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ABSTRACT
MgB2, with a Tc of 39 K, is a promising material for superconducting electronics
and high field magnet applications. The development of deposition processes for MgB2
has been hampered by the unusually high Mg overpressure required for phase stability at
elevated temperatures. Hybrid physical-chemical vapor deposition (HPCVD), a process
developed at Penn State, combines thermal decomposition of B2H6 gas with an
evaporative Mg flux to deposit MgB2 and is able to provide sufficient Mg overpressure
for high temperature MgB2 growth. The HPCVD process does, however, have limitations
arising from the original reactor configuration. The substrate and Mg supply are heated
on the same inductively heated susceptor, which prevents independent temperature
control and limits both the size of substrates and the amount of Mg available for growth.
This in turn limits the useable range of deposition parameters such as substrate
temperature and restricts the growth time which is problematic for thick films and
coatings.
The goals of this study were to develop an improved understanding of the
HPCVD deposition process and design a new HPCVD reactor that addresses and
improves upon the limitations of the original configuration. A combination of
computational fluid dynamics simulations and growth experiments were used to study the
HPCVD process in the original reactor. A transport and chemistry model for the growth
of boron films from B2H6 was developed and used to evaluate new reactor configurations.
The simple chemistry model consists of the gas-phase decomposition of B2H6 to BH3, the
adsorption of BH3 onto an activated site to form a BH2-Site complex and the
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transformation of the complex into a boron film and the growth rates from this model
were in quantitative agreement with experimental data.
A vertical dual-heater reactor configuration which was interchangeable with the
original configuration was then developed to provide independent temperature control of
the substrate and Mg source and increased substrate size. MgB2 film growths in this
configuration were achieved, with comparable film properties from the original
configuration; however the process had poor reproducibility and low growth rates. Boron
film growth experiments and numerical modeling, incorporating the previously
developed chemistry model showed that there is substantial B2H6 depletion upstream of
the substrate and indicated that this configuration was not an optimal design.
An impinging jet reactor configuration was then designed to reduce parasitic
deposition upstream of the substrate, yet maintain the independent temperature control of
the substrate and Mg source.

Numerical modeling was used to explore process

parameters for boron thin film growth and provide a guide for growth experiments.
Initial experiments showed that a balance needed to be established between the loss of
B2H6 and the gas-phase nucleation of Mg particles from cold-finger effects induced by
the inlet jet flow.

Superconducting MgB2 films were successfully grown in the

impinging jet reactor that a Tc of 39.8 K and critical current density greater than 2x106
A/cm2 at zero magnetic field. The impinging jet configuration introduced a large degree
of flexibility in MgB2 deposition with thin axis oriented films deposited at low jet flow
rates with improved uniformity and thick coatings with growth rates in excess of 100
µm/hr at higher jet flow rates.
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Chapter 1
Introduction

1.1 Motivation
The recently discovered superconductor MgB2, with a critical transition
temperature of 39 K [1], has shown great promise for applications in superconducting
electronics, magnetic resonance imaging and magnetic field detection [2]. The transition
temperature of 39 K is the highest transition temperature for a traditional phonon
mediated superconductor [2, 3]. In addition to the high Tc, MgB2 has a simple crystalline
structure, has a long coherence length and is comprised of common and inexpensive
materials.

Although there are superconducting materials with substantially higher

transition temperatures, these materials present fundamental challenges in applications.
The high temperature superconductors (HTSs), such as YBCO (YBa2Cu3O7), generally
exhibit very complex stoichiometry and crystal structures. HTSs also exhibit weak-link
grain boundaries and therefore need to be bi-axially textured to be used in applications.
The combination of the complex crystal structures and weak-link grain boundaries make
it very difficult to deposit thin films of HTS materials. Figure 1-1 is a diagram from
Buzea & Yamashita which shows the crystalline structure of various classes of
superconducting materials.

It is clear that either elemental or simple compound

superconductors have much simpler crystal structures and stoichiometry compared to
HTSs and would therefore present fewer challenges in materials manufacturing. Nb (Tc =
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9.25 K) and Nb3Sn (Tc = 18.1 K) are currently used in commercial MRI systems and
superconductor circuit applications but require a much lower temperature than MgB2.
MgB2 exhibits advantages over existing HTS materials due to a simple crystal structure
and lack of weak-link grain boundaries [4] and over LTS materials because of a high Tc.

Figure 1-1: Crystal structure of various superconducting compounds. Diagram from
Buzea and Yamashita [2].

The basic building block of superconducting electronic devices is a multilayered
structure known as the Josephson junction. These junctions are comprised of an initial
superconductor film, a thin (1-5 nm) insulating barrier layer, and a second
superconductor film [5] as depicted in Figure 1-2. The Josephson junction operates via
the Josephson Effect, where Cooper pairs of electrons will (1) tunnel through the
insulating barrier layer in the absence of an external applied voltage (DC effect) and (2)
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oscillate at extremely high frequencies under an applied magnetic field (AC effect).
Devices such as Superconducting Quantum Interference Devices (SQUIDs) use
Josephson junctions to detect extremely weak magnetic fields. The higher transition
temperature of MgB2 would allow for Josephson junction based devices to operate at
higher temperatures than existing LTSs (~20 K) which would result in a significant
reduction in operating costs.

Insulator

MgB2

MgB2

Substrate
Figure 1-2: Basic diagram of a Josephson junction.

The successful fabrication of MgB2 Josephson junctions depends on the
deposition of a smooth initial layer of superconductor material. A rough surface will
deleteriously impact the functionality of the insulator and top superconductor layer. The
rough surfaces in the junction layers will create leakage paths that will suppress the
Josephson Effect rendering the junction useless.

The ideal situation is that the

superconductor-insulator interfaces will be very sharp and abrupt.

In addition to Josephson junctions, superconducting materials have applications in
superconducting magnets, specifically in MRI machines.

Superconducting magnets
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consist of coils of wires that are cooled to liquid helium temperatures (~ 4 K). Since
these magnets experience no electrical resistance they are much more powerful and
economical than resistive magnets.

MgB2, with a higher Tc than other LTS’s, has

potential applications in superconducting magnets since it would reduce the operating
cost of the equipment yet still maintain comparable performance to existing technology.
In contrast to the Josephson junction, which requires epitaxial thin films, MRI magnets
will require thick coatings of MgB2 on long conductive wires. The challenge for magnet
applications is to successfully deposit MgB2 coatings with high growth rates and in a
manner that would be consistent with a continual feed of wire.

A thin film deposition technique must be able to provide a sufficient overpressure
of Mg over MgB2 to ensure phase stability due to the relatively high volatility of Mg at
elevated temperatures [6]. For good crystal quality, the temperature should be ~½ Tmelt
of the film material (~1000oC for MgB2) based on the zone model for film growth [7].
Figure 1-3 shows the results of thermodynamic calculations on the phase stability of
MgB2 and indicates a stable region. This growth window, labeled as “Gas+MgB2,”
clearly shows that as the temperature is increased, the required overpressure of Mg vapor
increases exponentially.

As the substrate temperature is increased, the sticking

probability of Mg decreases [8]. Mg is also highly reactive and will quickly oxidize to
form MgO in the presence of oxygen. The formation of MgO can affect the growth of
MgB2 films by decreasing the Mg overpressure and will result in insulating grain
boundaries and a nano-crystalline structure, both of which will ultimately lead to a
degradation in the superconducting properties of the film [9, 10].
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Figure 1-3: Operational phase diagram of the Mg-B system at different pressures and
temperatures. The region marked “Gas+MgB2” is the thermodynamically predicted
stability window for the growth of MgB2 films. Diagram from Liu et al. [6].

The desire for high temperature MgB2 growth reinforces the necessity of a sound
understanding of the MgB2 phase stability and the chemical mechanisms responsible for
film growth. A number of different thin film growth techniques, such as molecular beam
epitaxy (MBE) and pulsed-laser deposition (PLD), have been utilized for MgB2 growth in
a variety of in-situ (one step MgB2 deposition) and ex-situ (multiple step reaction to form
MgB2) combinations [11]. These techniques, however, were not able to simultaneously
provide the elevated temperatures required for higher crystalline quality and sufficient
Mg vapor for phase stability in a completely in-situ growth technique.

