the higher density of crystalline nuclei formed
reduces the average grain size because as adjacent grains impinge on one another they cease to
grow. Once silicon has been crystallized there is a large energy barrier for crystalline grains to
grow larger. Recrystallization of polycrystalline silicon, in which material from smaller grains is
subjugated into larger grains, requires high temperatures.5,6 Generally temperatures well above
1300°C are required to obtain significant rates of recrystallization.

5.2 Thermal Annealing of Si within MOFs
5.2.1 Low Temperature Annealing

As discussed in chapter 3 silicon is deposited within the capillaries at temperatures that
result in amorphous material. Thermal annealing is employed to obtain crystalline materials
within the capillaries. Initially deposition and annealing experiments were carried out with a
single temperature ramp in the deposition furnace. The furnace was ramped to 725°C over
several hours for the deposition of silicon within capillaries. The silicon would deposit
amorphous at first and then be annealed as temperatures higher than 550°C were reached. In this
manner capillaries were filled with polycrystalline silicon tubes and wires.
The temperature profile of the furnace has an impact not only on the deposition of the
material within the capillaries, but also the annealing. Because of this profile material annealed
in the middle of the furnace has a higher crystalline fraction than material near the entrance and
exit of the furnace where the temperature is lower. The Raman line widths of material annealed
to 725°C demonstrated that the silicon was mostly crystalline with some small amorphous
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fraction. The Raman spectra below in Figure 5.1, illustrates the differences in crystalline fraction
produced by the temperature profile. The red line corresponds to the material deposited in the
middle of the furnace, and the blue line was collected from material near the entrance of the
furnace. It is easy to see that the lower temperature material has a larger tail on the low
wavenumber side of the Si Raman peak indicating a larger amorphous fraction.

Figure 5.1 Raman spectra of silicon annealed to lower (blue) and higher (red) temperatures due
to the furnace temperature profile.

A single crystal silicon wafer was used as a reference to compare the FWHM Raman
peak widths vs. furnace position. The FWHM peak width of the wafer was subtracted from the
value for the deposited Si wire and the point were plotted against furnace position. The furnace is
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70cm long, only the first half of the furnace is displayed because the temperature profile is
symmetric. The material deposited and annealed at lower temperatures near the entrance of the
furnace has a FWHM that is 3.6 cm-1 wider than a single crystal wafer. Near the middle of the
furnace where the temperature is higher the peak width is nearly 1.3 cm-1 closer to that of the
single crystal wafer. This plot very clearly demonstrates that higher temperatures lead to
improved material.

Figure 5.2 Plot of the difference in the FWHM Raman peak width from a Si wafer vs. furnace
position for a silicon wire within a MOF.

Optical loss and electron mobility measurements were performed on the material
deposited near the middle of the furnace.7 The optical losses, measured at 1.55 µm with a cw
laser source using the cutback method, were determined to be 7 dB/cm. Electron mobility
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measurements were made by constructing an in-fiber FET, the mobility was determined to be 1.4
x10-2 cm2/Vs with n-type majority carriers.8 The poor electron mobility of this sample is likely
due to the remaining amorphous fraction and small crystallite size within the material.

5.2.2 High Temperature Annealing

Higher temperature and longer anneal durations both result in higher crystalline fraction.4
Initially longer anneal times were investigated. However, no difference was observed in Raman
spectra collected from materials annealed at 725°C for longer durations 24-48 hours, compared
to the samples that had been annealed for only several hours. Higher anneal temperatures were
pursued. In order to reach higher temperatures new furnaces were constructed. The detail of the
new furnace design are included in Appendix B. Previous furnaces capable of reaching 1100°C
were constructed using Nichrom wire as a resistive heating element. The new furnaces used
Kanthal resistive heating wire purchased from Resistancewire.com capable of reaching 1450°C.
With the new furnaces it was possible to generate a temperature series of annealed silicon
filled capillaries ranging from 1000 to 1450°C. Single capillary 5.6 µm diameter MOFs were
filled silicon following the same procedure described above, the fibers were then annealed for
durations of at least 12 hours to temperatures ranging from 1000 to 1450°C. The TO Raman peak
of each sample was collected and fit to determine the FWHM. The plot below is a comparison of
the difference in each sample peak width from that of a single crystal silicon wafer. Above
1100°C a general trend is seen of shrinking peak widths with increasing anneal temperature.
Even at 1100°C the peak width is substantially smaller than the width observed at 800°C by 1.4
cm-1.
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Figure 5.3 Plot of the difference in FWHM Raman peak width increase from that of a silicon
wafer vs. anneal temperature for Si microwires deposited within MOFs.

It is clear that the higher annealing temperatures yield higher crystalline fraction material,
however observation of MOFs annealed to high temperatures revealed marked deformation of
the capillaries and the deposited silicon. The images below were collected using a 100x 1.25 NA
Leica oil immersion objective with transmitted light illumination. The first image in the upper
right corner is an empty 5.6 µm diameter capillary as a reference. The three remaining images
were collected after annealing to 1200°C for 24 hours. The capillary has expanded in all of these
images; the remaining silicon wire still maintains a diameter of approximately 5.6 µm.
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Figure 5.4 Optical microscope images of microcapillaries after1200°C 24 hour anneal near the
furnace entrance (top left) and at several positions near the middle of the furnace.

The origin of the capillary expansion is uncertain, though several possible factors may
contribute to the expansion. Similar expansion has been observed in capillaries with highpressure gas flowing at high temperatures, causing a ballooning effect in the softened silica. High
temperature water flowing through capillaries has also been observed widening the capillaries by
eroding the capillary walls. However this capillary was detached from the high-pressure
reservoir before annealing, and there is no likely water source. Another possible explanation is
the generation of pressure from hydrogen out-gassing from the silicon during the annealing
process. However the amount of hydrogen in thermally deposited silicon should be very low.
Several attempts were made to collect Raman spectra of the gas surrounding the silicon in the
capillary to determine if hydrogen gas was present, however no signal was observed. The
presence of hydrogen cannot be confirmed, however the lack of a Raman signal does not imply
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that it is absent. The final and possibly most likely explanation is the difference in thermal
expansion experienced between the silicon and silica. This is evidenced in the bottom right
image of Figure 5.4 where it appears that the silicon wire formed a spiral to relieve the pressure
exerted by the expansion difference. Further evidence of the silicon expansion and contraction
upon cooling can be seen in the bottom left image where the silicon wire has fractured creating a
gap.
Above 1300°C the silicon within the capillary has an even greater tendency to deform.
Below is an image of a Si capillary annealed to 1300°C for 12 hours. The image was collected
with both reflected and transmitted light to display the contrast between the materials within the
capillary. The bright reflective shape in the middle appears to be a single micro-crystal of silicon.
The TO Raman peak was nearly identical to that of a single crystal wafer in both width and shift.
Raman spectra also reveal that the darker material surrounding the reflective material is
polycrystalline silicon with a peak width approximately 0.5 cm-1 wider than a single crystal
wafer. Again the capillary has expanded; in this case the capillary appears to be approximately
20 µm wide.
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Figure 5.5 Optical microscope image of a silicon filled capillary after a 12 hour anneal at
1300°C with both transmission and reflected light illumination.

While the exact origin of the deformation is unknown it is obvious that it would have a
negative impact on the properties of the MOF. A low loss in-fiber silicon waveguide must
possess both superior crystalline properties and maintain extremely smooth surfaces. One of the
primary loss mechanisms of polycrystalline silicon waveguides is scattering due to surface
roughness.9 The roughness, deformation, curvature, and formation of gaps would induce high if
not total optical loss and effectively destroy the waveguide.
The strength of the MOFs annealed to high temperatures was greatly diminished. Initially
the MOFs are very strong with a tensile strength greater than that of steel, however after
annealing to high temperatures numerous defects are generated in the silica weakening the
fibers.10 Fibers annealed above 1250°C for extended periods of time appear frosted to the naked
eye due to the extreme number of fractures that are the generated by defects produced in
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annealing. Fibers annealed to temperatures of 1000°C and above become extremely brittle. The
brittleness of the MOFs incurred by high temperature anneals lasting more than an hour makes
them very challenging to handle. Even attempting to place an annealed MOF onto a microscope
slide may cause it to shatter.

