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ABSTRACT 

Amorphous silica microstructured optical fibers with micro/nanoscale arrays of pores 

designed in virtually any desired pattern are an exemplary platform for the manipulation of 

photons in cylindrical geometries, while, in contrast, crystalline semiconductors are ideal hosts 

for the control of electrons in planar geometries. The integration of semiconductors into the pores 

of microstructured optical fibers merges these two conflicting frameworks into one entity to result 

in a novel class of fiber geometry optoelectronic materials. The realization of such structures is a 

challenge in materials synthesis because conventional nanofabrication techniques cannot 

conformally coat such extreme aspect ratio pores with films of uniform thickness. 

The focus of this dissertation was to develop an innovative, high pressure chemical 

deposition technique that removes the mass transport constraints in such intricate structures. The 

meter long, ultra-high aspect ratio pores of microstructured optical fibers are treated as high 

pressure chemical reactors for the deposition of Group IV and II-VI semiconductors from 

organometallic precursors. The behavior of molecules compressed to high pressures and confined 

to the small dimensions of the micro/nanoreactors is dramatically altered such that nearly every 

aspect of the pathway from molecular precursor to reaction product, including reactant flow, 

surface chemistry, chemical kinetics and thermodynamics, and nucleation and growth, differs 

from that under conventional conditions. Taking such factors into account, the necessary 

chemical principles have been developed to fabricate high quality Group IV and II-VI 

semiconductor core optical fibers by identifying and inventing high pressure chemical pathways 

that are suitable for the large aspect ratio, confined geometry capillary templates.  

The high pressure reactions result in near atomically smooth micro/nanoscale diameter 

semiconductor wires and tubes that are much longer and more geometrically perfect than 

structures typically made by conventional nanofabrication methods. The extreme aspect ratios, 
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spatial organization, and geometric perfection of these fiber geometry materials make them of 

interest for a wide range of optical fiber applications. These multimaterial optical fibers exhibit 

very low loss and provide a platform with unprecedented capabilities for infrared laser light 

delivery and high power infrared lasers, amplifiers, and nonlinear optical devices that enable new 

function in the optical fiber geometry. Specifically, second order nonlinearity in optical fibers and 

the first Cr2+:ZnSe optical fiber laser are demonstrated. 
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Chapter 1 
 

An Introduction to the Optical Fiber Geometry: A Materials Limited 
Platform 

1.1 The Fiber Geometry 

From a materials science perspective, the optical fiber geometry is incredibly unique: 

micrometer to nanometer transverse dimensions with kilometer axial dimensions, making optical 

fibers the highest aspect ratio materials ever made.[1] Arranging materials in such geometries 

presents a fundamental challenge in materials fabrication, but also offers unique opportunities to 

exploit very weak effects in materials due to the extremely long interaction lengths of photons 

and electrons. Such high aspect ratio, 1-D structures are becoming advantageous, or even 

necessary, for next generation photovoltaic, electronic, spintronic, and photonic devices that 

require strict control over the structure, shape, and morphology of materials.[2,3] Waveguiding 

optical fibers are ubiquitous in transmitting light over long distances for the flexible delivery of 

optical power in technologies such as communication, surgery, and sensing due to their high 

purity, mechanical strength, and uniform, smooth structure.[4] 

Optical fiber waveguides are well known for their significant technological applications 

in telecommunications, but are also important in many scientific fields by offering fundamental 

platforms for light manipulation, sensing, nonlinear optics, and imaging. Optical fibers originated 

as “single material” step index fibers made entirely of silica and guided light by total internal 

reflection via refractive index differences. It is said that whatever step-index fibers can do, they 

do it extremely well.[1] However, scientists and engineers want fibers that can do more: generate, 

modulate, and detect light, carry higher intensities, sense chemical species, have higher 
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nonlinearity properties, and in general, have more engineering parameters to tune. To have more 

tunability for photonic bandgap guidance, higher refractive index differences were needed, which 

led to the development of the air/silica microstructured optical fiber. To have more nonlinearity 

and optoelectronic function, the fiber fabrication process had to be reconsidered for non-glassy 

materials: either by adapting fiber drawing processes or by developing new fiber fabrication 

techniques to process functional materials such as semiconductors into the optical fiber geometry.  

This introduction will briefly highlight the materials science history of optical fibers and then 

focus on the materials challenges and progress that has been made in the fabrication of 

semiconductor optical fiber materials towards the realization of an entirely new platform of 

optical fiber technology.  

1.1.1 Loss as a Function of Time 

As early as the 19th century, the concept of guiding and confining light via total internal 

reflection was first discussed and applied to add color to water jets in decorative fountains. Later, 

these principles were applied to glass rods and fibers in the late 1920s for a variety of optical 

transmission applications such as medical endoscopy, periscopes, scramblers for defense, and 

even video transmission technology. For an excellent, thorough review of the history of fiber 

optics see reference [5]. Primarily, all the envisioned applications of such fibers called for short 

lengths; the idea that light could be transmitted over kilometers with low-loss optical fibers as the 

transmission media was considered preposterous. 

In 1966, Charles Kao (Nobel Prize in Physics in 2009) proposed that the main sources of 

loss in a dielectric material were from absorption and scattering. He went on to predict that the 

intrinsic fundamental loss of optical fibers could be as low as a few dB/km. Even after this bold 

prediction, the concept of optical fibers as transmission media was not taken seriously. In the 
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1960s, state of the art glass fibers had a loss of 1 dB/m, or 1000 dB/km, which is an 

astronomically low transmission of 10-100. To put this into perspective, a loss of 1000 dB implies 

that if one puts a number of photons into one end of the fiber equal to the total number of atoms 

in the known universe (~1080), not a single one would make it through the fiber to the other end.[5] 

However, Kao’s theoretical studies suggested that the loss in optical fibers could be reduced 

dramatically with proper glass processing, which put materials science and chemistry at the heart 

of the problem. For reference, the equation for loss in terms of dB is given below: 

  
Loss(dB / L) = 1

L
10 log10

1
T     (Equation 1.1) 

where T is the transmittance over the length L. 

A more detailed calculation of the fundamental loss limit in silica results in a value of 

0.14 dB/km at wavelength of 1550 nm. This means that ~97% of the light can be transmitted 

through an optical fiber over one kilometer; which makes optical fibers a very practical media for 

transmitting high frequency light over long distances. Materials chemistry has been at the 

forefront of optimizing optical fiber drawing fabrication and reducing impurities in the glass that 

cause absorption and scattering and as a result decreasing the loss towards the fundamental limits. 

In fact, this loss value has been achieved experimentally, and silica fibers with this loss are now 

produced routinely. The decades of work to minimize the loss in silica are largely responsible for 

the revolution in communication that has significantly changed the world: the Internet. 

1.1.2 Adding Structure 

The fundamental transparency properties of silica had been fully exploited, but optical 

fiber materials research was certainly not finished. The second revolution in optical fibers started 

in the 1990s and centered on the structure of the silica fiber itself and the invention of fibers 
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referred to as microstructured optical fibers (MOFs) or photonic crystal fibers (PCFs).[6,7] These 

fibers are also made from silica, but have a microstructure of air holes in the transverse plane that 

continue in the axial direction down the fiber. MOFs are typically fabricated by the stack and 

draw method, shown in Figure 1.1, in which millimeter diameter silica tubes and solid rods are 

stacked into a centimeter scale preform of the desired pattern.[8,9] The preform is subsequently 

drawn in a tower furnace at high temperature (~2000 °C). The pattern that is created in the 

macroscale is drawn down to the microscale/nanoscale to physically reduce the dimensions while 

keeping the positions and relative sizes of the holes equivalent to the preform. This technique 

allows for virtually any pattern of holes of different shapes and sizes to be fabricated with precise 

locations in the transverse plane (Figure 1.1). Compared to other glasses, silica’s low slope 

viscosity curve aids this process and allows for intricate structures to be drawn on nanometer 

scale dimensions. 

In some geometries, MOFs can be thought of as 3-dimensional photonic crystals, where 

one dimension is considered to be infinite, and can have dispersion and nonlinear properties that 

are not possible with conventional silica fibers (although you can tailor these properties with 

tapering in conventional fibers). These fibers have found applications in a variety of scientific 

fields because they can have very unique optical properties such as photonic bandgap guidance, 

endlessly single mode operation, and supercontinuum generation.  The supercontinuum fiber 

laser, for example, provides a white light source with the brightness of a laser, which is a valuable 

tool in a variety of laboratories. MOFs are also ideal containers for gasses and form very long gas 

waveguide cavities for sensing and gas laser applications.[10] MOFs have been a disruptive 

technology and have had and will continue to have an incredible impact in all areas of optical 

science.  
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10 +m 100 nm

 

Figure 1.1: Microstructured optical fiber structures. The size, shape, and position of air holes in 
the transverse plane are controlled very accurately due to the precision of silica optical fiber 
drawing processes. Preform image (center) reproduced with permission from reference [8], © 
2006 Wiley. 

1.1.3 A Materials Limited Platform 

Fiber drawing has unrivaled control over the position, shape, and size of glass cores in 

step index fibers or air holes in MOFs. However, the method places a stringent limit on the 

materials that can be incorporated within the silica MOF. Fabricating optical fibers out of 

crystalline or amorphous semiconductor materials poses a significant challenge in materials 

science due to thermal, chemical, and mechanical mismatches of the materials with the prevalent 

fiber material, silica. For example, many semiconductor materials are not compatible with 

standard drawing processes because of the necessity to have similar softening temperatures, 
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viscosities, and thermal expansion coefficients compared to silica. Thus, fabricating multimaterial 

optical fibers has posed as a significant challenge. For the “two material” air/silica MOFs, such 

challenges are not an issue because MOFs are still made from a single solid material, but 

multimaterial fiber fabrication methods need to address such issues. Also, the high temperatures 

necessary for fiber drawing can lead to undesired reactions and solid state diffusion that can 

destroy the pattern that was created in the preform. As such, the incorporation of unary and 

compound crystalline semiconductors within optical fibers is not possible with conventional 

drawing techniques. This materials limitation is highlighted in Figure 1.2, where drawing of a 

ZnSe optical fiber was attempted by the Ballato group in collaboration with Patrick A. Berry 

(Wright-Patterson Air Force Base) at Clemson University.[11] A cylinder of ZnSe was placed 

inside of a silica cladding tube to construct a preform which could then be drawn into an optical 

fiber.  However, as the preform was heated up to the drawing temperature of silica (2000 °C), the 

ZnSe developed a significant vapor pressure in the preform via a dissociative sublimation.  This 

vapor pressure caused the preform to explode before it could be drawn into a fiber. Thus, ZnSe, a 

material that will be discussed extensively in this dissertation, is considered “un-drawable”. 

1.1.4 Structural Perfection of Optical Fibers 

Expanding the materials library of optical fibers not only has advantages for 

telecommunication and photonic technologies, but it also provides a platform for the hierarchical 

arrangement of materials in geometries not possible by planar fabrication methods.  An ongoing 

challenge that is prevalent in nanoscience is the ability to control the organization of 

nanomaterials.[12] Many structures can be synthesized and fabricated, but a far greater challenge is 

to arrange them precisely with a scalable process necessary for real world applications. However, 

with the optical fiber fabrication processes and template approaches discussed in this dissertation, 
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wires, tubes, and heterostructures can be arranged in precise patterns for subwavelength 

imaging[13] and for the study of fundamental physical phenomena. The optical fiber geometry 

allows for materials to be processed into ultra-long nanowires[14] that allow for the study of 

physical properties without contact interference.[15] Nanowires that are meters to kilometers long 

that are in a larger template (the cladding) can literally be picked up and held in hand. 

2ZnSe(s)      2Zn(g) + Se2(g)

ZnSe cylinder

Silica preform

 

Figure 1.2: Failed ZnSe optical fiber drawing. When attempting to draw ZnSe with standard 
drawing processes, the preform explodes due to a buildup of pressure from the dissociative 
sublimation of ZnSe.  Image reproduced with permission from Patrick A. Berry, WPAFB.[11] 

 
Optical fiber fabrication processes can result in structures with unrivaled uniformity. For 

example, capillaries can have variations in diameter as small as tens of nanometers over 

centimeter length scales. For shorter length scales, surface capillary waves during fiber drawing 

determine the surface roughness and capillary uniformity. The silica surface is atomically smooth 

over short length scales, but some long range nanometer scale "roughness" arises from thermally 
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excited surface waves that form in the low viscosity, glassy state that get frozen in as the glass 

cools.[16-18]  These are dictated by the equilibrium thermodynamics and cannot be removed with 

process improvement.  However, the low hydroxyl content of optical fibers allows the amplitude 

of the waves to be dampened due to increased surface tension. Thus, the optical fiber geometry 

fabrication processes presented in this dissertation have the potential to fabricate the most 

structurally perfect wires of materials over unprecedented length scales. 

1.2 Semiconductor Optical Materials 

Table 1.1: A summary of the optical properties of semiconductors that have been fabricated into 
optical fibers to date compared to silica. Data sources: *:[19] #:[20] %:[21]  

Material n (@1.550 µm) Melting Point (°C) 
Linear Thermal 

Expansion 
(10-6 K-1, 300°C) 

Transparency 
Window (µm) 

Silica 1.44# 1983% 0.51% 0.16 – 3.8% 
Si 3.47# 1414* 2.5* 1.1 – 6.5% 
Ge 4.28# 938* 6.1* 1.8 – 15% 
Diamond 2.38# 3577* 1.2* 0.24 – 2.7% 
ZnS 2.27# 1700* 6.4* 0.4 – 12.5% 
ZnSe 2.45# 1525 (sublimes)* 7.2* 0.5 – 19% 
ZnO 1.92,1.94% 1974* 2.9* 0.4 – 10# 
CdS 2.29# 1750* 4.7* 0.5 – 15% 
PbS 4.25# 1113* 15* 3 – 20# 
InSb 4.08# 525* 4.7* 7 – 30# 
InP 3.17# 1057* 4.6* 1 – 15# 
As2S3 2.44# 310* 26.1% 0.62 – 11% 
As2Se3 2.88 (@1.2µm)# 260* 24.6% 0.87 – 17.2% 
TeO2 2.27% 733* 15.0% 0.34 – 4.5% 

 

Amorphous silica fibers and MOFs have been shown to be ideal hosts for the 

manipulation of photons in cylindrical geometries. Conversely, crystalline semiconductors are 

ideal hosts for the manipulation of electrons in (typically) planar geometries. Combining 

semiconductors and optical fibers into one entity opens up a new class of “fiber geometry” 

optoelectronic materials. Compared to silica, semiconductors can add an assortment of new 
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function to the optical fiber geometry. This section describes some of the basic properties and 

advantages of semiconductors, with a focus on laser and optical isolator applications in the mid-

IR. Table 1.1 provides a summary of the important optical/material properties of some materials 

that have been fabricated into the fiber geometry to date by a variety of methods. 

1.2.1 Transparency Windows 

The applications of silica-based fibers are typically limited to passive optical waveguides 

that function at wavelengths shorter than ~3 µm due to the transmission limits of silica. 

Transmitting infrared light with fiber optics is very desirable for chemical and thermal sensing 

but requires materials that have high transmission in the mid to far IR.[22,23] For example, the 

molecular fingerprint region is from 6 – 20 µm and is very important for monitoring chemical 

reactions or detecting chemical threats from a distance, while arrays of fibers can provide a means 

to remote thermal imaging. Another application is the delivery of high laser powers (for example, 

10.6 µm CO2 laser light) for various industrial laser cutting/welding processes and medical laser 

surgery technologies. Many semiconductors have transmission windows that extend much farther 

into the IR than silica (Table 1.1), making them very useful for such applications. Materials with 

lower phonon freqencies (e.g., ZnSe) have a longer cut-off edge of transparency and can push the 

transmission window of the fiber farther into the IR, well beyond 20 µm.  

1.2.2 Intrinsic Loss Limits of Semiconductors 

The loss limit of a material in a window in which it is considered transparent can be 

calculated by considering three intrinsic loss mechanisms. The short wavelength side is 

influenced by electronic absorption, while the long wavelength side is influenced by multiphonon 
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absorption. In between, Rayleigh/Brillouin scattering determine the fundamental loss. Optical 

loss versus wavelength plots, known as V-curves, (Figure 1.3) are a standard way to determine 

the loss of a material in the window in which it is transparent. The plots result in a curve with a 

minimum loss value at a certain wavelength that is at the intersection of the scattering curve and 

the multiphonon absorption curve. For silica, this is the value mentioned in Section 1.1.1 of 0.14 

dB/km at 1.55 µm wavelength, which is why all telecommunication optoelectronics are in this 

wavelength range.  

The equations that are needed to construct a V-curve as a function of frequency (ω) or 

wavelength (λ) for a given semiconductor are: 

1. Urbach electronic absorption tail (direct bandgap materials):[24] 

    

€ 

α(cm−1) = Aeσ(ω −ω gap ) / kBT
     (Equation 1.2) 

(where A and σ are constants specific to the material, kB is Boltzmann’s constant, and T is 

temperature)  

2. Pinnow Rayleigh/Brillouin scattering:[25]   

  

€ 

α(m−1) =
8π 3

3
1
λ4
(n8P12

2 )(kBTΒT )
   (Equation 1.3) 

(where P12 is the elasto-optic coefficient, BT is the isothermal compressibility, and n is the 

refractive index at wavelength λ) 

3. Multiphonon absorption:[26] 

  

€ 

α(cm−1) = Ae−Bω /ω phonon
     (Equation 1.4) 

(where A and B are constants specific to the material) 

With these equations, the fundamental loss limits of a material can readily be 

calculated.[22] As shown in Figure 1.3, the intrinsic loss of a semiconductor, like ZnSe, can be 

orders of magnitude lower than silica. For ZnSe, the lowest loss wavelength is ~6 µm with a loss 



11 

 

of 10-5 dB/km. Another example is aluminum oxide, with a loss of 10-3 dB/km at 1.78 µm.[22] For 

many IR transparent solids with a low phonon frequency (e.g., 250 cm-1 for ZnSe), the 

intersection of the scattering line with the multiphonon absorption line is pushed farther into the 

IR, where scattering can be significantly less because of the λ-4 and n8 dependence. 
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Figure 1.3: V-curves of silica and ZnSe. The fundamental limit of losses in semiconductors can 
be orders of magnitude lower than silica. 

 
A semiconductor optical fiber with loss on the order of 10-4 dB/km would have a core 

that is a perfectly pure single crystal with zero Rayleigh scattering due to grain boundaries and 

defects. Brillouin scattering from density fluctuations due to temperature and phonons are 

unavoidable and set the lower limits for loss, while multi-phonon absorption sets the intersection 
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of the V-curve. Also, the optical fiber would have to be geometrically perfect with atomically 

smooth surfaces and the lack of any scattering sites such as micro-cracks or other extrinsic loss 

mechanisms. 

If these ultra-low loss fibers could be fabricated, they would eliminate the need for 

repeaters/amplifiers in the telecommunications network as well as open up many new 

possibilities. To put these losses into perspective, a semiconductor optical fiber with a loss of 10-4 

dB/km could wrap around the circumference of the earth (~40,000 km) and have an attenuation of 

only 4 dB, or 39% transmission. For comparison, a silica fiber would have a loss of 5600 dB.  

Although it seems unlikely that such limits will ever be reached for ZnSe, sapphire, etc., it is 

worth noting that it took decades of research to reach the fundamental loss limit of silica fibers, 

where there were initial doubts as well. However, many of the structures and devices that will be 

presented in this dissertation do not require such long lengths and ultra-low loss. 

1.2.3 Photonic and Optoelectronic Properties of Semiconductors 

By fabricating optically and electrically active semiconductors into the long, cylindrical 

fiber geometry, unique waveguides can be realized for nonlinear optics and laser applications. As 

an example, the optical fiber geometry is very resilient against detrimental thermal effects that 

typically limit the output power of lasers; as such, some of the world’s most powerful 

commercially available lasers are fiber lasers.[27] Doping silica (for example, with Er3+ and Yb3+) 

has successfully led to numerous breakthroughs in photonics from the erbium doped fiber 

amplifier (EDFA) to multi-kilowatt class ytterbium doped fiber lasers; nevertheless, the varying 

chemical environment in a glass limits dopants to shielded f-shell rare earth ions and typically 

excludes d-shell transitions of metal ions that require a crystalline host. Embedding non-silica 

solid state laser materials into the fiber geometry will be of great value in the power scaling of 
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many solid state lasers across the entire spectrum. The optical fiber geometry is the ideal 

geometry for high power lasers, so it is desirable to have access to a variety of laser transitions 

based on Cr2+ or Fe2+ doped II-VI semiconductors. For example, Cr2+:ZnSe based lasers are 

plagued by thermal effects which could be eliminated by fabricating the material into the optical 

fiber geometry (this is discussed in more detail in Chapter 6), which is the central goal of this 

dissertation. ZnSe also has second order susceptibility (which silica does not) and enables 

function such as second harmonic generation in the optical fiber geometry (Chapter 5). It is 

noted that the EDFA was responsible for the incredible improvements in long haul 

communication as it allowed for a network with much more efficient amplifiers while keeping the 

light within the fiber. The development of detectors, modulators, nonlinear devices, and other 

amplifiers is expected to have similar impacts on communications as well as many other 

optoelectronic fields.  

Incorporating optoelectronic materials into optical fibers allows for active devices to be 

fabricated within optical fibers.  Semiconductor junctions with precise electronic dopants are 

necessary for such devices such as high speed detectors and modulators. Traditionally, these 

types of structures have been limited to millimeter to centimeter length scales on planar, rigid 

substrates. Fabricating devices directly into the optical fiber can have a variety of advantages 

such as uninterrupted, high speed processing of telecommunication signals without the need to 

couple the light to a wafer.[28] Such discrete, bulky optical-electrical-optical conversions are a 

bottleneck to the speed of the network and increase the power consumption of the Internet. 

Furthermore, there has been a motivation in materials science to move to longer length scales and 

to more flexible forms[29] for applications such as power generation, chemical sensing, and 

foldable displays. The optical fiber geometry is ideal for such applications as they can be 

indefinitely long and can be woven into fabrics and three-dimensional structures.  
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1.2.4 Magneto-Optical Properties of Semiconductors 

Semiconductors doped with magnetic transition metals, such as Zn(1-x)MnxSe, are termed 

as dilute magnetic semiconductors (DMS) because of their magnetic and semiconducting 

properties. Other chalcogenide materials also exhibit magneto optical properties.[30] These 

materials have applications in spintronics and magneto-optics.[31] For example, DMSs can be used 

as optical isolators, which are non-reciprocal devices that transmit light in only one direction. As 

the optical analog of an electrical diode, the main purpose of an optical isolator is to prevent 

reflected light from returning to the source, which can have detrimental effects on devices such as 

lasers, circulators, modulators, and splitters.[32,33] The underlying physical principal is the rotation 

of the linear polarization of the light within the structure. 

The degree of rotation of the polarization of light that passes through a Faraday rotator, 

which rotates the polarization of light in the presence of a magnetic field, is given by: 

  θ =VLB        (Equation 1.5) 

where θ is the angle of rotation, L is the length of the device, B is the magnetic field, and V is the 

Verdet constant (°cm-1T-1), which is a measure of the strength of the Faraday effect of the 

material. Therefore, with a higher Verdet constant, a much shorter pathlength is needed for a 

given rotation angle of the polarization (45° for an isolator).  For comparison, the Verdet constant 

of silica glass is 2 °cm-1T-1,[34] while that of Zn(1-x)MnxSe is 300 °cm-1T-1 (at 650 nm).[35] 

Therefore, the incorporation of such a device in current silica fiber technology is not practical 

because of the long length needed (2.25 m for a 0.1 T field). However, fabricating Zn(1-x)MnxSe 

optical fibers would allow for fiber based high power optical isolators (Figure 1.4) that operate 

into the mid-IR because much shorter lengths are needed (1.5 cm for a 0.1 T field). This 

simplifies systems in which optical isolation is required because the device is within the optical 

fiber, eliminating the need for alignment in current free space devices and making the system 
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much more rugged, compact, and capable of handling much higher optical intensities. Systems 

like these would be essential for high power Cr2+:ZnSe optical fiber lasers. 

MnxZn(1-x)Se DMS 

B 

Faraday Rotation 

Incident Light 

�=45° 
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Polarizer 
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Feedback Light 
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Figure 1.4: Schematic of a mid-IR optical fiber isolator. The active waveguide rotates the 
polarization of the incident light (green) 45° so that it can pass through polarizer B.  Reflected or 
feedback light (red) that propagates in the reverse direction is rotated another 45° in the same 
direction, which then cannot pass through polarizer A. The polarizers are shown in free space for 
clarity; they could be deposited on the end facets of the fiber for a completely fiberized isolator. 

1.3 Current Semiconductor Optical Fiber Fabrication Methods 

Many approaches have been taken to fabricate optical fibers with semiconductor cores, 

each with its own advantages and disadvantages for certain materials and applications.  The 

techniques can be divided into two principal categories: adapting current drawing techniques to 

be suitable for different materials, or utilizing post-drawn capillaries or MOFs as templates for 

the infiltration of materials. The Ballato group at Clemson and the Pickrell group at Virginia Tech 

have developed molten core and powder in tube variations of fiber drawing to realize 

semiconductor core fibers, while the Fink group at the Massachusetts Institute of Technology has 

transitioned to low melting, glassy semiconductors that can readily be drawn. Another drawing 

approach is to use nanoparticle/glass composites to add the desired properties to the core, which 

has been developed by a variety of groups.  In terms of the template category, the Russell group 
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at the Max Planck Institute in Erlangen has developed physical melt-infiltration techniques, while 

the collaboration between Pennsylvania State University and the University of Southampton has 

developed a high pressure chemical deposition approach to deposit semiconductors inside the 

pores of post-drawn capillaries and MOFs. The high pressure template approach is the focus of 

this dissertation; however, it is worth briefly reviewing the advantages and disadvantages of the 

other techniques.   

1.3.1 Molten Core Drawing 

The Ballato group at Clemson University has developed a molten core crucible technique 

to draw optical fibers primarily with Group IV semiconductors,[36-38] and more recently extending 

the method to III-V semiconductors,[39] in a process called molten core drawing (MCD).[40] First, 

a rod of the semiconductor material is placed inside a cladding glass tube to construct a preform. 

When the preform is heated to the glass transition temperature of the cladding and above the 

melting point of the core material, the fiber is then drawn. Although the semiconductor is a 

molten liquid at the draw temperature, the glass is still rigid enough with a sufficiently low 

viscosity to be drawn while functioning as a container to contain and shape the semiconductor 

into the fiber geometry.  

To date, MCD has been applied to make circular and square cross-section step index 

fibers,[41] and the group anticipates that the process could be adapted to microstructured fibers. 

This method is very useful for fabricating long lengths of optical fiber for applications such as 

laser light delivery because it uses standard equipment that is used in modern optical fiber 

drawing facilities. However, the high temperature process limits the materials selection to 

crystalline ones and can result in significant diffusion of impurities from the cladding, such as 

oxygen from silica, into the core of the fiber. This may ultimately place a lower limit on the core 
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size, as small cores of silicon could become completely oxidized to silica during the drawing.[40] 

However, by introducing sacrificial oxygen getter materials such as SiC into the core during the 

drawing of silicon, oxygen contamination can be reduced.[42] This reactive MCD method may 

also be adapted to synthesize materials from two or more reactants during the processing to 

expand the library of available materials. Thus, instead of being inhibited by the high 

temperatures needed, the process can take advantage of solid state reactions that can be favored 

under the draw conditions. 