A novel

technique developed previously at Penn State has shown remarkable success in the
growth of epitaxial MgB2 thin films at elevated temperatures by operating at higher total
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pressures and providing a large supply of Mg vapor [12]. This technique, known as
Hybrid Physical-Chemical Vapor Deposition (HPCVD), utilizes a combination of both
physical and chemical vapor deposition. The Mg source is the evaporative flux from Mg
metal and the boron source is diborane (B2H6) gas. Briefly, in this process both the Mg
pieces and the substrate are placed on an inductively heated susceptor while a mixture of
hydrogen (H2) and B2H6 gas flows through the reactor tube as shown in Figure 1-4. The
B2H6 and Mg react to deposit MgB2 on the substrate material. Film growth usually
occurs at a susceptor temperature of approximately 720oC which is above the melting
temperature of Mg.

H2, B2H6

Mg

Figure 1-4: Schematic of the basic HPCVD reactor configuration.

The results from HPCVD growth of MgB2 thin films show promise in its utility as
a growth technique in the future for Josephson junction applications. Zeng et al. have
shown that HPCVD produces epitaxial MgB2 films on both sapphire and SiC substrates
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[12, 13]. Pogrebnyakov et al. has shown that using HPCVD growth of MgB2 thin films
on sapphire and SiC substrates produces an enhancement of the superconducting
transition temperature (Tc = 41 K) due to the increase in tensile strain induced by the
mismatch of the coefficient of thermal expansion between the MgB2 thin film and
substrate material [14].

HPCVD does, however, have considerable limitations in the flexibility of process
parameters and physical geometry constraints that need to be addressed to advance the
technique. The substrate and the Mg pellets are both placed on the inductively heated
susceptor, as Figure 1-4 shows, so the Mg source and substrate temperatures are coupled.
The physical geometry of the susceptor also constrains the size of the substrate to only
small experimental size samples (5mm x 5mm). The process is also highly dependent on
the amount of Mg metal used in any given experimental run. The coupled heating of the
substrate and Mg source limits the amount of time available with a sufficient Mg supply
to deposit MgB2 thin films. This limited time frame constrains the flexibility for varying
growth times and thicknesses of films. Pogrebnyakov et al. demonstrated that the MgB2
growth rate varies proportionally with the inlet concentration of B2H6 [15].

The

maximum film thickness that was obtained, however, was still only 450 nm due to the
limited supply of Mg available. The growth rate dependency on the inlet concentration
indicates that thicker films (of interest for MRI) can be deposited by increasing the B2H6
concentration. However, HPCVD still requires a high substrate temperature (greater than
700oC) but it is desirable to be able to deposit films at lower substrate temperatures to
prevent diffusion in a multilayered structure, such as a Josephson junction.
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1.2 Research Objectives
This work presents an investigation into developing a transport and chemistry
model to design improved HPCVD reactor configurations that provide increased
operational flexibility. The primary limitations of the original HPCVD process are (1)
the inability to independently control the substrate and Mg source temperatures, (2) the
constraint on substrate size due to the need of placing the Mg source on the susceptor and
(3) limited flexibility in growth time or film thickness. The goal of this work was to use
a combination of experimental and numerical process modeling studies to improve upon
the original HPCVD design. The research was focused on developing new HPCVD
configurations that would provide independent source/substrate temperature control,
growth over larger substrate areas and increased Mg capacity for longer growth runs and
thicker films.

Initially, a chemistry model describing boron film growth was developed in the
original, single heater HPCVD reactor and was subsequently used to explore new reactor
configurations. The reactor design work was constrained to vertical geometries that
utilized the existing gas inlet and exhaust configuration; thereby enabling new geometries
to be explored while maintaining the capabilities to continue to deposit MgB2 films in the
original configuration.

Experimental studies on the growth of boron films were

performed in the new designs to confirm the model predictions. The new designs were
used to deposit MgB2 thin films after the boron film growth studies were complete.
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1.3 Thesis Outline
Chapter 2 presents a more thorough background on MgB2 properties and the
adjoining restrictions on the growth techniques. A review of the published literature on
the various growth techniques (in-situ and ex-situ) for MgB2 thin films is also presented,
with an emphasis on the HPCVD process.

Chapter 3 presents the experimental and modeling approach used in this study and
contains a description of the HPCVD system hardware and information on the actual
operation of the equipment. The general specifications used for sample characterization
are also presented. A review of the important assumptions and general equations used in
the computational fluid dynamics simulations is also presented.

Chapter 4 contains results of the development of a predictive chemistry model for
boron film deposition from B2H6 that was incorporated into the numerical flow
simulations. Experimental and modeling results of boron film growth in the original
single heater HPCVD configuration are presented. The thermal profile of the HPCVD
system is both modeled and experimentally determined.

The effects of inlet B2H6

concentration and substrate temperatures on the boron film growth rates are investigated.
A chemistry model is developed which accurately describes the growth of boron films.

In chapter 5, the results of experimental and modeling studies of the growth of
boron and MgB2 thin films are presented for new reactor designs. In this chapter, new
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reactor designs and configurations were utilized to improve upon the original HPCVD
processes shortcomings. Initially, a dual-heater HPCVD technique was developed that
permitted independent temperature control of the substrate and Mg supply. The growth
of boron films was investigated with both numerical modeling and experimental work.
This particular split heater system was shown to have very poor delivery of B2H6 to the
substrate and consequently new reactor designs were explored. A cooled impinging jet
configuration was also investigated as possibly being a more effective delivery technique
of source materials. The impinging jet design was thoroughly investigated using the
chemistry model presented in chapter 4. Several factors (Mg crucible temperature, jet
flow rate, crucible substrate spacing etc...) which could potentially impact the growth of
boron thin films, thus impacting MgB2 thin film growth, were investigated using
numerical modeling and were compared with select test cases of actual thin film growth
experiments. The growth of MgB2 thin films with the impinging jet design was also
investigated as a means of establishing the usefulness of this particular configuration in
terms of operational flexibility.

Chapter 6 contains a summary of the important conclusions from this study, with
special emphasis on the development of this process into a more flexible technique.
Suggestions for future work and new reactor designs are also presented.
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Chapter 2
Background and Literature Review

2.1 Introduction
This chapter is focused on presenting a background of the Mg-B system, in
particular MgB2, as well as reviewing prior studies on the growth and superconducting
properties of MgB2 thin films.

First, a brief overview of initial thermodynamic

predictions of the phase stability of the Mg-B system, which identified a suitable window
for the growth of MgB2, is presented. Then a review of MgB2 growth techniques is
presented including a detailed review of the pertinent literature on MgB2 thin film growth
techniques. Many different growth techniques have been employed for MgB2 thin film
growth, including sputtering, molecular beam epitaxy (MBE) and electron beam
evaporation (E-beam). The chapter concludes with a discussion on hybrid physicalchemical vapor deposition (HPCVD) which was developed at Penn State.

More

elaborate discussions on the equipment used in the HPCVD system are included in
Chapter 3.

2.2 MgB2 Crystal Structure and Phase Stability
MgB2 has a hexagonal crystal structure as shown in Figure 2-1 in which the boron
atoms form a graphite-like layer and are separated by hexagonal close-packed layers of
Mg [1].

The lattice constants for the “a” and “c” planes are 3.086 and 3.524 Å
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respectively. The high volatility of magnesium compared to boron is the main challenge
to overcome in developing an in situ growth technique for MgB2 thin films. It is
important to be able to achieve a balance between an adequate growth temperature to
ensure high crystal quality (~1/2 Tmelt (K), according to the zone model [2], which is
~1000oC for MgB2) and an adequate supply of the more volatile Mg to maintain film
stoichiometry. An understanding of the thermodynamic phase stability of the Mg-B
system can help to direct which general process parameters (pressure and temperature)
can be used to maintain this balance between growth temperature and supply of Mg.
Although it is very difficult to extrapolate thermodynamic results into a dynamic process,
the overall trends that can be shown in thermodynamic phase stability can be very
insightful. Thermodynamic simulations have been used to give insight as to what general
process parameters should be used to obtain a stable MgB2 phase.

c

a
Figure 2-1: Crystal structure of MgB2. The large atoms on the periphery of the HCP
structure (blue) are Mg and the smaller atoms in the interior are B. Lattice constants a =
3.086 Å and c = 3.524 Å, Buzea et al [1].
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Liu et al. has performed thermodynamic calculations for the Mg-B system to
predict phase diagrams [3, 4]. Thermodynamic phase diagrams of the Mg-B system
calculated by Liu et al. are shown in Figure 2-2. In the figure, “Gas,” “Liquid,” and
“Solid” refer to pure Mg phases. Each of the plots shown in Figure 2-2 is at a different
total pressure but are all at conditions were the Mg/B atomic ratio is greater than the
stoichiometric ratio of 1:2. These results show that as the total pressure is reduced from
760 Torr to 1 mTorr the decomposition temperature of MgB2 is reduced from 1545oC to
600oC [4]. The decomposition of MgB2 is predicted to be the liberation of Mg to form
more Mg vapor and MgB4, MgB7 and even solid B at the extreme.