5.2.3 High Temperature Short Duration Annealing

After it was determined that annealing for 12-24 hours resulted in greatly diminishing the
integrity of the fibers and structure of the silicon, annealing times were reduced to one to two
hours. With the shorter duration less deformation was observed at temperatures below 1300°C,
however loss of integrity was still observed in MOFs annealed above 1300°C for durations
greater than an hour. The annealing furnace designed to reach high anneal temperatures wasn't
powerful enough reach the desired temperatures in times shorter than an hour. The furnace was
again redesigned to allow fast heating and thus shorter anneal times. A new power source and
heaver gauge resistive heating wire was employed to reach the desired annealing temperatures in
much shorter times. The modified furnaces are capable of reaching 1425°C from a starting
temperature of 725°C in under 10 minutes.
Annealing the fibers for much shorter durations of ten minutes allowed the MOFs to
maintain nearly all of their integrity with no capillary deformation observed. The post-anneal
brittleness of the capillary was reduced by etching the MOFs in a 20%HF:H2O solution for ten
minutes to remove the surface defects generated in the annealing process. Slight warping of the
MOFs was observed when annealing to temperatures above 1325°C, the amount of curvature and
effected length increased with temperature. The ideal temperature and duration for annealing was
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determined to be 1325°C for 10 minutes, based on both the Raman peak widths and the structural
integrity of the MOF.
A Dilor XY Raman spectrometer was used to collect Raman spectra of the high
temperature annealed wires. The spectrometer was setup in direct path and a laser line filter
purchased from Semrock was used to remove the laser line. The spectra were collected with a
100x .95 NA objective with the spectrometer entrance slit set to 60 µm. The power of the 633
nm laser was reduced with neutral density filters to 34 µW to ensure no heating. To ensure that
the Raman peak width and shift were not affected by strain from the MOF the wire was etched
free from the silica prior to collection. Figure 5.6 below displays a representative collection from
a wire annealed to 1325°C for 10 minutes. Further details of the characterization of Si annealed
to 1325°C including optical loss and TEM characterization will be presented in chapter 6.

Figure 5.6 Raman spectrum of a silicon wire deposited within a MOF and annealed to 1325°C
for ten minutes.
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5.24 Melt Crystallization

Several trials were carried out to determine whether it was feasible to melt the silicon
within the capillaries after deposition and allow crystallization to occur upon solidification from
the melt. However gaps in the silicon were observed along the length of the capillary after
solidification from the melt. This was abandoned as the short 10-minute anneal presented a better
route to high quality polycrystalline silicon.

5.3 Thermal annealing of Ge within MOFs

Germanium is very similar to silicon in many respects, and has competed with silicon for
first place in the electronics industry. Silicon ultimately won more support due to lower costs and
higher thermals stability. However germanium still represents a very important material to the
electronics and optoelectronics communities. Like silicon the properties of germanium depend
heavily on its crystalline nature. Higher crystalline fraction and larger grain sizes are typically
desirable.

5.3.1 Low Temperature Annealing

Initially the deposition and annealing of germanium were carried out using a single
temperature ramp determined by Tom Schiedemantle, a former graduate student of our research
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group. The deposition was carried out using a 70 cm long tube furnace set to ramp from room
temperature to 425°C over three hours. The initial pressure of the reservoir containing a 5%
germane mixture in He gas was 5000 psi. Raman studies of the deposited germanium revealed
that the crystalline fraction varied a great deal over the length of a MOF. Similar to the results
with silicon the temperature profile of the furnace resulted in higher crystalline fraction in the
highest temperature region near the middle of the furnace. A plot of the FWHM Raman peak
width vs. the furnace position and temperature can be seen below in Figure 5.7. Again because of
symmetry only the first half of the furnace is displayed.
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Figure 5.7 Plot of temperature (top) and FWHM (bottom) vs. furnace position.

Two of the representative Raman spectra are displayed below, one collected at 20 cm into
the furnace corresponding to an anneal temperature of 370°C, and the other in the middle of the
furnace at 425°C. Each spectrum is displayed with three fit peaks representing the amorphous,
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disorder, and crystalline peaks. Simple visual inspection of the peaks even without fitting, it is
obvious that the lower temperature sample has a higher amorphous fraction. Even the sample
annealed to 425°C has an amorphous contribution that can be seen in the asymmetry of the peak.
The Ideal material would not display any asymmetry and posses a peak width that is nearly
identical to a single crystalline wafer.

Figure 3.8 Raman Spectra of Ge annealed to 370°C (left) and 425°C (right) with three fit peaks,
amorphous, disorder and crystalline, shown in red.
Further electrical characterization of the low temperature annealed germanium wires was
carried out by the construction of in-fiber FETs.8
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5.3.2 High Temperature Melt/Annealing

Germanium annealed to higher temperatures displays a much narrower Raman peak
width and no asymmetry indicating larger crystalline grains and high crystalline fraction. Below
the Raman spectrum of a Ge wire annealed to 900°C (blue line) is plotted with a single crystal
Ge wafer (red). The FWHM peak width of the wire is only 0.15 cm-1 wider than that of the
wafer.

Figure 5.9 Raman spectra of a single crystal germanium wafer and a germanium wire anneal to
900°C within a MOF.
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Germanium wires were annealed in a series of temperatures ranging from 650 to 950°C
for durations of 1 to 24 hours. Like the silicon, germanium annealed to high temperature for long
durations does not maintain structure. The images in Figure 5.10 represent low temperature,
500°C, annealed Ge. The structure of the Ge tubes within the capillary remains pristine, however
at higher temperatures the Ge became mobile within the capillaries.

Figure 5.10 SEM images of low temperature, 500°C, annealed germanium tubes.

The upper left image of Figure 5.11 was collected from a sample annealed to 900°C for
12 hours. It appears that the Ge has somehow entered the silica of the capillary. Raman spectra
confirmed that the light brown material seen extending from the capillary of the MOF into the
silica is Ge. The most likely explanation for the injection of Ge into the silica is pressure buildup
within the capillary during the anneal. Ge has a higher coefficient of thermal expansion that the
silicon giving it greater contrast with the silica.
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The other three images are representative of what is seen at temperatures below 900°C.
The bottom two images were collected in regions where the capillaries were not completely
filled. Annealing Ge to temperatures higher than 650°C for long durations generates gaps in the
Ge wire that are visible in viewing the MOF through a microscope.

Figure 5.11 Optical microscope images of high-temperature annealed germanium within MOFs.

In an attempt to avoid the formation of gaps the Ge was melted within the MOF at
1000°C and pressure was applied from either one or both sides to force the molten Ge together.
The 1000°C temperature was employed to ensure that the central filled region of the MOF was
above the melting point of Ge. After the capillary was pressurized the temperature was lowered
allowing the Ge to solidify. However gaps were still present in the material. Below are some
representative SEM images of the solidified Ge form the melt experiments. The upper left and
right images were collected near the furnace entrance where the deposition would not have
completely filled the capillary. Similar images were seen in capillaries annealed to high
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temperatures with and without pressure. The Ge appears to be very mobile at temperatures above
900°C, prior to the high temperature anneal the deposition would have appeared as it does in the
images displayed in Figure 5.10.

Figure 5.12 SEM images of germanium solidified from a melt at 1000°C within a 5.6 µm
capillary.

The lower images in Figure 5.12 represent the material in the completely filled region of
the capillary. A majority of the capillary appears solid and completely filled in this region, every
SEM cross section prepared appeared filled. The only way to observe the gaps in the material is
by scanning the fiber from the side with a microscope.
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5.4 Conclusions and Future Directions

The determination of the ideal thermal annealing conditions for silicon and germanium
deposited within MOF capillaries has been investigated. It was found that the ideal conditions for
silicon annealing are short 10-minute anneals to 1325°C followed by etching in 20% HF acid for
10-minute to remove surface defects generated in the annealing process. This results in high
crystalline fraction, large crystalline grains, and maintained structural integrity of the MOF. The
best annealing conditions for Ge filled MOFs was determined to be 600°C as temperatures above
650°C result in the formation of gaps in the deposited material.
Further improvement of the crystalline properties may be obtained by initiating
propagation and growth of crystalline grains along the long narrow channels of the MOFs. This
could be achieved via laser annealing. A heat source such as a laser spot drawn along the length
of the capillary may enable a float-zone like crystal growth within the capillary of the MOF,
potentially producing large elongated crystalline grains of silicon and germanium. Elongation o
the grains along the length of the capillaries would reduce scattering losses due to grain
boundaries. Coupled with the extremely smooth interface at the capillary walls this could
produce waveguides with optical attenuation much lower than previously observed for silicon or
germanium.
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Chapter 6

Low Loss In-Fiber Silicon Waveguide

6.1 Low Loss In-Fiber Silicon Waveguides

The need to integrate electronic components with optoelectronics for telecommunications
and interconnections between computers is a driving force for advances in silicon photonics.
Even though silicon is not a direct gap material, it is proving its worth as an optical material in
various passive and active devices, such as modulators, amplifiers, and detectors.1 Because of the
vast body of research in silicon on chip fabrication, much of the research in silicon photonics has
been carried out on chip-based platforms. However, the integration of such a material into the
pores of a microstructured optical fiber (MOF) would enable the seamless integration of
photonics with light transmission. We have developed a high pressure chemical vapor deposition
method to infiltrate the pores of MOFs with optically active materials such as polycrystalline
silicon.2 Optical access provided by the extreme transparency of the silica MOFs has enabled all
optical modulation of guided light.3 Simple devices, such as in-fiber FETs, have already been
demonstrated within the MOF geometry.4 However, realization of low loss materials is necessary
before the development of in-fiber optoelectronic devices.
Propagation losses are a major hurdle for polycrystalline silicon photonics.5 One of the
primary loss mechanisms is scattering due to surface roughness.6 MOFs are able to guide light
over great distances due the extremely smooth surfaces of the capillary walls that have a
roughness of less than 1 angstrom rms.7 This also makes them ideal templates for the deposition
of materials with smooth surfaces. Here we show that polycrystalline silicon waveguide in fiber

113
with loss as low as 5.8 dB/cm can be obtained via a high temperature rapid annealing process.
The in-fiber waveguide features minimized surface roughness due to the extremely smooth
surfaces of the MOF capillaries. The solid polycrystalline silicon microwires exhibit the lowest
optical attenuation reported to date along with high electron mobilities.8 The introduction of low
loss high mobility polycrystalline silicon may open the door to a host of new in-fiber devices.