Thermal expansion mismatch is a common problem in many of the techniques presented 

in this introduction. Drawing at such high temperatures exacerbates expansion mismatch effects 

and can result in cracking because of the extraordinarily low thermal expansion coefficient of 

silica compared to many semiconductors (Table 1.1). To this end, the Clemson group is 

investigating more appropriate glass compositions for use as cladding materials that will be more 

compatible with the molten semiconductors in terms of thermal expansion and temperature-

viscosity properties.[36] Germanium melts at a much lower temperature than the glass transition of 

silica, so a lower melting point glass can substantially reduce the drawing temperature from that 

of silica (1600 – 2000 °C) to a more modest temperature around 1000 °C.  Since diffusion of 

impurities from the cladding is a thermally driven process, drawing germanium fibers in lower 

temperature glasses will allow for much improved optical fibers. 

The first demonstration of a III-V compound semiconductor optical fiber was InSb by 

MCD.[39] A phosphate glass cladding was used because it is more thermally compatible with the 

low melting point semiconductor (527 °C). Oxygen and phosphorous contamination of the core 

by diffusion from the cladding at the draw temperature was observed, but the material was phase 

pure. Optical transmission measurements could not be made due to the free carrier absorption of 

the doped core. The fiber was drawn for a proof of concept that MCD was applicable to 

compound semiconductors and the group anticipates that the method can be extended to other 
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families of compound semiconductors. As was shown in Figure 1.2, the material must not 

develop a vapor pressure at the drawing temperature, making ZnSe optical fibers inaccessible by 

this technique. 

1.3.2 Powder in Tube 

At Virginia Tech, the Pickrell group has taken a similar approach to MCD by using a 

powder-in-tube (PIT) method to produce smaller core size silicon optical fibers of shorter 

lengths.[43] In this method, silicon powder is densely packed into millimeter diameter silica tubes, 

which can then be heated and stretched on a bench top scale fiber drawing apparatus to produce 

fibers with circular core sizes with diameters that range between 10 – 100 µm. These fibers are 

typically fabricated over centimeter length scales for testing purposes, but the process should be 

adaptable to large fiber drawing towers as well. The PIT method was the first to fabricate n-doped 

(phosphorus) silicon core optical fibers by using doped silicon powder as the starting material.[44] 

Similar to the MCD method, the high temperatures needed for the drawing cause micro-cracks to 

form in the core, which can also develop some shape non-uniformity. 

1.3.3 Low Temperature Drawing 

Instead of limiting the materials that can be drawn to those that are thermally compatible 

with silica cladding, an alternative approach is to use standard drawing techniques with an 

entirely new platform of materials.[45] To take the place of a silica cladding, a polymer can be 

used such as polyethersulfone as the glassy container for low temperature drawing (LTD) of 

materials.[46] Many materials such as chalcogenides and low melting point metals can be 

compatible with each other for drawing purposes. These materials, which are primarily 
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amorphous but can be crystalline,[47] serve well for some fiber devices but will be limited in their 

use for high power density applications like fiber lasers. The Fink group at MIT has pioneered 

this approach to result in a variety of very unique, long fiber structures[14] and devices with unique 

optical,[48] electrical,[49] thermal,[50] and acoustic functionality.[51] These fibers are very useful for 

delivering optical power at wavelengths where silica is opaque, with the Omniguide fiber as an 

excellent example of commercially successful non-silica optical fiber.[52] 

In terms of the general challenge in materials science of producing and orienting 

nanostructures, LTD excels at producing unique spheres[53] and ultra-long nanowires[14] out of 

various materials as well as complex shaped particles.[53] This highlights that optical fiber 

fabrication not only has applications in fiber optics but is also transforming into a general 

nanomaterials synthesis technique with many advantages over traditional methods. For example, 

an ultra-long nanowire embedded within a cladding of micrometer dimensions is readily 

manipulated and positioned by hand. No other technique, except for the ones presented in this 

introduction, can produce a nanowire this long that can simply be handled in this way. Also, 

bottom up synthesis approaches result in particles of varying dimensions, while many top down 

approaches are not nearly as scalable as fiber drawing, where in principle 108 nanowires of meter 

length scales could be fabricated and aligned in a single fiber draw.[14] Furthermore, the precise 

control of shape, size, and arrangement of materials that fiber drawing offers is now being 

extended to the field of nanoparticles, with very precisely designed Janus and “beach ball” 

particles.  

Although moving to lower temperature cladding materials (such as amorphous 

chalcogenides) allows for the incorporation of new materials into optical fibers, this technique 

does not allow for traditional, technologically relevant semiconductors (such as group II, II-VI, 

and III-V) to be drawn.  As a result, the materials typically have a lower device performance 

compared to that of traditional semiconductors because the LTD materials have significantly 
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lower electron/hole mobilities. High speed electrical and optoelectronic devices cannot be 

fabricated from amorphous materials, as crystalline materials, in general, have higher carrier 

mobilities that enable better device performance. Another major drawback of chalcogenide 

glasses is that they have very limited power handling capabilities because of their low electronic 

bandgaps, low melting points, and susceptibility to photostructural effects which limits their use 

for high power fiber laser applications.[54] However, fibers fabricated by LTD can be crystallized 

via post drawing annealing processing.[47]  

During the drawing, chemical synthesis can occur at interfaces when appropriately 

chosen materials are in physical contact with each other.[55] This is valuable for fabricating 

electrical junctions from more relevant semiconductors, such as ZnSe, which is formed at the 

interface between Sn85Zn15 and Se97S3. However, it is unlikely that such interfacial reactions, 

which take place in domains on the order of 100 nm, will be able to produce core sizes large 

enough for optical applications. If appropriate starting materials are chosen, then many other 

semiconductors could be incorporated into the optical fiber geometry using this drawing synthesis 

technique for a variety of electrical and optical functionality. 

1.3.4 Particle Composites  

Another way to synthesize materials that are not compatible with drawing into the optical 

fiber geometry is to disperse particles of the material into a glass that can readily be drawn. For 

example, diamond, one of the hardest materials to melt or draw, can be fabricated into optical 

fiber form by dispersing 40 – 50 nm particles of diamond into a tellurite glass, which can then be 

drawn into optical fibers to take advantage of the optical properties of diamond in the fiber 

geometry such as the nitrogen-vacancy color center.[56] This process has also been shown with 

silicon[57] and InP.[58] Another example is Cr2+:ZnSe, which as discussed earlier is highly desirable 
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to fabricate into optical fibers for high power laser applications, but is very difficult to draw 

because of the high vapor pressure. However, fibers can be drawn with 30 nm Cr2+:ZnSe crystals 

dispersed in a As2S3 glass, enabling mid-IR emission.[59] 

This technique can allow for a variety of materials that are typically not compatible with 

drawing processes to be fabricated into the fiber geometry. However, the use of chalcogenide 

hosts for diamond or Cr2+:ZnSe does not allow all of the excellent properties of the material to be 

fully exploited which makes a core that is made entirely out of the material much more desirable.  

For example, diamond has a very high damage threshold and thermal conductivity;[60] however, 

chalcogenide glasses typically have very low damage thresholds and thermal conductivities in 

comparison. Also, care must be taken to avoid any reactions that would result in diffusion of the 

cladding into the particle and thus dissolve it.  

1.3.5 Pressure Assisted Physical Filling 

Using post drawn capillaries and MOFs as templates for the physical infiltration of 

materials by pressure assisted physical filling (PAPF) allows for a variety of materials to be 

introduced into the fiber geometry that are completely incompatible with drawing. The Russell 

group at Erlangen used PAPF to fabricate structures of glasses that are typically considered to be 

incompatible at drawing temperatures, such as silica and chalcogenides.[61] This method can fill 

capillaries as small as 200 nm,[62,63] and has been used to fabricate both step index and MOF 

chalcogenide/silica hybrid fibers.[64,65] Chalcogenide glasses can have extraordinarily high 

nonlinear susceptibilities and can have transmission windows far into the IR depending on their 

composition. Ga4Ge21Sb10S65 glass has been infiltrated into a 1.6 µm diameter capillary to make a 

step index fiber for efficient supercontinuum generation, while a tellurite melt (75 mol.% TeO2, 

10 mol.% ZnO, 15 mol.% Na2O) was infiltrated into a MOF to fabricate an all-solid bandgap 
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fiber.[63] The technique has been used to fabricate optical fibers with magneto-optical glasses for 

Faraday rotation applications as well.[30] Selective filling of pores in MOFs is possible,[66] to 

provide more freedom in optical fiber design. The group anticipates moving towards other 

materials such as As2S3 for a variety of amplification, modulation, filtering, and nonlinear 

applications.  

Many materials such as liquids,[67] gases,[68] metals,[69] and colloids[70] have been 

infiltrated into MOFs by PAPF, but, to date, semiconductors have been limited to germanium.[71] 

The PAPF method requires that the material be a fluid or have a congruent melting point that is 

below that of the glass transition temperature of silica. ZnSe does not melt congruently, which 

makes it incompatible with this technique. 

1.3.6 Deposition from Solution 

By employing chemical bath deposition chemistries, the Harrington group at Rutgers and 

the Miyagi at Tohoku University, Japan have led the development of a wet chemistry processing 

method to deposit semiconductor and metallic layers within 1000 µm diameter silica capillaries. 

Films of various semiconductors such as ZnS, ZnSe, Ge, CdS, and PbS as well as metals can be 

deposited by precipitating out the materials from a solution of their salts with pH control.[22,72] 

This process has been primarily used to fabricate very large, hollow core optical fibers for 

infrared power delivery and sensing applications. The inner surfaces of the films have a surface 

roughness on the order of 10 nm. Complete filling of pores with this technique has not been 

reported, but the hollow core fibers have losses on the order of 1 dB/m. This technique will likely 

not be as viable for nanometer to micrometer sized capillaries in view of liquid mass transport 

and surface tension constraints. 
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1.4 Optical Fiber Fabrication from a Chemist’s Perspective 

Of all the materials and methods discussed in this introduction, the II-VI semiconductors, 

such as ZnSe, seem to be the most challenging materials to form into the optical fiber geometry 

due to their high vapor pressures and incongruent melting points. When a chemist looks at the 

MOF structures shown in Figure 1.1, an opportunity for the templated growth of materials 

becomes apparent. By chemically depositing II-VI semiconductors within the pores of MOFs, the 

first II-VI semiconductor optical fibers could be realized. The challenge that arises is the 

difficulty of infiltrating molecules into such high aspect ratio pores. The answer, and the focus of 

this dissertation, is pressure. Through the use of high pressures to overcome the mass transport 

constraints, gaseous chemical precursors can be introduced into the high aspect ratio pores. The 

meters-long, ultra-high aspect ratio pores of MOFs can then be treated as high pressure chemical 

reactors for the deposition of semiconductors, metals, and insulators from hydride and 

organometallic precursors[73] in a process termed high pressure chemical vapor deposition 

(HPCVD). The behavior of molecules compressed to high pressures and confined to the small 

dimensions of the micro/nanoreactors is dramatically altered such that nearly every aspect of the 

pathway from molecular precursor to reaction product, including reactant flow, surface chemistry, 

chemical kinetics/thermodynamics, and nucleation/growth, differs from that under conventional 

conditions. The focus of this dissertation will be to investigate these effects with the goal of 

fabricating the first II-VI semiconductor optical fibers for nonlinear optics and to demonstrate the 

first Cr2+:ZnSe optical fiber laser. 
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Chapter 2 
 

Fundamental Aspects of High Pressure Chemical Vapor Deposition 

Before moving into the complex chemistry for the deposition of II-VI semiconductors at 

high pressure, it is important to understand the fundamental aspects of reactions that occur at high 

pressures within confined capillary geometries. Throughout this chapter, SiH4 pyrolysis will be 

treated as the model system as its reaction dynamics are very well known at atmospheric 

conditions. Also, it was one of the first systems studied in HPCVD, making it the most well 

understood reaction. The principles that are developed with the SiH4 chemistry can then be 

applied to II-VI semiconductor chemistries. 

2.1 Limitations of Conventional CVD/ALD 

Conventional chemical vapor deposition (CVD) techniques, such as low pressure 

chemical vapor deposition (LPCVD), atmospheric pressure chemical vapor deposition (APCVD), 

and plasma enhanced chemical vapor deposition (PECVD), are among the most powerful and 

widely used materials fabrication techniques and are well suited for the fabrication of planar thin 

films. The reactors for these CVD techniques have typically been designed with a view towards 

deposition on large area substrates and much effort is spent in conventional CVD reactors to 

configure them to deposit uniform thickness layers on substrates. The balance between surface 

reaction rate and precursor transport is carefully controlled to achieve this goal. However, these 

techniques are limited in their ability to uniformly and conformally coat and/or fill extreme aspect 

ratio voids and trenches with well-developed, uniform thickness films. The ability to conformally 

coat these features is of particular value in the synthesis of geometrically complex, three-
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dimensional materials that are hierarchically organized across a range of length scales. 

Specifically, conformally coating the pores of MOFs is of particular interest in this dissertation. 

Additional examples where the coating of complex templates is valuable include pillar array 

photovoltaics,[1] intricate microfluidic channels and in-channel microfluidic devices,[2] nanoscale 

biological templates,[3] three-dimensional optical metamaterials,[4] and three-dimensional 

electronics.  

Atomic layer deposition (ALD) has been the most viable technique for conformally 

coating high aspect ratio micro/nanostructures with semiconductors because the self-limiting 

nature of the deposited film allows for uniform film thickness despite variations in the precursor 

flux to the surface.[5-7] However, the requirement for self-limited chemical reaction and thermal 

stability at the desired growth temperature places limits on the range of precursor molecules that 

can be employed and thus the accessible materials. Moreover, the layer-by-layer nature of the 

process greatly limits the overall rate of deposition.[8,9] CVD allows for higher rates of deposition 

of semiconductor materials than ALD and does not require self-limiting chemical reactions; thus 

it is desirable to develop CVD chemistry that has the highly conformal nature of ALD. In this 

chapter, it will be shown that HPCVD combines the advantages of both ALD and CVD. 

2.2 Pressure Enabled Mass Transport 

The poor ability of conventional CVD to conformally coat deep nanoscale voids or pores 

with semiconductors arises because the mean free path for molecules at the atmospheric or sub-

atmospheric pressures typically employed is hundreds of nanometers or more. The mean free path 

of a gas molecule can be calculated using the kinetic theory of gases and is inversely proportional 

to pressure:[10] 
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l = kBT
2πd 2P        (Equation 2.1)

 

where kB is Boltzmann’s constant, T is temperature, P is pressure, and d is the kinetic diameter of 

the molecule. 

 

Figure 2.1: Mean free path of H2 as a function of pressure at 400 °C. 

 
The mean free path of a H2 molecule at 400 °C is approximately 300 nm at the 

atmospheric pressures employed in conventional CVD compared to about 1 nm at the 35 MPa 

pressures used in HPCVD (Figure 2.1). In conventional CVD, effusion of molecules into 

nanoscale openings is the primary transport mechanism (Figure 2.2).[10] Thus the transport into 

these openings is relatively slow. However, at high pressures, on the order of tens of MPa, the 

molecular mean free path that is on the order of 1 nm allows for pressure driven transport by 

hydrodynamic flow into micro/nanoscale voids. The rate of mass transport to micro/nanoscale 

voids and features then becomes nearly equal to the rate of transport to macroscale features. Thus, 

HPCVD can conformally coat surfaces with semiconductor films yet still allow for a higher rate 
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of deposition than ALD and access to the wide range of precursor chemistries possible with CVD. 

Additionally, if the high pressure mixture is allowed to flow through a reactor, as is possible with 

a capillary of a MOF, there is a significant increase in mass transport into high aspect ratio 

structures without relying on slower diffusion processes.   

D
MFP

If D<<MFP, E!usion
If D>>MFP, Di!usion

 

Figure 2.2: Effusion versus diffusion. When infiltrating a very small pore with gas molecules, a 
small mean free path results in a diffusion driven process, rather than effusion, leading to 
hydrodynamic flow. 

 
The hydrodynamic flow through a CVD reactor plays a major role in the resulting 

properties of the deposited material. The high pressure flow through capillaries has been 

characterized by experimental studies of helium gas flow. These capillaries are the reactors in 

which films of semiconductors will be deposited (described in the next section). The volumetric 

flow rate through the capillaries was measured as a function of pressure at constant capillary 

diameter and as a function of diameter at a constant pressure. As shown in Figure 2.3, the flow 

scales with the square of pressure, and with the fourth power of the diameter. Note that at larger 

capillary diameters, the data does not fit the curve, implying that the flow is no longer laminar 

and transitions to turbulent. Turbulent flow will have a significant impact on the growth of films, 

as the mass transport of precursor molecules to the silica walls from the center of the capillary 

will not be uniform along the length. However, the majority of the reactions presented in this 

dissertation will take place in the laminar flow regime. 
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a) b)

 

Figure 2.3: Compressible laminar flow in micro-capillaries. The mass flow rate is proportional to 
D4 (a) and P2 (b). 

  

Thus the flow is approximated as compressible laminar[11] and can be expressed as: 

  

Q∝ πΔP2D4

8ηL
       (Equation 2.2)

 

where ΔP is the pressure difference, D is the diameter, η is the viscosity, and L is the length of the 

capillary. The rate of mass transport into a given capillary diameter can thus be controlled with 

pressure and length, which can significantly influence the grain growth in a polycrystalline film. 

It is worth noting that the large pressure differences and confined geometries alter reactant 

diffusion as well as the flow,[12] especially in the all-important boundary layer in the immediate 

vicinity of the surface chemical reaction.[13]  

2.3 Overview of the HPCVD Process 

An important practical difference in HPCVD is that reaction precursors must often be 

transported together for delivery into a heated reaction zone whereas conventional CVD reactors 

typically allow for the introduction of precursors separately to avoid prereaction before they reach 
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a planar deposition target (Figure 2.4a).[14] Thus the precursors selected for HPCVD must be 

chosen so that they do not prereact as they are transported to a desired deposition location at low 

temperature, yet do react once they reach the desired target and are thermally activated. 

In a typical HPCVD reaction, a high pressure precursor mixture is configured to flow into 

a capillary. The mixture consists of the precursor molecules (kPa to MPa pressures) that are 

pressurized with a carrier gas such as helium or H2 to a total pressure of 35 – 70 MPa. This 

precursor mixture is introduced into a high pressure reservoir. This reservoir can be made from 

parts such as high pressure tubing, fittings, and valves from Superpressure and High Pressure 

Equipment companies. The precursors can be introduced into the reservoir either by cryogenic 

condensation, if their condensation temperatures are high enough, or by means of a suitable high 

pressure pump. Pumps such as stainless steel diaphragm pumps are well suited for this purpose. 

They do not introduce oil or other types of impurities as the gas being pumped only comes into 

contact with clean, dry, corrosion resistant metal surfaces and suitably chosen, chemically inert o-

rings. Once the precursor and carrier mixture is loaded into the reservoir, the capillary is attached 

to it and evacuated. Next, the valve on the reservoir is opened and the high pressure precursor 

flows down the fiber pores. The other end of the capillary is open to atmospheric pressure. This 

pressure difference is thus an additional driving force for the introduction of precursors into the 

MOF pores. Upon heating the capillary with a furnace, reaction occurs to deposit layers and wires 

within its pores (Figure 2.4b). Unreacted precursors, carrier gas, and reaction byproducts are 

carried out of the fiber downstream. Multiple layers may be deposited by successively 

introducing different precursors. Patterning of the deposition along the length of the fiber by 

laser-induced photochemical or thermal decomposition is also possible.[15]  
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Figure 2.4: Comparison of CVD to HPCVD.[16] (a) Schematic of atmospheric CVD process, 
where source molecules can be introduced to a heated substrate separately such that prereaction 
can, in general, be avoided. Flow towards the substrate is achieved via a small pressure difference 
with the exhaust ports. (b) Schematic of HPCVD in a capillary microreactor, where a high 
pressure precursor mixture of source molecules is configured to flow into a capillary (left) with 
the opposite end open to atmosphere (right). In the unheated region of the capillary, precursor 
molecules are so intimately mixed that any tendency to prereact at low temperatures must be 
avoided. When the capillary is heated, well-developed annular films are deposited, while 
unreacted precursors, carrier gas, and reaction byproducts are exhausted downstream. 

2.3.1 Comparison to Drawing Techniques 

HPCVD allows for fabrication of semiconductor wires and layers from electronic grade 

chemical precursors, making it possible obtain high purity materials if the standard 

semiconductor fabrication protocols are followed for insuring contaminants are not incorporated 

into the precursors during handling. Oxidation of the core from the silica cladding, which is a 

major challenge in drawing techniques presented in Chapter 1, is straightforward to avoid owing 

to the relatively low temperatures of CVD reactions. Optical fiber cores with dimensions of a few 

micrometers or less, which are preferred for single mode guidance, have higher surface area to 

volume ratios than the large core unary semiconductor fibers that have been fabricated by 
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drawing techniques. Impurities enter into the fiber cores from the surface; thus the ability to make 

high chemical purity nanoscale diameter semiconductor fiber cores is a strength of HPCVD.[15,16] 

The film growth is a layer by layer process such that films and layers with very sharp 

interfaces can readily be deposited with low temperature processing. Precisely configured 

interfaces that allow for optoelectronic junctions with built-in electric potential can thus be 

formed.[17] Such junctions are central to modern optoelectronics, as the junction potential can 

quickly sweep out carriers and be used to control the flow of electrons. The low viscosity and 

high chemical reactivity of melted crystalline unary and compound semiconductors make it 

difficult to draw precise, sharply defined layers of these materials. It is also not yet clear if 

patterned arrays of closely spaced crystalline semiconductor wires can be drawn as well, as the 

fraction of low viscosity melt in this array would be high. Furthermore, HPCVD can deposit films 

at very low temperatures compared to drawing and allow for materials to be deposited in 

amorphous,[18] polycrystalline,[19] or even single crystalline[20] form. Another advantage of low 

temperature processing of high temperature materials is that it removes many of the thermal 

constraints associated with the drawing methods while still maintaining the properties of a robust 

silica based optical fiber. 

The use of templates fabricated via the mature silica fiber drawing process also has 

several advantages. The inner air/silica surfaces of silica capillaries and MOFs are nearly 

atomically smooth,[21] such that the materials that are deposited on this surface template it nearly 

perfectly and result in atomically smooth outer surfaces.[22] This minimizes roughness at the 

silica/deposited material interface while maintaining a uniform cross-section along the length, 

which is paramount to minimizing optical loss due to geometry imperfections. Furthermore, the 

HPCVD fibers can be spliced into existing silica fiber infrastructure.[17] Since the silica MOFs can 

have micro/nanopores arranged in nearly any shape or pattern, they can be used as complex 2D 
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templates to arrange semiconductor materials precisely. This allows for the microstructure of the 

resulting optical fiber to be readily controlled in the transverse plane.  

2.4 Pressure Effects on Reactions 

Not only does pressure allow for the infiltration of precursor molecules into the pores of 

MOFs to chemically deposit materials, it also significantly alters the chemistry of the deposition 

reaction. HPCVD is remarkably different from conventional CVD because the high pressures 

employed affect many deposition characteristics such as reaction kinetics, thermodynamics, and 

surface chemistry. 

2.4.1 Reaction Kinetics of Silane Pyrolysis 

The chemical kinetics of the system are vastly altered because of the increased number of 

molecular collisions of both precursor and carrier molecules.  This is a direct result of the 

nanoscale mean free path experienced by the molecules at high pressure. These effects can be 

calculated for the first step of SiH4 pyrolysis.  

The reaction pathway from SiH4 reactant to crystalline or amorphous silicon products in 

conventional CVD is thought to involve many gas phase and/or surface steps.[23,24] High pressure 

will alter the mechanism for this reaction, as evidenced by the change in reaction order for 

homogeneous gas phase reaction of SiH4 in large volume reactors.[25- 27] Despite the complexity of 

the SiH4 reaction mechanism,[23] some generalizations can be made. First, the rates of gas phase 

reactions can be expected to increase at high pressure because collisional activation increases the 

rate constant up to a limit and also because reactant concentrations are high.[18] The SiH4 

molecule is thermodynamically unstable, but kinetically stable at temperatures below ~550 °C 
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because of a large activation barrier to decomposition.[23] In the gas phase, the following reaction 

to form SiH2 (silylene) is thought to be the first step in the pyrolysis of SiH4:[23] 

  SiH4(g) à SiH2(g) + H2(g)      (Reaction 2.1) 

The rate expression for this reaction is usually written in its unimolecular form, although 

bimolecular collision with carrier molecules and other SiH4 molecules is critical to the activation 

step. The reaction rate, with the Arrhenius expression for the rate constant is given by: 

  
−
d[SiH4 ]
dt

= Ae
−
Ea
kBT [SiH4 ]

    (Equation 2.3)
 

where Ea is the activation energy, kB is Boltzmann’s constant, T is temperature, and A is the pre-

exponential factor. When the rate expression is written this way, it is dependent on the 

temperature, the total pressure, and the identity of the colliding bath gas molecules (which affect 

the pre-exponential factor, A). The SiH4 molecule has no low frequency vibrations and thus its 

unimolecular decomposition is not at the high pressure limit under conventional CVD 

conditions.[28] Quantum Rice-Ramsperger-Kassel theory modeling can be used to calculate the 

unimolecular decomposition rate constant as a function of the total pressure of both carrier gas 

(helium carrier in the case of HPCVD of silicon) and SiH4 (Figure 2.5).[18] The increase in 

molecular collision rate per unit time with increasing pressure increases the reaction rate until the 

high pressure limit. Thus, the reaction rate constant at 420 °C can be increased considerably from 

1.6 ✕ 10-7 s-1 at 13 Pa (typical LPCVD pressure) to 4.6 ✕ 10-4 s-1 at the high pressure limit of  ~10 

MPa. Relative to LPCVD reaction conditions, the ~105 fold increase in reaction concentration 

under typical HPCVD conditions (13 Pa versus 1.7 MPa partial pressure SiH4) together with the 

~103 fold increase in rate constant can be expected to considerably increase the rate of 

decomposition of SiH4
 to SiH2.   
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Figure 2.5: Rate constant of the first step of silane pyrolysis as a function of pressure at 420 °C in 
helium predicted by Rice-Ramsperger-Kassel calculations. 

 
The SiH2 intermediate can be expected to then react with SiH4 and other species in a 

complex series of reactions that lead to solid silicon.[24] Each of these reaction steps may be 

accelerated in a manner similar to that of the SiH2 formation reaction as a result of both increased 

rate constant due to collisional activation and higher intermediate concentration. Experimentally 

it is found that the increase in deposition rate is ~30 fold at 450 °C, from 0.01 Ås-1 reported for 

LPCVD at a pressure of 13 Pa[29] to ~0.3 Ås-1 for HPCVD SiH4 at a partial pressure of 1.7 MPa.  