The

thermodynamically predicted decomposition route has been experimentally observed by
Brutti et al. [5, 6] and by Balducci et al. [7] where the only gas species detected was Mg
evolving from MgB2.

Experimental values of the corresponding decomposition

temperatures determined by Brutti et al. [6] are in agreement with the values predicted by
Liu et al. [4].

At lower pressures, the thermodynamically predicted decomposition

temperature is very low and may substantially limit the choice of deposition technique by
limiting the maximum temperature. For example, high vacuum techniques such as MBE,
where pressures are on the order of 10-7 Torr, would be limited to low substrate
temperatures based on the trends observed in Figure 2-2.
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Figure 2-2: Calculated thermodynamic phase diagrams of the Mg-B system at three
different total pressures. (a) 760 Torr (listed as 1 atm), (b) 1 Torr and (c) 1mTorr. Image
is from the results of Liu et al. [4].
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Liu et al. also carried out thermodynamic composition calculations at a fixed
temperature of 850oC while varying the Mg pressure.

These results, presented in

Figure 2-3, show that at this temperature, the minimum overpressure of Mg required to
maintain MgB2 phase stability is approximately 340 mTorr [4]. Below this minimum
amount the MgB2 will decompose to the more thermodynamically favored phases. The
results from Figure 2-2 and Figure 2-3 also suggest good stoichiometric control. When
there is an insufficient supply of Mg vapor to the system, the more favored species
(MgB4, MgB7, B) will automatically form. When that supply is increased to the levels
required for MgB2 phase stability, that phase will be thermodynamically favored. The
results presented by Liu et al. can be summarized in a pressure-temperature plot which
provides insightful information on the thermodynamically predicted phases at typical
process parameters. This is shown in Figure 2-4 and provides a very clear comparison of
thermodynamically predicted phases as the Mg overpressure and growth temperatures are
varied. The region marked “Gas+MgB2” is the stable region for Mg vapor in equilibrium
with solid MgB2 for the Mg/B atomic ratio greater than 1/2. This figure clearly shows
that as the substrate or growth temperature is increased, the required overpressure of Mg
vapor increases exponentially. At the high temperatures required for good crystal quality
(~1000oC) the Mg overpressure required is at approximately 10 Torr [4] which excludes
the use of high vacuum growth techniques at these temperatures. Results by Fan et al.
have shown that a substantial kinetic limitation exists in the decomposition of MgB2 [8]
which indicates that the overpressure required for MgB2 phase stability may be much
lower (1000x) than the thermodynamic predictions. The experimental observations by
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Fan et al. indicate that non-equilibrium techniques can be used to deposit MgB2 at much
lower Mg overpressures than predicted from thermodynamics.

Figure 2-3: Mg-B phase diagram at a constant system temperature of 850oC performed by
Z.-K. Liu et al. [4].
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Figure 2-4: Operational phase diagram of the Mg-B system at different pressures and
temperatures. The region marked “Gas+MgB2” is the thermodynamically predicted
stability window for the growth of MgB2 films [4].

2.3 Substrates for MgB2
Suitable substrate candidates for MgB2 growth are materials that share a common
crystal structure and that show little or no chemical reactivity with Mg or MgB2. SiC and
sapphire are common substrates that have been used in the growth of MgB2. Silicon has
been used in select studies but without an appropriate buffer layer it will readily react
with Mg. There are additional compound semiconductor materials with a hexagonal
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structure such as GaN and AlN. The cost of both stand-alone GaN substrates and
epilayer templates of GaN on SiC and sapphire are very high. The availability of standalone AlN substrates is very limited at the present time and like GaN epilayers, templates
are very expensive. Table 2-1 shows a comparison of the lattice mismatch between
MgB2 and possible substrate materials. The best lattice match occurs with 6H-SiC,
although the best match of the coefficient of thermal expansion is with GaN. The lattice
mismatch of sapphire (Al2O3) is very high; however, when using sapphire there is a
rotation of the MgB2 lattice by 30o to accommodate the larger lattice constant of sapphire
[9].

Table 2-1: Lattice constants and thermal expansion coefficients of select substrates and
MgB2.
Material

"a" Lattice Constant (Å)

Thermal Expansion Coeffieicent (x10-6 K)

% Lattice Mismatch

MgB2

3.086

5.5

-

Al2O3

4.765

6.72

35.24

6H-SiC

3.081

3

0.16

AlN

3.112

4.2

0.84

GaN

3.189

5.59

3.23

* Table from Spring MRS Presentation, Redwing et al., 2003.

In addition, it is also important that the substrate material be chemically stable
with the MgB2 thin film. Thermodynamic calculations performed by Liu et al. showed
that MgO, SiC, AlN and TaN are all nonreactive substrates and that with sapphire only
MgO will form [10]. The more common substrate materials, Si and SiO2, readily react
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with Mg to form silicides [10] and are therefore poorly suited as substrate candidates
without using appropriate buffer layers, such as AlN. Zeng et al. did show that layers of
MgO were observed at the substrate-film interface when using sapphire substrates [9].
Sapphire and SiC were the substrates used in this study.

2.4 MgB2 Thin Film Growth
The requirement of a high overpressure of Mg vapor places substantial limitations
on the operational ranges of any selected technique for the growth of MgB2 films.
Several different growth techniques have been used, such as molecular beam epitaxy
(MBE) and pulsed laser deposition (PLD). The various techniques that have been used
are best broken up into three general categories based on the general growth process: exsitu, in-situ with post deposition anneal and in-situ as grown. The ex-situ category uses
multiple reactor vessels and deposition steps to form a single MgB2 film. For example,
deposition of a boron film by CVD followed by annealing in a sealed tube with excess
Mg vapor. The in-situ growth category means that the MgB2 film was deposited in one
deposition step. A number of deposition techniques are used in each of the categories.
The remainder of this chapter is dedicated to discussing these various techniques and
comparing the resultant film properties. The deposition techniques will be compared
based on the resultant film properties such as superconducting transition temperature, Tc,
and the residual resistivity ratio, RRR, which is generally reported as the ratio of the
resistivity of the film at 300 K and at ~ 50 K. The desired properties of MgB2 films
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produced by any of the growth technique are: high Tc, high RRR, and good crystalline
quality.

2.4.1 Ex-Situ Growth
Ex-Situ processes for MgB2 involve an initial deposition of a precursor film, for
example boron, and a subsequent high temperature Mg treatment to convert the film to
MgB2 as depicted in the schematic shown in Figure 2-5. A variety of techniques have
been used to deposit the initial boron film including CVD [11], PLD [12-14], electron
beam evaporation (E-beam) [15-18], thermal evaporation [19] and sputtering [20, 21].
The annealing step occurs in an Mg ambient at high temperatures (650oC-950oC). The
substrate and boron precursor film are generally loaded into a tantalum tube in addition to
pieces of Mg and/or MgB2 powder. The Mg vapor will then diffuse into the boron film
and react to form MgB2. Zhai et al. used a variant of the Mg anneal and used ion
implantation of Mg in the boron precursor film to fabricate MgB2 films [18].