6.2 Deposition and Annealing Conditions

The low loss Si waveguide deposition is carried out using a 5% partial pressure gas
mixture of silane in He with a total pressure of 34 MPa. As the gas flows through the pore, the
MOF is heated to 500 ˚C depositing silicon onto the walls of the capillary. As described in
Chapter 3, deposition under these conditions leads to extremely conformal silicon layer growth
onto the walls of the capillary continuing down to sub 10 nm pore size.2 In this manner, it is
possible to deposit solid microwires several centimeters in length. The low temperature
deposition yielded amorphous silicon wires within the capillaries. The Si is crystallized in a
second step by annealing the fibers at 725 ˚C for one hour, and then at 1325 ˚C for ten minutes.
The high temperatures are necessary to achieve large grain growth; however, extended times at
high temperatures weaken the silica of the optical fibers. We have found the short ten minute
anneal times at 1325 ºC leads to large grain growth without severely compromising the integrity
of the silica. The MOFs are etched in a 20% HF acid solution for 10 minutes to remove the
weakening defects generated in the silica of the MOF during the high temperature anneal.
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6.3 Morphology and Raman Characterization

The overall morphology is well maintained after annealing, as shown in Figure 6.1 A.
Access to the Si is achieved by removing the silica from the end of the MOF with hydrofluoric
acid, revealing the extremely smooth surface of the silicon wire. The crystallinity is further
investigated by the Raman spectroscopy. The T2g Raman mode of crystalline silicon at 521 cm-1
is sensitive to crystalline fraction and grain size of the material. A Raman spectrum of a single
crystal Si wafer is collected as a reference for the peak position and width. Voigt fits of the
collected Raman spectra yielded FWHM values of 2.83 cm-1 and 2.97 cm-1 for the silicon wafer
and wire, respectively. Our Si wires match the Raman shift of the single crystal Si, at 521 cm-1,
and demonstrate broadening as small as 0.14 cm-1 with no apparent asymmetry indicating that
the material is high quality polycrystalline silicon with large grains and no apparent amorphous
fraction.

115

Figure 6.1 (A) Solid 5.6 um Silicon wire etched free from silica MOF. (B) Raman spectra of
annealed wires (above) and silicon wafer (below) collected with 633 nm excitation.

6.4 Crystalline Grain Size and Orientation

TEM is employed to yield more specific information about the grain sizes, orientation,
and distribution. A slice of polycrystalline silicon is removed from the end of a solid wire that
had been etched free from the silica fiber using a focused ion beam (FIB). The slice is attached to
a copper TEM tab where the FIB is again used to thin the sample down to approximately 100
nm. Figure 6.2 A is a bright field TEM image of a prepared and thinned slice. A hole formed in
the middle and some silicon was removed from the upper portion of the slice due to the ion
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milling in the thinning process. Crystallites with a zone axis parallel to the electron beam appear
darker in the bright field TEM images. As the slice is positioned in the TEM so that the zone axis
of various grains are parallel with the electron beam, large grains with diameters greater than 1
um become apparent. An electron beam with a spot size of 1 micron was used to collect a single
crystal diffraction pattern from one of the larger grains (inset Figure 6.2 A). Bright field TEM
images of two other large grains are shown in Figure 6.2 B and C. The diffraction patterns of
multiple grains revealed that the grain orientation is random. The orientation of the grains in
Figure 2 B and C are <112> and <110>, respectively.

Figure 6.2 Brightfield TEM images of crystalline grains and a single crystal diffraction pattern
(inset). 11
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6.5 Electron Mobility Measurements

Carrier mobility is a very important parameter that characterizes the electric properties of
Si. The mobility of the Silicon is determined by constructing an in-fiber field effect transistor
(FET). The FET is fabricated by removing the silica from the ends of a segment of the MOF with
HF acid and exposing the polycrystalline Si wire. After the wire is exposed, the silica is masked
so that ~ 250 nm of aluminum can be selectively deposited onto the Si and a small section of the
silica for the gate electrode. The coated fiber is then sintered at 430°C under argon. An InGa
eutectic is applied to aide in making contact with the semiconductor and gate electrode.4
An illustration of an in fiber FET is depicted in the upper inset of Figure 6.3. I-V plots at
gate voltages ranging from -100V to 100V were collected and are also displayed in Figure 6.3.
The positive change in slope with respect to increasing gate voltage indicates the primary charge
carriers are negative. The lower inset is a plot of the gate voltage vs. current with constant source
voltage of 20V. The slope of this plot is the transconductance, and along with the capacitance
and the length of the gate contact, it is used to calculate the mobility. The carrier concentration is
estimated to be 1×1016 cm−3, and the mobility is determined to be 32 cm2/Vs, which is in the
typical range for high quality polycrystalline silicon.9 The high carrier mobility indicates the
significantly reduced defect density.
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Figure 6.3 Field effect transistor (FET) measurements on a Si-in-fiber sample. The top inset
illustrates the FET device diagram. I-V curves are shown for a set of different gate voltages
varying from 100 V to -10 0V. The bottom inset shows the transfer characteristics obtained at
VD = 20 V.12

6.6 Optical Loss Measurements

Optical loss measurements are carried out on the Si wires using the cutback method. The
fibers are mounted within a larger glass capillary to enable mechanical polishing of the fiber
ends. An optical image of a polished surface was collected (Figure 4 B). The Si core in the center
reflects the light the most intensely. A 40x objective is used to couple 1.55 µm light from a cw
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laser source into the 5.6 µm diameter Si core. The exiting 1.55 um light is collected and
collimated onto a camera/detector using a 60x objective. An IR image of the 1.55 µm light
exiting the opposing end of the silicon core is collected (Figure 4 A). The high brightness of the
Si core on the infrared image indicates its excellent guiding performance at 1.55 µm wavelength.
The loss is further quantitatively determined by the cutback measurements.

The loss is

determined to be 5.8 dB/cm using the cutback method. To the best of our knowledge, this is the
lowest loss for a polycrystalline waveguide reported to date.

Figure 6.4 (A) Infrared image of 1.55 µm light being guided through a silicon wire within a
MOF. (B) An optical image of light being reflected from the surface of the same silicon filled
MOF. 13

6.7 Conclusion
Low loss in-fiber polycrystalline waveguides have been formed within 5.6 µm diameter
single capillary MOFs. Short duration high temperature anneals of amorphous silicon wires
resulted in complete crystallization and the formation of large crystalline grains. Reducing the
number of grain boundaries that the light must cross in propagating through the fiber reduces
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scattering loss at grains boundaries. This, coupled with low surface scattering of the waveguide,
has enabled the production of the lowest loss polycrystalline silicon waveguide reported to date.8
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Chapter 7

Deposition of Silicon Carbide and Silicon Nitride within MOFs

7.1 Introduction

Silicon carbide and silicon nitride possess unique optical properties that make them of
interest as waveguide materials and for optical devices.1-4 Silicon carbide is commonly used in
high-power high-temperature applications.5,6 Unlike silicon, silicon carbide does exhibit the
linear electro-optic effect giving rise to the possibility of fast optical modulation.7,8 Both
materials exhibit composition tunable optical characteristics, allowing a measure of control over
the refractive index and band gap of the materials.9-12 The ability to introduce tunable materials
within the MOFs would be a great advantage for optical applications. Deposited silicon nitride
films have demonstrated lower losses at 1.55 µm than Si films, giving them great promise as a
waveguide material.13-15 Further applications of these materials may also include buffer-layers
for the deposition of direct gap materials.16

7.2 Silicon Carbide

Initial interest in silicon carbide deposition came from the realization that it would be an
excellent waveguide material for 10.6 µm radiation. Highly reflective silicon carbide mirrors,
which operate between 10 and 14 µm, have been produced from deposited silicon carbide.2,17
The incorporation of silicon carbide within a MOF may enable the production of a flexible
waveguide capable of handling high laser powers at the 10.6 µm CO2 laser emission line.
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Recently flexible waveguides capable of lower power handling at 10.6 µm have been
demonstrated.18 However, the deposition of a silicon carbide layer within a large core optical
fiber would enable the transmission of high power CO2 laser radiation. This would be a great
advantage for CO2 laser cutting technology.