Thus it is clear that some acceleration occurs, but it is not as large as that expected for the 

increase in the concentration of intermediates such as SiH2.[18] A detailed modeling study would 

be required to quantitatively account for the effect of high pressure on film deposition rates.  It 

may be that surface reactions lead to a rate-limiting step in view of the high concentration of 

reactive intermediates in the gas phase.  
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Dopants may be added to the precursor mixture to control the electron or hole 

concentration in the deposited materials in HPCVD.[17] It has been found that the addition of 

dopant precursors can catalyze the HPCVD SiH4 reaction. For example, the reaction rate at 400 

°C and 1.7 MPa partial pressure can be accelerated dramatically from <1 Ås-1 to ~50 Ås-1 when 

~1 at% B2H6 is added; a similar trend is observed for conventional CVD.[17] Adding ~1 at% PH3 

also slightly increases the reaction rate, albeit only by 2 – 3 Ås-1 at 500 °C and the same partial 

pressure. This increase is in contrast to the trend observed for conventional CVD, where there is a 

decrease in reaction rate with phosphorus addition that is thought to be associated with blockage 

of surface adsorption by phosphorus species. It may be that the high concentration of reactive 

intermediates at high pressure competes effectively with the phosphorus for the adsorption sites. 

The reaction intermediates could be altered by the presence of phosphorus to form species such as 

SiH3PH2 that may play a role in the increased rate of deposition.[17] Again a complete 

understanding will require a full investigation by means of a combination of modeling and 

experiment.   

2.4.2 Thermodynamics 

Increasing the pressure of a system alters collisionally based reaction dynamics as well as 

the chemical potential of the reactant species.  In chemical reactions, one typically activates a 

reaction by increasing the temperature to change the chemical potential of a molecule and make it 

reactive. However, the same activation can be achieved by changing the pressure of the system 

without heating. This is because chemical thermodynamics are altered by the volume-pressure 

term (VΔP) in the expression for the Gibbs free energy. From the equation of state of a system, 

the effects of pressure on thermodynamic quantities can be calculated. For H2, increasing the 

pressure of the system results in an increased chemical potential of the molecule (Figure 2.6).[30] 
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This is embodied in the hydrogen embrittlement of steel, where high pressure H2 gas can react 

with the carbon in the steel and weaken it.[31,32] When coupled with the kinetic effects, the 

thermodynamic effects result in higher reaction rates of CVD reactions and allows for reactions to 

occur at temperatures much lower than that needed in conventional CVD. This is highlighted in 

Chapter 3 for the deposition of hydrogenated amorphous silicon and Chapter 4 for ZnO.  

 

Figure 2.6: The chemical potential of H2 as a function of pressure. Data from: [30]. 

2.4.3 Surface Area to Volume Effects 

The concentrations of precursor employed for HPCVD may be orders of magnitude 

higher than those employed for conventional CVD processes. When using higher precursor 

pressures, there are many more molecular/cluster collisions, which can lead to the formation of 

undesirable particles that grow homogeneously in the gas phase, instead of the desired 

heterogeneous growth of a film. It is known that larger reactors with dimensions on the order of 

centimeters predominantly produce particles when too high of a precursor pressure is used.[27]  
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However, the confinement aspects of HPCVD in micrometer diameter capillaries have a 

significant influence on the competition between surface and gas phase reactions. A typical result 

of using a large, bulk reactor is shown in Figure 2.7a, where silicon particles are produced in a 

predominantly homogenous reaction. When a large 2.5 mm internal diameter capillary is used for 

deposition in HPCVD (Figure 2.7b), undesired silicon particles are still formed along with a 

film. This is at the threshold of particle/film growth, so both are observed. Well-developed films 

are only formed when the capillary diameter, or reactor, is confined to <300 µm. In the confined 

geometry, any particles that form homogenously have little time to grow into larger particles 

before reaching the pore walls and become embedded in the growing film. The time required for 

a nucleated particle to reach the pore wall scales as x2/D, where x is the pore diameter and D is 

the gas phase diffusivity of the particle. x2/D is orders of magnitude smaller in 6 µm pores than in 

pores ≥300 µm, which results in the growth of a film (Figure 2.7c). The resulting morphology of 

silicon deposition in different sized capillaries, or reactors, is shown in Figure 2.7. 

20 +m 10 +m 2 +m

a) b) c)

 

Figure 2.7: Growth of silicon as a function of surface area to volume ratio.  Silicon particles are 
produced by deposition in a bulk reactor (a). A transition from particles to a film is observed in a 
2.5 mm tube (b),[18] while completely heterogeneous deposition is observed when the capillary 
diameter is <300 µm (c). Image credit (a,b): Todd D. Day. 

2.5 Pyrolysis of Silane: Understanding the HPCVD Complete Filling Processes 

Pressure influences many aspects of a CVD reaction, which leads to some surprising 

results.  One striking result of the HPCVD process in microscale capillaries is that it can result in 
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a void-free, completely filled semiconductor wire of centimeter length scales. At first glance, 

completely filling the capillaries of MOFs over lengths of centimeters or more appears to be 

challenging in view of their extreme aspect ratios. Precursors need to be transported into the 

channel and decompose into semiconductor to further fill the channel while reaction byproducts 

must be transported out of the channel. It might be expected that as soon as a location along the 

length of the growing annular film becomes clogged and transport of the reaction byproduct (H2) 

is inhibited, the deposition reaction: 

  SiH4(g) à Si(s) + H2(g)      (Reaction 2.2) 

will shift back to the left and the forward reaction will become inhibited according to Le 

Chatelier’s principle. However, the deposition rate can actually increase as the pore clogs, 

allowing the remainder of the void to be completely filled. Through both experiment and 

modeling (in collaboration with the Borhan group, Chemical Engineering, PSU), an 

understanding of this process, which is referred to as “backfilling”, has been developed.[12] 

For the following experiments and modeling, a 15 cm furnace was used to deposit silicon 

from SiH4 at 500 °C. The high pressure mixture consists of 2 MPa of SiH4 and 33 MPa of helium. 

Since the reservoir from which the precursor mixture is introduced into the capillary cannot be at 

the deposition temperature, it is inevitable that there will be a temperature gradient at some point 

along the length of the capillary; in these experiments there is a temperature maximum at about 

7.8 cm from the furnace entrance (Figure 2.8a). The overall capillary length is 30 cm with an 

internal diameter of 6.2 µm; there are 5 cm of capillary between the high pressure source and the 

start of the furnace. Deposition was arrested after 3, 9, and 15 hours and scanning electron 

microscopy (SEM) cross-sections were collected along the length of the pore by Neil F. Baril. 

Deposition profiles from these cross-sections allow for visualization of the axial profile of the 

film thickness (Figure 2.8b). The process of complete filling can be broken down into three 

phases.[12] 
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In phase I, which occurs for the first few minutes of deposition, the film is thin enough to 

have minimal impact on the deposition. Under these conditions, the axial pressure profile can be 

computed using Fanno flow analysis.[33] The total pressure decreases from 30 MPa at the furnace 

entrance to 20 MPa at the furnace exit 15 cm downstream (Figure 2.8a). The effect of 

temperature on film growth rate is exponential while that of SiH4 partial pressure is linear. Thus, 

in phase I, the effect of the increasing temperature on film growth rate dominates over the slightly 

hindering effect of decreasing SiH4 partial pressure along the length of the pore leading to a 

maximum in the growth rate at the maximum wall temperature (Figure 2.8c). 

After a few minutes of deposition, the reaction enters phase II. In phase II, the growing 

film impacts the deposition process by forming a convergent-divergent nozzle around the axial 

node of maximum growth rate (Figure 2.8b). The nozzle causes the flow to change from 

subsonic to supersonic as it passes through the region of maximum constriction. This supersonic 

flow gives rise to an unstable feedback loop that accelerates growth at the nozzle relative to 

locations downstream from it. After ~9 hours, as seen in profile B (Figure 2.8b) the flow rate is 

dramatically reduced by closure of the pore to less than 1 µm in diameter. The deposition rate in 

phase II remains highest at the first node (7.8 cm downstream of the furnace entrance), but begins 

to increase upstream as the throat closes down and the deposition gradually enters phase III.  

In phase III, which is entered after approximately 9 hours, the growth at the nozzle has 

closed such that flow is nearly or completely extinguished. Deposition does not halt in phase III, 

which is termed the “no flow” regime, because the silica walls of the capillary are permeable to 

the H2 reaction byproduct and the helium carrier gas, especially at the high temperatures used for 

deposition. For reference, the kinetic diameters of He and H2 are 2.0 Å and 2.5 Å, respectively, 

while the silica has interstitial spacing of ~ 3 Å. Thus, SiH4 can continue to enter the capillary 

void despite the extinguished flow. Moreover, any unreacted SiH4 can no longer exit the capillary 

because this molecule is too large (3.6 Å) to travel through the silica capillary walls. The helium 
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continues to flow, however, drawing more SiH4 molecules with it, forming a “kinetic pump” that 

can increase the SiH4 concentration in the capillary to above that in the reservoir. This increased 

SiH4 concentration can then accelerate the reaction rate several centimeters upstream from the 

initial plug (Figure 2.8b). The continued deposition allows for void free filling upstream of the 

nozzle closure. 
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Figure 2.8: The three phases of complete filling.[12] a) The axial furnace temperature profile (red) 
and the axial pore pressure profile (blue) in phase I before the growing film impacts flow. b) 
Profiles determined from SEM cross-sections for a 3 (A), 9 (B), and 15 (C) hour depositions. 
Credit: Neil F. Baril. c) Calculated initial reaction rate (red) based on the temperature, pressure, 
and the Mach number of the gas mixture flowing through the pore (Borhan group) compared with 
the experimentally determined deposition rate (black) from 0 – 3 hours from profile A. 
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Figure 2.9: Control over plug formation and backfilling.[12] (a) A gap forms upstream of the first 
node as a result of the increased reaction rate. (b) Profile of a deposition with a 48 hour 
temperature ramp from 400 to 500 °C. (c) Furnace temperature profile for filling a 1.3 µm 
diameter pore. d) Profile of deposition within this 1.3 µm pore with a 48 hour temperature ramp 
from 380 to 450 °C.  

 
 With the understanding of the mechanism of in-pore HPCVD developed, it becomes 

possible to design deposition conditions that allow for complete filling of the micrometer 

diameter pores over distances of several centimeters via this backfilling process. Once closure at 

the first node has occurred, if growth occurs too rapidly at the second node closer to the furnace 

entrance, the pore will plug at this node and an undesirable gap in the filling between it and the 

first node is formed (Figure 2.9a). By slowly ramping up the temperature of the furnace over a 

period of 48 hours to 500 °C while precursor is flowing, it is possible to avoid this gap (Figure 
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2.9b). This temperature ramp allows for a greater fraction of the deposition to occur at lower 

temperatures than those used in the above experiments for which a fixed temperature was 

employed. At these lower temperatures the rate of helium diffusion through the pore walls is 

slower, which decreases the magnitude of the concentration gradient that arises due to this 

diffusion and allows for even filling over 3 cm (Figure 2.9b). In contrast, if the temperature is 

ramped over 24 hours, the rate of deposition at the second node is too high and the gap develops.  

Modification of the furnace temperature profile (Figure 2.9c) allows for void free 

deposition of silicon in a 1.3 µm diameter pore over distances of 6 cm (Figure 2.9d). The 

maximum in the temperature of the furnace in this profile is at 9.5 cm instead of at 7.8 cm, which 

allows for backfilling after pore closure over a longer distance to produce a longer wire.  For even 

longer lengths, the furnace, or fiber, could be translated in a controlled manner to slowly move 

the backfilling plug along much longer distances. A transmitted optical micrograph of this 

backfilling interface of an annealed silicon wire is shown in Figure 2.10. In the backfilling 

process, a nanoscale hole is slowly being filled back towards the high pressure source, which 

highlights the ability of HPCVD to infiltrate very high aspect ratio voids with precursor 

molecules. 

Open nanopore Completely !lled

Flow

5 +m
 

Figure 2.10: Optical micrograph of the backfilling interface.[12] When viewing an annealed 
polycrystalline silicon wire in transmitted light, the silicon is transparent and the central pore in 
which backfilling occurs can be seen. Image credit: Neil F. Baril. 
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2.6 Moving to More Complex Structures / Chemistries 

With a thorough understand of the reaction kinetics, thermodynamics, and flow dynamics 

effects on the filling of high aspect ratio pores, optical fibers based on completely filled 

capillaries can be realized. Complex MOF templates can be filled to fabricate very unique 

semiconductor waveguides that are presented in Chapter 3. Furthermore, significantly more 

complex reactions can be investigated to deposit compound II-VI semiconductors such as ZnSe, 

which will be discussed in Chapter 4. 
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Chapter 3 
 

HPCVD in Microstructured Templates: Silicon Optical Fibers 

With the fundamental aspects of HPCVD in a single capillary understood, it is possible to 

fabricate unique optical fibers by carrying out the reactions in the microstructured templates 

shown in Figure 1.1. In this chapter, the materials chemistry aspects of step index silicon optical 

fibers in single capillaries are first discussed with the goal of realizing low optical loss in the IR. 

Then, the deposition is extended to MOFs, where the ability to selectively fill the pores of MOFs 

is demonstrated to enable tailoring of the properties of the resulting structures. These techniques 

are employed to fabricate two unique semiconductor optical fibers: a polycrystalline silicon 

(poly-Si) MOF and an hydrogenated amorphous silicon (a-Si:H) PCF. 

3.1 Materials Quality of Silicon Optical Fibers 

In HPCVD, silicon is typically deposited in the amorphous state in a furnace set to 500 

°C with a temperature gradient along the axial direction. This amorphous material (without 

hydrogen passivation) has very high absorption in the infrared due to the presence of defect states 

in the bandgap that allow for absorption of light. By annealing the material after deposition, the 

amorphous network crystallizes, which in turn forms a defined bandgap with minimal defect 

states. Thus, the materials properties and optical loss of the silicon can be improved such that the 

completely filled capillaries function as low loss poly-Si optical fibers (Section 3.1.1). Another 

way to reduce the loss of the material is to incorporate hydrogen into the amorphous material to 

form a-Si:H to passivate the dangling bonds that create defect states, which is discussed in 

Section 3.1.2.  
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3.1.1 Polycrystalline Silicon 

A systematic study was performed to investigate the effects of annealing on the optical 

loss of simple step index poly-Si optical fibers in collaboration with the University of 

Southampton.[1] In this case, the material was intentionally deposited with a low hydrogen content 

(in other words, at a high temperature). The fibers used in this investigation were fabricated by 

completely filling 6 µm inner diameter capillaries with silicon. Owing to the large index 

difference between the silicon core (n~3.5) and silica cladding (n~1.4), the guided light is well 

confined to the micrometer-sized core. The fibers were then polished on both facets using 

standard polishing techniques. A polished fiber facet is shown in Figure 3.1. Five silicon fibers 

were fabricated under different conditions: (A) amorphous silicon deposited at ∼ 400 °C, (B) 

amorphous silicon deposited at ∼ 500 °C, (C) poly-Si deposited at ∼ 500 °C and annealed at 

1125 °C, (D) poly-Si deposited at ∼ 500 °C and annealed at 1200 °C, and (E) poly-Si deposited at 

∼ 500 °C and annealed at 1325 °C. 

a) b)

2 +m 50 +m
 

Figure 3.1: Silicon optical fibers.[1] (a) SEM image of a 6 µm diameter poly-Si optical fiber core. 
(b) Optical micrograph of the entire facet after polishing. 

 
To determine the quality of the deposited material of the various fibers, micro-Raman 

spectroscopic measurements were performed on the silicon cores. In all cases a 633 nm HeNe 

laser was focused onto the silicon through the side of the transparent silica cladding, with a spot 
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size of ∼ 2 µm and 3 mW of power at the outer surface. Figure 3.2a shows the Raman spectra of 

the two amorphous silicon fibers (samples A and B). Both fibers exhibit a strong broad peak 

around 480 cm−1 corresponding to the transverse optical mode, with some weaker subsidiary 

peaks associated with the other known vibrational modes of amorphous silicon.[2] In the higher 

frequency regime, as shown in the inset, sample A (solid line) also has a peak at ∼ 2000 cm−1 

which is the Si-H stretching mode.[3] This peak is absent in sample B (dashed line) indicating that 

hydrogen is incorporated into the amorphous material at low deposition temperatures.[4] The 

effects of hydrogen incorporation via HPCVD will be discussed in Section 3.1.2. However, based 

on this observation, only poly-Si fibers that are annealed from amorphous samples deposited at ∼ 

500 °C were investigated to avoid H2 out diffusion. This is because the hydrogen reduces the 

density of the silicon; therefore, a high hydrogen content structure decreases in volume and peels 

off the silica walls when it is annealed and H2 is evolved. 

 

Figure 3.2: Raman spectra of silicon optical fibers in the (a) amorphous state and (b) annealed at 
different temperatures.[1] 

 
The Raman spectra for the poly-Si samples are shown in Figure 3.2b, together with a 

reference spectrum taken of a single crystal silicon wafer (bottom curve). To estimate the Raman 

peak widths, the spectra are fitted with Voigt profiles (dashed curves) to account for the 1.5 cm−1 

Gaussian instrument contribution. The silicon wafer has a Lorentzian full width at half maximum 

of 2.7 cm−1, centered at 520 cm−1, with the poly-Si widths measured to be 5.1 cm−1, 4.5 cm−1, and 
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3.0 cm−1 for samples C (1125 °C anneal), D (1200 °C anneal) and E (1325 °C anneal), 

respectively. The larger widths and the asymmetries seen in the poly-Si peaks, particularly for the 

lower temperature annealed samples, are due to contributions from defects and amorphous 

fractions, that surround the single crystal grains, which are associated with vibrations at 

frequencies in the range 500 − 517 cm−1.[5] The smaller width of the Raman peak of sample E can 

be attributed to a reduction in the defect concentration and amorphous content and an 

improvement in the overall crystallinity.[6] The slight red shift of the poly-Si peaks (517 cm−1 for 

samples C and D, and 518 cm−1 for sample E) is, in part, due to the material surrounding the 

crystalline grains, as well as a small contribution from the residual stress induced across the 

silicon-silica boundaries which are introduced during annealing, and are a result of the differences 

in the thermal expansion of the strongly adhered materials.[7] 

Optical transmission losses of the fibers as a function of the guided wavelength were 

determined using the cutback method (Laura Lagonigro and Noel Healy, University of 

Southampton), where the typical starting length was ∼ 8 mm with 1 mm polished off the samples 

between each measurement. A supercontinuum source was filtered using a tunable acousto-optic 

device to yield an average power of ∼ 0.5 mW over the wavelength range 1.2 − 1.7 µm, and 

launched into the silicon cores via free space coupling using a 25✕ microscope objective lens. A 

second 40✕ objective was used to capture the transmitted light and focus it onto a Newport 

2832C power meter. The results of the loss measurements are plotted in Figure 3.3 for all but the 

amorphous sample B. As discussed earlier, without hydrogen to saturate the dangling bonds, 

amorphous silicon has a very high loss in the infrared wavelength range (50 dB/cm at 1550 nm).  

From the curves measured for the remaining samples, it is clear that in all cases the losses 

decrease for increasing wavelength, which suggests that scattering mechanisms (for example, 

from grain boundaries) contribute significantly to the loss. Further evidence is provided by the 

good agreement with the fitted curves which display the λ−4 dependence associated with Rayleigh 
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scattering. Comparison of the poly-Si loss curves shows that there is a clear reduction in the 

losses as the annealing temperature is increased, which agrees with the Raman observations that 

the higher temperature anneal leads to an improvement in the polycrystalline quality. From 

sample E, the loss at 1550 nm was determined to be ∼ 8 dB/cm. Although the amorphous sample 

A shows a similar wavelength dependence, the slope of this data set is much steeper than the two 

higher temperature annealed samples, which are expected to be predominantly crystalline in 

nature. Thus the sharp increase in the losses at short wavelengths in the low temperature annealed 

sample C can be attributed to a contribution from the amorphous silicon material that surrounds 

the single crystal grains. Significantly, sample A yields the lowest loss of ∼ 5 dB/cm at 1550 nm, 

which suggests that the incorporation of hydrogen, which was evident from the Raman spectrum, 

has resulted in an appreciable saturation of dangling bonds in the material (see Section 3.1.2).  

 

Figure 3.3: Optical loss as a function of wavelength of silicon optical fibers in the amorphous 
state and annealed at different temperatures.[1] Dashed lines are λ−4 fits.  

 
The results of the transmission measurements indicate that by further optimizing the 

deposition and annealing processes to obtain high quality, low loss, and large grain poly-Si core 

materials, it should be possible to fabricate silicon fibers with losses that approach those of the 

lowest recorded values in on-chip waveguides of around a few dB/cm.[8,9] Since the main source 

of loss is from scattering from grain boundaries, minimizing the number of grain boundaries by 



57 

 

maximizing the size of the grains should minimize the loss of poly-Si optical fibers. 

The resulting grain size can be controlled when annealing an initially amorphous silicon 

material via the anneal temperature.[10] At temperatures above about 500 °C, crystallites begin to 

nucleate in the amorphous phase. The number of initial crystallites is controlled by the 

temperature, with less nucleation sites forming at lower temperatures. As the adjacent amorphous 

material crystallizes around the seed, the grain grows until all the amorphous material is 

consumed and two crystalline grains touch each other at a newly formed grain boundary. 

Following the initial grain growth, a higher temperature anneal (~1000°C) can anneal out any 

defects within these large grains. Even higher temperatures (>1000 °C) can cause grains to 

combine into even larger ones. With the HPCVD process, the silica fiber can only withstand high 

temperatures (~1300 °C) for less than 15 minutes due to crystallization/cracking effects of the 

silica glass. Therefore, the high temperature annealing should start with the largest grains 

possible.    

Accordingly, the optical fibers should be annealed at as low of a temperature as possible 

in order to maximize the initial grain size (i.e., form only a small amount of initial crystallites to 

form large grains). To determine the minimal practical temperature for crystallization of 

amorphous silicon, a 800 nm wire was annealed in a temperature gradient with a maximum 

temperature of 665 °C for 5 days. Raman spectra at 633 nm excitation were then collected along 

the length (as a function of temperature) to determine the minimum anneal temperature (Figure 

3.4) necessary to grow crystallites. From this data, the threshold anneal temperature needed to 

form poly-Si is ~520°C; note that the material also becomes transparent to visible (red) light upon 

this transition. 
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Figure 3.4: Determination of the minimum annealing temperature needed to form poly-Si from 
amorphous silicon.  The inset images show that the material becomes transparent to red light once 
it is polycrystalline. 

 
 It follows that a sample which is annealed at a low temperature first before a high 

temperature should have a lower optical loss. In order to test the hypothesis, two samples were 

fabricated from an amorphous silicon wire deposited at 500 °C: (F) low temperature anneal at 530 

°C for 7 days followed by a high temperature anneal at 1300 °C for 15 min, and (G) low 

temperature anneal at 560 °C for 7 days followed by a high temperature anneal at 1300 °C for 15 

min. The losses of the samples were determined using the single pass technique at 1550 nm at 

different stages of the annealing.  Initially, sample F had a loss of 30 dB/cm, while sample G had 

a loss of 16 dB/cm. After the high temperature anneal, sample F had a lower loss (9 dB/cm) than 

sample G (13 dB/cm). After the first anneal, sample F should have larger grains than sample G 
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owing to the lower temperature, but sample F will also have a higher loss than sample G due to 

the larger grains having more defects. However, after annealing at 1300 °C, the defects of the 

larger grains in F are annealed out and the primary source of loss in the waveguides is now from 

grain boundary scattering (Figure 3.5). Indeed, the losses then intersect after the high temperature 

anneal, and sample F results in the lower loss of the two samples.    

 

Figure 3.5: Loss of poly-Si optical fibers as a function of annealing strategy. 

 
Further improvement of annealing strategies via thermal methods could result in a much 

lower loss or even single crystals if a seed point, such as a taper, is used to propagate a single 

crystal through the amorphous material. Some initial experiments with laser annealing are also 

proving to be promising in reducing grain boundary scattering in poly-Si optical fibers. Also, 

metal-induced crystallization is another potential route to propagating a single grain through the 

amorphous wire. 
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3.1.2 Hydrogenated Amorphous Silicon 

 Although amorphous silicon has very high loss (50 dB/cm at 1550 nm), the materials 

properties, and thus the loss, can be significantly different when hydrogen is incorporated into the 

material (as was seen with sample A in Section 3.1.1). This is because hydrogen can saturate the 

dangling bonds to form a-Si:H and eliminate any defect states in the bandgap that would 

otherwise absorb the waveguided light. As was discussed in Chapter 2, the high pressure 

chemistry in HPCVD can result in high rates of deposition at lower temperatures than are 

possible in conventional CVD; resulting in a significant incorporation of hydrogen by simple 

thermal decomposition of SiH4. Typically, an expensive PECVD reactor is needed to achieve 

deposition at a low enough temperature for hydrogen incorporation in the deposited material. 

In order to determine the threshold deposition temperatures for incorporation of 

hydrogen, a study was performed to investigate the hydrogen content as a function of deposition 

temperature. This was important for two reasons: (1) a low hydrogen content material is desirable 

for poly-Si annealing to avoid large volume changes (Section 3.1.1) and (2) maximizing the 

hydrogen content can help to minimize the loss in a-Si:H optical fibers. Raman spectra at 633 nm 

excitation were collected along the length of a 6 µm silicon wire that was deposited in a 

temperature gradient with a maximum temperature of 500 °C. The Si-H stretching mode (~2000 

cm-1) intensity decreases as the temperature increases (Figure 3.6). The cutoff for hydrogen 

incorporation appears to be ~465 °C (within the detection limits of this experiment). At very low 

temperatures (320 °C), a significant amount of hydrogen is incorporated into the material as 

evidenced by the appearance of the Si-H2 stretching mode at 2075 cm-1. Incorporation of 

hydrogen bound as Si-H2 may not be ideal for waveguide applications as it can form small voids 

that can scatter light. Further optimization of the hydrogen content by Todd D. Day of the 

Badding group has resulted in a significant reduction in losses as well as the ability to control the 
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hydrogen content with the carrier gas to produce single mode a-Si:H optical fibers.[11,12] In fact, a-

Si:H optical fibers are the lowest loss silicon waveguides that have been fabricated by HPCVD, 

with a loss of 0.8 dB/cm at 1550 nm. 

 

Figure 3.6: Intensity of the Si-H stretching mode in Raman spectroscopy of a-Si:H as a function 
of deposition temperature. 

3.2 Selective Filling of MOFs with Semiconductors 

Control of the transverse patterning in MOFs allows for precise tailoring of the 

transmission properties of the guided modes. By simply tuning the hole size and spacing of the 

capillaries that run along the length of a MOF, it is possible to tune the dispersion, nonlinearity, 

as well as induce birefringence and endlessly single mode operation.[13] As is the theme of this 

dissertation, MOFs also make exceptional templates for the infiltration of drawing-incompatible 

materials into the capillaries to fabricate complex, precisely organized micro to nanoscale 



62 

 

structures with additional functionality. To date, MOFs have been filled with a variety of 

materials including liquids,[14] gases,[15] metals,[16] monolayers,[17] and semiconductors,[18] leading 

to the development of active devices such as optical switches,[14] tunable filters,[19] and 

modulators.[20] An extension to this filling approach that allows for even more geometrical design 

flexibility is to control the filling or coating of selected holes in the MOF template. By 

engineering the guided mode interaction with the infiltrated material, selectively filled MOFs can 

exhibit unique transmission properties and have been demonstrated for use as optical 

thermometers,[21] polarizers,[22] and sensors.[23]  

The selective filling of MOFs has been demonstrated previously via a number of 

methods, including the collapsing of selected air holes,[21,24] injection-cleave techniques that 

exploit the dependence of the capillary forces on the hole size,[25] carving holes in the side of the 

MOFs,[23,26] dispensing epoxy into the MOF holes using a micro-tipped silica fiber,[27] and end-

face photolithography.[28] Of these techniques, the latter two allow for arbitrary patterns to be 

made independent of relative hole size and spacing. However, these methods require either 

rigorous mechanical control of a dispensing tip or a time consuming photolithographic process 

that decreases the damage threshold of the MOF end face.  