CVD, PLD, E-beam, sputtering

Boron Film

High temperature Mg environment

MgB2 Film

Substrate

Substrate
Deposition of boron film

Anneal in Mg ambient

Figure 2-5: Schematic of the ex-situ growth process for MgB2 films.
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The reported quality of the ex-situ MgB2 films varied dramatically depending on
the boron film growth technique. Fu et al. reported MgB2 films that were grown on caxis oriented on sapphire substrates, using CVD to deposit the boron precursor film, but
the surface showed large granular structures and was very rough appearing, as shown in
Figure 2-6. Crystal structure varied from polycrystalline films reported by Moon et al.
[15] to highly oriented [11, 13, 16, 18] and even epitaxial [12, 20, 21]. In general, the
film surfaces were very rough, most likely due to the diffusion of Mg into the boron
precursor film. Ferrando et al. initially deposited a buffer layer of ZrB2 on c-axis
sapphire substrates prior to boron deposition by PLD. The RMS roughness of the ZrB2
film was 6 Å and the roughness of a subsequent MgB2 film grown on the buffer layer was
55 Å, an order of magnitude increase. The results of Paranthaman et al. showed a degree
of axis orientation, using boron precursor films deposited on sapphire by E-beam
evaporation, and surface features of a granular microstructure [16] shown in Figure 2-7.

Figure 2-6: SEM images of MgB2 films grown by ex-situ processing using CVD to
deposit the boron film precursor. Image reproduced from Fu et al. [11].
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Figure 2-7: Granular structure of MgB2 film from Paranthaman et al. [16].

The film properties resulting from the ex-situ MgB2 growth process are
summarized in Table 2-2.

In the context of depositing thin films for use in

superconducting devices, the ex-situ growth process is probably a poor choice. This
process results in films of high surface roughness which will deleteriously impact the
subsequent deposition of the multiple layers required for Josephson junctions. Ex-situ
films also showed low RRR values (RRR < 2) which is indicative of poor film quality.
The process itself, requiring multiple steps to form MgB2, is undesirable in the context of
multilayer deposition of the insulating barrier layer and the secondary MgB2 layer.
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Table 2-2: Summary table of the film properties using the ex-situ growth process.
RRR
References
ρ(300K)/ρ(50K)

Boron Precursor
Technique

RMS
Roughness (Å)

Tc (K)

CVD

N/A

36

1.79

[11]

PLD

55

37.6-39

2.4

[12-14]

E-beam

200

33.6-38.6

N/A

[15-18]

Sputtering

30-800

35

2

[20, 21]

Thermal
Evaporation

N/A

37

N/A

[19]

N/A = Not Available

2.4.2 In-Situ Growth with Post Anneal
Processes have also been proposed that involve the in-situ deposition of MgB2 or
MgBx films followed with a post-growth anneal. A number of publications indicated that
without an annealing step that the resultant films did not show superconducting behavior
[22-26]. The precursor film has been deposited by sputtering [23, 24, 27-30], E-beam
evaporation [31-39], thermal evaporation [19], MBE [22] and PLD [14, 25, 26, 38, 4055]. The Mg/B sources varied from separate Mg and B sources [19, 22-24, 27, 30-36, 38,
39, 48, 49], stoichiometric MgB2 [25, 26, 37, 40, 42, 44, 45], Mg enriched MgB2 [43, 46,
47, 50, 52-55], separate MgB2 and Mg sources [28, 29, 41, 51] and separate MgB2 and B
sources [14].

The annealing environment varied from Ar ambient/vacuum [19, 23, 24,
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27, 30-36, 38, 39, 41, 42, 48-50, 52, 53], high Mg flux [14, 25, 26, 28, 29, 37, 40, 44, 45,
55] and Ar ambient with constant Mg source flux [22, 43, 46, 47, 51, 54]. A cumulative
summary is shown in Figure 2-8.

Sources:
Mg, B, MgB2,
Mg enriched MgB2

Processes:
Thermal Evaporation,
MBE, PLD, Sputtering,
E-Beam

Processes:
Vacuum, Ar Ambient,
Ar with Mg Flux,
High Mg Flux

MgBx film

MgB2 film

Substrate

Substrate

Deposition of Precursor Film

Annealing

Figure 2-8: Summary figure of the in-situ with post-deposition anneal strategy for the
growth of MgB2 thin films.

A common procedure was to use a layer-by-layer deposition procedure [32-34,
36, 39, 41, 47, 48, 51, 53] where Mg and B layers were individually deposited. The
annealing steps would then allow the layers to react and form MgB2. Zhang et al. used
E-beam evaporation to deposit their layer-by-layer precursor films followed with an Arvacuum anneal at 630oC for 20-30 minutes (3).

Figure 2-9 presents an AFM scan

performed by Zhang et al. showing a small grained film structure on C-plane sapphire.
The crystallites appear to have a hexagonal shape. An RMS roughness is not reported for
this film but in comparison to Figure 2-6 and Figure 2-7 the surface appears to be much
more homogeneous and suitable for multilayered growth than ex-situ films. Fudamoto et

26
al. used PLD with a stoichiometric MgB2 target for their precursor film initially without
annealing and did not observe any superconductivity properties [25, 26]. Their process
was then changed to include annealing with pieces of high-purity Mg enclosed with the
substrate and precursor film in a silica tube. Zr foil was also included to act as an oxygen
getter. The tube was then filled to 0.3 atm with Ar and heated at 600oC for 24 hours.
Figure 2-10 from [25] shows the surface morphology of the final film product. RMS
roughness values were not reported but the surface appears to be fairly rough. A number
of crystallites shown in Figure 2-10 show a hexagonal shape consistent with the crystal
structure of MgB2.

Figure 2-9: AFM scan of an MgB2 film grown on (0001) sapphire, image from [33].
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Figure 2-10: SEM image of an MgB2 film surface. Micron sized crystallites are observed
and the film appears to be fairly rough, image from [25].

An overall summary of the film properties for the in-situ with post growth anneal
is shown in Table 2-3. The use of in-situ film growth processes followed by anneals is an
improvement over the ex-situ process. The use of multi-layer deposition, demonstrated
with E-beam [32-34, 36, 39] and PLD [41, 47, 48, 51, 53], shows that films of surface
roughness values down to 15 Å being reported over a 500 x 500 nm2 area [41]. RRR
values greater than 10 were also reported [47, 55] which is a considerable improvement
to the ex-situ results. However, there is still a requirement for multiple steps (precursor
film + anneal) which is not advantageous for junction fabrication. A number of the
reported anneals required long times (>24 hrs.) and elevated temperatures. This is
essentially identical to the use of the ex-situ techniques but does; however, result in
slightly better film properties.
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Table 2-3: Summary table of film properties and process options for the in-situ deposition
of MgB2 films followed by annealing.
Precursor
Film
Deposition
Technique

Anneal
Technique

RMS
Roughness
(Å)

Tc (K)

RRR
ρ(300K)/ρ (50K)

MBE

Mg Flux

17.4

30-37

N/A

Thermal
Evaporation

Ar Ambient

N/A

16

N/A

E-beam

Ar Ambient

100

16-36

1.1-4

E-beam

Mg Flux

59.6

20-31

N/A

Sputtering

Ar Ambient

N/A

15-33

0.49-1.6

Sputtering

Mg Flux

N/A

34.535

1.6

PLD

Ar Ambient

15-600

7.5-35

1.0

PLD

Ar with Mg
Ablation

N/A

17-34

1-18

PLD

Mg Flux

150

6-36

<1-14

N/A = Not Available

2.4.3 In-Situ, As Grown
The next level in MgB2 thin film growth processes is entirely in-situ without any
annealing after deposition. A process that is completely in-situ is more compatible with
the growth of multilayered structures, such as those required for Josephson junctions.
The MgB2 films have been grown using PLD [38, 56, 57], sputtering [58-61], sputtering
and thermal evaporation [62], MBE [63-71], E-beam [72], E-beam and thermal
evaporation [73-76] and reactive evaporation [77-79]. Separate Mg and B sources were
used in all of the techniques employed. The substrate temperatures varied from a low
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value of 100oC in MBE [67] to a high value of 700oC with PLD using a stoichiometric
MgB2 source [57].

Schneider et al. have presented a very novel variant of sputtering for MgB2 thin
film growth that is entirely in situ [62]. Their experimental setup uses a boron sputtering
target in conjunction with the thermal evaporation of high purity Mg metal. Figure 2-11
is a diagram describing the setup of their reactor. The substrate is placed on a pedestal
that is exposed to both the boron sputtering and a high flux of Mg vapor provided by the
localized heating of the Mg supply.