7.2.1 Deposition of Silicon Carbide

There are multiple chemical routes to the deposition of silicon carbide, including both
dual source and single source precursors.19-21 However, many of these precursors require very
high deposition temperatures (in excess of 1500°C), which is well into the glass transition
temperature of fused silica. The MOF would not be capable of withstanding high-pressures at
these temperatures. Previous experience, as described in Chapter 5, indicates that the MOFs
cannot withstand long durations above 1200°C. A literature search revealed a single source
precursor capable of depositing amorphous silicon carbide at temperatures as low as 750°C, and
crystalline silicon carbide at temperatures above 850°C.21 Dimethylisopropylsilane (DMIPS),
purchased from Starfire, is used as a single source precursor for the deposition of Silicon carbide
within the capillaries of MOFs. Initial deposition of silicon carbide was carried out using a
standard 2 ml volume stainless steel reservoir. Approximately 30 µL of DMIPS was added to the
reservoir under argon atmosphere in a glove box. The reservoir was then pressurized to 35 MPa
with He gas.
Deposition at 750°C produced a smooth film within the 4.25 µm diameter capillary. The
capillary was scanned using an Olympus BH-2 Microscope equipped with an Olympus 100x
MSPlan objective. The capillary near the furnace entrance appeared clear, as represented in the
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lower right image of Figure 7.1 of an empty capillary. While translating the stage and visually
scanning the capillary, it gradually darkened between 3 and 4 cm, becoming completely opaque
by 4 cm. The capillary remained opaque from 4 to 7 cm. The material in the capillary gradually
became transparent again from 7 to 10 cm. The top right image was collected at 8 cm, and the
lower left image was collected at 9 cm. By 10 cm, the capillary had become completely clear
again.
The optical images are not a confirmation of silicon carbide deposition, because thin
films of crystalline silicon, silicon carbide, and amorphous silicon would all be transparent if
sufficiently thin. However, the images do indicate that the deposition is conformal and likely
smooth. The lack of any visible roughness or blotchiness observed in the transparent films, and
the gradual, uniform transition (from transparent to opaque deposition over several centimeters)
are both evidence of conformal film deposition. The images do indicate that the material is not
pure stoichiometric crystalline silicon carbide, which should be transparent even in thicker films.
The lack of full transparence indicates either an excess of silicon or carbon or that the film is
amorphous.
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Figure 7.1 Transmission optical microscope images of silicon carbide deposition within a 4.25
µm single capillary MOF. The images were collected at 6 cm (upper left), 8 cm (upper right), 9
cm (lower left), and 10 cm (lower right) along the fiber.

Further confirmation of conformal deposition is observed in SEM cross-sections of the
capillary. A fiber cross-section was prepared from each of the three regions imaged above.
Figure 7.2 was collected from the opaque region of the capillary. It is apparent from the SEM
images that the film was deposited in a conformal fashion. The nicely formed round hole
remaining after deposition and the smooth inner surface of the deposited material both indicate
conformal deposition. The lack of contrast between the silica and the film makes it difficult to
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see the boundary. Because of this, the film thickness was determined by comparison with an
empty capillary. The film thickness in this cross-section is 1.6 µm.

Figure 7.2 SEM image of a cross-section corresponding to the opaque silicon carbide deposition
within the 4.25 µm capillary.

Figure 7.3 was collected from the section corresponding to the image in Figure 7.1.
Again, the contrast between the film and the silica is small in this image, and some charging
further complicates the thickness determination. An estimated thickness of 400 nm was
determined by increasing the contrast of the SEM so that the film could be distinguished from
the silica. More notably in this image, however, is the smoothness of the deposited film. Because
this fiber was mounted at an angle, it is possible to get a much better look at the film surface
within the capillary. This is very promising because, as previously mentioned, the deposition of
smooth films is necessary for the fabrication of low loss waveguides.
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Figure 7.3 SEM image of a fiber cross-section at 8 cm, corresponding to the slightly transparent
material.

Figure 7.4 corresponds to the very transparent material displayed in the lower left image
of Figure 7.1. Again, the film thickness was determined by comparison with an empty capillary.
The 100 nm film again displays an exceptionally smooth surface.
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Figure 7.4 SEM image of a fiber cross-section at 10 cm.

The

material

was

further

investigated

with

Raman

and

photoluminescence

spectroscopies. Raman and photoluminescence spectra were collected for each of the three
regions for determination of the material composition. A Renishaw Invia micro-Raman system
with the 514 nm line of an argon ion laser was used to collect the spectra. The sample displayed
a great deal of photoluminescence, an encouraging sign, possibly indicating an excess of carbon
in the deposited film. However, due to the photoluminescence, it is not possible to observe any
peaks due to the Si-C bond. In Figure 7.5, two faint peaks are visible just above 2.2 eV; these
correspond to the D and G Raman peaks of sp2 carbon. The TO and LO of beta (cubic) silicon
carbide Raman peaks, if present, would appear near 800 and 960 cm-1, respectively.
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Figure 7.5 Photoluminescence spectrum of silicon carbide deposited within a MOF using 514
nm excitation.

A Raman spectrum was collected using 364 nm excitation in an attempt to observe
Raman peaks obstructed by the photoluminescence of the sample. A high background is still
present; however, the D and G carbon Raman peaks are much more visible. The high
photoluminescence and presence of the carbon peaks suggest that the deposited material is high
in carbon content.
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Figure 7.6 Raman spectra of silicon carbide collected using 364 nm excitation.

7.2.2 Addition of Hydrogen to Reduce the Carbon Content

Addition of hydrogen is a common technique used for the reduction of carbon in organometallic CVD. To reduce the carbon content of the deposited films and form more stoichiometric
silicon carbide, hydrogen gas was added to the high-pressure deposition reservoir. Initially, 2000
psi of hydrogen gas was added to a 2 ml stainless steel reservoir containing 30 µL of DIMPS and
was pressurized to a total pressure of 5000 psi with helium gas. No deposition occurred at
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750°C, as it had with DIMPS and helium. The furnace temperature was slowly raised as the flow
of gas from the exit end of the fiber was monitored. The gas ceased flowing as the temperature
approached 850°C indicating that the capillary had plugged.
The fiber was visually scanned with an optical microscope. Similar to the deposition
without hydrogen, the film within the capillary gradually became opaque; however, near the
center of the furnace, the film suddenly appeared blotchy. Figure 7.7 contains Brightfield
transmission images collected with a 100x oil immersion objective. Silica matching oil
surrounding the fiber makes the fiber nearly invisible, allowing a clear view of the deposited
tube. The top left image was collected near the furnace entrance where the deposition
temperature would have been lower. The second image was collected ~3 cm into the furnace, and
the image on the bottom left was collected ~5 cm into the furnace. The film appeared opaque for
just over 3 cm, and near 7.5 cm, the film suddenly appeared blotchy.
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Figure 7.7 Images of silicon carbide deposition at 850°C within a 4.25 µm capillary collected
using a 100x immersion oil objective.

Initially, it was assumed that an optical illusion was giving the appearance of a clear tube
and that the dark islands were the only material deposited within the capillary. After removing
the silica by etching with HF acid, it was apparent that there was a clear tube with dark islands
dispersed within it. Neither silicon nor carbon is clear and transparent, and any silica present
would have been removed by etching, making it highly probable that the clear material is silicon
carbide.
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Figure 7.8 Image of blotch deposition before (left) and after (right) removal of the silica with HF
acid.

The MOF was sectioned and mounted with scotch tape to a clamp. The clamp was
inverted so that the ends of the capillary sections could be immersed in a HF acid solution to
remove the silica of the optical fiber. It is necessary to expose the deposited material prior to
collecting 244 nm Raman, because the objective used to focus and collect 244 nm light is not
achromatic. It is necessary to move the sample closer to the objective after focusing with visible
light. The amount the sample is raised is determined by maximizing the Raman signal of a
graphite standard. The difference in the absolute distance that the microscopy platform mush be
raised after focusing with visible light would change if focusing into a cylinder of silica. This
would present a challenge for Raman collection if the material was encased within the silica of
the MOFs.
The black plot in Figure 7.9 is a Raman spectrum collected on a cubic silicon carbide
powder purchased from Aldrich as a standard. The 244 nm only penetrates ~100 nm into
crystalline silicon carbide and would be much more shallow for amorphous material. The
absence of the TO and LO peaks at 796 cm-1 and 974 cm-1 suggest that the silicon carbide
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powder has an amorphous surface layer. Broad peaks centered at 766 cm-1 and 888 cm-1 are
likely a convolution of silica Raman peaks at 797, 830, and 900 cm-1 with the amorphous silicon
carbide peaks. The peak at 1072 cm-1 is due to silica alone and confirms the presence of silica
even in the standard silicon carbide powder; this is expected since silica is the native oxide of
silicon carbide.
The blue plot in Figure 7.9 was collected from the blotchy region and is very similar to
the silicon carbide powder spectrum. Although the similarity is a promising, it is not a
confirmation of silicon carbide since silica Raman peaks overlap with the silicon carbide peaks.
The result is a convolution of silicon carbide and silica Raman signals at 800 cm-1 and 950 cm-1.
The red plot was collected in another region of the capillary, closer to the furnace entrance, at a
lower temperature. There is a much more pronounced carbon peak at ~ 1500 cm-1, with a
shoulder to the low wavenumber side due to the D peak of the carbon. The carbon dominates the
spectrum, and the silica peaks, if present, are not visible.
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Figure 7.9 Raman spectra of silicon carbide powder (black), blotchy deposition (blue), and
lower temperature deposition within the same MOF (red), collected wit 244 nm excitation.