In this section, a new selective filling technique that allows for complex two-dimensional 

patterning, independent of the MOF pore size and spacing is described, which is compatible with 

the HPCVD procedure. The technique is based on the selective waveguide curing of an epoxy 

with a refractive index greater than silica that has been infiltrated into the MOF holes. By 

waveguiding UV light in the epoxy filled holes it is possible to cure complex patterns in a quick 

and convenient manner. To demonstrate the flexibility of this technique, a variety of MOF 

templates have been selectively filled and coated with different semiconductor materials. 

Importantly, the selective filling of MOF templates with solid materials such as semiconductors 

via deposition offers several advantages over the liquid filling approaches as it is possible to 
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deposit a range of coating thicknesses from thin films to solid inclusions, different holes can be 

filled with different materials, and it is also possible to deposit different materials into the same 

hole. The ability to pattern semiconductor filled MOFs is an important step towards developing 

arrays of both passive and active fiber-integrated optoelectronic devices. 

3.2.1 Selective Filling via Epoxy Waveguide Curing 

To achieve selective filling, a UV curable epoxy, which is easily infiltrated into the holes 

of the MOF templates via capillary forces, is employed. A common optical grade epoxy, Norland 

optical adhesive 61, is ideal for this approach as it adheres strongly to silica and can withstand the 

pressures employed in HPCVD once it is cured. As a liquid, the epoxy has a refractive index of 

1.53 and has a maximum absorption for curing at 364 nm. The cured solid has an even higher 

refractive index of 1.56 and transmits 364 nm light so that the solidifying material can continue to 

guide light down the length of the capillary to cure the epoxy at the solid/liquid interface. Thus it 

is possible to treat each hole as an individual step-index waveguide in which long lengths of 

epoxy can be cured. The ultimate resolution of this method is only limited to the spot size of the 

focused 364 nm light, which is shorter than the wavelengths used for two photon polymerization 

techniques,[28] and the focused spot is easier to control than the micro-tipped silica fiber used to 

manually dispense the epoxy into the holes.[27] 

To ensure efficient coupling to each individually selected epoxy filled hole, the numerical 

aperture (NA) of the input objective must be less than that of the epoxy waveguide (NA=0.48). If 

the NA is higher than that of the waveguide, the light launched into the cladding can cure 

adjacent holes in the array. In addition, launching light into liquid cores is known to be 

problematic as the liquid can move away from the surface of the cleaved facet. As a result, if the 

epoxy is not in the plane of the cleaved fiber, this can also lead to the neighboring holes being 
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cured. To ensure that the relatively low viscosity (300 – 450 cps) epoxy stays flush with the MOF 

end face, the opposite end is sealed with a fusion splicer so that equilibrium can be reached 

between the pressure build up and the capillary force. With both of these factors considered, 

coupling of the 364 nm line of an Argon ion laser to the epoxy waveguides is straightforward and 

nearly any pattern can be made in short periods of time. The selective filling process is outlined in 

Figure 3.7, where the first step is to fill all the MOF holes with a short length of epoxy. The 

epoxy is then cured in the holes that will eventually be filled by HPCVD. The remaining holes are 

then filled further before they are also cured. Finally the end of the fiber is cleaved to remove the 

short length of patterned epoxy to reveal the desired template for filling.  

curing front

1. Fill by capillary action

2. Selectively cure hole by coupling UV light into waveguide

3. Fill open holes further by capillary action and cure

4. Cleave

5. HPCVD in this pore 
 

Figure 3.7: Selective filling technique.[29] Selective blockage of holes in MOFs is achieved by 
first filling each hole with a UV-curable epoxy (1), followed by curing a pattern of holes by 
treating each capillary as an individual step index waveguide (2). With the desired pattern cured, 
the negative is taken by filling the open holes further and curing the entire array (3). Cleaving 
beyond the original waveguide curing distance (4) results in a fiber facet (inset) that has the 
desired pattern of holes open for the HPCVD process (5). 
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To verify that the epoxy waveguides transmit UV light over appreciable distances, the 

length of cured epoxy was measured with different curing times and power densities, as shown in 

Figure 3.8. From these results, it can be seen that the cured distance tends to saturate with 

increasing time due to the optical loss of the epoxy waveguide, though lengths of up to 5 mm can 

be cured at a power density of 20 W/cm2 in approximately 30 s. However, such long transmission 

lengths turn out to be detrimental to the patterning process as light can scatter into the adjacent 

holes as it travels down the lossy waveguides. A curing time of 5 s at a low power density of 

0.14 W/cm2 is the optimal configuration to reduce both the defects due to the scattered light and 

the time needed to cure complex patterns, yet is sufficient to cure lengths of ~1 mm. 

a) b)

 

Figure 3.8:  Waveguide epoxy curing.[29] The length of epoxy that is cured at different times (a, 
0.14 W/cm2 power density) as well as different power densities (b, 30 s cure times) tends to 
saturate due to the optical loss of the epoxy waveguides at the curing wavelengths. 

3.2.2 Selectively Filled Semiconductor MOFs 

To demonstrate the flexibility of this technique, semiconductor filling patterns were 

fabricated in a variety of MOF templates, as illustrated in Figure 3.9. In this figure, all of the 

fibers have been filled with silicon from SiH4 pyrolysis using the HPCVD technique. By 

modifying the deposition parameters such as the precursor concentration, pressure and 
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temperature it is possible to fill a range of hole sizes, ~5 µm in Figure 3.9a, ~1 µm in Figure 

3.9b and ~8 µm in Figure 3.9c, either to completely fill as is Figure 3.9b, or partially fill so that 

the holes are coated in thin layers such as in Figure 3.9d. By controlling the thickness of the 

deposited layers, it is possible to tune the resonance conditions of the MOFs to offer a further 

degree of control over the guidance properties.[30] It is also clear from Figure 3.9a, where the hole 

separation is only a few tens of nanometers, that this waveguide curing technique is suitable for 

any practical hole spacing; further evidence for which is provided by Figure 3.9b where six 

~1 µm holes, separated by less than 1 µm, have been cured around a single hole. The examples of 

complex patterning in the form of concentric rings, Figure 3.9c, and the initials “PSU”, Figure 

3.9d, highlight the versatility of this technique.  

a) b)

c) d)
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Figure 3.9: Selectively filled microstructured optical fibers.[29] Following epoxy waveguide 
curing, HPCVD can be carried out in specific capillaries of a variety of MOFs. Holes with 
separation < 100 nm (a) and small, closely spaced holes (b) can be cured without cross-talk and 
subsequently have silicon deposited in the holes that are left open. The technique allows for any 
pattern to be fabricated, such as concentric rings (c) and the letters “PSU” (d).  
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As previously discussed, an advantage of selectively filling with solid materials such as 

semiconductors is that it is possible to deposit multiple materials within the same template. To 

deposit two materials, each within different holes of the MOF, first the template is patterned then 

the open holes are completely filled with silicon. The patterned facet is then cleaved to open the 

originally blocked holes for HPCVD of another material, where in this case germanium is 

deposited from GeH4.[31] Figure 3.10a shows a Raman spectroscopy map of a polished facet of 

the multi-material filled MOF. Confirmation of the different crystalline materials is provided by 

the Raman spectra in Figure 3.10c showing the silicon peak at 520 cm-1 and the germanium peak 

at 300 cm-1. In addition, it is also possible to deposit different materials in the same hole to 

fabricate heterostructures, as shown in Figure 3.10b. Here, germanium has been deposited on a 

layer of silicon, though it is also possible to deposit several layers of doped materials for the 

fabrication of junction devices.[32,33] Thus using this method it should be possible to deposit 

semiconductor junctions into selected holes of the MOF templates to fabricate arrays of active 

devices. Selectively filling the pores of MOFs allows for their light guiding properties to be 

tuned, which will be demonstrated in Section 3.4. 

Silica

Ge Si

Silica
Ge
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Figure 3.10: Multimaterial microstructured optical fibers.[29] Multiple crystalline semiconductors 
can be patterned in the transverse plane and layered by sequential deposition. (a) Raman mapping 
of the fiber facet shows a pattern of silicon (black) and germanium (white) rods in a MOF. (b) A 
SEM image of a germanium layer deposited on top of a silicon layer. Raman spectra of 
crystalline silicon and germanium are shown in (c).  
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3.3 Large Mode Area Silicon Optical Fibers 

 This work was performed in collaboration with Noel Healy at the University of 

Southampton, UK.[34] Modified figures and sections from reference [34] are reproduced with 

permission. 

3.3.1 Motivation and Design 

The burgeoning field of silicon photonics owes much of its success to the ability to 

leverage a vast, highly developed and capitalized microelectronics industry that allows for deep 

submicrometer lithographic processes at a wafer scale.[35] Typical on-chip silicon photonic 

devices are constructed by defining waveguiding structures on silicon-on-insulator wafers that 

were originally developed to minimize the parasitic capacitance of high speed electronic devices 

such as heterojunction bipolar transistors. Recently, there has been increased interest in tailoring 

the waveguide design to optimize these devices for photonics applications.[36] Since the high 

core/cladding index contrast results in strong optical confinement, so that waveguides of 

microscale dimensions are highly multimoded, attentions have primarily focused on scaling down 

the core to nanometer dimensions.[37] Such scaling not only reduces the number of guided modes 

supported by the core, thus reducing mode competition, but also increases the field intensities. 

However, this approach limits the optical power that can be launched into these structures before 

damage thresholds are reached, as well as significantly reducing the coupling efficiency between 

devices, particularly if light is launched by an optical fiber owing to the mismatch in mode cross-

sections (a single mode fiber has a core diameter of 8 µm). Furthermore, small core structures 

force more light into the cladding, which increases losses due to surface roughness at the core-

cladding interface and inhibits the use of these waveguides at wavelengths greater than 2 µm, 
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where the optical losses in the silica cladding are large. Therefore, there exists a need to fabricate 

large core, low NA silicon waveguides that can couple effectively to standard silica optical fibers. 

The design freedom of MOF templates allows for this challenge to be met in a way that would be 

very difficult to realize with planar fabrication methods. 

3.3.2 Fabrication 

 A large mode area (LMA) silicon optical fiber was fabricated by filling in the holes of a 

3-cell defect PCF with silicon by HPCVD (Figure 3.11).[34] The resulting silicon MOF has a 

comparatively large core of several micrometers in diameter, but a very small core-cladding 

effective index difference so that it supports significantly fewer guided modes than an 

equivalently sized conventional silicon-silica structure. Therefore, LMA silicon fibers offer 

improved coupling with standard micrometer-sized single mode silica fibers compared to on-chip 

waveguide devices, which has previously been seen as one of the major bottlenecks to silicon 

photonic device technology. The ability to realize LMA structures that are not highly multimode 

has a number of additional advantages for practical device applications. For example, LMA fibers 

exhibit low nonlinearities, low confinement losses, can have guidance properties that are largely 

wavelength independent, and can tolerate very high power levels.  

20 +m 20 +m10 +m
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Figure 3.11: Large mode area silicon optical fiber.[34] (a) SEM of the silica MOF template (b) 
SEM of the silicon filled MOF (c) Optical micrograph of the polished optical fiber. 
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3.3.3 Characterization 

Characterization of the optical transmission properties of a 6 mm length of poly-Si LMA 

fiber, annealed at 1125 °C, was conducted using a supercontinuum source over the extended 

telecommunication wavelength range of 1.3 − 1.7 µm in the same way as Section 3.1.1 (Noel 

Healy, University of Southampton). Figure 3.12 shows the near field mode images for light at (a) 

1.3 µm, (b) 1.55 µm and (c) 1.7 µm, where at each wavelength the two allowed modes can clearly 

be distinguished. Importantly, coupling is preferentially obtained into the fundamental mode, with 

the second order mode only being isolated when the input beam is launched off-axis to the core. 

The asymmetries seen in the mode profiles at the shorter wavelengths are most likely due to 

mixing between the allowed modes, though this may also be due in part to the asymmetry in the 

microstructured template. At 1.7 µm, the second order mode is more difficult to excite resulting 

in a higher purity fundamental mode. Note that the isolated node on the left hand side in Figure 

3.12(c - right) is a silicon cladding rod mode, coupling into which is hard to avoid owing to the 

off-axis launch.  

The middle column of Figure 3.12 plots the normalized cross-section of the fundamental 

modes (dotted curves) showing good agreement with their Gaussian fits (dashed lines). From the 

full width at half maximum values at the 1/e2 power level, the effective mode areas are calculated 

to be 21 µm2, 26 µm2, and 26 µm2, top to bottom, which match well with the ∼ 27 µm2 predicted 

from finite element modeling for all the fundamental modes over this wavelength range. This 

mode area is thus comparable with the effective area of the fundamental mode of a single mode 

fiber (∼70 µm2), which is in contrast to those of on-chip devices, typically of nanometer 

dimensions, that are at least an order of magnitude smaller.[37] Optical transmission losses as a 

function of the guided wavelength were then determined using a cut-back method, where 1 mm 

lengths were polished off the sample between each measurement. As was shown in Section 3.1.1, 
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the optical loss of this fiber decreases with increasing wavelength with a λ−4 dependence; 

primarily due to Rayleigh scattering in the polycrystalline material. 

a)

b)

c)

 

Figure 3.12: Dual mode guidance in a silicon large mode area optical fiber.[34] Intensity profiles 
of the fundamental (left column) and second order (right column) modes excited at the input 
wavelengths: (a) 1.3 µm, (b) 1.55 µm and (c) 1.7 µm. The middle column plots the normalized 
cross-sections (dotted lines) together with their Gaussian fits (dashed lines) of the fundamental 
mode. 

 
This structure was determined to be dual mode over a very wide wavelength range from 

the near to mid-infrared with losses that depend only on the material quality. The properties of 

this novel silicon filled MOF render it suitable for high energy and/or multiwavelength devices 

with applications including mid infrared Raman amplification,[38] imaging,[39] and broadband 

supercontinuum generation.[40] The efficiency with which these silicon microstructured fibers can 

be launched into and integrated with existing fiber infrastructures will open up new possibilities 

for the next generation of silicon photonics devices. 
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3.4 Anti-Resonant Reflecting Silicon Optical Fibers 

This work was performed in collaboration with Noel Healy at the University of 

Southampton, UK.[41] Modified figures and sections from reference [41] are reproduced with 

permission. 

3.4.1 Motivation 

 Since the first demonstration of the PCF in 1996,[42] there have been hundreds of 

experimental and theoretical iterations that exploit its unique properties for applications ranging 

from non-linear optics,[43] fiber lasers,[44] and sensing.[45] The versatility of the PCF is 

predominantly due to its 2D transverse microstructure, which includes a cladding that consists of 

a background material and a lattice of periodic inclusions. The PCF can be classed into two 

distinct groups, those that guide through the mechanism of total internal reflection and those that 

guide through resonant effects associated with the microstructured cladding. The former guidance 

mechanism is analogous to the conventional step index fiber, in which the core has a higher 

refractive index than the cladding, so that either the cladding inclusions or the background 

material must have a lower refractive index than the core.[42] In general, the second class of fiber 

has cladding inclusions that are of equal or higher refractive index than that of the core. If the 

inclusions have a refractive index that is equal to that of the core or they are strongly coupled (i.e. 

the inclusion-background refractive index contrast is low), then the fiber is well described by the 

photonic bandgap (PBG) model. This model considers the guidance mechanism as a series of 

Bragg reflections induced by the periodic refractive index of the cladding.[46] When the Bragg 

condition is satisfied, light is forbidden to propagate through the cladding and is confined to the 

core. Due to the resonant nature of the Bragg condition, the transmission spectrum of a PBG 
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guiding optical fiber consists of core guided bands that are approximately periodic with 

wavelength. A well satisfied Bragg condition is required for this fiber type and the transmission 

properties are very sensitive to variations in the microstructure’s periodicity.  

When the cladding inclusions have a relatively high refractive index, compared to that of 

the background material, the inclusions are effectively isolated and the antiresonant reflecting 

optical waveguide (ARROW) model is more appropriate to describe the PCF.[47] This model 

considers that a single dielectric cladding inclusion can support its own guided modes. These 

modes, or resonances, then determine the width and position of the PCF’s transmission bands. If 

light impinging on the inclusion is on resonance with one of its modes then it can propagate 

through the cladding and escape from the waveguide. Conversely, if the light is off resonance, it 

is reflected back into the core where it is confined and guided. Litchinister et al. demonstrated 

that for modes of a cylindrical inclusion, a suitable approximation of the resonant and 

antiresonant wavelengths is given by:[48] 

  

2 22 ( )inc bg
m

d n n
m

λ
σ

−
≈

+       (Equation 3.1) 

where λm is the wavelength, d is the inclusion diameter, m is a positive integer, ninc and nbg are the 

refractive indices of the inclusion and the background material, respectively. When σ = 1/2, λ is 

resonant and no core mode is supported and when σ = 0, λ is antiresonant and light is guided by 

the core. Thus the position and width of the transmission bands for an ARROW fiber are strongly 

dependent on the refractive index of the cylindrical inclusions. ARROW fibers are exciting 

candidates for many applications and, indeed, a number of devices have been demonstrated by 

using various high index cladding inclusions, for example fiber lasers, tunable transmission 

filters,[14] and optical modulators.[20]  
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3.4.2 Fabrication 

The Si-ARROW fiber was fabricated by depositing a-Si:H into the capillary holes of a 

MOF template consisting of an array of 1 µm holes using the HPCVD technique.[41] The benefit 

of depositing the material in a-Si:H form is two-fold. Firstly, hydrogenation can saturate the 

dangling bonds of the amorphous material, thus reducing absorption losses, as was shown in 

Section 3.1.2. Secondly, depositing the material in an amorphous state allows the interfacial film 

of silicon to assume the smooth surface of the silica walls (root mean square (RMS) roughness of 

less than 0.1 nm) to reduce scattering losses incurred via reflections off the inclusions. Figure 

3.13a shows an optical micrograph of the resulting fiber’s endface after being polished using 

standard polishing techniques, which confirms that all holes have been completely filled. 

In order to test the role of optical confinement on loss, a hybrid Si-ARROW fiber was 

fabricated by selectively filling the MOF template with the semiconductor material. Prior to 

deposition, the inner holes were plugged with UV curing epoxy to prevent infiltration of the 

semiconductor with the method described in Section 3.2. a-Si:H was then deposited into the 

unplugged holes. A SEM image of the hybrid Si-ARROW fiber is shown in Figure 3.14c, which 

confirms both the exclusion of any material in the inner ring of holes and the complete filling of 

the outer holes with the semiconductor.  

3.4.3 Characterization 

In order to test the optical transmission properties of the Si-ARROW fiber, 

characterization was conducted using a supercontinuum source over the extended 

telecommunication wavelength range of 1.3 – 1.7 µm in the same way as Section 3.1.1 (Noel 

Healy, University of Southampton). The core guided light was filtered from the cladding light 
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using a pin hole, which is particularly important when measuring ARROW fibers as the 

cylindrical inclusions can act as isolated waveguides. The input and core guided powers were 

recorded for each wavelength to define the transmission spectrum shown as the solid black curve 

in Figure 3.13b. This spectrum exhibits two distinct transmission bands centered at 1365 nm and 

1570 nm that match well with the finite element modeling, indicated by the dashed red curve. The 

central band spanning from 1430 – 1530 nm did not support a core mode, in accordance with the 

resonance predicted by Equation 1 at 1450 nm, and this is confirmed by the throughput images 

inset in Figure 3.13. Compared to the simulations, there is a slight reduction in the widths of the 

measured transmission bands, which is likely to be due to variations in the indices of the 

inclusions. The ability to withstand such variations is an important consequence of the ARROW 

mechanism as PBG fibers can suffer a total loss of guidance when their periodicity is disrupted. 

The extreme refractive index contrast between a-Si:H and silica means that the inclusions are well 

isolated, with the result being that the widths of the transmission bands are determined by the 

summation of the resonances of each individual inclusion. Therefore, variations in these 

resonances manifest themselves as a narrowing of the transmission bands rather that a complete 

breakdown of the fiber’s guidance mechanism,[49] thus increasing the tolerance of these fibers to 

fabrication imperfections. The near field image of the guided mode for an operating wavelength 

of 1570 nm is shown in Figure 3.13c. The profile of the mode is approximately Gaussian with a 

mode field diameter of 2.8 µm, which compares well with the 3.1 µm predicted by the 

simulations. To determine the transmission losses at the maxima of the Si-ARROW transmission 

bands, cut-back measurements were undertaken and the losses for the 1365 nm and the 1570 nm 

bands were calculated to be 35 dB/cm and 31 dB/cm, respectively. Comparing these values with 

the confinement losses estimated from the simulations, where the lowest predicted value was ~ 25 

dB/cm, it is likely that this is the dominant loss mechanism of the Si-ARROW fiber. However, it 

is clear from the discrepancy in these results that there is a further contribution to the losses, 
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which can be attributed to the material loss of the silicon inclusions. Evidence for this is provided 

by the mode profile in Figure 3.13c where it can be seen that, due to the small core size, there is 

some interaction of the light with the internal ring of silicon rods. 

10 +m

4 +m

 

Figure 3.13: Characterization of a silicon ARROW optical fiber.[41] (a) The polished endface of 
the Si-ARROW fiber. (b) Measured transmission spectrum (solid black) compared to the 
simulations (dashed red). Insets are the output images at an antiresonant condition (core guided) 
and at a resonant condition. (c) Near field image of the fundamental mode at 1570 nm. 

 
The hybrid Si-ARROW fiber was characterized in a similar manner to the Si-ARROW 

fiber but a longer 20 mm sample was used owing to the lower predicted confinement losses. The 

measured transmission spectrum of the fiber is plotted as the solid black curve in Figure 3.14a, 

showing good qualitative agreement with the simulations. The measured near field mode image, 

shown at 1310 nm in Figure 3.14b, also has a slightly reduced mode field diameter of 2.7 µm. 

Cut-back measurements were used to determine the transmission losses with the lowest value 

being 4 dB/cm at 1310 nm, which is almost three orders of magnitude lower than that measured 

in the Si-ARROW fiber at 1365 nm. Interestingly, this loss value is also more than an order of 

magnitude lower than that measured in a step index fiber with a a-Si:H core at the same 

wavelength (Figure 3.3), which is confirmation of the advantage of decoupling the 
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semiconductor functionality from the core. As in the Si-ARROW fiber, the non-negligible 

measured losses can be attributed to scattering associated with the a-Si:H material and this is 

supported by the wavelength dependence of the loss which was higher for the shorter wavelength 

transmission bands (10 dB/cm at 1040 nm). Finally, preliminary experiments have also shown 

that this fiber can support modes at wavelengths that have a photon energy greater than the a-Si:H 

valence-conduction bandgap (1.7 eV). This is illustrated in Figure 3.14e, which shows guidance 

at 620 nm (photon energy of 2 eV), and opens up the potential for silicon fiber devices to find use 

over an even broader wavelength range.  

4 +m

4 +m 4 +m

4 +m

 

Figure 3.14: Characterization of a silicon hybrid ARROW optical fiber.[41] (a) Measured (solid 
black) and simulated (dashed red) transmission spectra of the hybrid Si-ARROW fiber. (b) The 
Poynting vector of the mode at 1310 nm. (c) SEM image of the fabricated fiber. (d) The near field 
mode image at 1310 nm. (e) Micrograph showing a guided mode at 620 nm where the photon 
energy is greater than the bandgap energy of a-Si:H.  

3.5 Adding More Materials, Complexity, and Function 

As was shown in this chapter, the ability to deposit semiconductors within the pores of 

MOFs adds new function to the optical fiber geometry. Increasing complexity with regulated 

impurity doping in unary semiconductors and metals allows for junction formation to enable 

transistor, light-emitting diode, laser, and high speed photodetector functionality. Fibers that have 
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such devices built into them can exhibit high performance electronic function and represent a 

significant step towards all-fiber optoelectronics. For high speed photodetection, poly-Si/Pt 

Schottky photodiodes with -3 dB bandwidths of up to 3 GHz at telecommunications wavelengths 

have been realized in fiber pores by means of HPCVD.[32] Homostructures such as poly-Si p-i-n 

junctions typically have higher quantum efficiency than Schottky junctions, which is desirable for 

photovoltaic and photodetector applications. A 1 cm long section of such a p-i-n fiber electrically 

contacted on both ends showed substantial photoresponse and an overall conversion efficiency of 

0.5% under Air Mass 1.5 solar illumination.[33] Improvement of the junction geometries should 

allow for higher efficiencies and higher speeds. However, in order to add even more 

functionality, HPCVD reactions for compound semiconductors need to be developed, which is 

the focus of the following three chapters.  
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Chapter 4 
 

High Pressure Organometallic Reactions for HPCVD of II-VI 
Semiconductors 

A major challenge in depositing low loss, high quality compound semiconductor 

materials inside fiber pores is that the HPCVD precursor chemistry is much more complex than 

that for unary semiconductors like silicon and germanium, which can be deposited in the 

amorphous state from simple hydrides as discussed in Chapters 2 and 3. In this chapter, the 

synthesis of polycrystalline II-VI compound semiconductors such as ZnSe, ZnS, ZnSxSe(1-x), and 

ZnO is discussed, which involves methods to “encapsulate” reactive species before they enter the 

high aspect ratio pores of MOFs. The principles of the chemistry and the materials 

characterization focus on ZnSe reaction chemistry, primarily because the goal of this dissertation 

is to demonstrate the first Cr2+:ZnSe optical fiber laser, but they are generally applicable to other 

compound semiconductors. 

4.1 Synthesis and Pyrolysis of Single Source Precursors 

 Pre-reaction of source molecules in HPCVD must be avoided because of the need to have 

the molecules intimately mixed at high pressure before they enter the reactor. Since many of the 

known reactions to deposit II-VI semiconductors are plagued by such detrimental pre-reactions, 

the first reactions that were studied were based on the pyrolysis of molecules that contain both 

elements in them, known as single source precursors. Initial studies of ZnSe deposition were 

performed using a synthesized solid state precursor, Zn[(SePR2)2N]2, where R=phenyl or iPr, 

which has been shown to deposit thin films of ZnSe by low pressure organometallic chemical 
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vapor deposition.[1-3] The precursor was synthesized using reported methods[4,5] with the 

assistance of Matthew R. Dirmyer of the Sen group (Chemistry, PSU) and confirmed with NMR 

spectroscopy. The precursor chemical structure, determined by single crystal X-ray diffraction 

(XRD), is shown in Figure 4.1a.  

a)

b) c)

2 +m 2 +m
 

Figure 4.1: Deposition of ZnSe from single source precursors. (a) Structure of the 
Zn[(SePPh2)2N]2 determined by single crystal XRD. The R=Ph precursor produces rough films 
(b), while the R=iPr precursor produces wires and platelets. 

 
The precursor was dissolved in supercritical CO2 and configured to flow down a capillary 

that was heated to 500 °C. The deposition was successful: polycrystalline, cubic ZnSe was 

deposited inside of capillary pores, as determined by powder XRD. However, the morphology of 

the film was very rough due to undesirable homogeneous growth in the fluid phase in addition to 

the desired heterogeneous growth on the surface. The R-group affected the resulting morphology; 
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the R=Ph precursor produced rough films (Figure 4.1b), while the R=iPr precursor produced 

wires and platelets (Figure 4.1c).  