This experimental setup has independent

temperature control of the substrate and Mg supply with effective temperature ranges of
360oC-530oC for the Mg temperature. Higher Mg source temperatures were possible but
resulted in thick coatings on the boron target, therefore interfering with the boron supply.
The film properties, without an annealing step, had a transition temperature of 26 K for a
substrate temperature of 340oC and 33 K at a substrate temperature of 440oC, both
showing very sharp transitions. The RRR values were again low at 1.32. An annealing
step did improve some of the film properties but introduced surface damage from the loss
of Mg from the film material [62].
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Figure 2-11: Experimental setup presented by Schneider et al. for the in situ deposition of
MgB2 thin films through sputtering, image from [62].

MBE growth has shown some considerable success at high-vacuum/lowtemperature growth with Tc values as high as 38 K [63-71].

Lower substrate

temperatures were used so that sufficient Mg overpressure could be maintained for MgB2
phase stability. Kim et al. showed that as the substrate temperature was increased that
the sticking coefficient of Mg was reduced and the MgB2 growth rate decreased [49].
This decrease in the growth rate was attributed to the reduction in the Mg sticking
coefficient. Kim et al. also showed that as the substrate temperature was increased from
270oC to 300oC, the Tc increased from 30 K to 37 K [65]. Films grown at temperatures
higher than 300oC were not superconducting. They also reported a change in film
stoichiometry as the substrate temperature was increased. The films were found to be
Mg-rich at lower substrate temperatures, while films grown at higher temperatures were
found to be Mg deficient.

These results are consistent with the thermodynamic

calculations shown in Figure 2-4 which indicate that high vacuum techniques will be
limited in the substrate temperatures that can be used.
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Reactive evaporation, a variant of E-beam evaporation, has been shown to be very
successful in the deposition of MgB2 thin films on large area substrates [77-79]. Reactive
evaporation uses multiple reaction zones and a rotating disk which moves the substrate
from one zone to another as shown in Figure 2-12 [79]. The Mg vapor is supplied by the
thermal evaporation of Mg metal and the boron vapor source is from the e-beam
evaporation of a solid boron source. The substrate is mounted on a tray that is affixed to
a rotating shaft. The Mg and B sources are essentially located in two distinct subchambers in the vacuum chamber and the substrate tray is rotated at high RPM so that the
substrate is rapidly exposed to both zones. This process also has the ability to essentially
independently control the Mg supply temperature and the substrate temperature. They
have reported MgB2 growth on a variety of substrates, including metal conductors, which
is an important technology for MgB2 coated wires for MRI. Films grown at a substrate
temperature of 550oC on R-plane sapphire have shown Tc’s of 39 K and an RMS
roughness from 10 to 50 Å. The RRR was estimated to be 3.8 from figures shown in [78,
79].

Figure 2-12: Schematic of the reactive evaporation configuration designed by Moeckly &
Ruby from [78].
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In-situ growth of MgB2 thin films, without secondary annealing procedures, is
possible and has been shown to be very successful under the correct process parameters.
However, the film properties shown are still not as good as bulk MgB2, with Tc varying
dramatically and RRR values greater than 10 not very common (bulk RRR values are ~
24 [1]). The reactive evaporation technique proposed by Moeckly and Ruby, with the
capability of large substrate growth, shows great promise for Josephson junction
fabrication. However, this technique has inherently low growth rates and may not be
suitable for thick coatings for MRI applications.

2.5 Hybrid Physical-Chemical Vapor Deposition
Hybrid physical-chemical vapor deposition (HPCVD) of MgB2 thin films is a
technique that was developed at Penn State to overcome the problems of insufficient Mg
pressure and MgB2 phase stability for high temperature growth. HPCVD uses higher
total pressures to provide sufficient Mg overpressure for phase stability at higher
substrate temperatures. The increase in the substrate temperature will also improve the
crystalline quality of the deposited films. The total reactor pressure is held constant
between 25-100 Torr, substantially higher than the vacuum deposition techniques
discussed above. The reactor chamber is a vertical, cold-wall chamber with an inner
diameter of ~ 50 mm.

In the original HPCVD design, both the Mg source and the substrate are placed on
an inductively heated stainless steel susceptor as depicted in Figure 2-13. The substrate,
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typically C-plane sapphire or 4H-, 6H-SiC, is placed in the center of the susceptor.
Pieces of high purity Mg metal are placed in a grooved well on the periphery of the
susceptor. The boron source is from diborane (B2H6) gas. The B2H6 is purchased as a
mixture with H2 and additional H2 is used a carrier gas. The evaporative flux from the
Mg pieces provides a source of very pure Mg vapor and may also act as a getter for
oxygen [79] to further reduce the potential for oxygen contamination. The substrate and
Mg pieces are heated as the susceptor is heated. Film growth usually occurs at susceptor
temperatures of ~ 700oC, at which point the Mg pieces have been completely liquefied.
The Mg vapor and B2H6 react to deposit MgB2 on the substrate surface.

H2, B2H6

Mg

Figure 2-13: Schematic of original HPCVD reactor design.

Zeng et al. have shown that HPCVD is capable of producing epitaxial films on
both SiC and sapphire substrate materials [9]. The MgB2 films grown on sapphire
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showed a 30o rotation on the (0001) plane to accommodate the lattice mismatch. A layer
of MgO was also observed between the sapphire and MgB2 film. Films grown on SiC
were c-axis oriented and showed no traces of MgO.

MgB2 films grown on both

substrates showed excellent crystalline properties with the roughness reported as low as 4
nm on both SiC and sapphire substrates. Figure 2-14 shows an SEM image of the surface
of a film grown on sapphire by Zeng et al..

The hexagonal structures of MgB2

crystallites are clearly visible. Figure 2-15 presents two different AFM scans of MgB2
films on sapphire (a) and SiC (b) by Zeng et al.. The RMS roughness of the film grown
on sapphire was ~ 40 Å and on SiC was ~25 Å. These preliminary results also show
consistent superconducting transition temperatures of 40 K and RRR values of ~ 4. The
surfaces of the films shown in Figure 2-15 are much smoother than those presented
earlier and show significant promise in the fabrication of Josephson junctions.

Figure 2-14: SEM image of an HPCVD grown MgB2 film on sapphire, image from [9].
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(a)

(b)

Figure 2-15: AFM images of MgB2 film surfaces on sapphire (a) and SiC (b). The RMS
roughness is 4 nm for (a) and 2.5 nm for (b). Images from [9].

The sticking probability of Mg is expected to be very small at the temperatures
(720oC) used in HPCVD [49]. Coupled with the high evaporation flux from the Mg
source this implies that B2H6 is the limiting reactant and that the growth rate should be
related to the inlet concentration of B2H6. Pogrebnyakov et al. have shown that the MgB2
growth rate has a linear dependence on the inlet concentration of B2H6 as shown in
Figure 2-16 [80]. Use of H2 as the carrier gas in HPCVD helps to prevent the formation
of MgO, as the oxygen is thermodynamically more stable as H2O vapor as opposed to
MgO when there is a high partial pressure of H2 present. Negligible amounts of MgO
have been observed in HPCVD films grown on SiC [9, 46, 80-85]. It has also been
shown that the critical transition temperature of HPCVD films were consistently higher
than the value reported for bulk MgB2. This enhancement was later reported as arising
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from the strain in the film caused by a mismatch in the thermal expansion coefficients of
MgB2 and SiC [81].

Figure 2-16: Plot of MgB2 growth rates by HPCVD at different inlet B2H6 flow rates
from [80].

In addition to thin films, HPCVD has been used to grow thick films of MgB2.
Thick films, or coatings, have potential applications in coated conductors for MRI and for
high current applications. Chen et al. successfully used HPCVD to deposit 40 µm thick
coatings on sapphire at a growth rate of 17 nm/sec [86]. The process temperature was in
the range of 680oC to 830oC, consistent with the temperatures used by Pogrebnyakov et
al. The film by Chen et al. was not epitaxial, but was oriented along the (101) axis.
Figure 2-17 shows SEM images of the cross-section and the film surface.
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(a)

(b)

Figure 2-17: SEM images of the cross-section (a) and surface (b) of a 40 µm thick MgB2
film grown on sapphire by HPCVD by Chen et al.