Visible Raman spectra were also collected using 514 nm excitation. The four spectra in
Figure 7.10 include the silicon carbide powder (black), blotchy material (blue), lower
temperature material (red), and a silicon wafer (green). A silicon wafer was not included in the
244 nm Raman because the 244 nm light does not penetrate deep enough into the silicon for
collection.
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The silicon spectrum displays a sharp peak at 521 cm-1 and a weak broad second order
peak near 1000 cm-1. The blue plot, corresponding to the blotchy region, displays a silicon peak
at 514 cm-1, and a weak second order silicon peak, along with weak carbon peaks near 1300 and
1600 cm-1, corresponds to disordered sp2 carbon.22 The position of the silicon peak at 514 cm-1
suggests nanocrystalline silicon with grains on the order of 2 nm in diameter.23 The tail to low
wavenumber also indicates some amorphous silicon is present. The purchased silicon carbide
powder displays a strong peak at 785 cm-1 with a low wavenumber tail. The tail and width of the
peak indicate that nanocrystalline and amorphous silicon carbide are present. Peaks found
between 1300 and 1800 cm-1 are due to sp2 carbon and second order peaks. The red plot,
corresponding to lower temperature deposition within the capillary, displays several broad
features. The first feature, centered at 485 cm-1, corresponds to amorphous silicon or silicon
carbide. The transparency of the material suggests silicon carbide rather than silicon. A very
broad feature, centered near 775 cm-1, and another, centered at 950 cm-1, likely correspond to
amorphous silicon carbide. Two humps near 1350 and 1600 cm-1 correspond to sp2 carbon.
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Figure 7.10 Visible Raman spectra of a silicon wafer (green), lower temperature deposition
(red), blotchy material (blue) and silicon carbide powder (black) collected with 514 nm
excitation.

7.2.3 Traveling Furnace Deposition of Silicon Carbide

The temperature profile of the deposition furnace, potential CVD by-products, and
change in precursor concentration as the gasses flow through the capillary all have impact the
material deposited within the capillary. Both the temperature and hydrogen concentration in the
gas mixture affect the amount of carbon in the deposited film. By-products formed in lower
temperature regions of the capillary can flow down stream and further thermally decompose
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depositing undesired material. This is further complicated after the capillary has been plugged,
and the byproducts have no exit from the capillary. For the silicon carbide deposition above,
small diameter capillaries and stationary furnaces have resulted in a large variation in material
composition throughout a capillary. Using a traveling furnace will aide in keeping the deposition
conditions more uniform by removing the difference in temperature experienced along the length
of the capillary. Deposition of a film that is thin with respect to the capillary diameter will further
aide in uniform deposition by maintaining a constant flow of gas through the reservoir. The
addition of a narrower diameter capillary on the end of the larger diameter capillary will also
remove the pressure drop along the length of the capillary.
Figure 7.11 displays a transparent film deposited within a 100 µm diameter capillary
from a reservoir containing DIMPS in 4% hydrogen gas pressurized to 1600 psi with helium.
The film is several microns thick and still very transparent, indicating that the film is likely
silicon carbide. The cracking of the film is likely due to the difference in thermal expansion of
the silica and silicon carbide. The coefficient of thermal expansion is nearly six times larger for
silicon carbide than silica. The cracking of the film likely occurs as the capillary and film cool
after deposition; the silicon carbide will contract much more than the silica, resulting in
fracturing of the film.
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Figure 7.11 Image of a silicon carbide layer deposited within a 100 µm diameter capillary
collected with a 20x objective.

The fracturing of the film may be resolved by the addition of a buffer layer of silicon.
Silicon is a good candidate, because we know that it adheres well to the silica, and because its
coefficient of thermal expansion is between that of silica and silicon carbide. Another possible
solution may be increasing the thickness of the film to the point that it is able withstand the
contraction.
Further confirmation of silicon carbide deposition is revealed in Raman spectra collected
with 633 nm excitation. 514 nm excitation was also investigated; however, due to the nature of
the photoluminescence, the 633 nm spectra revealed the Raman peaks better. Even at 633 nm,
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there is still appreciable background due to the photoluminescence, but it is possible to observe
two broad features at ~773 cm-1 and 896 cm -1. The features are convolutions of silicon carbide
peaks and second order silicon peaks.24 Some amorphous silicon is also visible in the Raman
spectrum below at 485 cm-1. It is not possible to observe carbon peaks in the Raman spectra, if
present, due to the overpowering photoluminescence. The visible photoluminescence from this
sample exhibits a maximum at 1.6 eV when excited with 514 nm laser radiation.

Figure 7.12 Raman spectrum of silicon carbide deposition within a 100 µm capillary collected
with 633 nm excitation.
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The process for the deposition of silicon carbide will continue to be investigated within
both the large diameter > 100 µm, and small diameter < 20 µm capillaries.

7.3 Silicon Nitride

Like silicon, silicon nitride deposition has been extensively investigated by the
electronics industry, affording a wealth on knowledge into the deposition and materials
properties.14 Silicon nitride deposition offers a relatively simple system to study high-pressure
deposition from dual-source precursors since hydrides of nitrogen and silicon are readily
available. The deposition by-products are vastly simplified when employing hydrides rather than
organo-metallic precursors, since the possibility for carbon contamination is eliminated; the only
possible materials include various compositions of silicon nitrogen and hydrogen. Halide
precursors have the drawback of solid ammonia salt deposition, which would be detrimental
within our capillary geometry.25,26 Deposition of silicon nitride from silane and ammonia has
been investigated.
A 2 ml stainless steel reservoir was charged with a gas mixture containing 2% ammonia
and 5% silane in helium pressurized to 5000 psi. Deposition from the gas mixture was
unsuccessful due to gas flow issues at high temperatures. The flow of gas through the capillary
stopped at the deposition temperatures. If the capillary was removed from the furnace, the flow
began again. Scanning the capillary with a microscope revealed only an empty capillary. The
origin of the erratic gas flow is not known; however, it has been observed previously when
working with ammonia. Several attempts were made to deposit material by either allowing the
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capillary to sit in the furnace for several days, or writing a program that would increase and
decrease the furnace temperature above and below the range that the flow stopped. Neither
method resulted in deposition.
Finally, the reservoir was diluted so that the concentration of silane was 0.5% and the
ammonia was 0.2%. Deposition from the reduced concentration gas mixture was successful. The
images in Figure 7.13 were collected using a 100x MSplan objective in transmission. The
deposition was carried out at 800°C in a 12 µm diameter capillary. The composition of the
deposition varies with furnace position. The deposition earlier in the capillary closer to the
furnace entrance appears highly transparent with a slightly less transparent surface layer. The
deposited film appears very conformal in this region, which spans several centimeters. Further
down the capillary, the appearance of the deposited material changes, becoming red in
appearance and less conformal.
An attempt was made at etching the silica to expose the deposited material; however, the
deposited material was also etched by the HF acid. This is promising, since silicon is not etched
by HF acid. The high transparency of the material, along with the susceptibility to HF acid,
confirms that the deposited material is silicon nitride.
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Figure 7.13 Images of silicon nitride deposition within a 12 µm capillary collected with a 100x
objective in transmission.

Photoluminescence overpowers the Raman signal when collected with 514 or 633 nm
excitation. Below are the photoluminescence curves for two silicon nitride samples deposited at
different temperatures, collected using 514 nm excitation. The material deposited at a higher
temperature yields a peak at longer wavelengths, centered near 1.56 eV. The peak for the lower
temperature material is centered at 1.75 eV. Generally shifts to lower energies are attributed to
increasing silicon concentration in the material and nanocrystalline silicon.27-30
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Figure 7.14 Photoluminescence spectra of silicon nitride deposited within a 12 µm capillary at
800°C collected with 514 nm excitation.

The above spectrum indicates that the possibility of tuning the optical properties based on
deposition conditions is possible for silicon nitride. Figure 7.15 is a Raman spectrum of material
deposited at 850°C displaying a broad silicon peak at 480 cm-1. The appearance of this peak in
the Raman spectra suggests higher silicon concentration.

145

Figure 7.15 Raman spectrum of silicon nitride deposited at 850°C collected with 514 nm
excitation.

Increasing the deposition temperature further to 1000°C increases the intensity and
decreases the width of the silicon Raman peak. Figure 7.16 displays a silicon Raman peak
centered at 510 cm-1 with a low wavenumber tail indicating amorphous material. A second order
silicon peak can also be observed near 1000 cm-1. The intensity of the visible photoluminescence
near 1.6 eV decreased slightly for the 1000°C deposition compared to the 850°C sample;
however, the photoluminescence peak at 3 eV was much more intense.
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Figure 7.16 Raman spectrum of silicon nitride deposited at 1000°C collected with 514 nm
excitation.