Controlling the concentration of the precursor in supercritical CO2 resulted in a more 

uniform film, but it was still far too rough and could not be grown thick enough for waveguiding 

applications (Figure 4.1b); primarily because homogeneous growth could not be avoided along 

the entire length of the furnace. Furthermore, the material did not have the necessary high purity 

for optical applications, as evident from the intense visible photoluminescence under 514 nm 

excitation, typically associated with Se vacancies and P impurities. For these reasons, a dual 

source, high purity approach was taken, which allows for much more control over the reaction 

conditions, but requires a creative approach to the HPCVD chemistry. 

4.2 Multiple Source Reactions with Alkyls 

4.2.1 Sulfides and Selenides 

An important practical difference in HPCVD compared to CVD is that reaction 

precursors must often be transported together for delivery into a heated reaction zone whereas 

conventional CVD reactors typically allow for the introduction of precursors separately to avoid 

prereaction before they reach a planar deposition target (see Figure 2.4). Thus the precursors 

selected for multi-source HPCVD must be chosen so that they do not prereact as they are 

transported to a desired deposition location at low temperature, yet do react once they reach it and 

are heated. Another challenge is that the deposition characteristics can change as a void is filled 

with semiconductor because the precursor flow rate is altered as a result of the changes in 

geometry due to pore closure, which was discussed in detail in Chapter 2. A significant 

difference from the amorphous silicon and germanium HPCVD is that the II-VI semiconductors 
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deposit as a polycrystalline film, in which mass transport rate to the surface affects grain 

growth.[6]   

The organometallic molecules R2Zn, R2S, and R2Se, where R=alkyl, are particularly 

suitable for HPCVD of II-VI semiconductors. These liquid precursors have appreciable vapor 

pressures, making them viable for vapor deposition reactions,[7,8] but they do not introduce as 

many impurities as the solid, single source precursors with complex aryl-carbon ligands discussed 

in the previous section.[9] Furthermore, the precursor reactivity can be controlled by tuning the 

metal-carbon bond strength with different R groups. For example, branched t-butyl groups allow 

for lower reaction temperatures.[10] These alkyl precursors also do not suffer from room 

temperature prereactions in contrast to the R2Zn/H2S/H2Se precursors commonly employed for 

zinc chalcogenide CVD.[11] R2S and R2Se are weaker Lewis bases than H2S/H2Se that do not react 

as readily with the Lewis acid alkyl zinc. Instead, the reactive, intermediate chalcogenide 

hydrides are formed in situ at the desired deposition location by reaction between alkyl-

chalcogenides and H2 (Reaction 2). The R=methyl precursors were chosen because they are 

volatile (vapor pressures  ~20 – 40 kPa at room temperature) and readily available in electronic 

grade purity. The following reaction steps are thought to occur at the targeted deposition site:[12] 

 (CH3)2Zn(g) + H2(g) à Zn(g) + 2CH4(g)     (Reaction 4.1) 

(CH3)2S/(CH3)2Se(g) + 2H2(g) à H2S/H2Se(g) + 2CH4(g)   (Reaction 4.2) 

Zn(g) + H2S/H2Se(g) à ZnS/ZnSe(s) + H2(g)     (Reaction 4.3) 

Thus the organometallic precursors “encapsulate” the more reactive Zn and H2S/H2Se species 

until the reaction temperature is high enough to induce Reactions 4.1 and 4.2, followed by 4.3. 

In a typical deposition, the volatile organometallic precursor mixture is pressurized with 

H2, which functions as a reactant and carrier, to a total pressure of 35 – 70 MPa and configured to 

flow through a heated (400 – 500 °C) capillary (see Figure 2.4) with the opposite end open to 

atmospheric pressure. The pressure differential between the ends allows for the transport of the 
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precursor molecules into the high aspect ratio pores. When the MOF is heated, a heterogeneous 

reaction occurs on the surface of the silica capillaries with a typical precursor conversion 

efficiency of ~15%[13,14] while the reaction byproducts, such as methane, unreacted precursors, 

and carrier gas are exhausted downstream. The conformal, heterogeneous nature of the early 

stages of deposition is highlighted in Figure 4.2a. In contrast to the single source precursors, the 

film continues to become thicker and the interior pore decreases in diameter as the completely 

heterogeneous reaction proceeds.  

b) d)
ZnS

ZnSe

ZnSxSe(1-x)

Silica

Silica

Silica

c)

ZnSe

Silicaa)

2 +m

20 +m

20 +m

20 +m

40 +m 4 +m 500 nm

5 mm
 

Figure 4.2: HPCVD of II-VI Semiconductors.[14] (a) SEM images of a HPCVD deposition as it 
progresses and conformally coats the inner surface of a silica capillary. (b) Diascopically 
illuminated optical micrographs from the side showing transparent, uniform ZnS, ZnSe, and 
ZnSxSe(1-x) deposited in silica micro-capillaries. (c) Overview (left) and higher magnification 
(right) cross-sectional SEM images of a ZnSe infiltrated capillary. (d) Photograph of ZnSe 
microwires being bent while embedded in the silica MOF.  

 
ZnS layers are formed by the reaction of (CH3)2S and (CH3)2Zn and ZnSe layers are 

formed by the reaction of (CH3)2Se and (CH3)2Zn in 15 µm capillaries (Figure 4.2b). The layers 

are transparent and conformally coat the capillaries so well that at the end of the deposition the 

remaining central void can be as small as 400 nm in diameter, when the reaction parameters are 

properly tuned (Figure 4.2c); see Section 4.4.1. By the introduction of both (CH3)2S and 

(CH3)2Se into the reactant flow, solid solutions of ZnSe and ZnS can be deposited in well-
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developed layers (Figure 4.2b). The kinetic rate constants for decomposition of these two 

molecules differ, allowing the challenge of controlling the S to Se ratio of the ZnSxSe(1-x) solid 

solution to be met by varying the temperature and precursor ratio. Employing R=iPr groups for 

the sulfur source would allow the stoichiometry to be controlled by only one variable (the ratio), 

because the reaction temperatures of (CH3)2Se and (iPr)2S should be similar due to the weakened 

S-R bond. This is important for controlling the stoichiometry along centimeter length scales for 

optical fiber applications discussed in Chapter 5. The microwires can be several centimeters long 

(Figure 4.2d), which is ideal for fabricating short length optical fiber devices such as fiber lasers.  

4.2.2 Effects of Reactant Ratio 

The morphology, composition, and crystallinity of the deposited ZnSe material are very 

sensitive to the stoichiometric ratio of the precursors in the reactant flow (Figure 4.3). Only a 

very narrow range of stoichiometry produces well developed, conformal films. Similar trends are 

also observed for ZnS and ZnSxSe(1-x). This sensitivity to precursor stoichiometry arises from the 

different kinetic rate constants for Reactions 4.1 and 4.2. When the VI/II precursor ratio is low 

(<1), a ZnSe film is deposited along with metallic zinc islands (Figure 4.3a). Complete 

conversion of Zn to ZnSe is achieved when the ratio is >1, with 2 being the best ratio with respect 

to morphology, texture, and stoichiometry (Figure 4.3b). A further increase of the ratio (>2.5) 

leads to columnar growth in the (111) direction, with a greater relative intensity of the (111) 

diffraction peak (Figure 4.3c). Elemental Se formation at even higher ratios (>5) is not observed, 

due to the high temperature needed for decomposition of H2Se in H2.[15] For ZnS deposition, the 

more stable sulfur-carbon bonds of the (CH3)2S molecule result in a smaller Reaction 2 rate 

constant, requiring a higher VI/II ratio (~10).  Again, these ratios can be tuned by changing the R 

group on the source molecule. 
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Figure 4.3: Effects of reactant ratio in II-VI semiconductor deposition.[14] XRD (Cu Kα) reveals 
the composition/morphology dependence on precursor ratio for ZnSe deposition. When the VI/II 
precursor ratio is too low (<1), a ZnSe film is deposited along with metallic zinc islands (a). 
Complete conversion of Zn to ZnSe with minimal texturing occurs when the ratio is >1 (b), while 
a high ratio (>2.5) results in columnar growth in the (111) direction (c). 

 
Although ZnSxSe(1-x) materials can crystallize in either the hexagonal wurtzite structure or 

the cubic zinc blende structure as the composition is varied,[16] powder XRD showed that only the 

cubic structure was formed in HPCVD when stoichiometries were varied over the entire range 

from x=0 to x=1. The S to Se ratio determined by energy dispersive spectroscopy for materials 

deposited at different temperature agreed well with that determined from the measured lattice 

parameters via Vegard’s law (Figure 4.4). The ability to tune the lattice constant of the material 

allows for tuning of the refractive index and bandgap of the material, which allows for more 

design freedom in II-VI semiconductor optical fibers. 
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Figure 4.4: Vegard’s law analysis of ZnSxSe(1-x) alloys. The shift in the (111) diffraction peak is 
consistent with the stoichiometry of the material determined by energy dispersive spectroscopy. 

4.3 The Central Void 

4.3.1 Flow Effects on Filling: Minimizing the Void Size 

The central void appears much larger than it actually is in the optical micrographs shown 

in Figure 4.2 because it is magnified by cylindrical lensing of the semiconductor and the silica. 

Unlike the SiH4 pyrolysis chemistry discussed in Chapter 2, the more complex chemistry of the 

II-VI semiconductors produces larger byproducts that cannot diffuse out of the silica capillary. 

Although higher order alkyls may form as byproducts, the predominant byproduct is likely 

methane, with a kinetic diameter of 3.8 Å compared to the interstitial spacing of ~3.0 Å in silica. 

This methane byproduct in the II-VI deposition reaction builds up in the pore once it clogs 

(Figure 4.5); with no way of exhausting it through the ~3.0 Å interstitial spacing of the silica, the 
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forward reaction becomes inhibited. In order to make the hole as small as possible, it is important 

to understand the formation mechanism of the plug; in contrast to the amorphous deposition of 

the unary semiconductors, the II-VI film deposits in the polycrystalline form. 

10 +m
 

Figure 4.5: Plug formation in ZnSe deposition.  Once a plug forms, the methane byproduct builds 
up and arrests the deposition of ZnSe. 

 
 As the deposition progresses and the tube interior diameter becomes smaller, the flow 

rate decreases, which decreases the rate of mass transport and the annular film growth rate. With 

a slower growth rate, reaction intermediates have more time to move to the low energy sites on 

the deposition surface and growth of larger grains is promoted. These large grains grow towards 

the inner cavity and form rough inner surfaces when they meet. The cross-sectional grain 

structure of ZnSe can be revealed with grain boundary etching with boiling NaOH solution and 

transmission electron microscopy (TEM) (Figure 4.6). It can be seen that as the deposition 

progresses and the pore decreases in diameter, the mass transport into the pore decreases (due to 

the D4 dependence of compressible laminar flow), which results in the growth of larger grains. 

The grains grow from the outside-in in the (111) direction, however the grains pinch each other 

off as the pore gets smaller, which results in a few large grains that make up the final remaining 

hole cross-section.  
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Figure 4.6: Cross-sectional grain structure in ZnSe deposition. (a) Grain structure revealed by 
etching in NaOH. (b,c) TEM images show the (111) direction of the polycrystalline growth, 
revealing significant stacking faults. 

 
Increasing the pressure increases the flow rate and thus the mass transport, which will 

promote growth of smaller grains (due to the P2 dependence of compressible laminar flow) that 

will not pinch each other off as quickly and form a smaller, smoother hole. Control experiments 

with deposition in 1.7 µm diameter silica capillaries confirm that slower flow rates lead to 

irregular deposition with large grain size while faster flow rates lead to more uniform deposition 

(Figure 4.7). When a total pressure of 70 MPa was used, growth proceeds until the tube interior 

diameter is as small as 400 nm (Figure 4.2c), forming a nearly void-free core. Thus the aspect 

ratio of the central ~400 nm nanopore is ~105 when deposition is halted by termination of flow, 

illustrating the ability of HPCVD to transport compound semiconductor precursors into very deep 

voids, similarly to silicon. Through the use of higher pressures, the interior diameter could be 

reduced even further or the hole could even be eliminated. The chemical reaction rate also affects 

the central hole size, with pure H2 as a carrier gas providing the fastest deposition rate and thus 

the smallest resulting hole compared to helium dilutions of the precursor mixture. Using higher 

source molecule partial pressures by heating the liquid sources in the flow could also result in a 

smaller hole size. 
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Figure 4.7: Effects of mass transport on ZnSe deposition in a 1.7 µm capillary.[13] When the flow 
of precursor mixture is driven by a 35 MPa pressure differential, well-developed films do not 
form on the pore walls (a). In contrast, a higher flow rate driven by 70 MPa allows for conformal, 
annular growth (b).  

4.3.2 Equilibrium Annealing: Removing the Void  

Although moving to higher pressures can result in a smaller central void, it seems likely 

that there will always be a small hole in the core due to the build up of methane as well as the 

competition between a D4 dependence and P2 dependence of mass transport. This hole will affect 

optical fiber performance: finite element modeling predicts that even a 10 nm hole will affect the 

mode structure of the waveguide. One could consider cycling the precursor in and out of the 

channel once the plug forms to fill in the remaining hole, but that would be a slow, layer-by-layer 

process. From what is known from the SiH4 pyrolysis, it becomes evident that a reaction that does 

not have large, or any, byproducts is necessary to mimic the backfilling mechanism.  

When exploring the literature of ZnSe crystal growth as well as the exploded preform in 

Figure 1.2, it becomes apparent that ZnSe is volatile at high temperature and can be transported 

in the vapor phase. This is a well-known way to grow a single crystal, which will be discussed in 

Section 4.3.3. Kato et.al. at Ibaraki University, Japan also noticed an interesting phenomenon 
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when annealing ZnSe substrates for epitaxial growth (Figure 4.8).[17] When the wafer was 

annealed at 1165 °C for 5 hours, the shape of the resulting crystal was no longer a wafer, but 

instead a sphere, with the total volume staying constant. They concluded that the mobility of the 

ZnSe at these temperatures allows the system to minimize the surface energy and transform from 

a disc into a sphere via the following reactions: 

2ZnSe(s) à 2Zn(g) + Se2(g)      (Reaction 4.4) 

2Zn(g) + Se2(g) à ZnSe(s)       (Reaction 4.5) 

a) b)

2 mm 2 mm
 

Figure 4.8: Minimization of surface energy in bulk ZnSe. After annealing at 1165 °C for 5 hours, 
a wafer (a) becomes a sphere (b). Images reproduced with permission from reference [17], © 
2000 Elsevier.  

 
In a HPCVD ZnSe wire, the fact that the small, high curvature void has a high surface 

energy should drive the system to eliminate the void. Indeed, a similar effect is observed in a 

HPCVD ZnSe wire that is removed from the silica capillary with HF etching. The wire becomes 

many smaller, void free spheres when heated to 900 °C in a sealed volume (Figure 4.9). 

However, it is desirable for the ZnSe to maintain the wire geometry and not form spheres. This 

surface energy minimization process should also occur in the templated regime, where the ZnSe 

wire is still embedded in the silica capillary, to remove the central void. Also, it is possible that 

spheres will not form because the silica/ZnSe interface is likely more energetically favorable than 

the bare ZnSe surface in the non-templated regime. It is important to note that this sublimation 
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and re-deposition reaction does not have any byproducts that would have to leave the capillary. 

Thus it should be possible to mimic the backfilling mechanism with this dissociative-

sublimation/re-deposition reaction.  

a)

b)
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50 +m

 
Figure 4.9: Minimization of surface energy in a HPCVD ZnSe wire. An etched out HPCVD wire 
(a) tends to form small, void free spheres (b) when heated at 900 °C for 36 hours and not 
confined in the capillary template. 

 
A small volume ampoule is needed to carry out the templated experiment so that a vapor 

pressure can be established without all of the ZnSe exiting the capillary. To accomplish this, an 

optical fiber fusion splicer was used to fabricate micro-ampoules out of 150 µm inner diameter 

capillaries. The 125 µm outside diameter ZnSe sample can then be sealed under vacuum to anneal 

it at high temperature (Figure 4.10a). The results of the templated, equilibrium annealing are 

shown in Figure 4.10, where a HPCVD ZnSe fiber was annealed at 900 °C for 12 hours. Indeed, 

the central hole is removed over the length of the fiber, while maintaining the original wire 

geometry. The ends of the waveguide are sacrificed to fill in the central void and establish the 

vapor pressure in the ampoule. Since the dissociative-sublimation/re-deposition reaction does not 

produce a byproduct that has to exit the capillary, the backfilling mechanism can be mimicked 

because the annealing takes place in a small temperature gradient. Through a series of 
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experiments, it was found that complete filling of the fiber can be achieved in about 5 hours at 

1000 °C, in 12 hours at 900 °C, and 48 hours at 800 °C. Also, the elevated temperatures result in 

significant grain growth (Figure 4.9e) as well as elimination of many of the stacking faults and 

twinning planes that were observed in Figure 4.6. As will be shown in Chapter 5, the main 

source of optical loss in the II-VI semiconductor optical fibers is from scattering from grain 

boundaries; thus, the increased sized of grains and elimination of the central hole will 

significantly improve the loss of the optical fibers. 
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Figure 4.10: Templated, equilibrium annealing to remove the central void. a) Micro-ampoule 
fabricated with an optical fiber fusion splicer. Before annealing, the small hole is visible in the 
optical micrograph (b) and the grains are columnar with twinning defects as seen in TEM (c). 
After annealing, the central void is eliminated (d) and the grains grow into larger, less defective 
grains (e). 
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4.3.3 Single Crystal Vapor Transport in Micro-Ampoules 

One traditional way to grow a single crystal is a chemical vapor transport (CVT) 

reaction,[18] where a material is placed in a temperature gradient and is transported from one end 

to the other by either evaporation or chemical reaction. For a chemical reaction, the transport 

direction is determined by the enthalpy change of the reaction.[18] ZnSe is a good candidate for 

CVT because it readily evaporates/dissociates into zinc and selenium dimer vapor without the 

need for a chemical transport agent (see reactions 4.4 and 4.5).  This is shown in Figure 4.11 for 

a bulk ampoule.[19] The transport is from left to right (high to low temperature) and is typically 

carried out around 900 – 1000 °C in vacuum or under H2. Nucleation is favored at the tip of the 

taper since it is at the lowest temperature in the gradient and the shape of the taper tends to 

promote the nucleation of a single grain, which can grow into a larger single crystal. 

 

Figure 4.11: Inspiration for transport reactions within micro-capillaries. ZnSe can be transported 
from a powder source (left, high temperature) to grow a single crystal (right) at a lower 
temperature. Image reproduced with permission from reference [19], © 1998 Elsevier. 

 
This type of reaction can be mimicked in a micro-ampoule, where a powder source (or a 

more pure ZnSe HPCVD waveguide as the source, as surface contamination of the powder is an 

issue) is loaded into a 150 µm fiber, similarly to the equilibrium annealing experiments in Section 

4.3.2, which is then fusion spliced to a smaller sized target capillary (~10 µm) for transfer. Figure 

4.12a shows a constructed micro-ampoule that can be fabricated using an optical fiber fusion 
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splicer. This ampoule can then be placed in a temperature gradient (source temperature = 1015 

°C) to sublimate the ZnSe and deposit the material downstream in the targeted taper region that is 

at a lower temperature (860 °C) over a 24 hour time period (Figure 4.12b). Preliminary 

experiments show that the transport is possible, although there is a need for optimization of the 

process for the ZnSe to reach the seed point; this is likely due to the longer mean free path in the 

evacuated ampoule. Note that the mean free path will be on the order of micrometers at vacuum 

level pressures. Performing this micro-ampoule approach with a nitrogen/argon overpressure may 

allow the transport to take place in smaller pores that would allow the crystal growth to start at 

the seed point of the taper.   
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150 +m
ZnSe Source Target

a)

b)

10 +m
 

Figure 4.12: Single crystal ZnSe transport in a micro-ampoule. A micro-ampoule can be 
fabricated with an optical fusion splicer (a). After heating the ampoule in a temperature gradient 
(b), ZnSe is transported into the smaller 10 µm capillary to grow a single crystal back towards the 
source. 

 
To determine whether or not the transported material is a single crystal, ion-induced 

secondary electron imaging was used to image the cross-section of a 50 µm diameter transported 

ZnSe wire (Figure 4.13). This technique can show contrast between different crystallographic 

planes at a surface and reveal grain structure.[20] Gallium ions were used to cut a trench into the 

sample (FEI Quanta 200 3D). Then, using gallium ions to induce secondary electron emission, 

the grain structure could be imaged along the axis of the fiber. For comparison, an as-deposited 
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HPCVD polycrystalline sample was also imaged (Figure 4.13a,c). The grain structure can be 

seen in the HPCVD sample, which agrees well to that observed with TEM and etching. In 

contrast, the fully filled CVT sample does not show such grain structure. Instead, it exhibits two 

levels of channeling contrast arranged in tilted streaks (Figure 4.13b,d). This type of contrast is 

consistent with a crystal that exhibits multiple twins. ZnSe often forms twins of this nature during 

crystal growth processes.[21-23] These preliminary results show that transport reactions within 

micro-capillaries can produce single crystals that should lead to lower loss optical fibers with 

minimal scattering from grain boundaries. A more thorough TEM study of the crystal is currently 

underway. 

a) b)

d)c)

5 +m

5 +m

20 +m

20 +m
 

Figure 4.13: Ion-induced secondary electron imaging of a ZnSe single crystal.  For comparison, a 
secondary electron (a,b) and ion-induced image (c, d) are shown for a HPCVD polycrystalline 
sample (a,c) and the transported, twinned single crystal (b,d). 

 
Twinned crystals would have superior properties over polycrystalline materials for 

applications such as lasers, but for other applications such as exploitation of second order non-
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linear phenomena, true single crystals are preferred. Formation of twins could be avoided by 

optimization of the growth conditions. Lower growth temperatures[21] enabled by high 

concentrations of a transporting agent such as H2, which can accelerate the rate of transport 

because the Se in the ZnSe can react with it to form H2Se, shifting the equilibrium further towards 

vaporization and transport, could lead to fewer defects. Alternatively, a different semiconductor 

for growth that is less susceptible to twinning could be employed. For example, ZnTe has much 

lower tendency to twin.[21] Furthermore, it would be especially desirable to orient this growth 

because seeded growth can also help to avoid the formation of twins. This seed could be obtained 

either by repeated deposition in a tapered fiber to nucleate and grow a particular orientation[24] or 

alternatively from a focused ion beam micro-machined wafer section placed within the ampoule. 

4.3.4 Thermal Expansion Mismatch 

Although there are many benefits of these annealing/transport processes, there is a 

significant barrier to use as optical fibers in that the exceptionally low thermal expansion 

coefficient of silica (0.5 ✕ 10-6 K-1) does not match that of ZnSe (5.0 ✕ 10-6 K-1).[25] This results in 

significant cracking of the sample as it is cooled down from the annealing or transport 

temperatures. As the fiber cools off, the ZnSe reduces in volume much more than silica and 

develops cracks every 20 µm (Figure 4.14a); very slow cooling rates (1.2 °C/hr) do not alleviate 

the cracking issues. To experimentally verify that the cracking is due to thermal expansion 

mismatch between ZnSe and silica and not from surface effects that could form small spheres[26] 

that were observed for the bare wire in Figure 4.9, a taper was etched in a HPCVD ZnSe 

waveguide prior to annealing at 900 °C for 15 minutes. This time period is too short for any 

surface energy minimization effects, but long enough for thermal expansion effects. As shown in 

Figure 4.13b, there are cracks after this short treatment even when the silica is very thin. 
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However, the completely exposed wire does not show any signs of cracking, which suggests that 

the thermal expansion mismatch is the cause of the cracking during the annealing/transport at 

high temperatures. 

Cracking due to thermal expansion mismatch also becomes and issue even at the lower 

HPCVD reaction temperatures as the capillary size increases, with 50 µm being the largest 

capillary that can be filled with ZnSe with minimal crack density. Larger sizes, which are 

desirable for high power optical applications, form too many cracks to be useful as optical 

waveguides. This issue can be addressed by using different glass systems as micro-capillaries that 

have higher thermal expansion coefficients that are close to that of ZnSe. Aluminosilicate glasses 

have been drawn and investigated for HPCVD, which have shown promising signs of alleviating 

thermal expansion mismatch, but do not have a high enough glass transition temperature (Tg = 

790 °C) for these high temperature processes. However, they are useful for fabricating large core 

optical fibers at the lower HPCVD temperatures, which will be discussed in Chapter 5. 
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Figure 4.14: Thermal expansion mismatch of silica and ZnSe. (a) Cracking occurs every 20 µm 
in both equilibrium annealed samples and single crystals due to thermal expansion mismatch 
between silica and ZnSe.  (b) Cracking occurs even when there is a very thin film of silica around 
the ZnSe. The black particles on the completely etched out wire (left) are residue left after etching 
the tapered structure.  
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With these void free filling techniques, it should be possible to produce long fully filled 

ZnSe optical fibers once a better thermal expansion matched capillary is obtained. Highly 

germania doped silica is an excellent candidate with a thermal expansion that is tunable with 

composition (and near that of ZnSe) while maintaining the mechanical properties of silica and 

high glass transition temperature (Tg > 900 °C).[27-29] This thermal expansion mismatch is an 

ongoing challenge in the field of semiconductor optical fibers and new cladding glasses are being 

developed.[30] For these reasons, all the optical fibers that will be presented in Chapters 5 and 6 

have a central void.   

An alternative approach to cladding glass development is to first use a silica capillary as a 

template for a second cladding with desirable thermal properties such as SiC, SixNy, or even 

diamond. The desired optical fiber can then be deposited within this second cladding. After the 

HPCVD process is completed, the silica can be etched away with HF to result in an optical fiber 

with a non-silica cladding consisting of the material that was first deposited. This structure would 

then be much less susceptible to thermal expansion mismatch during the annealing processes and 

could also provide better thermal conductivity than silica for high power fiber optic applications. 

4.4 Zinc Oxide 

ZnO has extensive optoelectronic and chemical/catalytic applications due to its wide 

bandgap and versatile photochemical properties,[31] but HPCVD of oxides has been challenging 

because nearly all potential chemical routes are inhibited by room temperature pre-reactions. 
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4.4.1 Oxidation of ZnSe Templates 

An alternative route to ZnO is to use the ZnSe or ZnS microwires as templates that can be 

oxidized. Annealing of ZnSe in an oxygen atmosphere (100 kPa) at 800 – 1000 °C results in 

conversion to ZnO via the following reaction:[32] 

2ZnSe(s) + 3O2(g) à 2ZnO(s) + 2SeO2(g)      (Reaction 4.6) 

At these temperatures, the volatile SeO2 is readily removed from the capillary via 

sublimation to result in a ZnO filled capillary (Figure 4.15a). Note that this reaction is not carried 

out in a micro-ampoule so that the SeO2 can completely leave the capillary. The oxygen annealed 

material is porous with about 750 nm sized domains, a common morphology resulting from 

oxidation.[33]  Powder XRD reveals that the remaining porous material is crystalline ZnO in the 

hexagonal phase. There is no indication of residual ZnSe, Se, SeO2, or Zn (Figure 4.15b). The 

ZnO is crystalline, with A1 transverse optical (TO), E1(TO), E2, and A1 longitudinal optical (LO) 

phonon modes present in the Raman spectrum (Figure 4.15c). The HPCVD ZnSe microwires 

have low concentrations of impurities and should oxidize to ZnO with similarly low 

concentrations of impurities. Evidence of the purity of the ZnO microwires is observed in the 

efficient room temperature bandgap photoluminescence around 3.3 eV (Figure 4.15d). Further 

improvement in the materials quality of ZnO could lead to the development of room temperature 

exciton fiber lasers and piezoelectric tubes that can serve as valves for micro and nanofluidic 

applications. 
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Figure 4.15: Oxidation of ZnSe to ZnO.[14] (a) SEM image of porous ZnO resulting from heating 
ZnSe in an oxygen atmosphere at 800 °C. (b) XRD reveals that the ZnO is in the hexagonal 
phase. (c) Raman spectroscopy with 488 nm excitation shows the characteristic phonon modes of 
ZnO. (d) Room temperature bandgap photoluminescence (244 nm laser excitation) is observed 
over the length of a 5 mm long, 50 µm diameter microwire (inset).  