The results presented by Zeng et al. and later by Pogrebnyakov et al. focused on
the narrow temperature range between 700-720oC [9, 80-82, 85]. The coupled heating of
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the substrate and Mg source in the current HPCVD geometry limits the variability of the
temperature range. Attempts have been made at varying the position of the susceptor in
the coil to vary the substrate temperature in the original HPCVD configuration [87]. The
motive for varying the position of the susceptor was to find a way to increase the
coupling of the inductive field with the Mg pieces so that the Mg temperature would
remain roughly constant but allow the substrate temperature to vary. The results from
Liu et al. at different susceptor temperatures while maintaining a constant position in the
coil show a reduction in the growth rate from 13.5 Å/sec to 7 Å/sec as the temperature is
reduced from 700oC to 650oC [87]. It is still unclear as to how this effect correlates to the
coupled heating of the Mg supply and substrates. Reducing the substrate temperature
corresponds to a reduction in the Mg temperature and thus the evaporation rate of Mg.
This reduction in the evaporation rate can lead to an insufficient Mg overpressure for
MgB2 stability. Conversely, an increase in the substrate temperature leads to an increase
in the evaporation rate of the Mg which will lead to a premature depletion of the Mg
supply.

2.6 Summary
HPCVD has been shown to be an effective process to deposit both epitaxial MgB2
thin films (Josephson junction applications) as well as thick coatings (MRI applications).
HPCVD is able to overcome the thermodynamic requirement of excess Mg vapor for
MgB2 phase stability at higher substrate temperatures.

Increasing the substrate

temperature improves the crystal quality of the film and the superconducting properties
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(Tc, RRR, etc…). Nevertheless, the current HPCVD system has some weaknesses that
need to be addressed as the process is further developed. In the current system, it is not
possible to independently control the substrate and Mg source temperatures. The coupled
heating makes it difficult to optimize the process and to understand the temperature
dependencies of Mg and substrate temperature on the growth of MgB2 films. In order to
more fully develop the HPCVD process, the configuration needs to be adjusted to allow
for the maximum amount of flexibility.
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Chapter 3
Experimental Conditions and Modeling Setup

3.1 Introduction
This chapter details both the experimental conditions and modeling
assumptions and setups that were used in this study. A detailed presentation on the
operation of the HPCVD system is presented, focusing on the gas panel and original
HPCVD reactor configuration. Multiple HPCVD reactor designs were investigated in
this work and each are described in detail in this chapter.

Sample preparation

procedures and the growth process are briefly described followed by a discussion on
the various characterization tools utilized for the study of HPCVD growth of MgB2
thin films. While all of the growth and most of the characterization of the film was
performed by the author, temperature dependent resistivity and A.C. susceptibility
measurements were performed by Dr. Rudeger Wilke at The Pennsylvania State
University. The equations and assumptions used in the commercially available fluid
dynamics software package CFD-ACE+ (ESI, Huntsville, AL) are presented and
discussed.

3.2 HPCVD System
The growth of boron and MgB2 thin films was carried out in a custom
assembled CVD chamber at Penn State. This system is enclosed in two cabinets and
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includes a gas panel for metering gas delivery, a reaction vessel for film growth,
pressure measurement equipment, pressure control equipment (throttle valve),
vacuum pump, toxic gas monitoring equipment and a toxic gas abatement chamber
(scrubber). The gas sources are contained in high pressure gas cylinders. The N2 and
H2 cylinders are positioned externally of the cabinet. A high-pressure liquid N2
dewar is also used a source of N2 gas for the scrubber and dilution of H2 process gas
at the exhaust. Toxic gas cylinders are placed inside the ventilated cabinet. The
external components of the system are shown in some detail in Figure 3-1. The
presence of toxic gases is constantly monitored in both cabinets with a MIDAS
monitoring system from Honeywell Analytics.

Figure 3-1: External components to the HPCVD system used for these studies.
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3.2.1 Gas Panel
The gas panel consists of pneumatic valves and mass flow controllers (MFCs)
to regulate and direct the flow of gases into the reaction vessel. In addition to MFCs
there is also a pressure controller to regulate the pressure of a metal-organic source
that is used for doping. UHP N2 is used as a purge gas and UHP H2 is used as both a
purge and carrier gas. The supplies of these gases were high-pressure gas cylinders
located on the exterior of the cabinet. Both H2 and N2 go through gas purifiers to
reduce the amount of oxygen contamination into the reactor. The B2H6 gas was a
purchased mixture of B2H6 and H2. Different mixture concentrations have been used,
varying from 1000 ppm to 5% B2H6 in H2. The mixture concentration at the time of
this study was 5% B2H6 in H2 and the mixture provider was Voltaix. The gas panel is
also equipped to handle the metal-organic precursor bis(cyclopentadienyl)magnesium
(Cp2Mg), used for carbon doping, which was purchased from Epichem. A schematic
of the gas panel layout is shown in Figure 3-2 which includes the pneumatic valves,
MFCs, pressure controller and metal-organic source. The gas-panel for this particular
system is controlled using a rack of electronic equipment. The MFCs (MKS 1179)
are controlled by MKS type 247D controllers and readouts. The throttle valve is
controlled with an MKS type 651 throttle valve controller and readout.

The

pneumatic valves are actuated from a lab-constructed switch panel. The gas lines
were constructed of ¼” diameter electroplated stainless steel tubing. VCR (face-seal,
metal gasket) fittings were used to connect the valves, tubing, and MFCs together.
An orbital tube welding system was used to weld the VCR fittings to pieces of blank
tubing when needed.
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Figure 3-2: Schematic of the HPCVD gas panel layout.

3.2.2 Reactor and Exhaust
The original single-heater HPCVD reactor is a vertical, cold-wall chamber
made of quartz as shown in Figure 3-3(a). The quartz has a double-wall jacket used
for water flow to cool the reactor wall. The wall is cooled to suppress gas-phase
reactions upstream of the susceptor. The susceptor is fabricated from 304-stainless
steel due to the low cost of material and ease in machining. The quartz reactor tube is
attached to a QF-50 (aka KF-50) tee using a QF-50/compression fitting adapter. The
gas inlet is at a 90o angle to the tube orientation, as shown in Figure 3-3(b). The
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gases then flow from the top of the reactor to the bottom and exit at another 90o turn.
The QF-50 tees at the top and bottom of the quartz tube provide access points to the
system where samples can be loaded.

Gas Inlet
Sample Loading Port

Reactor Vessel
Water Cooling Jacket
Induction Coil

(a)

Sample Loading Port

Gas Outlet

(b)
Figure 3-3: (a) Photo and (b) schematic of HPCVD of the original HPCVD reactor
tube.

A pictorial schematic of the system components downstream of the reactor
tube is shown in Figure 3-4. The pressure in the system is monitored with two
separate pressure gauges. A Kurt J. Lesker (KJL) series 9100 vacuum gauge is used
to measure the base pressure of the system. This is done periodically throughout the
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deposition procedure to ensure vacuum integrity, minimize the chance of exposure to
toxic gases and to determine the effectiveness of oxygen removal during gas purging.
The KJL 9100 is attached to a stand alone readout that is not attached to any other
system equipment. The second pressure gauge is an MKS model 246 baratron gauge.
This pressure gauge is used to measure the pressure during gas flow and during
depositions. The baratron gauge is connected to an MKS type 651 pressure controller
as indicated in Figure 3-4. The MKS 651 pressure controller is also attached to an
MKS 253 throttle valve to control the system pressure. A kinetic trap is placed
between the reactor outlet and the pressure gauges in order to minimize the exposure
of Mg to the pressure gauges. Although a majority of the Mg used in HPCVD forms
deposits on the cold reactor wall, a small amount of Mg dust from each run is carried
throughout the system exhaust. The kinetic trap has a series of baffles that the gas
must travel around. The baffles help to slow down the gas and allow the Mg dust to
settle out at the bottom of the trap. Downstream of the throttle valve is a QF-25 sized
leak check point. A KJL inline pneumatic valve is used to isolate the reactor chamber
from the pump. An Alcatel DFT 25 foreline trap was placed at the pump inlet to
prevent Mg dust from entering the pump. The foreline trap is a fiberglass filter that
prevents particles larger than 6 µm from passing through. Occasionally, the readings
from the MKS 246 were compared with a new 246 unit that had not been exposed to
Mg dust. The readings between the two pressure gauges were consistent and showed
an offset of approximately 7 Torr.
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KJL 9100
Vacuum Gauge

QF-25 LeakCheck Point
Alcatel DFT 25
Particle Trap

Pump
Exhaust

Reactor
Exhaust
MKS 253B
Throttle Valve

Kinetic Trap

KJL Pneumatic
Inline Valve
(Bellows Sealed)

MKS 246
Baratron
Alcatel 2015SD
Rotary Vane Pump
Settled Mg Dust

100 Torr

MKS 651
Pressure Controller

Figure 3-4: Reactor exhaust schematic.