The photoluminescence spectra in Figure 7.17 were collected at room temperature using
the 364 nm line of an argon ion laser. Both were collected with 60-second exposures using a
1000x MSplan objective. The red plot corresponds to material deposited at 1000°C, and the blue
plot corresponds to material deposited at 850°C. Both spectra include a feature at 3 eV; however,
the intensity of this feature is much greater in the 1000°C sample. The intensity of the 850°C
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spectrum was multiplied by 80 for comparison with the 1000°C spectrum. A peak with a
shoulder on the long wavelength side is also observed in the 850°C spectrum.

Figure 7.17 Photoluminescence spectra of silicon nitride deposited at 850°C (blue) and 1000°C
(red) with 364 nm excitation.

The sensitivity of the photoluminescence and Raman spectra to deposition temperature
demonstrate that it will be possible to fine-tune the properties of the silicon nitride deposited
within the MOFs. Further control may be gained by altering the ratio of silane and ammonia gas
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in the high-pressure reservoir. Deposition of film with uniform composition along the length of
the MOF may be accomplished with the traveling furnace.

7.4 Conclusion

Silicon carbide and silicon nitride of varying compositions have been deposited within
the capillaries of MOFs. The use of a traveling furnace and regulated flow enabled deposition of
silicon carbide with uniform composition along the length of a 100 µm capillary. Altering the
deposition temperature and hydrogen gas concentration in the precursor gas mixture resulted in
the deposition of films with varying compositions. The carbon concentration was reduced with
increasing temperature and hydrogen gas concentration. Silicon nitride was deposited within
MOFs from silane and ammonia gasses pressurized in helium. The deposition has been
investigated at temperatures between 800 and 1000°C. Room temperature photoluminescence
and Raman spectra were collected and used to observe changes in the composition of the
deposited material. Higher temperatures favored higher silicon concentrations in the deposited
material. The material deposited at 800°C is highly transparent. However, at higher temperatures
the deposited material appears red when the backside of the capillary is illuminated with white
light. The material composition varies along the length of the capillary when the deposition is
carried out in a stationary furnace. The use of the traveling furnace should enable the deposition
of silicon nitride films with uniform composition along the length of the MOF.
The possibility of tuning the optical properties of both materials exists by altering the
deposition conditions, making them very advantageous materials for optical waveguides. The
study presented in this chapter indicates the possibility for the deposition of materials containing
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silicon, nitrogen, and carbon of varying composition within the optical fibers. The first step
toward the deposition of tunable materials within MOFs is the deposition of silicon carbide and
silicon nitride and investigation of the conditions controlling the composition, such as
temperature and hydrogen concentration. The addition of oxygen as a component of the material
would yield further control over the optical properties. SiCON compositions can yield
transparency from the visible to the mid wavelength IR region, making the deposition of such
materials within MOF very appealing.31
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Appendix

Repository of Materials Deposition

A.1 Platinum Deposition

The first material I learned to deposit within the MOFs under the guidance of Bryan
Jackson was platinum. I determined the appropriate temperature conditions for the deposition of
platinum tubes. The deposition of platinum is carried out using a fluorinated precursor, (1,5cyclooctadiene) dimethylplatinum(II), purchased from Alfa Aesar. The fluorinated precursor was
chosen, because it could be transported into the capillaries of MOFs using supercritical carbon
dioxide. The platinum deposition was carried out within a 1.6 µm capillary using a ~5 cm long
tube furnace. The SEM images in Figure A.1 were collected at two different positions along a
capillary. The platinum film deposits relatively uniformly as a thin film, which seen in the image
on the left. The image on the right displays a more completely filled capillary. It appears that the
hole is not centered in the capillary, indicating that the deposition is not perfectly conformal as
the deposition proceeds. The material displayed in Figure 1.A was deposited at 500°C from
supercritical carbon dioxide at 1200 psi.
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Figure A.4 Platinum deposition within a 1.6 µm capillary.

The deposition of platinum was not pursued aggressively due to a lack of need; however,
there are many potential future needs that may be met by the introduction of a noble metal such
as platinum within the capillaries of MOFs, including use as an electrical connect, a buffer layer,
reflective metal coating, or even an in-fiber catalyst.1

A.2 Zinc Oxide Deposition

Zinc oxide is used in many ways, including as a food additive, sun block component, and
a pigment. Zinc oxide is a wide band gap semiconductor material with many possible optical and
electrical applications. Our interest in zinc oxide, however, is for its optical and electronic
properties. Nanowires of zinc oxide have been constructed into lasers that lase in the UV.2 The
electrical properties of zinc oxide could rival those of gallium nitride for high power high
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frequency electronic devices.3 Zinc oxide is used in the fabrication of LEDs and laser diodes, as
well as a transparent conductor for photovoltaic applications.
Several precursor routes have been investigated for the deposition of zinc oxide within
the MOF capillaries, including both dual source and single source precursors. The most common
reported method for deposition of zinc oxide thin films is MOCVD, using diethyl zinc (DEZ) as
a zinc source along with another oxygen source. In cases where premature reaction is an issue,
various alcohols have been employed; however, more commonly, oxygen gas and water are
employed. In our case, premature reaction is an issue since the precursors will have to be
pressurized in the same high-pressure reservoir together. A report by Yang et. al. suggests that
carbon monoxide or carbon dioxide could be used as an oxygen source for zinc oxide deposition
at elevated temperatures.2 The report indicates that either carbon dioxide or carbon monoxide
may be used as an oxygen source for the deposition of zinc oxide. Nearly any other common
oxygen sources reported in literature are known to react with DEZ at ambient temperatures.
Prior to attempting deposition with a dual source precursor, a reservoir containing only
DEZ and helium gas at 5000 psi was used as a control to determine how the DEZ would
decompose without reaction with the oxygen source. Diethyl zinc is loaded into a 2 ml stainless
steel reservoir on a vacuum line. It is also possible to load the DEZ in a glovebox, however this
presents concerns with respect to contamination of both the DEZ and the glovebox. The reservoir
is initially evacuated on the vacuum line and then partially submerged in liquid nitrogen. The
high vapor pressure of the DEZ allows it to be very easily cryo-pumped into the cooled stainless
steel reservoir. The primary drawback to the cryo-pumping technique is the inability to measure
the exact amount of DEZ added. However, this procedure is deemed better than the possible
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introduction of impurities by loading the DEZ in a glovebox. After loading the DEZ, the
reservoir is charged to 5000 psi with helium gas.
Using this technique, no deposition is observed within the heated capillaries; however,
the capillaries do clog with precursor. The exit end of the capillaries needs to be frequently
cleaved back so that gas will continue to flow through the MOF. The clog is likely due to DEZ
reacting with the oxygen in air, as it emerged from the capillary end. After multiple attempts at
elevated temperatures, a 514 nm Ar ion laser was used to locally heat the capillary over a small
area that could be monitored with a ccd camera. Deposition from DEZ within the capillaries is
not observed by thermal decomposition.
After it was determined that the DEZ would not deposit material under an inert
atmosphere, the reservoir was recharged with DEZ and CO2. After loading the DEZ the reservoir
was pressurized to 1550 psi with CO2. The low pressure of CO2 allows the reservoir to be heated
without increasing the pressure above 5000 psi, which is the limit of the pressure gauge. Heating
the coil increases the vapor pressure of the DEZ as well as causes the CO2 to become
supercritical. With the reservoir heated to 50°C, deposition was attempted within a 1.6 µm
diameter capillary at temperatures from 400°C to 1100°C in a 70 cm long tube furnace.
Deposition over several inches within the capillary is observed at 1100°C within a 5 µm
capillary. However, the deposition is rough in appearance. Raman spectra collected on the
deposited material do not reveal any characteristic ZnO peaks.
To further investigate the deposition conditions, a smaller tube furnace was constructed
that is capable of reaching 1100°C. The smaller furnace could be heated much faster than the
large furnace. Using a variac, the temperature of the smaller furnace can be heated as the gas
flow exiting the capillary is monitored. The flow of gas stopped at 768°C, indicating that the
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capillary had plugged. The end of the capillary is cleaved prior to removing the MOF from the
furnace to ensure that a plug has not formed at the end of the fiber. After deposition the fiber is
scanned with a microscope to view where the deposition had occurred within the capillary.
Several sections are cleaved from the fibers and mounted on an SEM posts with silver paint so
that the deposition within the capillary can be viewed. Figure A.2 represents two SEM images of
fiber cross-sections displaying the deposition within the capillary. The first image looks
promising, as a nice tube formed within the capillary near the beginning of the deposition, which
occurred near the furnace entrance. This would have occurred at lower temperatures due to the
parabolic temperature profile of the furnace. The second image is representative of a majority of
the deposition in the capillary. Raman spectra collected on the deposited material did not reveal
any of the characteristic peaks for ZnO. The only possible elements within the deposited material
are zinc, carbon, oxygen, and hydrogen.