4.4.2 Reverse Water Gas Shift Reaction 

The morphology of ZnO produced from the oxidation of ZnSe is not ideal for waveguide 

applications as the 725 nm domains will scatter light significantly. For this reason, it is desirable 

to develop encapsulation methods for the production of oxidizing species in the HPCVD regime.  

For example, a common way to deposit ZnO is to oxidize (CH3)2Zn with H2O, but there is 

considerable prereaction at room temperature between these two molecules. However, water can 

encapsulated and later produced at high pressure using a reaction known as the reverse water gas 

shift reaction: 

CO2(g) + H2(g) à H2O(g) + CO(g)      (Reaction 4.7) 
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The water that is produced can react with the Zn produced from Reaction 4.8 to deposit ZnO: 

(CH3)2Zn(g) + H2(g) à Zn(g) + 2CH4(g)         (Reaction 4.8) 

Zn(g) + H2O(g) à ZnO(s) +H2(g)          (Reaction 4.9) 

 

Figure 4.16: Formation of water at high pressure via the reverse water gas shift reaction. The 
water signal from the end of the capillary fed into a mass spectrometer increases as the HPCVD 
furnace is ramped from 100 °C to 400 °C over the course of one hour. When the HPCVD source 
is closed, the water signal decreases. A small argon pressure in the reservoir is used as a baseline. 

 
At atmospheric pressure, the reverse water gas shift reaction typically occurs at 

temperatures of ~600 °C,[34] which is too high of a temperature for the (CH3)2Zn, which starts to 

produce Zn ~200 °C. However, as was mentioned in Chapter 2, the chemical potential of H2 can 

be increased with pressure to make the molecule much more reactive, while the overall reaction 

rates can be increased due to the high number of molecular collisions. This is demonstrated in 

Figure 4.16, where the formation of water is observed at temperatures as low as 150 °C when the 

total reaction pressure is 35 MPa. In this experiment, the output flow from the capillary is fed into 
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a mass spectrometer (Hiden Analytical HPR-20QIC gas analyzer) to measure the water signal as 

a function of temperature of the heated capillary. 

With the ability to produce water at low temperatures within the silica capillary, it then 

opens up many areas of oxidation chemistry via HPCVD encapsulation methods. A ZnO wire that 

was deposited using this reaction is shown in Figure 4.17. It is immediately obvious that the 

quality of this structure is superior to that described in Section 4.4.1. Thorough characterization 

of this material is needed as zinc acetate formation is also possible under these conditions,[35,36] 

although preliminary Raman spectra show evidence for ZnO. Further improvements in this 

chemistry will lead to the ability to deposit Al2O3, TiO2, SiO2, GeO2, and many other oxides to 

exploit their properties in the optical fiber geometry. Jesse L. Bischof of the Badding group is 

already making progress in developing this chemistry further. 

 

a) b)

5 +m 15 +m
 

Figure 4.17: Deposition of ZnO using the reverse water gas shift reaction. (a) Cross-sectional 
SEM image of a ZnO filled capillary. (b) Optical micrograph of the transparent material. Image 
credit (a): Jesse L. Bischof. 

4.5 Materials Characterization 

In addition to surface roughness and geometric uniformity, materials quality is very 

important to waveguide optical loss and performance. For example, as a wide band gap 

semiconductor, pure ZnSe does not absorb infrared light by band-to-band transitions, but 
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impurities and defects that result in light scattering and absorption must be minimized. Although 

established CVD chemistries are known to deposit high quality ZnSe, the quality of material 

deposited by the HPCVD method needs to be assessed. Raman spectroscopy, photoluminescence, 

and optoelectronic measurements are established techniques for the characterization of impurities 

and defects in semiconductor materials. 

4.5.1 Surface Characterization 

The near atomically smooth (0.1 nm RMS roughness[37]) silica pore surfaces are coated 

with well-developed films from the “outside in”. Thus it is important to assess whether the 

microwires and tubes formed in these pores have comparable outer surface roughness.[38] An 

array of 168 ZnSe wires 8 µm in diameter deposited in a silica template were removed by etching 

with HF (Figure 4.18a). The surface roughness was characterized by means of optical 

interference profilometry (Zemetrics ZeScope), which uses interference between two split beams 

in a microscope to allow the RMS roughness to be determined over areal dimensions of hundreds 

of square micrometers with sub-Ångstrom sensitivity. The ZnSe microwires etched out of their 

template have a RMS surface roughness of 0.1 nm (Figure 4.18b), comparable to the surface 

roughness of the template walls. The capillary templates have extraordinary diameter uniformity 

along their length as well, such that variations of only tens of nanometers in diameter over lengths 

of centimeters are possible.[39] Since the II-VI semiconductor microwires conform to the silica 

template walls, similar uniformity in diameter along their length can be expected. 
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Figure 4.18: Surface roughness of ZnSe wires.[14] (a) SEM image of ZnSe wires removed from 
the silica MOF template (inset) (b) Optical interference profilometry measurement of 0.1 nm 
RMS surface roughness. 

 
Since the deposition results in a wire, or more specifically a tube with a very small 

central void, it is then important to assess this inner surface roughness; especially because the 

annealing techniques that remove the void result in cracking, which limits current optical fiber 

characterizations to structures with the central hole. As mentioned earlier, the CH4 byproduct 

results in a <400 nm diameter inner hole in the microwire. The roughness of this inner surface 

will thus be determined by the grain size and shape at this interface. The cross-sectional grain 

structure of the microwire was discussed earlier in Section 4.3.1. Changing the flow rate via the 

pressure can provide control of this inner surface grain size and thus the remaining pore size. 

Further optimization of the reaction chemistry should result in a smoother, smaller inner pore. 

Ultimately, as appropriate cladding glasses are developed to alleviate cracking, the central void 

will be removed to result in wires of high geometric perfection. 

4.5.2 Raman Spectroscopy 

The Raman spectrum (514 nm excitation, Renishaw inVia micro-Raman spectrometer) of 

the deposited ZnSe has peaks at 204.9 cm-1 and 251.2 cm-1 that arise from the TO and LO optical 
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phonons of ZnSe (Figure 4.19a). The Lorentzian components of their peak widths, 4.7 cm-1 (TO) 

and 6.1 cm-1 (LO) respectively, are comparable to the values of 4.1 cm-1 and 5.9 cm-1 obtained 

from an optical grade ZnSe reference (Alfa Aesar), indicating that the HPCVD ZnSe is highly 

crystalline. The symmetry of the LO peak is further evidence for the high crystallinity, as 

asymmetry can be caused by a high concentration of crystalline defects.[40] For the alloys, the 

Raman spectra (488 nm excitation, Dilor XY triple monochromator micro-Raman spectrometer) 

of the deposited materials are characteristic of ZnSxSe(1-x), exhibiting TOZnSe, LOZnSe, and LOZnS 

phonon modes that shift continuously with x (Figure 4.19b).[41,42] Although the TOZnS phonon is 

present in pure ZnS (x=1) deposited by HPCVD, it is very weak in the ZnSxSe(1-x) spectra, which 

is consistent with previous reports.[41] As the ZnS mole fraction is increased, the TOZnSe and 

LOZnSe modes shift towards each other, with the TOZnSe shifting up in frequency and the LOZnSe 

shifting down. The LOZnS mode shifts to lower frequency as the Se concentration increases. The 

asymmetric broadening observed with increasing Se concentration has been attributed to a 

disordering effect.[41] 

a) b)

 

Figure 4.19: Raman spectroscopy of II-VI materials.[13,14] (a) Comparison of HPCVD ZnSe to a 
single crystal standard. (b) Continuous shifting of the phonon modes of ZnSxSe(1-x) as a function 
of stoichiometry. 
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4.5.3 Band Edge Photoluminescence 

The photoluminescence spectra of the ZnSe samples at 4.2 K have no discernible broad 

band emissions in the low energy region (~1.2 – 2.6 eV) that are typically associated with defects 

and impurities.[43] Near the band edge at about 2.8 eV (Figure 4.20a), exciton emissions are 

present, with the free exciton Ex at 2.801 eV and the donor bound exciton I2 at 2.797 eV being the 

dominating peaks. The I2 peak is generally attributed to the chlorine donor impurity introduced 

from alkyl precursors.[44] Other peaks of low intensity include the deep acceptor bound exciton I1
d 

at 2.782 eV (generally attributed to Zn vacancies),[45] the broad donor-acceptor pair (DAP) 

emission peak at 2.73 eV (along with its LO phonon replica at 2.70 eV), and the dislocation 

bound exciton Iv
0  at 2.775 eV.[46] These defect bound excitons are frequently observed in high 

quality films deposited by means of conventional organometallic CVD,[8] and may be associated 

with the stacking faults that are observed in TEM. Temperature dependent photoluminescence 

shows that the band gap emission is visible up to room temperature (Figure 4.20b), implying that 

the HPCVD material has a low Se vacancy density, as Se vacancies are able to quench 

photoluminescence above 100 K.[47] 

=

=

=
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Figure 4.20: Band edge photoluminescence from ZnSe.[13] a) A low temperature (4.2 K) spectrum 
with peak assignments. b) Temperature dependent photoluminescence spectra showing band to 
band transitions up to room temperature. The spectra were collected with a Renishaw inVia 
micro-Raman spectrometer fitted with a liquid helium Janis cryostat at 364 nm excitation. 
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4.5.4 Photoresponse Characterization 

a) b)

 

Figure 4.21: Photoresponse of ZnSe optical fibers.[13] (a) The current through a 50 µm diameter 
ZnSe wire increases dramatically under illumination with 458 nm light compared to dark. (b) 
Photosensitivity as a function of wavelength measured on a ZnSe wire and an optical grade 
reference wafer. The curves peak at approximately 458 nm, corresponding to the ZnSe bandgap. 
The photosensitivity at wavelengths longer than 458 nm originates from defect states in the 
bandgap; the rapid fall-off observed in the ZnSe wire is comparable to that in the optical grade 
reference and implies a low density of impurities and defects. The decrease in photosensitivity at 
shorter wavelengths (e.g. 364 nm) is due to an enhanced surface recombination process for 
carriers.   

 
The dark electrical conductivity (Keithley 6430 source meter) at room temperature of the 

ZnSe wires etched out from silica and contacted with aluminum is less than 10-13 Scm-1, implying 

that the chlorine donor impurity concentration observed in the low temperature 

photoluminescence is very low and that the free carriers are depleted by trapping states at the 

grain boundaries.[48] Upon illumination, the conductance increases dramatically (Figure 4.21a). 

This photoresponse is characterized by the photosensitivity: 

  S = Pl
Gw

       (Equation 4.1) 

where P is the power density of incident light, G is the conductance, l and w are the length and 

width of the wire respectively. This value varies from 10-8 to 10-7 Scm2W-1 at the wavelength of 

458 nm for the deposited ZnSe wires, comparable to the value of 1×10-7 Scm2W-1 obtained from 
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the optical grade reference (Figure 4.21b). The photosensitivity is proportional to the mobility-

lifetime product.[49] Thus the similarity of the photosensitivity of the deposited material to that of 

the optical grade reference indicates that the mobility-lifetime product is high, consistent with the 

low density of impurities and defects revealed by the photoluminescence measurements.  

4.6 Applying HPCVD to II-VI Semiconductor Optical Fiber Fabrication 

The reaction chemistries and principles presented in this chapter can be extended to II-VI 

materials containing Cd, Hg, and Te, the quaternary alloys, and to other families of materials such 

as III-V semiconductors. Furthermore, in view of their excellent materials quality and smooth 

exterior surfaces, the II-VI semiconductor filled capillaries should function well as low loss 

waveguides. In the next chapter, the optical properties of these structures will be investigated and 

their performance as optical fibers will be assessed. Structuring capabilities in the transverse 

plane (shown in Chapter 3) as well as layering techniques will be applied to II-VI 

semiconductors. As was discussed earlier, the central void will be present in all of the optical 

fibers due to the thermal expansion mismatch issues with the void-free filling techniques. 
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Chapter 5 
 

II-VI Semiconductor Optical Fibers 

After depositing high refractive index II-VI semiconductors within low refractive index 

silica capillaries, the structures naturally form simple step index cylindrical waveguides. In view 

of their excellent materials quality and smooth exterior surfaces discussed in Chapter 4, the 

structures function well as low loss optical fibers. In this chapter, II-VI semiconductor optical 

fiber structures and their properties are discussed. Having control over the waveguiding 

properties of the optical fibers is paramount to optical fiber laser performance. 

5.1 Step Index II-VI Semiconductor Optical Fibers 

5.1.1 Wavelength Dependent Loss 

Measurements of the transmission loss over the wavelength range of 0.500 – 10.6 µm of 

ZnSe optical fibers fabricated to have core diameters of 15 µm and 50 µm confirm the 

expectation of low loss (Figure 5.1). In both cases the losses decrease with increasing wavelength 

and become as low as 0.5−0.9 dB/cm in the 2000 – 2400 nm mid-IR region. The loss α as a 

function of the wavelength can be fitted from 540 – 2400 nm to a power law with an exponent of 

-3.9±0.2. This functional dependence is well matched to the λ-4 dependence characteristic of 

Rayleigh scattering, suggesting that scattering from bulk refractive index inhomogeneities 

(possibly due to grain boundaries) in the material is the dominant loss mechanism. Thus despite 

the presence of the central ~400 nm pore, surface scattering[1] does not appear to be the dominant 

loss mechanism. As discussed in Chapter 1, the intrinsic loss of ZnSe over its transparency range 
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is very low; thus further engineering of the grain size by optimization of the deposition conditions 

or thermal or laser annealing may allow for even lower waveguide losses.  

At longer wavelengths, the silica cladding begins to influence the loss of the optical fiber 

due to silica’s narrow transmission window compared to ZnSe (Table 1.1). Silica begins to 

absorb in the mid-IR at 3 µm and is very strongly absorbing at 10.6 µm.  Since part of the mode 

of the optical fiber interacts with the silica cladding, there is associated absorption. This can be 

seen in Figure 5.1, where the loss of the 50 µm core deviates from the λ-3.9 fit due to the 

introduction of the absorptive loss mechanism. To reduce the influence of the silica, a larger core 

fiber or IR transparent cladding layers are needed, which are discussed in Section 5.2.1. 

 λ

 

Figure 5.1: Wavelength dependent loss in ZnSe optical fibers. Optical loss of 50 µm (square/red) 
and 15 µm (circle/blue) diameter ZnSe core optical fibers as a function of wavelength. Dashed 
lines are fit to a λ-3.9 dependence. 

 
In contrast, ZnS optical fibers have a higher loss of 16 dB/cm at 1550 nm, while 

ZnS0.2Se0.8 optical fibers have a loss of 7 dB/cm. As the ZnS and ZnSxSe(1-x) materials have 
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comparable surface quality and crystallinity to ZnSe, it is likely that the larger losses measured in 

these materials can be attributed to impurity related absorption due to use of lower purity 

(CH3)2S; the (CH3)2S was 99% pure versus electronic grade for (CH3)2Se and (CH3)2Zn. When 

light is waveguided over centimeter distances, the presence of even small quantities of impurities 

can have an adverse effect on optical loss. With further development of precursor chemistry to 

reduce impurity levels, the optical losses in the sulfur-based materials should approach the loss 

values that have already been demonstrated for ZnSe optical fibers. 

5.1.2 Comparison to Planar Waveguides 

The loss in the ZnSe optical fibers is very low with respect to semiconductor waveguides; 

in fact, the fibers are among the lowest loss semiconductor optical fibers fabricated to date.[2] In 

general, a semiconductor waveguide with a loss < 1 dB/cm is considered useful for photonic 

applications. There have not been many reports on planar ZnSe waveguides, which were initially 

investigated for modulation, nonlinearity, and electro-optic applications in the visible range.[3,4] 

These structures have not been thoroughly investigated in the mid-IR, but have reported losses of 

17 dB/cm and 1550 nm,[5] 9 dB/cm at 1047 nm,[6] and 3 – 40 dB/cm in the visible range.[7-13] 

Recently a 10 µm Cr2+:ZnSe planar waveguide has been fabricated (for laser power scaling 

advantages of waveguides) which does not have a reported loss, but does have quite a high 

surface roughness (7 nm RMS)[14] compared to that of the HPCVD structures presented in 

Chapter 4. This waveguide could not demonstrate continuous wave (CW) lasing, which implies 

high losses in the mid-IR. The losses of the ZnSe optical fibers presented in this chapter can thus 

be considered “low-loss” and in general have losses low enough for a variety of device 

demonstrations such as nonlinear optics (Section 5.3) and fiber lasers (Chapter 6). 
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5.1.3 Power Handling 

An important aspect of an optical fiber, or any optical material, is the power density that 

can be coupled into the core for high power applications. As the goal of this dissertation is to 

develop high power optical fiber lasers, it is important to assess the power handling capabilities of 

the fabricated fibers. An important note is that the quality of the optical polish on the facet is very 

important to in determining the damage threshold; especially in relation with the small hole 

remaining in the fiber core. Debris from polishing processes can infiltrate into the central void 

and be a source for a “hot spot” that can result in heating and destruction of the sample. 

Therefore, once a thermal expansion matched glass is used in conjunction with the annealing 

techniques that remove the central void, it can be expected that the power handling capability of 

the structures will increase beyond those presented below. 

In the continuous wave regime, where heating plays the major role in the damage 

mechanism, 10 W of 1.9 µm light has been coupled into a 15 µm core ZnSe optical fiber. Thus, 

the resulting power density is ~ 5.6 MW/cm2. However, the available power in the CW range 

limited the determination of the damage threshold of the sample, which could be orders of 

magnitude higher. In the pulsed regime, where nonlinear absorption plays the major role in the 

damage mechanism, 3.5 kW peak power at 1.0 µm has been coupled into a 10 µm core before the 

core is damaged, which results in a damage threshold of 4.5 GW/cm2.  

The HPCVD process has thus fabricated some of the highest power handling fiber optics 

in the mid-IR to date, owing to the ability to fabricate optical fibers from materials that are very 

refractory and cannot be drawn. To compare to the competitive fiber optic platforms in the mid-

IR: chalcogenides have very low power handling capabilities on the order of 10 – 20 kW/cm2,[15] 

while hollow core Omniguide fibers have power handling levels in the 6.5 kW/cm2 range.[16] 

Thus, the ZnSe optical fibers can be considered a new high power IR fiber optic platform with 
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orders of magnitude higher damage thresholds than current technologies, which will be very 

useful for power scaling Cr2+:ZnSe lasers. 

5.1.4 Large Core Optical Fibers 

To additionally increase the power handling capabilities, the size of the core can be 

increased to guide high powers of light at low overall power densities. The ability to deliver high 

power mid-IR light with optical fibers is useful for a variety of industrial applications as well as 

sensing and infrared countermeasures. However, as was mentioned in Chapter 4, the thermal 

expansion mismatch between silica and ZnSe becomes more of an issue as the size of the core 

increases. This is because the ZnSe is more susceptible to cracking under the stress that the low 

expansion silica adds to the material as the ZnSe wire diameter is increased. Overall, this limits 

the core size to be 50 µm or less when using silica as the capillary template, which results in a 

few cracks along the length that can be screened out.   

In order to fabricate larger core optical fibers, a new glass is needed that has a thermal 

expansion coefficient near that of ZnSe (~5 ✕ 10-6 K-1). A good candidate to start with is an 

aluminosilicate glass. Schott 8253 has a linear expansion coefficient of 4.7 ✕ 10-6 K-1 and is 

readily available in high purity tubes that can be drawn with conventional fiber drawing 

techniques. This glass was purchased and drawn into micro-capillaries at the University of 

Southampton, UK by Pier J. A. Sazio. Many different sizes can be drawn by varying the process 

parameters; for these experiments, a 150 µm and 15 µm internal diameter capillary were used. 

The flow rate through a 150 µm capillary would be far too high for HPCVD, which would result 

in emptying the HPCVD source in a matter of seconds. Also, the flow would be in the turbulent 

regime (Figure 2.3), which would affect precursor transport to the capillary walls. To control the 

flow to be laminar, a 2 cm long, 15 µm section was spliced on to the end of the 150 µm capillary 
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(similar to Figure 4.12) to reduce the flow rate. The resulting deposition is shown in Figure 5.2, 

where a 150 µm core that is completely crack-free has been fabricated. Although this glass works 

well to alleviate cracking during the ~ 450 °C temperatures of the HPCVD process, it does not 

have high enough glass transition temperature for the annealing methods presented in Chapter 4. 

Depending on the size of the structure and surface quality, the power handling can scale either 

linearly (diameter) or with the square (area) of the spot size.[17,18] The continuous wave power that 

this fiber should be able to deliver can be calculated using the damage thresholds from the 

previous section: 4000 W (scaled by area) or 100 W (scaled by diameter). There was not a laser 

source readily available to test this power handling calculation and determine which scaling 

factor is appropriate for the ZnSe optical fibers. 

a) b)

50 +m 150 +m
 

Figure 5.2: Large core ZnSe optical fibers. Schott 8253 glass capillaries are thermal expansion 
matched to ZnSe, which allows for large core, crack free optical fibers to be fabricated. The 
polished facet (a) and diascopically illuminated optical micrograph from the side (b) of a 150 µm 
core ZnSe optical fiber show no signs of cracking. 

5.1.5 Mode Structure  

A mode of a waveguide is a solution to Maxwell’s equations for an electromagnetic wave 

confined with boundary conditions, which results in a certain distribution of the light in the cross-

section of the waveguide. From a chemist’s perspective, a mode is conceptually similar to atomic 

orbitals for an electron, which are the states available to an electron when bound on an atom. 
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Instead of having different energy, the states that the photon bound in a waveguide can be in 

(modes) each have a different propagation constant, or speed through the fiber. From a ray trace 

point of view, high order modes tend to have higher incident angles in the total internal reflection 

model. For a rigorous discussion of optical fiber modes see [19]. For a step index cylindrical 

waveguide, the number of modes that the fiber supports is given by the follow equation:[20] 

  
M ≈

4
π 2 V

2

      
(Equation 5.1) 

  

V = 2π a
λ0

ncore
2 − ncladding

2

    (Equation 5.2)
 

where a is the core radius, n is the refractive index, and λ0 is the vacuum wavelength.  The 

ncore
2 − ncladding

2 term is also referred to as the NA of the fiber, which is related to the acceptance 

cone of the waveguide. The number of allowable modes can also be calculated with finite element 

modeling, which provides a more accurate result for high index contrast systems such as 

semiconductor optical fibers. At 1550 nm wavelength, a 10 µm diameter ZnSe optical fiber 

supports ~670 modes, while a 15 µm core supports ~790 modes. Such multimode waveguides are 

not desirable for many applications. For example, for a fiber laser, it is ideal to have the mode of 

the pump wavelength overlap as much as possible with the mode of the lasing wavelength. This 

can be achieved using low mode number optical fibers, with both wavelengths in the fundamental 

(lowest order) mode of the waveguide at their respective wavelengths. Another example is modal 

dispersion of a high energy pulse such as those in the second harmonic experiments in Section 

5.3. Different modes travel at different speeds through a fiber, which results in a spreading of the 

optical pulse in time in a multimoded waveguide and an over reduction in the peak optical power, 

which is not ideal for nonlinear processes. 
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For highly multimode optical fibers, the output is a superposition of all the modes that 

can be excited or cross-coupled to and results in the mode structure shown in Figure 5.3. This 

intensity profile of 1550 nm light at the output of a 15 µm diameter ZnSe optical fiber is 

characteristic of multimode behavior, where the central dip in the intensity is due to the small 400 

nm diameter central pore. Individual modes cannot be isolated. 

5 +m
 

Figure 5.3: Multimode nature of step index ZnSe optical fibers. The output of a simple step index 
ZnSe optical fiber with silica cladding is a superposition of many modes. 

5.2 Microstructured II-VI Semiconductor Optical Fibers 

 In general, high refractive index semiconductor (n=2.45 for ZnSe at 1550 nm) 

waveguides with either silica (n=1.44) or air (n=1) cladding have a large index contrast and thus 

are highly multimode. Realizing micrometer sized semiconductor waveguides with more 

desirable low order mode or single mode behavior is still an ongoing challenge in photonics that 

requires proper refractive index grading (see Section 3.3.1). For single mode operation at 2400 

nm, a ZnSe optical fiber would need to have an overall core diameter less than 930 nm. However, 

such a small core would have limited power handling ability for fiber laser applications. Thus it is 

important to control the refractive index profile in the transverse plane of the waveguide to reduce 
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the NA and allow for low-mode operation at larger core diameters. This has been accomplished in 

a two ways: chemical composition and microstructured templates. 

5.2.1 Mode Structure Control with ZnSxSe(1-x) Layers 

The chemical synthesis approach to reduce the index contrast is to deposit a layer of 

ZnSxSe(1-x) first, followed by filling in the structure with ZnSe. Since ZnS has a lower refractive 

index (n=2.27 at 1550 nm) compared to ZnSe (n=2.45 at 1550 nm), doping a small atomic 

percent of S in ZnSe results in a slight reduction in the refractive index. This allows for low index 

contrast core/cladding waveguides to be fabricated, which drastically decreases the number of 

modes supported by the waveguide and will lead to single mode operation, improved beam 

quality, and more controllable mode overlap between the pump and signal for laser and nonlinear 

applications. Owing to its optical transparency in the IR, ZnSxSe(1-x) also serves to alleviate the 

influence that silica absorption has on the output spectrum in the mid-IR that was seen for 

wavelengths above 3 µm for silica cladded ZnSe fibers (Figure 5.1). Core/shell structures using 

ZnS0.2Se0.8 as a cladding material have been fabricated. At these low (x=0.2) levels, sulfur 

incorporation into ZnSe lowers the refractive index of the material by about 0.01,[21,22] producing 

a low NA, IR transparent optical fiber with much more control over mode structure. The effects 

of a 1 µm and 5 µm ZnS0.2Se0.8 layer in a 15 µm and 30 µm capillaries, respectively that are then 

filled with ZnSe are shown in Figure 5.4 at 1550 nm wavelength. It can be seen that low order 

modes can readily be excited and isolated in this fiber that agree well with the solved modes 

using finite element calculations. For comparison to the silica clad ZnSe optical fibers, these 

ZnS0.2Se0.8 clad fibers support tens of modes, depending on the ZnSe core size.  
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Figure 5.4: Mode structure control with ZnSxSe(1-x) layers. (a) A 1 µm ZnS0.2Se0.8 cladding / 13 
µm ZnSe core optical fiber allows for low order modes to be isolated experimentally (b), which 
agree well with finite element modeling simulations (c).  (e) Larger core fibers (5 µm ZnS0.2Se0.8 
cladding / 20 µm ZnSe core) allow for more effective isolation of mid-IR light from the silica 
cladding, while still having a low NA.  Although the larger core size results in more modes than 
(a), individual modes can be isolated (f) that agree well with modeling (g). 
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A major challenge in developing the cladding layer chemistry is the need to have a 

uniform stoichiometry (and thus refractive index) of the cladding over the length of the fiber.  