A schematic of the system from the vacuum pump to the exhaust ventilation is
shown in Figure 3-5. The vacuum pump is an Alcatel 2015SD rotary vane pump.
After the gases are exhausted from the pump they are then mixed and diluted with 1020 slpm of N2 gas. The dilution is used to reduce the mole fraction of H2 in the
exhaust gas to below the lower flammability limit of H2 in air (~ 4 mol%). The
diluted process gases are then passed through a scrubber unit that decomposes the
B2H6 before it is exhausted to the building exhaust ventilation. The scrubber unit is a
passive system from Novapure that uses a packed bed of resin coated particles which
catalyze the decomposition of B2H6. The scrubber exhaust has a gas sampling line
that runs to the MIDAS toxic gas sensor to ensure that the scrubber is working
correctly.
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Outlet
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Pump
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Scrubber
Inlet

Reactive
Scrubber
Bed

Figure 3-5: Schematic of the toxic gas scrubber unit that is positioned after the pump.

3.2.3 Heater Configurations
The original HPCVD reactor geometry discussed in Section 2.5 uses a single
three turn induction coil to heat the stainless steel susceptor. The induction power
supply is an Ameritherm Novastar 3, which is a 3 kW supply. The susceptor is
placed on a quartz shaft, with one end closed, and mounted in the reactor chamber
using the sample loading ports shown in Figure 3-3(b). The temperature of the
susceptor is measured with a k-type thermocouple that is fed through the quartz shaft
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and is in contact with the closed end of the shaft. The temperature readout is a
Eurotherm 2408 PID controller. The temperature of the susceptor is adjusted by
increasing the current in coil. The Novastar 3 is capable of both manual control and
PID control through an external PID controller.

Multiple internal reactor configurations were investigated throughout this
study and schematics of these configurations are shown in Figure 3-6(a,b,c). Only
vertical geometries were explored so that the exterior quartz tube could be left in
place and enabling quick changes between configurations.

A key point to be

addressed in the original HPCVD setup described in chapters 1 and 2 is the coupled
heating of the Mg source and the substrate. A dual-heater approach was taken to
provide independent temperature control for both the substrate and the Mg source and
is shown in Figures 3-6(b,c).
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H2, B2H6
H2, B2H6

Mg

Mg

Mg

Thermocouple

Water cooling

Ar
(a)

(b)

Ar, B2H6

Ar

(c)

Figure 3-6: Schematics of the three different reactor geometries designed and tested
over the course of this study. The original HPCVD design is shown in (a), the dual
heater geometry is shown in (b) and the cooled impinging jet configuration is shown
in (c).

The reactor configurations in Figures 3-6(b,c) use a combination of resistive
and inductive heating. The Mg supply is placed in a stainless steel crucible which is
inductively heated. The temperature of the Mg crucible was measured and controlled
as in the original HPCVD reactor design. The substrate is inversely mounted and
resistively heated. The substrate heater was originally a custom assembly from Heat
Wave Labs, Inc. using a model 1137 button heater. This original assembly and
button heater were very prone to damage from Mg vapor in the HPCVD process and
a custom heater housing was designed by the author to protect the heater. The
housing consisted of a top flange that was welded to a ¾-inch stainless steel tube and
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a bottom flange that houses the heater cartridge (Figure 3-7). A copper gasket sits
between the two flanges and screws are used to seal the flanges together. The tight
seal that resulted from using the copper gasket prevented any Mg deposits on the back
side of the heater, on the power leads or on the thermocouple. A Heat Wave model
1130 cartridge heater was used in the improved housing instead of the button heater.
The substrate temperature was measured with a k-type thermocouple placed inside
the heater housing and positioned next to the cartridge heater. The substrate is held to
the heater face using a stainless steel retention cap. The retention cap is held in place
around the heater housing with set screws. The power supply for the substrate heater
was a Heat Wave Labs model 1303. This power supply is equipped with a Watlow
Series 96 PID temperature controller. The second dual-heater HPVCD configuration
shown in Figure 3-6(c) uses the same custom designed resistive substrate heater
housing. The Mg supply is also inductively heated, as in the first dual-heater HPCVD
(Figure 3-6(b)) but the crucible has a different design. There is a hole in the middle
of the crucible to allow gas flow up through the crucible and the Mg supply is placed
in a grooved well around this inlet.
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Heater Power Leads

Thermocouple

Upper Flange
Screw
Copper Compression Gasket

Ridge
Lower Flange

Screw
Cartridge Heater

Substrate Retention Cap
Substrate
Figure 3-7: Schematic of custom designed heater housing for the substrate heater in
dual-heater HPCVD experiments.

3.3 Temperature Calibration
A calibration curve of the susceptor temperature in the original HPCVD
reactor configuration was generated to accurately report growth dependencies on the
substrate temperature. The susceptor is supported by a closed-end quartz tube during
a growth run and the temperature is measured with a k-type thermocouple in contact
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with the quartz tube as shown in Figure 3-8. The thermocouple side of the quartz
shaft is open to the atmosphere while the susceptor side is in vacuum. This particular
placement of the thermocouple is poorly suited for monitoring the actual substrate or
film temperature since there are two materials that separate the thermocouple from
the substrate. A two-color pyrometer focused on the top of the susceptor was used to
generate a substrate temperature calibration curve and to provide a more accurate
measurement of the substrate temperature.

In addition, a handheld one-color

pyrometer, with an adjustable emissivity setting, was used to back-calculate an
average emissivity value of the susceptor. An IR camera was used to investigate the
thermal profile of the susceptor face and was also used as a second source for
calculating the emissivity.

K-type thermocouple
Stainless steel susceptor

Quartz support shaft

Figure 3-8: Conceptual diagram of the thermocouple placement in the HPCVD
process. This diagram is not to scale and is only intended to depict that the
thermocouple is not in direct contact with the substrate but rather has two different
materials separating them.

58
An unused, bead-blasted stainless steel susceptor was used in the temperature
calibrations to ensure that the surface finish was homogenous.

The operating

pressure was 100 torr with a total flow rate of 650 sccm H2. The unused susceptor
had the same physical dimensions of the used susceptor and the same quartz support
rod was used in all experiments. A two-color pyrometer (TCP), model Mikron
M77LS, was mounted to an adjustable plate directly above a ZnSe optical port. The
ZnSe optical port was mounted on the upper sample loading port of the reactor tube
shown in Figure 3-3. This mount position was approximately 18” from the susceptor
surface. The TCP was focused on the center of the susceptor, where a substrate
would normally sit, but without a substrate in place. There is a manual adjustment on
the TCP to vary the ratio of the two emissivities used. This manual adjustment was
set to 1.0 for the temperature calibrations. The one-color pyrometer (OCP), model
Minolta/Land Cyclops 153A, is hand held and was focused on the same region as the
TCP through the reactor tube itself, as opposed to an optical port. A schematic of the
temperature calibration setup is shown in Figure 3-9.
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TCP

OCP

Quartz wall

Susceptor
Induction coils
Figure 3-9: Simplified sketch of the experimental setup used in the calibration of the
susceptor/substrate temperatures used in this study.

The TCP reading was compared to the thermocouple reading to establish a
more accurate substrate temperature. Figure 3-10 shows a calibration curve for the
substrate temperature based on this comparison. The curve shows that the substrate
temperature, which is based on the TCP reading, is consistently higher than the
thermocouple reading. The constant use of the TCP is not practical from run to run
since it is equipment that has been provided on an as needed basis from the ElectroOptics Center, Penn State University. The calibration curve provides a means to
calculate a more accurate substrate temperature without relying on the availability of
the TCP.