Figure A.2 ZnO deposition within a 1.6 µm capillary.

157
Carbon monoxide was also investigated as an oxygen source. The carbon monoxide is
added to the reservoir using a high-pressure pump. A Carbon monoxide monitor is kept close by
to ensure safety when loading. Carbon monoxide and carbon dioxide gasses were both added to a
reservoir containing DEZ in an attempt to mimic the conditions reported by Huang et. al.2 A
reservoir was reloaded with DEZ and a carbon monoxide/carbon dioxide gas mixture with a total
pressure of 1300 psi. Deposition occurs at much lower temperatures with carbon monoxide than
with carbon dioxide alone. Deposition is observed at temperatures as low as 275°C. However,
the deposition is still rough and non-conformal. Temperatures between 200 and 400°C were
investigated; however, uniform deposition could not be obtained. Figure A.3 is an SEM crosssection displaying material deposited at 225°C. Charging in the material made it difficult to
determine if the capillary is completely filled. Some rough material can be seen in the capillary
depicted in Figure A.4, which appears to be a plug. Raman spectra do not reveal characteristic
ZnO peaks; in some cases, there is no signal, and in other cases, fluorescence dominates the
spectrum.

Figure A.3 Side view of ZnO deposition within a 1.6 µm capillary.
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Figure A.4 Image of rough deposition from DEZ and CO2.

Without confirmation of ZnO deposition and only rough deposition within the capillary, a
new oxygen source, N2O, was investigated. It was not know whether or not the N2O would react
with the DEZ at room temperature, so a blow out disc rated to 6000 psi was added to the
reservoir in case a violent reaction occurred. The blowout disc was positioned in a safe direction
during the loading of the reservoir. The DEZ was added to the reservoir, followed by the addition
of 700 psi N2O; the reservoir remained at liquid nitrogen temperature. As the reservoir slowly
heated to room temperature, no jumps in pressure were observed; the pressure at room
temperature was ~700 psi. The reservoir was then pressurized with helium gas.
While investigating the deposition temperature, it was found that raising the temperature
too quickly stopped the flow of gas through the capillary. Lowering the temperature, however,

159
would allow the gas to begin flowing again. The furnace apparatus being used at the time was
not capable of ramping the temperature, so the temperature had to be incrementally. Raising the
temperature in increments larger than 25°C seemed to stop the flow. The exact cause of this
blockage is unknown.
The use of a single source precursor is in many ways ideal. There is no need to control
the ratio of the zinc and oxygen source, because the stoichiometry is set by the single precursor.
However, few single source precursors have been reported in literature for ZnO. Of the reported
precursors, the least expensive and most readily available is zinc acetate.4,5 Figure A.5 contains
two microscope images collected with a Lieca 100x .95NA air objective. The first image
displays the capillary with transmitted light, the second image if of the same capillary viewed
with reflected light. The deposition temperature was determined by raising the temperature in
25°C increments from 250°C. Deposition is observed at 500°C from the N2O/DEZ precursor
mixture.

Figure A.5 Deposition from zinc acetate in supercritical carbon dioxide.
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A Raman spectrum collected on the deposited material displayed in Figure A.5 using a
514 nm Ar ion laser for excitation is displayed in Figure A.6. The spectra does not display the
characteristic ZnO Raman peaks with one possible exception of a broad peak near 1000 cm-1. In
the spectrum in Figure A.6, a broad silica peak at ~470 cm-1 is visible; several broad peaks near
1000 cm-1 are also visible. The sharp peak near 1150 cm-1 is a hot pixel on the ccd camera. The
Raman spectrum of crystalline ZnO should contain strong readily identifiable peaks at 438 cm-1
and 579 cm-1.6 The lack of these peaks indicates that the material is not crystalline ZnO.

Figure A.6 Raman Spectrum of deposition from zinc acetate collected with 514 nm excitation.

Higher temperature deposition resulted in high photoluminescence. A Raman spectrum
collected using 244 nm excitation, to avoid the intense photoluminescence, can be seen in Figure
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A.7. The only identifiable features in the spectrum are the strong carbon peak at 1580 cm-1 and
several silica Raman peaks. The peak positions for the silica are confirmed by collecting another
spectrum on an empty capillary, and comparing the two spectra. Again, the lack of ZnO Raman
peaks indicates that the ZnO is amorphous if present. The presence of the carbon peak also
indicates that the material is contaminated with carbon from the DEZ precursor.

Figure A.7 244 nm Raman of ZnO deposited from zinc acetate.

Due to the success demonstrated by other Badding group members using fluorinated
acetylacetonate ligands in supercritical fluid deposition within the capillaries, a new zinc source
was purchased. Zinc hexafluoroacetylacetonate dihydrate was purchased from Sigma Aldrich as
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a precursor for supercritical fluid deposition of zinc oxide. Figure A.8 is an SEM image of some
material deposited within a 5.6 µm diameter capillary. The deposition appeared rough upon
visual inspection with a microscope. This SEM image further confirms the rough deposition.

Figure A.8 Deposition from zinc hexafluoroacetylacetonate dihydrate.

Again, with this precursor, the ZnO Raman signal remained elusive. Deposition with
hydrogen gas to reduce the carbon was also attempted within larger 12 µm capillaries. Figure
A.9 is a Raman spectra collected with 364 nm excitation. The only visible features in the
spectrum are the intense carbon D and G peaks.
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Figure A.9 Raman spectrum of material deposited from fluorinated zinc precursor.

A.3 Zinc Sulfide

Deposition of zinc sulfide within the capillaries of the MOFs was initially attempted from
DEZ and hydrogen disulfide gas pressurized to 5000 psi with helium. Multiple deposition
temperatures were investigated; however, no deposition is observed at any temperature using this
precursor mixture. It is very likely that the precursors react at room temperature within the highpressure reservoir.
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As a second approach, another sulfur source was purchased: 2-methyl-2-propanethiol.
Since both precursors are liquids, it is easy to test the potential for premature reaction by adding
one drop of the thiol to one drop of the DEZ inside a glove bag purged with argon. A violent
reaction occurs between the liquids, so this precursor route was not pursued further.
The necessity to charge a single reservoir with the precursor gas mixture is challenging
when faced with reactive dual source precursors. Some review of the literature revealed a
promising single source precursor for zinc sulfide: Zinc Bis(O-ethylxanthate). Zinc Bis(Oethylxanthate) has been demonstrated as an air-stable easily synthesized single source precursor
for the deposition of zinc sulfide.7 The precursor is prepared by mixing solutions of zinc nitrate
and potassium O-ethylxanthate. The cream colored precipitate is collected on filter paper and
rinsed with ethanol.
Supercritical fluid deposition of zinc sulfide was initially attempted from zinc Bis(Oethylxanthate) in carbon dioxide. The zinc Bis(O-ethylxanthate) was loaded into a 2 ml stainless
steel reservoir under an argon atmosphere in a glovebox. The reservoir was then charged with
1000 psi carbon dioxide. The reservoir was heated to 100°C using heating tape prior to
beginning the deposition. The deposition furnace was set to 300°C, and the reservoir was opened
to the fiber.
The deposition was visually scanned using a 100X microscope objective. Figure A.10 is a
representative image of the material observed within the capillary. The deposition does not form
a smooth film within the capillary; instead, the deposition formed islands of material randomly
over several centimeters within the capillary. The islands appeared partially transparent if viewed
in transmission. This is promising since zinc sulfide should be transparent to visible light.
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Figure A.10 Deposition from Zinc bis(O-ethlyxanthate) within a 5.6 µm capillary.

Raman spectra collected with 257 nm excitation displayed a weak photoluminescence
background and a slight bump near 1500 cm-1 indicating carbon. The spectrum, seen in Figure
A.11, is dominated by the signal from the silica of the optical fiber. Focusing on material inside
the fiber with UV light is challenging due to both the focusing of the cylindrical silica fiber and
the non-achromatic lenses and microscope objective of the Raman spectrometer. To ensure that
the spectra observed is due to the ZnS, a spectra is collected on an empty capillary. The spectra
displays the same silica peaks between 400 and 1200 cm-1; however, the spectra is flat beyond
1200 cm-1. Spectra were collected along the length of the capillary. Differing levels of
photoluminescence are observed, in some cases, it is possible to clearly observe the carbon peak
where the photoluminescence intensity is low.
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Figure A.11 Raman spectrum of material deposited from Zinc bis(O-ethlyxanthate).

Deposition temperatures between 200 and 600°C were investigated. Carbon
incorporation and poor deposition profiles are produced at nearly all temperatures. The primary
difference between the deposition temperatures is the length the material deposited within the
capillary. Lower temperatures resulted in deposition over several centimeters, and higher
temperatures resulted in deposition over less than a centimeter in the 5.6 µm capillaries.
A fresh batch of precursor was made, this time in ethanol rather than water. A much
higher yield is obtained from the ethanol solution. Deposition was carried out at low
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temperatures between 225 and 300°C. Visible Raman spectra collected from the material are
overpowered by photoluminescence. Hydrogen was added to the high-pressure reservoir to aide
in removal of the excess carbon. The morphology of the deposited material began to appear more
promising. Figure A.12 displays a film deposited from the new precursor at 300°C.