Any variations of the stoichiometry will lead to differing modal properties along the length, 

which will result in cross-coupling between modes and increased loss. Because of these issues, 

the fibers shown in Figure 5.4 are limited to millimeter length scales, where the stoichiometry is 

uniform. This non-uniformity in the cladding arises from the different rate constants of the 

(CH3)2S and (CH3)2Se reactions with H2 in the deposition of ZnSxSe(1-x) that lead to different 

stoichiometries at both different temperatures and different ratios of precursor. To eliminate these 

effects and just have one variable to tune in the deposition, one could employ the (iPr)2S 

molecule as a sulfur source that will have a weaker bond compared to (CH3)2S and allow for the 

reaction rates for the production of H2S an H2Se production to be similar at a given temperature. 

Therefore, the stoichiometry of the deposited material could be controlled mainly by the ratio of 

the source molecules and allow for more uniform stoichiometry over the length of the fiber.   

5.2.2 Large Mode Area ZnSe Optical Fibers 

As previously mentioned, a key advantage of HPCVD in MOFs is the ability to deposit 

materials in complex 2D geometries to modify the guiding properties of light in the 

semiconductor wires. In particular, the structure shown in Figure 5.5a is the first demonstration 

of a ZnSe MOF, similar to the silicon MOF that was characterized in Chapter 3. The fiber was 

fabricated by filling the air holes of a hollow core silica photonic bandgap fiber with ZnSe via 

HPCVD. The resulting structure has a 9 µm ZnSe core with a cladding of 3 µm ZnSe wires with 

~150 nm silica struts separating each wire. Compared to the silica clad, ZnSe core step index 

fibers, the ZnSe MOF has a cladding with a higher effective index than pure silica so that a 

reduced number of core modes can be selectively coupled. This ZnSe fiber is effectively dual 
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mode over a wide wavelength range (Figure 5.5b,c), though with further optimization of the 

MOF template and deposited material it should be possible to design a ZnSe MOF for effective 

single mode operation.[23] Transmission measurements in this microstructured ZnSe fiber at 1550 

nm show it has a loss of 1.9 dB/cm. This slightly higher loss value than in a silica clad, step index 

ZnSe optical fiber is likely to be due to the enhanced interaction of the core guided light with the 

high index microstructured cladding, which could result in scattering losses. 

b)

c)

a)
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10 +m

10 +m

10 +m
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Figure 5.5: Large mode area ZnSe optical fiber.  Due to the low core/cladding index contrast of 
the structured fiber, only two modes are supported (b), which can be isolated experimentally (c). 

5.3 Nonlinear Properties of ZnSe Optical Fibers 

Nonlinear fiber optics is a very exciting field owing to the long interaction lengths 

possible with optical fibers that can exploit weak optical effects.[24] For almost any nonlinear 

process, it is ideal to maximize the intensity of the light and the length of interaction; therefore, 

the small core size and long length of optical fibers make them the ideal choice of geometry. 

Nonlinear optical effects arise when high peak power densities of light are impingement on a 

material, which leads to an intensity-dependent refractive index. At high optical field intensities, 
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the polarization of a material system depends on the strength of the applied optical field and can 

be defined as:[18] 

  
P(t) = ε0[χ

(1)E(t)+ χ (2)E 2 (t)+ χ (3)E3(t)+...]
  (Equation 5.3) 

where ε0 is the permittivity of free space, P(t) is the induced polarization, and E(t) is the time 

varying applied optical field.  

The quantities χ(n) are the nth order susceptibilities. Depending on the symmetry of the 

material system, the second order susceptibility (χ(2)) can be zero (centrosymmetric systems) or 

non-zero (noncentrosymmetric systems). Silica does not have second order susceptibility because 

of its structure; however, ZnSe (F 4 3m space group) is noncentrosymmetric and therefore has a 

non-vanishing χ(2) value. It is worth noting that second order processes have been observed in 

silica fibers, but they are generally attributed to impurities and are very weak.[25] Second order 

nonlinearity has also been demonstrated in chalcogenide glass fibers designed with unique 

compounds that exhibit short range order.[26] While third order nonlinearity is a very useful 

property of a material for a variety of applications (it led to the development of the 

supercontinuum fiber laser), having second order function in an optical fiber enables a variety of 

unique processes.  

5.3.1 Second Order Nonlinearity 

Second order nonlinear processes are three photon events. A useful application of such 

processes is to generate laser light at wavelengths that are not accessible by conventional lasers.  

Two photons can be combined in a process called sum frequency generation (SFG) to produce a 

third photon that has an energy that is the sum of two. In contrast, one photon can be split into 

two photons of different energies in optical parametric generation (OPG). This is the basis for an 
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optical parametric oscillator, which is a laser system that is used extensively throughout this 

dissertation to access mid-IR wavelengths. Below are the equations for SFG, OPG, and a special 

case of SFG, second harmonic generation (SHG): 

  SFG :ω1 +ω2 →ω3      (Equation 5.4) 

 OPG :ω1→ω2 +ω3      (Equation 5.5) 

 SHG :ω1 +ω1→ω2      (Equation 5.6) 

Energy is conserved in all cases. In this section, SHG, which is sometimes referred to as 

frequency doubling, will be demonstrated in ZnSe optical fibers.  

5.3.2 Phase Matching 

In order for a SHG process to be efficient, the phases of the three waves must be matched 

such that they coherently add up as the two beams propagate in the material. If the two 

wavelengths are not in phase, the optical power can flow back and forth from the converted 

waves to the pumping waves to result in low conversion efficiency. In the polycrystalline ZnSe 

optical fibers, phase matching can be achieved in two ways: modal phase matching and random 

quasi phase matching. In modal phase matching, the mode of the pump wavelength and the mode 

of the SHG signal both have the same propagation constant and are thus in phase; the efficiency 

of the process scales with the square of the interaction length. This is difficult to achieve without 

proper dispersion and waveguide engineering. In random phase matching,[27] the relative phases 

of the pump and signal can be coherently added by the random motion of the phases as the light 

enters each grain of the polycrystalline material. Such an effect is not observed in a single crystal, 

but the SHG can occur with reasonable efficiency with a linear dependence on interaction length 

when this random walk effect occurs in polycrystalline material. This is likely the mechanism that 
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will occur in simple step index ZnSe optical fibers. Another way to achieve phase matching is to 

pole the material to introduce a controlled periodic domain profile, known as quasi phase 

matching. Methods to pole the optical fibers are currently being investigated in the Badding 

group. Nonlinear processes typically require high optical power densities, which make the high 

damage threshold ZnSe optical fibers very good candidates. 

5.3.3 Second Harmonic Generation in ZnSe Optical Fibers 

Second harmonic generation was observed and characterized in a silica clad, 15 µm 

diameter core ZnSe optical fiber. A Mai Tai HP mode-locked Ti:Sapphire laser that generates 

~100 fs pulses at a repetition rate of 80 MHz with ~2 W average power (250 kW peak power) 

was used as a pump beam. For longer wavelengths, an optical parametric oscillator (which uses 

OPG processes) was pumped with the Mai Tai laser to generate wavelengths out to 1700 nm. 

This light was coupled into the ZnSe optical fiber with a 40✕ objective. Light was coupled out 

with another objective and coupled into a spectrometer for spectral measurements or to a power 

meter for power measurements. A photograph of the optical fiber generating 500 nm light while 

being pumped with 1000 nm light is shown in Figure 5.6. 

Mounting Capillary

ZnSe Optical Fiber

1000 nm Input 500 nm Output

1 cm
 

Figure 5.6: Photograph of a ZnSe optical fiber generating second harmonic light. 
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The SHG signal is observed over a broad wavelength range from 460 – 850 nm as shown 

in Figure 5.7a. The low wavelength limit is due to bandgap absorption, while the upper limit was 

simply due to a pump laser source not being available at the time of the measurement. The power 

conversion efficiency was measured as a function of wavelength (Figure 5.7b). The efficiency 

increases as the SHG signal approaches the bandgap, which is consistent with observations in 

poled, quasi phase matched single crystal waveguides.[4,28] 

a) b)

 

Figure 5.7: Spectral dependence of second harmonic generation in ZnSe optical fibers. (a) SHG 
spectra as a function of fundamental wavelength input. (b) The efficiency of the SHG process 
increases as the SHG wavelength approaches the bandgap. 

 
To determine the maximum efficiency for the SHG process, the power conversion 

efficiency as a function of input power was determined at 1300 nm pump wavelength (Figure 

5.8a).  As the power increases, the system appears to saturate at 4.5% power conversion 

efficiency at a power density of 2.5 GW/cm2. Overall, the efficiency is comparable to literature, 

where 0.8% efficiency (1400 nm pump 3 GW/cm2) has been reported.[29]   

In order to determine the mechanism of the process (modal versus random phase 

matching), two experiments were carried out. In the first experiment, the efficiency of the SHG 

conversion versus length was determined (Figure 5.8b), which resulted in a linear length 

dependence; a characteristic result of random quasi phase matching. In the second experiment, a 
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low-mode, large mode area ZnSe optical fiber was employed (Section 5.2.2). Since this fiber has 

far fewer modes than a silica step index ZnSe fiber, it is very unlikely that modes will exist at the 

pump and SHG wavelengths that have the same propagation constant. If the mechanism relies on 

modal phase matching, then the LMA fiber would have considerably less efficiency. However, it 

was found that the LMA fiber had similar efficiency to a simple step index fiber. Both of these 

experiments indicate that random quasi phase matching is the mechanism of SHG in ZnSe optical 

fibers.  

a) b)

 

Figure 5.8: Input power and length dependence of second harmonic generation efficiency in 
ZnSe optical fibers. (a) The efficiency at a pump wavelength of 1300 nm tends to saturate to 
4.5%. (b) The efficiency scales roughly linearly with length, which indicates that random quasi 
phase matching is the dominant mechanism. The “internal” efficiency was calculated by taking 
into account the high loss of the optical fiber waveguide in the visible region.  

 
With further optimization and engineering of the waveguides, higher efficiencies should 

be possible. For example, the ideal core area for SHG efficiency can be calculated[30] to be 400 

nm diameter for 1.3 µm pump. Further improvements in the HPCVD reactions are needed to 

fabricate such structures such as the single crystal transport reactions presented in Chapter 4. 

Instead of relying on the polycrystalline grain structure of the material for phase matching, it 

would be desirable to employ a poled single crystal with a well-defined periodicity for the desired 

wavelengths for quasi phase matching. Furthermore, the ability to generate new wavelengths in 
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the mid-IR from Cr2+:ZnSe optical fiber lasers as the sources for OPG and other processes opens 

up a new platform for mid-IR fiber optic laser sources. 

5.4 Tapered Fibers for Sub-Wavelength Imaging in the IR 

 This work was carried out in collaboration with Mahesh Krishnamurthi and Eftihia 

Barnes of the Gopalan group (Materials Science and Engineering, PSU).[31,32] Modified figures 

and sections from references [31,32] are reproduced with permission. 

5.4.1 Motivation 

Infrared imaging with high resolution is of increasing importance in research areas such 

as chemical sensing, biomedical diagnosis, thermography, non-destructive testing and 

astronomy.[33-38] Contemporary high resolution infrared imaging tools are based either on solid 

immersion lenses or near-field scanning techniques, or a combination of both.[39-42] The solid 

immersion lens offers diffraction limited imaging over larger areas with high optical throughput, 

while the near-field technique offers excellent resolution beyond the diffraction limit,[43,44] but 

with low optical throughput and longer acquisition times. For far-field infrared imaging, flexible 

optical fiber bundle endoscopes are a preferred technique for rapid imaging of specimens with 

restricted optical access in a minimally invasive manner.[45] The incumbent technology for 

infrared imaging between 2 – 10 µm wavelengths using coherent optical fiber bundles is based on 

arrays of either hollow metallic or chalcogenide core waveguides. These imaging bundles operate 

over a broad wavelength range, but have been limited to modest pixel sizes of the order of 50 – 

100 µm. Therefore, there is a need for low-loss, broadband imaging systems with high resolution 

at mid-IR wavelengths.  
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The conceptual design, fabrication scheme, and optical characterization of an imaging 

system based on deposited semiconductor waveguides in tapered MOFs are discussed in this 

section. The transfer of an image with magnification across the fiber element is demonstrated at 

3.39 µm and 10.6 µm.  

5.4.2 Fabrication 

A tapered MOF, fabricated using a standard fusion splicer (Figure 5.9), acts as the 

template for an array of infrared waveguides within each of its capillaries. The MOF has 168 

capillaries (to-be-pixels) in a hexagonal arrangement, and the length of the tapered section is 300 

µm. At the wider end, the capillaries have a diameter of 9 µm (Figure 5.9d), whereas at the 

narrow end they are tapered down to 3 µm (Figure 5.9e). First, a 1 µm layer of ZnSe (n~2.4) was 

deposited in the capillaries, followed by completely filling them with germanium (n~4) from 

GeH4 pyrolysis; therefore each of these ZnSe clad, germanium core infrared cylindrical 

waveguides acts like a pixel. In this design, a magnified image is transmitted from the near-field 

at the input (narrow end) with sub-wavelength resolution to the un-tapered output (wider end) of 

the MOF. Tapering the waveguide to sub-wavelength dimensions is feasible since the symmetric 

cylindrical waveguides have no cut-off diameter. The un-tapered output (wider end) is shown in 

Figure 5.9d, while the polished input (narrow end) of the fiber element is shown in Figure 5.9e. 

The diameter of the germanium core is 2 µm at the input and 7 µm at the output; whereas the 

center-center spacing between adjacent capillaries is 14 µm at the input and 9.5 µm at the output. 

The ZnSe cladding thickness is < 1 µm at the input and 1 µm at the output. Therefore, the tapered 

geometry has a 2 µm resolution, 3.5✕ pixel magnification and 1.5✕ pitch magnification. 
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Figure 5.9: Fabrication of tapered ZnSe/Ge waveguide arrays. For simplicity, a single tapered 
capillary (a) is used to demonstrate the deposition process of depositing a ZnSe layer first (b), 
followed by completely filling in the channel with germanium (c). The deposition process is 
readily extended to the MOF, where (d) is the polished output facet and (e) is the polished input 
facet of the fiber element. 
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5.4.3 Characterization 

The fiber element was employed to transmit the magnified image of an object with sub-

wavelength features from the near-field of its input to its output (Figure 5.10a). In order to 

imitate an object with sub-wavelength feature size, a metal mask with the “λ/N” pattern was 

fabricated in contact with the input of the fiber element, as shown in Figure 5.10b. A uniform 

layer of 10 nm of chromium (adhesion layer) and 100 nm of gold were deposited onto the input 

facet, and the “λ/N” pattern was selectively milled with gallium ions in a focused ion beam 

system. Therefore the metal mask itself can be considered as the sample to be imaged.  

Under uniform illumination, the “λ/N” pattern at the fiber element input was transmitted 

to its output plane as shown in Figure 5.10c for λ = 3.39 µm and Figure 5.10d for λ = 10.64 µm. 

In addition, the scale bars for Figure 5.10c,d have been calibrated with respect to the “λ/N” 

dimensions at the input of the fiber element. The variation in the intensity profile of each guiding 

pixel can be attributed to variation in the germanium core diameters as shown in Figure 5.9; the 

uniformity can be improved by optimizing the HPCVD reactions in tapered structures. Pixel 

cross-talk, which is defined as the ratio of the power at the output of a pixel which is not 

illuminated and is located next to an illuminated pixel, to the power output of the illuminated 

pixel, was estimated to be ~ 7% and 12% for λ  = 3.39 µm and λ  = 10.64 µm, respectively.  

These values are somewhat higher than theoretical calculations (< 2%) and could be further 

reduced by decreasing the interface roughness between the germanium core and the ZnSe 

cladding and reducing the variability of the ZnSe cladding thickness in the pixels. In addition, 

since the actual ZnSe cladding thickness of the fiber element was measured to be ~1 µm, a 

slightly thicker cladding layer would more efficiently confine the guided modes inside the cores. 
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Figure 5.10: Sub-wavelength imaging in the mid-IR. (a) Schematic of the tapered fiber element 
that is used for image transfer. (b) A sub-wavelength feature is patterned on the input end of the 
fiber element for near field imaging. The transferred image at the output facet is shown in (c) for 
3.39 µm and (d) for 10.6 µm wavelengths. Credit: Mahesh Krishnamurthi. 

 
Even with this high cross-talk, IR imaging with sub-wavelength pixel size using a 

semiconductor filled fiber element has been demonstrated. A near-field image with sub-

wavelength feature size (< 3 µm) was efficiently transmitted with a built-in pixel magnification of 

3.5✕ and pitch magnification of 1.5✕ at λ = 3.39 µm and λ = 10.64 µm. This device can be used 

for near-field imaging applications in the 2 – 15 µm mid-infrared regime, owing to the 

transparency of germanium and ZnSe (Table 1.1). The primary advantage of this imaging 

technique is the high information throughput (parallel process) with sub-wavelength resolution 
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combined with built-in magnification. With further improvements to optical losses in materials, 

these features could be useful in fields such as near-field photolithography, and IR endoscopy. 

5.5 Improving Loss 

Although the losses in the structures presented in this chapter are low, it is desirable to 

continue to decrease the loss towards the theoretical limits discussed in Chapter 1. Likely 

sources of loss in the II-VI semiconductor optical fibers are geometric imperfections associated 

with the central void and material imperfections such as chemical impurities, grain boundaries 

and defects within grains. The presence of the central hole is certainly not desirable for optics 

applications as it can affect the mode structure of the waveguide and cause scattering. The surface 

roughness of this interior pore is determined by the texture of the deposited film, which can be 

controlled and optimized via the reactant ratio. Higher pressure deposition at higher precursor 

concentrations and/or cycling the precursor pressure should allow for smaller pore diameters via 

smaller grain growth. Another approach to reducing the scattering of light associated with this 

central imperfection would be to increase the waveguide diameter to reduce the impact of the 

central pore on loss. Also, there are many stacking faults and twinning defects in the material, 

which can cause scattering of light as it propagates through the structure.  

Thermal and laser annealing could reduce these defects and allow for the growth of larger 

grains. Further reduction in chemical impurities, particularly for ZnS as mentioned previously, 

could also allow for lower loss. An obvious route to lowering the losses is to eliminate the central 

hole with the annealing techniques discussed in Chapter 4, which also grows larger grains that 

will reduce scattering losses. High purity, single crystal structures fabricated by vapor transport 

reactions are also a means to reduce the loss. Large core fibers have been fabricated (Section 

5.1.4), with thermal expansion matched aluminosilicate glass, but this glass does not have a high 



140 

 

enough glass transition temperature (Tg= 790 °C) for the annealing and transport reactions. A 

GeO2 doped silica glass will have the desired properties for these high temperature processes but 

it is significantly more difficult to synthesize and draw. However, Pier J. A. Sazio and 

collaborators at the University of Southampton are making progress in this area.  Nonetheless, the 

losses and structures demonstrated in this chapter are adequate to move on to fabricating the first 

Cr2+:ZnSe optical fiber laser. 
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Chapter 6 
 

Transition Metal Doped II-VI Semiconductor Optical Fiber Lasers 

ZnSe optical fibers can guide high powers of infrared light, which suggests that they hold 

promise for applications such as non-linear frequency conversion and high power fiber lasers. 

Cr2+ transition metal doped ZnSe lasers have many attractive characteristics, including high 

efficiency and tunability from 2 – 3 µm wavelengths. Unfortunately, ZnSe has a large thermo-

optic coefficient that gives rise to thermal lensing and limits the power of lasers that use bulk gain 

media to ~10W. Fibers are noted for their excellent thermal management properties and they also 

tend to be less susceptible to thermal lensing. One of the first applications of ZnSe fibers may 

thus be high power tunable fiber lasers, which are discussed and demonstrated in this chapter. 

6.1 Introduction to Transition Metal Doped II-VI Semiconductor Lasers 

6.1.1 Substitutional Transition Metal Doping in the Zinc Blende Lattice 

Cr2+ doped into the Zn lattice sites of polycrystalline ZnSe has been shown to be a useful 

nonlinear material as well as a tunable broadband laser in the mid‐IR from 2.0 – 3.1 µm,[1] 

capable of generating ~10 W of CW power.[2,3] When chromium is substituted into the Zn sites 

with tetrahedral (Td) symmetry in cubic ZnSe, the e set and t2 set valence 3d orbitals of the ion are 

very weakly split. Two quintet states, with the term symbols 5E and 5T2, are the lowest energy 

states available to the system.[4] All other states close in energy are either singlets or triplets, so 

the only spin allowed electronic transition is between these two electronic states. The two states 

are further split by the Jahn-Teller effect to produce a four level system. Therefore, Cr2+:ZnSe 
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does not exhibit any excited state spin allowed transitions from these quintet states, which makes 

it an ideal four-level laser with high gain (approximately 70% slope efficiency). Furthermore, the 

matrix, ZnSe, has a low phonon frequency of 250 cm-1 that plays three roles in the laser system.[5] 

First, relaxation of an electron from the excited state back to the ground state is almost always 

accompanied by radiation because it would take an unlikely combination of many phonons to 

relax the electron down to the ground state; resulting in a quantum yield near unity. Second, since 

the phonon states are closely spaced, and the system is a vibronic laser, it is continuously tunable 

from 2.0 – 3.1 µm. Due to this tunability, Cr2+:ZnSe is often referred to as the Ti3+:sapphire of the 

mid-IR.[5] Third, even at room temperature, the phonons are not significant enough to result in 

radiationless relaxation, which allows for room temperature operation. Cr2+:ZnSe is the only 

known room temperature laser that operates in this wavelength range. 

By changing the transition metal or the host material, the wavelength of emission from 

transition metal doped II-VI semiconductors can be tuned over much of the IR spectrum. Fe2+ is a 

smaller ion and thus experiences an even weaker crystal field splitting in ZnSe, which results in 

the transition occurring further into the IR from 3.7 – 5.1 µm. The crystalline lattice can also be 

substituted with smaller sulfur ions in ZnS creating a stronger crystal field that splits the Cr2+ d-

shell orbitals to transitions from 1.9 – 2.8 µm in Cr2+:ZnS. Therefore, the high transparency of II-

VI semiconductors in the IR along with their ability to generate light in the same region make 

them ideal materials for IR optics.[6] Fabricating these materials into the optical fiber geometry 

will create a new platform of mid-IR fiber optic lasers. 

6.1.2 Thermo-Optic Effects in Bulk Cr2+:ZnSe Lasers 

High power lasers in the mid-IR are very useful for a variety of applications such as 

sensing, surgery, and infrared countermeasures. For example, the vibrational absorption of water 
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overlaps with the Cr2+:ZnSe tuning range. Therefore, tuning the wavelength of the laser will 

determine the penetration depth in tissue for surgical cutting applications. The chemical 

fingerprint region of the electromagnetic spectrum is from 2 – 20 µm, which makes the II-VI 

laser materials useful for trace gas sensing and monitoring of smoke plumes and industrial waste.  

However, many of these applications require tens of Watts of power. 

The power output of Cr2+:ZnSe has been limited because of the high thermo-optic 

coefficient of ZnSe (dn/dT = 70 ✕ 10-6 K-1) and other II-VI compounds.[4] The effects of this are 

shown in Figure 6.1 for Cr2+:ZnS.[7] As the laser is pumped, the material absorbs the energy 

through small amounts of radiationless decay and the quantum defect and the temperature 

increases. The bulk crystal cannot radiate this heat effectively, and thus a temperature gradient is 

created across the material.[8] This temperature gradient induces a large change in the refractive 

index, which is manifested as a thermal lens that destroys the mode structure and quality of the 

laser. With poor overlap of the mode and pump laser, the output power becomes limited. To date, 

the highest power CW Cr2+:ZnSe laser that has been achieved is 12 W by I. S. Moskalev et. al.,[6] 

which is primarily limited by these thermal effects. There has been a tremendous effort in the 

research community to develop novel pumping and cooling schemes to reduce this thermal load 

on the material. For a thorough review of the state of the art bulk Cr2+:ZnSe lasers and 

geometries, see reference [6]. 

Pin = 2 W Pin = 15 W Pin = 20 W2 mm
 

Figure 6.1: Thermal lensing in a Cr2+:ZnS bulk laser. As higher pump power is used, the sample 
begins to develop a temperature gradient that causes lensing and distortion of the output beam, 
which limits the output power. Images modified with permission from reference [7], © 2009 
OSA. 
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6.1.3 Advantages of the Waveguide / Optical Fiber Geometry 

Moving to new geometries that have a high surface area to volume ratio are of interest for 

power scaling the lasers up to the levels needed for a variety of applications. Smaller structures 

such as planar waveguides can have much higher surface area to effectively radiate heat away 

from the laser. The first planar waveguide Cr2+:ZnSe laser was demonstrated by J. E. Williams et. 

al. in 2010 with the goal of alleviating such effects.[9] The structure had a RMS surface roughness 

of 7 nm, much higher than that which can be achieved with HPCVD, and thus had high passive 

losses. These high losses have limited the laser to function only in the pulsed regime, with CW 

lasing not yet shown even at multi-watt pumping powers.[10] Most planar semiconductor 

waveguides have much smaller cores than optical fibers, limiting their power handling capability. 

Furthermore very long waveguides and circular cross-section waveguides that radiate heat 

symmetrically are in general more difficult to realize via planar fabrication. Asymmetric radiation 

of heat may have deleterious consequences, such as thermal lensing or generation of mechanical 

stresses due to thermal expansion mismatch. 

Optical fibers are less susceptible to thermal lensing effects because of their long, small 

diameter cores that radiate heat much more effectively than bulk optics and thermo-optic induced 

changes in refractive index do not alter their light guiding properties significantly if they are 

symmetrical. Heat arising from light absorption and/or quantum defects in fiber laser gain media 

is radiated equally well over 360° of cross-sectional angle; the large surface area-to-volume ratio 

and long length of the fiber also facilitates management of this heat. The long length of an optical 

fiber allows for lower concentrations of active ions to be used, while still efficiently absorbing all 

of the pump light, which reduces the thermal load per unit length on the fiber. Owing to these 

effects, most of the world’s most powerful commercially available lasers are fiber lasers.[11] In 
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view of these advantages, a fiber configuration is likely to be the most promising approach to 

Cr2+:ZnSe lasers with good mode quality and powers of many tens of Watts or more. 

6.2 Cr2+:ZnSe Optical Fiber Fabrication by HPCVD 

6.2.1 Diffusion Doping ZnSe Optical Fibers 

Since the diffusion of chromium into ZnSe is by far the most common way to synthesize 

Cr2+:ZnSe[12-14] (vapor transport of the bulk crystal,[15,16] or molecular beam epitaxy[17,18] have 

been demonstrated, but are much less common), it was the first approach that was explored. In 

this case, it can be considered a longitudinal diffusion mechanism, which is the diffusion of 

chromium along the axis of the waveguide from the two facets. This is not an ideal method in the 

fiber geometry as there will be a chromium concentration gradient (and thus a thermal load 

gradient) along the length of the fiber, due to the exponential nature of diffusion processes that 

occurs over short (millimeter) distances, but it provided a means to fabricate preliminary samples. 

Radial diffusion by first depositing chromium films in capillaries before the deposition of ZnSe, 

followed by the diffusion annealing in the radial direction is one way to produce structures with 

uniform chromium concentration along the length, but the deposition of pure chromium from 

various organometallic precursors [bis(benzene)chromium, chromium carbonyl, and chromium 

acetylacetonate] was not successful. Depositing pure, elemental chromium from organometallic 

precursors is notoriously difficult as carbide and oxide phases are readily formed.[19]  

For longitudinal diffusion doping experiments, some of the micro-ampoule techniques 

that were presented in Chapter 4 were employed. Using a 150 µm internal diameter capillary as 

an ampoule that can be sealed with an optical fiber fusion splicer allows for a much more clean, 

controlled way to treat the 125 µm outside diameter ZnSe waveguides as compared to putting 
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them into a “bulk” ampoule: a millimeter sized quartz tube. Furthermore, the small volume is 

necessary to keep the ZnSe from completely leaving the capillary to establish the vapor pressure 

at elevated temperature (see Chapter 4). The dopant used in these experiments was CrSe powder. 

The overall design is shown in Figure 6.2. A 5 mm long, 15 µm diameter core ZnSe optical fiber 

was placed in the ampoule along with CrSe powder. An empty 50 µm capillary spacer was used 

to keep the powder from physically touching the sample so that only CrSe vapor reached the 

facets for diffusion. The total length of the ampoule was 2 cm. The ampoule was sealed under 

vacuum using a fusion splicer, and then heated to 850 °C for 6 days to allow chromium to diffuse 

into the optical fiber. 

CrSe Powder Spacer Sample

2 cm

0.5 cm0.25 cm

 

Figure 6.2: Cr2+ diffusion doping of ZnSe in a micro-ampoule. When the diffusion is carried out 
at 850 °C, the sample is doped only on the ends, with self activated emission from the central part 
of the optical fiber. 

 
CW mid-IR fluorescence (pumped at 1550 nm erbium fiber laser or 1908 nm thulium 

fiber laser) from the Cr2+:ZnSe is used throughout this chapter to qualitatively compare doping 

levels. The CW signal was chopped and dispersed through a motorized Monospec 18 

spectrometer with a 300 g/mm, 2 µm blazed diffraction grating. The signal was measured with a 

Hamamatsu G5853-203 InGaAs or an Infrared Associates IS-0.5 InSb detector and processed 
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with a lock-in amplifier (SRS SR830).  Mid-IR fluorescence from the Cr2+:ZnSe was observed 

only to about 250 µm in from each facet of the 5 mm sample, showing the disadvantage of the 

longitudinal diffusion technique in that it is not applicable to the long optical fiber geometry 

(Figure 6.2). Also, due to the temperature gradient across the sample, the doping concentration is 

different at each end, as seen in the fluorescence intensity. The emission in the central region of 

the waveguide is dominated by self-activated emission, which is typically observed in samples 

when they are annealed at high temperatures. This emission results from Zn/Se vacancies and 

other defects that can develop without proper Se or Zn overpressure considerations. The 

inhomogeneities that can be seen in the structure are from cracking of the sample due to thermal 

expansion mismatch between the ZnSe and the silica capillary. This was observed in Chapter 4 

as well for single crystal/annealing experiments. Future glass development of systems such as 

germania/silica glasses for HPCVD should eliminate these problems. An alternative approach is 

to deposit a layer of refractory material (such as SiC or SixNy) to act as the new cladding before 

deposition of the II-VI semiconductor. After etching the silica template away with HF, the 

structure could then be annealed without the thermal expansion constraints of silica and also 

allow for a higher thermal conductivity cladding that would be advantageous for high power laser 

applications. Although the longitudinal diffusion technique has significant drawbacks, it provided 

a means to characterize the fluorescence from the optical fibers and led to the drive to develop 

novel in-situ doping reactions. 

6.2.2 Doping with Novel Organometallic Reactions in HPCVD 

Zn(1-x)CrxSe solid solutions with a considerable range (x = 0 – 0.01) of stoichiometries 

exist as thermodynamically stable phases,[18] so doping during deposition should be feasible. In-

situ doping of ZnSe during the deposition should result in a more uniform doping concentration 
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along the sample length as well as more control over the doping levels. Also, high temperature 

processing is not needed so cracking due to thermal expansion mismatch is not an issue. The 

major challenge is that the CVD of Cr2+:ZnSe has not been reported in literature, so the chemistry 

to chemically deposit Cr2+:ZnSe needed to be developed. 

6.2.2.1 Chromium Carbonyl  

There are not many volatile organometallic chromium sources that are applicable to 

HPCVD. In fact, Cr(CO)6 seemed to be the only candidate that could be useful for initial 

experiments. Solid Cr(CO)6 has a ~130 Pa vapor pressure at room temperature, so it can simply 

be added to the HPCVD reservoir in the solid state before the (CH3)2Se and (CH3)2Zn precursors. 

The main challenge with Cr(CO)6 is that it decomposes at a much lower temperature (~250 °C) 

than the reaction temperature for ZnSe deposition (450 °C). This causes a chromium rich 

precursor mixture early in the furnace resulting in Cr/Zn rich islands forming on the surface of a 

thin ZnSe film. A SEM micrograph of the islands as well as energy dispersive spectroscopy 

showing the high level of Zn/Cr in them is shown in Figure 6.3a,b. Metallic zinc islands are very 

common in HPCVD when the VI/II precursor ratio is too low and can typically be eliminated by 

increasing the ratio. By changing the ratios of the Cr(CO)6, (CH3)2Se, and (CH3)2Zn in the 

reaction (Cr(CO)6 vapor pressure; 4:1 VI/II ratio), a uniform film can be deposited, but the 

fluorescence intensity is much lower than that seen with diffusion doping (Figure 6.3c,d), which 

is likely due to the decomposition temperature differences of the chromium source and the ZnSe. 

As was discussed in Chapter 4, changing the R-group on the source molecule could provide a 

means to a lower ZnSe reaction temperature. In this case the (t-butyl)2Se molecule may allow for 

very low temperature ZnSe deposition, where the Cr(CO)6 molecule is much more thermally 

compatible.   
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Figure 6.3: Deposition of Cr2+:ZnSe with Cr(CO)6 as the chromium source. Cr/Zn islands are 
observed in SEM (a) and EDS (b) when the reactant ratios are not optimized. After optimization, 
Cr2+:ZnSe films can be deposited (c), but the doping level is very low as indicated by mid-IR 
emission (d) due to the low thermal stability of Cr(CO)6 compared to the ZnSe reaction.  

6.2.2.2 Splice Designs for Introduction of Solid State Precursors 

Since the ZnSe deposition chemistry was thoroughly optimized with (CH3)2Se and 

(CH3)2Zn, and because the Cr(CO)6 could introduce oxygen contamination, other precursor 

molecules were investigated. As was stated earlier, many of the oxygen free chromium 

compounds are not volatile at room temperature and thus cannot be simply added to the HPCVD 

reservoir: the source needs to be heated to vaporize the molecules into the stream of the HPCVD 
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flow. This presents quite a challenge because the polymer tubing (polyether ether ketone-PEEK) 

that connects the capillary to the high pressure equipment softens above ~140 °C, while hydrogen 

embrittlement of the stainless steel becomes an issue at elevated temperatures.[20] Therefore, 

heating the HPCVD equipment is not ideal. 

DMSe + DMZn + H2

Deposit Cr:ZnSe downstream
150 um ID capillary

15 um ID capillary

Two Zone Furnace

5 cm temperature zone 10 cm temperature zone

chromium source

Solid sources

Liquid sources

 

Figure 6.4: Splicing geometry to heat and introduce chromium sources during HPCVD. A two-
zone furnace is used to heat a solid or liquid precursor that is contained in a larger capillary that is 
spliced to the targeted deposition capillary. 

 
The highest purity way to approach this problem is shown in Figure 6.4, where a splice 

of a 150 µm internal diameter capillary to the target deposition capillary (15 µm diameter) is used 

to store the solid or liquid precursor, which can be heated without any of the before mentioned 

issues. By using a two-zone furnace to heat the capillary, the temperature, and thus the vapor 

pressure of the chromium source, can be controlled independently of any other variables. This 
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does complicate the HPCVD reaction in that the geometry of the fuse must be perfect (minimal 

tapering, no leaking, etc.) to not affect the deposition profile and stoichiometry of the Cr2+:ZnSe. 

For example, if the splice results in a tapered target deposition capillary, a nozzle can form, which 

can cause a compression of the gas and lead to cooling (for H2) of the carrier gas via the Joule-

Thomson effect. This cooling of the HPCVD stream as it passes through the splice was modeled 

by the Borhan group in Chemical Engineering at PSU and can be significant (hundreds of °C; see 

Chapter 2) to result in the precipitation of the chromium precursor before it reaches the target 

deposition site in the second zone of the furnace.  

6.2.2.3 Chromocene Derivatives 

With a way to use heated precursors as chromium sources developed, many new 

molecules could be investigated. The first molecule that was investigated with this splice design 

was bis(cyclopentadienyl)chromium, chromocene [Cr(Cp)2], which is a solid at room temperature 

and melts at ~250 °C. Cr(Cp)2 does not decompose until ~525 °C, which makes it much more 

thermally compatible to the ZnSe deposition chemistry. When the reaction is carried out with the 

Cr(Cp)2 source at 200 °C, a film of Cr2+:ZnSe is deposited of similar structural quality compared 

to the ZnSe optical fibers that were presented in previous chapters (Figure 6.5a). The film has 

much higher fluorescence signal than the Cr(CO)6 precursor, which is likely due to the thermal 

compatibility of the Cr(Cp)2 molecule. Also, the signal is uniform over centimeter length scales, 

which indicates that the doping concentration is uniform (Figure 6.5b); a significant advantage 

over diffusion doping. Moving to higher source temperatures to achieve a higher vapor pressure 

and higher chromium doping level exacerbates the issues of a non-uniform splice, as the 

temperature drop increases with increasing starting gas temperature. Instead of increasing the 
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source temperature for higher doping levels, the stability of the molecule can be tailored so that it 

reacts at the same temperature as the ZnSe precursors. 

a)

b)

15 +m

 

Figure 6.5: Cr2+:ZnSe fluorescence signal from material deposited with Cr(Cp)2 as the chromium 
source.  The deposition quality is similar to that shown for intrinsic ZnSe (a), while the signal, 
and thus the doping level, is uniform over centimeter length scales (b). 

 
The simplest way to make the Cr(Cp)2 molecule more reactive is to substitute the 

hydrogens on the cyclopentadienyl ring to make the resulting ring byproduct more stable.[21] This 

ring stability results in a less stable Cr-Cp bond, which leads to a lower decomposition 

temperature. Not only does the substitution change the stability, it also changes the vapor pressure 

at a given temperature as well. The molecules that were investigated were 

bis(pentamethylcyclopentadienyl)chromium [Cr(Me5Cp)2], bis(ethylcyclopentadienyl)chromium 
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[Cr(EtCp)2], and bis(isopropylcyclopentadienyl)chromium [Cr(iPrCp)2]. In order of stability the 

molecules can be ordered from the most stable to least stable as:[21] 

Cr(Cp)2 > Cr(Me5Cp)2 > Cr(EtCp)2 > Cr(iPrCp)2 

In terms of vapor pressure at a given temperature, they can be ordered from lowest to highest as:  

Cr(Me5Cp)2 < Cr(Cp)2 < Cr(iPrCp)2 < Cr(EtCp)2. 

The effects of both vapor pressure and stability on the end concentration of Cr2+ in the material 

are thus coupled.   

Tsource = 150 oC

 

Figure 6.6: Cr2+:ZnSe signal as a function of ring substitution on chromocene at fixed source 
temperature. (150 °C) The precursor with the highest vapor pressure gives the highest 
fluorescence signal. The two solid sources do not produce enough vapor for a measurable doping 
level at this source temperature. 

 
The fluorescence spectra of the resulting Cr2+:ZnSe material deposited with these 

precursors as chromium sources were used to qualitatively investigate these effects. In Figure 
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6.6, the effects on chromium concentration as a function of source molecule at a fixed source 

temperature of 150 °C are shown. The two solid sources with low vapor pressures do not result in 

a measurable fluorescence, but the two liquid sources do, with the Cr(EtCp)2 resulting in the 

highest chromium concentration, as expected since it also has the highest vapor pressure of the 

four molecules. It is much more difficult to de-couple the stability of the molecule from this 

vapor pressure difference without knowing the vapor pressure equations of the molecules. These 

equations were not found in literature, so an experiment at constant vapor pressure of the 

chromium source could not be carried out. Measuring the vapor pressure as a function of 

temperature is an experiment that should be carried out in the future to de-couple these effects to 

understand the reaction chemistry more thoroughly. Figure 6.7 shows the coupled nature of the 

process, with the liquid sources at 150 °C and the solid Cr(Cp)2 source at 225 °C. It can be seen 

that the doping level of Cr(EtCp)2 and Cr(Cp)2 is comparable at different source temperatures and 

is uniform over centimeter length scales, which is important for laser applications. The low 

stability of the Cr(iPrCp)2 precursor is also highlighted in this plot; a very significant difference in 

the emission intensity is observed over a 1 cm length. The “front” of the fiber (the side closest to 

the HPCVD sources – dashed lines) is significantly more doped than the downstream region, 

which indicates that the Cr(iPrCp)2 precursor is not stable enough for the ZnSe chemistry and 

decomposes at too low of a temperature, similar to that which was observed with Cr(CO)6. 

However, it is possible that the Cr(iPrCp)2 precursor is resulting in very high doping levels, which 

would result in concentration quenching and a reduced photoluminescence intensity. In order to 

determine this, the lifetime of the fluorescence should be characterized (see Section 6.3.2); a 

shorter lifetime than 5 µs will indicate concentration quenching.[22,23] With all of these effects 

taken into account, the Cr(EtCp)2 precursor was chosen to the best for HPCVD as it allowed for 

uniform doping (good thermal match with ZnSe reaction chemistry) as well as high vapor 
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pressure at 150 °C compared to Cr(Cp)2, which requires 225 °C (where splice geometry begins to 

become very important due to Joule-Thomson effects). 

 

Figure 6.7: Cr2+:ZnSe signal as a function of ring substitution on chromocene. The length 
difference from the dashed and solid lines of a given sample is ~1 cm. The concentrations of 
chromium are calculated by comparing to the standard of known concentration. 

6.2.2.4 Future Strategies for Iron / Manganese Doping 

Fe2+:ZnSe gain media can function from wavelengths of 3.7 – 5.1 µm, a considerably 

longer wavelength that is valuable for many applications.[6] To date, Fe2+:ZnSe lasers have 

required an impractically low temperature of operation. It may be, however, that due to the 

greater efficiency possible with the fiber configuration, operation at higher temperatures is 

possible. Iron can be doped into ZnSe via diffusion processes as well (from FeSe), but will likely 
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have the aforementioned issues that were observed with Cr2+:ZnSe. However, the principles that 

were discovered for in-situ chemical deposition of Cr2+:ZnSe will be applicable to Fe doping.   

A key difference in the chemistry is that bis(cyclopentadienyl)iron, ferrocene [Fe(Cp)2], 

obeys the 18 electron rule, which makes it much more stable than Cr(Cp)2 which only has 16 

electrons in the d orbitals. This can be seen in the orders of magnitude difference in the rate 

constants of pyrolysis at 500 °C for Fe(Cp)2 (k = 0.01 s-1) versus Cr(Cp)2 (k = 1.34 s-1).[21] 

Therefore a much less stable Fe source is needed for the deposition of Fe2+:ZnSe in HPCVD 

conditions. Bis(t-butylcyclopentadienyl)iron [Fe(t-butylCp)2] may be a good molecule to start 

with in the ferrocene family of precursors as it should be much less stable than Fe(Cp)2 as was 

observed for Cr(iPrCp)2. Moving towards heteroleptic compounds such as cyclopentadienyl-iron-

dicarbonyl, pentamethylcyclopentadienyl-dicarbonyl-dimer, and cyclooctatetraene-iron-

tricarbonyl could allow the reactivity of the molecule to be tailored with more control.  As was 

seen with Cr(CO)6, Fe(CO)5 is not stable enough and will decompose at too low of a temperature 

for the ZnSe reaction. As discussed earlier, an alternative approach is to lower the reaction 

temperature of the ZnSe deposition by using (t-butyl)2Se as a Se source.  In this way, the carbonyl 

compounds may be appropriate.  

As the optical power of a fiber laser is scaled, the need for an optical isolator becomes 

very essential. It would be ideal to fabricate a high power optical fiber isolator out of Zn(1-

x)MnxSe, as it is much more efficient than silica (Section 1.2.4) and also transparent in the mid-

IR. It has been shown that tricarbonylmethylcyclopentadienyl manganese [(CO)3MeCpMn], 

which is a liquid at room temperature, is a suitable precursor for Mn doping of II-VI 

semiconductors.[24] By using the splice designs presented in Section 6.2.2.2, introduction of 

precursors at the high levels needed for alloy formation (x = 0.01 – 0.15) should be 

straightforward, but will be limited by the Mn solubility in ZnSe.[25] An example of Zn(1-x)MnxSe 

deposition is as follows. The vapor pressure of (CO)3MeCpMn is 1.3 kPa at 100 °C, which gives 
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a ratio of Zn to Mn in the precursor stream of approximately 8.5:1. This will deposit 

approximately Zn0.9Mn0.1Se. Higher values of x can be achieved by increasing the temperature of 

the (CO)3MeCpMn, or by changing the stability of the molecule by substitution on the 

cyclopentadienyl ring. Also, it will be important to determine the Verdet constants of this material 

in the mid-IR, as they have not been reported. 

6.3 Cr2+:ZnSe Optical Fiber Lasers 

As described earlier, the HPCVD ZnSe filled capillaries function well as low loss, step 

index optical fibers. With the chromium doping chemistry developed, the basic structure could be 

investigated for optical fiber laser demonstrations.  

6.3.1 Initial CW Pumping Attempts 

The first attempts at demonstrating a Cr2+:ZnSe optical fiber laser were in the CW regime 

with a thulium doped silica fiber laser (10 W, 1908 nm, IPG Photonics) as a pump source. The 

sample was pumped in the end-fire geometry, with a high reflector (HR) gold mirror evaporated 

on one facet and an input/output coupling optic (OC) on the other polished facet. Fresnel 

reflection at the air/Cr2+:ZnSe surface provides a 70% output coupling optic, whereas a 10% 

coated sapphire substrate can be butt-coupled to the facet to provide a lower output coupling 

cavity. The sample was fabricated using Cr(EtCp)2 as the chromium source to result in a 2 cm 

long, 15 µm diameter core step index Cr2+:ZnSe optical fiber.  

A thermoelectric cooled waveguide mount stage was used to ensure that the sample was 

kept cool during high power pumping to alleviate any thermal effects. When the cavity is above 

threshold, narrowing of the fluorescence spectrum should occur as a specific range of 
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wavelengths begin to oscillate via stimulated emission. In a free running, waveguide laser, this 

wavelength will be determined by the gain spectrum of the material as well as the loss of the 

structure. Since the waveguide loss scales as λ-4, it is expected that the lasing peak should evolve 

around 2600 nm, as was seen by the first planar Cr2+:ZnSe waveguide laser.[9] However, as can be 

seen in Figure 6.8a, the output fluorescence spectrum from the sample does not change with 

pumping power with a 70% OC. In fact, the emission intensity decreases with increasing input 

power, which indicates that the system is undergoing a photo-quenching process. Intra-gap charge 

transfer processes could be occurring at such high optical power densities, which would reduce 

the mid-IR signal. Indeed, visible light emission is sometimes observed at such powers; this 

emission can be attributed to the following mechanisms. Emission at 1.4 eV results from an 

electronic transition from the Cr2+ states to the valence band (or Cr1+ à Cr2+), while emission at 

2.2 eV arises from an electronic transition from the conduction band to the Cr2+ states (or Cr2+ à 

Cr1+).[17,26,27] It is likely that as the Cr2+ levels become saturated at high pumping power, these 

processes could be occurring via nonlinear multiphoton absorption. 

a) b)

 

Figure 6.8: Continuous wave pumping of a 15 µm Cr2+:ZnSe optical fiber. (a) Output spectra as a 
function of input power of a cooled sample with a gold HR and Fresnel reflection OC. (b) 
Preliminary evidence of lasing in the CW regime, where the spectrum sharpens, but this output is 
not stable enough to characterize. 
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Very short instances that appear to be lasing from the sample have been observed (Figure 

6.8b) at 10W of pumping power, but the sample typically burns before the lasing can be 

characterized thoroughly. The round trip losses in the cavity are likely too high to achieve stable 

CW lasing with the given gain that tends to saturate from the relatively low concentration of 

chromium ions (Figure 6.8a). Increasing the gain of the cavity with a higher concentration of 

chromium ions could allow for stable CW lasing. To lower the round trip losses in the cavity, a 

lower throughput OC (1 – 5%) could be deposited onto the fiber facet instead of the butt-coupled 

OC that introduces some loss between the optic and the fiber facet. Also, a ZnSxSe(1-x) cladding 

layer is needed, which would lower the losses at the 2600 nm wavelength (from the silica 

cladding) that is most favorable for lasing in the waveguide geometry. Thus, further 

improvements in the chemistry, such as layered structures, deposited OC optics on fiber facets, 

completely filling the hole to reduce the loss of the optical fiber, and higher doping levels for high 

gain coefficients will make stable CW lasing more achievable.  

6.3.2 Proof of Concept Gain Switched Laser 

Stable CW lasing proved to be a challenge and could not be thoroughly characterized 

with the current generation of samples, so the pulsed regime was investigated since the optical 

intensity and thus gain of the cavity can be increased without damaging the sample by using short 

pulses of light. In this case, a 10 Hz repetition rate, 10 ns pulse width optical parametric oscillator 

operating at 1700 nm (providing a higher gain cross-section than 1908 nm pumping) was used to 

pump the optical fiber in the side-pumped geometry (Figure 6.9a inset) The pump beam was 

focused onto the core of a 5 mm long sample (same sample as Section 6.3.1) using a cylindrical 

lens. The cavity was formed with an evaporated gold mirror HR on one end and Fresnel reflection 

as an OC from the other facet. The signal was collected with a ZnSe aspheric lens (NA=0.85) and 
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focused onto the Hamamatsu G5853-203 InGaAs detector with a CaF2 lens and processed with a 

gated integrator/boxcar averager (SRS SR250) and pre-amplifier (SRS SR445A).  

Clear evidence of a lasing threshold is seen in an output power (at 2 – 3 µm) versus input 

power plot (Figure 6.9a). In the time domain, a sharp increase in output intensity along with a 

decrease in the lifetime of the Cr2+ fluorescence from 5 µs to <500 ns indicates that the cavity is 

above threshold and lasing (Figure 6.9b). Below threshold, the fluorescence kinetics follow a 

single exponential decay, while above threshold a multi-exponential decay is observed, which is a 

result of the generation of the laser pulse.[9] In order to determine the lasing wavelength, a 

spectrum of the output fluorescence below and above threshold to show a sharpening of the 

output around the predicted wavelength of 2600 nm is needed. Due to the low repetition rate (10 

Hz) of the pump laser, a larger core sample will have to be used for the frequency domain 

analysis to produce more signal that can be aligned through a spectrometer and dispersed with a 

diffraction grating. Nonetheless, this is the first demonstration of a Cr2+:ZnSe optical fiber laser. 

Thus, all of the necessary principles for developing high power Cr2+:ZnSe optical fiber lasers 

have been developed in this dissertation. In Chapter 7, the scaling and development of these 

principles for fabricating high power optical fiber lasers is discussed. 

a) b)10 Hz, 10 ns, 1700 nm Pump

Au/HR

OC

Cr2+:ZnSe Core

 

Figure 6.9: Gain switched lasing of a 15 µm Cr2+:ZnSe optical fiber.  Clear evidence of threshold 
behavior is observed (a) along with a sharpening of the fluorescence lifetime (b). 
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Chapter 7 
 

Conclusions 

With many of the key principles in place, such as low loss ZnSe optical fibers, chemical 

deposition of Cr2+:ZnSe, and proof of concept lasing in the pulsed regime, ongoing work will be 

to optimize the structure and materials properties to demonstrate Cr2+:ZnSe optical fiber lasers in 

the high power CW regime. A schematic of an ideal structure for power scaling the laser into the 

multi-watt CW regime is shown in Figure 7.1. A D-shaped cladding region of ZnSxSe(1-x) is used 

to both control the mode structure of the waveguide with a small refractive index gradient as well 

as to break the symmetry of the cladding to allow for efficient cladding pumping of the Cr2+:ZnSe 

core. Also, the layer will alleviate any absorption effects in the IR from silica above 3 µm. The 

diameter of the waveguiding core is large so that high powers of pump radiation can be focused 

into the structure, while the length is on the centimeter scale to absorb all the pump light 

efficiently. Owing to the long interaction length, the doping levels can be kept relatively low to 

reduce the thermal load over the length of the fiber. The structure is completely filled using the 

annealing techniques presented in Chapter 4, with either a thermal expansion matched glass 

cladding, or a SiC or SixNy higher thermal conductivity cladding. This dissertation has developed 

all of the necessary principles for fabricating this structure and the next step in this research will 

be to put it all together. As the power is scaled, the need for optical isolation will become more 

important.  Materials such as the DMS Zn(1-x)MnxSe (Section 1.2.4) would be ideal candidates for 

such devices and could readily be fabricated into the optical fiber geometry using the chemical 

principles developed in this dissertation. To access wavelengths further into the mid-IR, iron 

doping could be developed along with nonlinear OPG processes based on the second order 

nonlinearity of ZnSe (Chapter 5) to create a new platform of mid-IR optical fiber laser sources. 
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Figure 7.1: A schematic of an ideal structure for power scaling Cr2+:ZnSe optical fiber lasers. 

 
 As was shown throughout this dissertation, HPCVD is a useful tool for infiltrating high 

aspect ratio structures, such as MOFs, with chemical precursors for the deposition of a variety of 

materials. HPCVD can also be extended to other confined geometries such as microfluidic chips, 

inverse opals, and biotemplates. Interfacing HPCVD with microfluidic architecture could lead to 

a variety of new function in both platforms. For example, the field of optofluidics combines 

optical elements with microfluidic elements; depositing high quality optical materials in the 

channels of microfluidic chips could be another application of HPCVD. Furthermore, the 

polydimethylsiloxane channels routinely used in microfluidics are readily swelled in common 

solvents that limit their use as for microfluidic syntheses; coating the channels with a refractory 

material with HPCVD could alleviate this issue, while ZnO could be deposited and used as a 

piezoelectric microvalve. The control of laminar flow offered by microfluidic chips could be used 

to generate pulses of precursors that can flow into MOFs for high pressure ALD applications. The 

conformal nature of HPCVD could also be advantageous for biotemplating applications as well 

coating planar, nanostructured opals and photonic crystals. Importantly, the HPCVD principles 

discussed in this dissertation are not restricted to optical fiber applications. 
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