Figure A.12 Film deposited within a 5.6 µm capillary from zinc bis(O-ethylxanthate) in
supercritical carbon dioxide and hydrogen.

Raman spectra of the material however, are still dominated by a strong fluorescence
background. All of the spectra collected resemble the extended scan spectrum displayed in
Figure A.13.
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Figure A.13 Visible Raman spectrum of film deposited within a 5.6 µm capillary from zinc
bis(O-ethylxanthate) in supercritical carbon dioxide and hydrogen.

A.4 Gallium Arsenide

Deposition of gallium arsenide was attempted from two standard dual source precursors:
trimethylgallium (TMG) and arsine. A stainless steel reservoir is loaded with TMG and arsine
sequentially on a vacuum line by freezing the gas molecules into the reservoir. After addition of
the arsine the pressure of the reservoir is ~500 psi. The reservoir is then pressurized to 4200 psi
with argon. A fiber is attached to the reservoir in a glovebox and placed in a small furnace. The
valve was opened and the temperature of the furnace is set to 250°C. The temperature of the
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furnace is raised 50°C every three hours. The flow of gas through the capillary stopped 45
minutes after the temperature was raised to 350°C.
The capillary was visually scanned with a 100x microscope objective. Small islands of
deposited material are observed. Raman spectra collected on the islands revealed very nice
spectra of crystalline arsenic. Peaks for gallium arsenide are not observed. The Raman spectrum
in Figure A.14 was collected with 514 nm excitation using a 100x .95NA microscope objective.

Figure A.14 Raman spectrum of crystalline arsenic deposited with a MOF.

170

Figure A.15 was collected using a 100x .95NA microscope objective in transmission.
Deposited material is observed over ~1 cm within the 1.6 µm capillary. Small dark formations of
material are spaced between several tens to one hundred microns apart. Raman spectra were
collected on the dark spots along the capillary revealing crystalline arsenic. No other material is
observed within the capillary. Figure A.15 displays the longest segment of deposited material ~5
µm in length.

Figure A.15 Image of arsenic crystals within a 1.6 µm capillary.
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A.5 Gallium nitride

Gallium nitride CVD is typically carried out from Trimethyl gallium and ammonia gas at
temperatures between 850 and 1000°C thermally. There are many issues facing the deposition of
high quality gallium nitride films, including unwanted carbon incorporation, lattice mismatch,
and thermal expansion mismatch between GaN and the desired substrates. As a first step towards
the introduction of gallium nitride into the capillaries of MOFs, trimethyl gallium and ammonia
were added to a 2 ml stainless steel reservoir. The reservoir is then pressurized with helium gas
to 5000 psi. A MOF is attached to the reservoir in a glovebox under argon atmosphere. The fiber
is then placed into a furnace and the reservoir is opened allowing gas to flow as the furnace is
heated. The flow of gas stopped at 600°C. No deposition is observed when scanning the capillary
with a microscope.
Temperatures between 500 and 800°C have been investigated; sometimes deposition is
observed at lower temperatures and other times it is not. It is possible that a small plug would be
overlooked within the capillaries. A new approach was taken to find the plug in the capillary.
The capillary is pulled from the furnace while still under pressure, and centimeter long sections
are cleaved from the capillary until gas flow is observed. This would limit the search for a plug
to a 1 cm long segment. However, at times, it is also observed that upon removing the capillary
from the furnace, the flow would begin again before cleaving the fiber.
Raman spectra were collected on the deposited material using the 514 nm line of an
argon ion laser for excitation (Figure A.16). The spectra all displayed high photoluminescence
making it impossible to determine if there are any GaN Raman peaks. Even though it is not
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possible to confirm GaN, the high background of the Raman spectra indicates the presence of
large amounts of carbon in the deposited material.

Figure A.16 Deposition from TMG and ammonia.

Other precursor routes were investigated for the deposition of GaN, and a single source
precursor comprised of only Ga, H, and N atoms was identified. Cyclotrigallazane has been
reported as a carbon free route to the deposition of GaN.8 Cyclotrigallazane can be thermally
converted to GaN at temperatures as low as 150°C. The only byproducts of the precursor are
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hydrogen and ammonia gas. The precursor was synthesized by Matt Dirmeyer of Dr. Sen's
research group. Deposition from the precursor is unsuccessful due to the rapid decomposition of
the precursor at ambient temperature.
The metals indium and gallium form a eutectic that is liquid at room temperature. The
nitridization of a liquid metal injected into a capillary was investigated as a possible route to
InGaN and GaN. The capillaries of the MOF are loaded by forcing the liquid InGa eutectic into
the capillary using high-pressure gas. A 1.5 mm diameter glass capillary sealed on one end is
filled with InGa eutectic, seen in Figure A.17. The capillary is then placed inside a high-pressure
three-way connector T-block. A plug is inserted on one end of the block. A capillary is attached
to a high-pressure fiber holder with a 1 inch length of capillary protruding from the high-pressure
face of the holder. The fiber is attached to the block so that the capillary end is immersed in the
eutectic. The third connecter is attached to the high-pressure gas line. The block is pressurized
with nitrogen gas until to formation of a small droplet of the eutectic is seen exiting the end of
the MOF. The high-pressure block with the 1.5 mm capillary, and a plug can be seen in Figure
A.18.
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Figure A.17 InGa eutectic filled capillary.

Figure A.18 High-pressure T-block with InGa eutectic capillary inside.
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After the capillary is filled with the eutectic, the end of the capillary that had been
immersed in the liquid is cleaved to ~2 mm so that the fiber could be attached to a high-pressure
reservoir. The capillary is attached to a high-pressure reservoir containing 109 psi NH3. The fiber
is then placed in a furnace at 1000°C, and the ammonia gas is allowed to flow through the
capillary overnight. As the gas flows through the capillary, most of the eutectic is forced out of
the capillary; however, some of the liquid will remain on the walls of the capillary.
Raman spectra of the material in the capillary revealed gallium oxide peaks (Figure
A.19); however, no GaN or InN peaks are observed. The eutectic may have been forced into the
capillary along with some air bubbles resulting in the formation of an oxide rather than a nitride.
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Figure A.19 Raman spectrum of GaIn eutectic/NH3 collected using 633 nm excitation.

The final attempts for GaN deposition were made using gallium trichloride and
supercritical ammonia as precursors. The GaCl3 has a low vapor pressure so the reservoir is
heated to temperatures above the critical temperature of ammonia. The flow of gas through the
capillary is very choppy. Later depositions with ammonia gas and silane revealed similar
behavior. It is found that only low concentrations of ammonia will flow regularly at high
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temperatures. Figure A.20 displays some of the material deposited inside a 12 µm capillary from
the supercritical ammonia GaCl3 deposition. No Raman signal is observed from the material.

Figure A.20 Deposition from supercritical ammonia and gallium trichloride.

A.6 Germanium Sulfide
A deposition from germane and hydrogen sulfide was performed by Bryan Jackson a
former group member; however, the presence of germanium sulfide was not confirmed via
Raman or any other spectroscopy. Germanium sulfide was deposited within a 5.6 µm capillary
from germane and hydrogen sulfide pressurized in helium gas, and Raman spectra were collected
to confirm the presence of germanium sulfide (Figure A.21). The hydrogen sulfide was in large
excess at 600 psi compared to 250 psi germanium. Raman peaks at 343, 373, 381, 413, and 440
cm-1 all confirm the presence of germanium sulfur bonds.
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Figure A.21 Raman spectrum of germanium sulfide deposited within a 5.6 µm capillary.

A.7 SiGe
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Deposition of SiGe from a gas mixture of silane and germane pressurized in helium was
carried out at 500°C in a 70 cm long tube furnace. The composition of the material varied along
the length of the capillary due to the temperature gradient of the furnace and the change in gas
flow throughout the deposition. This can be seen in Figure A.22. The inner darker material is
germanium-rich, and the outer lighter material has less germanium. This contrast in material is
observed along the length of the capillary.

Figure A.22 SEM image of SiGe deposition within a 5.6 µm capillary.

Raman spectra collected with 633 and 514 nm excitation confirm the change in
composition from the outer material to the inner material. The longer wavelength 633 nm light is
able to penetrate deeper into the material, and thus collects the Raman scattering of the surface
material and the inner material. The 514 nm light has a shallower penetration depth and yields
information on the material closer to the surface. The Raman spectra in Figure A.23 were
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collected from the side of the capillary. The 633 nm Raman displays Si-Si, Si-Ge, and Ge-Ge
peaks that are nearly the same intensity. The 514 nm Raman displays a much stronger Si-Si peak
with respect to the other two peaks.

Figure A.23 Raman spectra of germanium sulfide deposition collected with 514 and 633 nm
excitation.
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