Figure 3-11 shows that the difference between the pyrometer and

thermocouple measurement is roughly 12% in the temperature ranges that are
commonly employed in the HPCVD growth of MgB2 thin films.
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Figure 3-10: Calibration curve of the thermocouple temperature reading using the
two-color pyrometer as a standard.
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Figure 3-11: Temperature calibration of the thermocouple reading of the inductively
heated susceptor. The thermocouple reading is presented on the x-axis and the
percent difference between the two-color optical pyrometer and the thermocouple on
the y-axis. The pyrometer temperature was subsequently used as the growth
temperature.

A similar experimental setup was used when IR thermal imaging was
employed. The main difference was that the TCP was replaced with the IR camera.
IR thermal imaging was also used to look at the temperature profile across the top
surface of the susceptor. A ThermaCAM S40 IR camera from FLIR Systems was
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used along with the ThermaCAM software, Researcher 2002. The ThermaCAM S40
has a reported temperature accuracy of ±2% of the reading.

The ThermaCAM

software, Researcher 2002, had many tools available to analyze the thermal profile of
the susceptor. The emissivity of the object being viewed is a single input and can be
easily modified when looking at different materials. Line profiles can be taken to
obtain temperature profiles across the susceptor face. Adjustable area profiles can
also used to determine average temperatures of specified areas. Figure 3-12 shows a
thermal profile of the susceptor cap at an average spot temperature of 960oC. An
emissivity value of ~0.2 was obtained by using the one-color pyrometer, while values
from the IR camera were slightly lower at ~0.16. IR imaging shows that the surface
temperature of the susceptor face, where the substrate would be placed, remains fairly
uniform.

Figure 3-12: Thermal profile of the susceptor face obtained using IR thermal imaging.
The average center spot temperature was 960oC and was calculated from the area
denoted AR01 in the figure.
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3.4 Sample Preparation and Growth
The substrate of choice for this study was 330µm thick C-plane oriented; oneside polished 2” sapphire wafers obtained from Saint-Gobain. AlN buffer layers on
the sapphire were deposited by MOCVD by Ian Manning, a current graduate student
under Joan Redwing, for select studies. When using the traditional HPCVD setup,
the 2” wafers were diced into 5mm x 5mm pieces. Larger substrates were used as
dual-heater and impinging jet geometries were investigated. The general substrate
size for the dual-heater was 1cm x 0.75cm and for the impinging jet the substrate size
17mm x 17mm.

The preliminary sapphire substrate cleaning procedure was to wash in 70%
HNO3 for 10 minutes, rinse with DI water, and wash in glacial acetic acid, and rinse
again with DI water.

The secondary cleaning procedure was to wash in

trichloroethane, acetone, isopropyl alcohol and finally methanol. Each of the solvent
cleaning steps lasted approximately 5-10 minutes followed by a final drying step
using dry N2 gas. All cleaning steps were performed in an ultra-sonic bath. The
substrate cleaning procedures were the same for both boron film and MgB2 film
growth experiments.

Different cleaning techniques were used for the Mg pieces for MgB2 growth
experiments. The traditional Mg cleaning method was to use a fine sand paper to
remove any native oxide on the Mg pieces. The pieces would then be rinsed in
isopropyl alcohol and blown dry with N2. However, this technique produces fine Mg
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dust, which can create several safety issues if it accumulates.

Wet chemical

processing was also used to prepare the Mg pieces to etch the native oxide. The wet
preparation involved soaking the Mg pieces in dilute HCl acid (~ 10%) for less than
one minute followed immediately with several rinses with DI water to remove any
residual HCl. The DI rinsing was immediately followed with washing with isopropyl
alcohol in an ultra-sonic bath.

A series of gas and vacuum purges are used to flush as much oxygen out of
the system before growth is initiated. The following purge and flush procedure was
followed after loading the sample into the reactor for both B and MgB2 film growth
experiments:

 Pump to vacuum (pump out any air from sample loading)
 Reactor “leak-up” test for ~ 2 minutes
 Purge with N2 for ~10 minutes
 Pump to vacuum
 Purge with H2 for ~10 minutes
 Pump to vacuum
 Purge with H2 and B2H6 for ~2 minutes
 Turn off B2H6 flow and set desired reactor pressure using MKS 651 pressure
controller

 Once pressure has stabilized, flow B2H6 for ~1 minute
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 Turn off B2H6 flow and flow at desired flow rates and pressure
The heating cycles were different for boron growth and MgB2 growth in the
different geometries shown in Figure 3-6. The heat cycle for boron growth in the
original HPCVD design was to use a PID temperature controller to adjust the power
from the induction heater to achieve the desired temperature set point. In practice, the
growth temperature was dialed into the PID controller which would vary the power in
the induction coil as needed to achieve that set point. The susceptor was then held at
the desired set point for 5 minutes before starting the boron growth with B2H6 flow.
MgB2 growth in this configuration was performed differently. The temperature was
controlled manually to gradually heat the susceptor to the desired temperature. B2H6
flow was initiated once the temperature was within 5oC of the target temperature.
The power settings are constantly being trimmed during the growth process with
susceptor temperatures varying slightly during growth runs. Attempts at using the
PID controller have shown that when the difference between the actual temperature
and the set point are large that the controller drives a very large amount of power
through the induction coil. This creates a situation where the susceptor is being
rapidly heated on the outside but slower at the interior. The rapid heating of the
outside causes the evaporation of Mg to begin much earlier than manual control and
subsequently reduces the amount of Mg available once the set point temperature is
achieved. In both cases, once the growth run is complete the power is completely
turned off and the susceptor is allowed to cool under growth process conditions (flow
rates, pressure, etc…) in the absence of B2H6 flow. The required heat up time for a
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room temperature susceptor is approximately 10 minutes and can vary depending on
the set point temperature by 2-3 minutes.

The dual-heater configurations require a different approach to heat cycling
since the resistive heating elements are not able to achieve the same heat-up rates that
the susceptor can handle in induction heating. The substrate temperature is controlled
by a PID controller and is ramped up to the set point at 20oC/min. For the growth of
boron films, once the set point has been achieved, the flow of B2H6 is started. With
MgB2 film growth in the dual heater HPCVD configurations, the substrate
temperature is dialed in with the PID controller and a ramp rate of 20oC/min is used.
After the substrate temperature has been reached, the temperature of the Mg supply
(inductively heated crucible) is dialed in and the induction power supply is turned on.
The temperature of the crucible is rapidly increased and once it has stabilized at the
set point, B2H6 flow is initiated. In all cases, once the growth run is complete the
heating elements (induction coil, resistive power supply) are turned off and the
susceptor and substrate are allowed to cool under process conditions.

The susceptor has to be occasionally cleaned of deposits after an extended
series of runs.

The susceptor cleaning involves a brief bead blasting session,

followed by solvent cleaning (TCE, acetone, and IPA) and a final bake-out session.
The susceptor is baked out at 800oC in H2 flow at typical reactor pressures for 10-15
minutes.
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Large Mg deposits form on the inner wall of the reactor tube throughout the
growth process of MgB2 thin films by HPCVD. These deposits need to be cleaned
off of the tube after each run. The original cleaning procedure used a brush to
physically remove the deposits from the wall, however, this technique proved to
create a large amount of fine Mg particles. These particles would be scattered
throughout the system cabinet each time the brush was removed from the reactor. To
avoid this unwanted scattering, or discharge, of Mg particles a liner tube was used in
each growth run. The liner tube was an insert quartz tube with an outer diameter
slightly smaller than the inner diameter of the reactor chamber. The Mg would then
deposit on the interior of the liner tube. The liner tube was removed and cleaned after
each run. A brush was not used to clean the Mg deposits, but rather an acid bath of ~
5% HCl in DI water. The acid bath reacts with the Mg deposits on the wall so that no
dust was formed. The liner tubes could then be rinsed and reused.

3.5 Sample Characterization
The first procedure that was done after every growth was a visual inspection.
Boron films are characteristically very dark and shiny, usually a shiny black, or grey.
MgB2 films have a shiny purple color. Visual inspection is a very quick and easy
way to determine whether the growth run was successful. A voltmeter is then applied
to the MgB2 films to verify that the films are conducting which provides a
preliminary estimation on the potential quality of the film.

Lower electrical

resistance is usually an adequate indicator of a better quality film because a lower
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resistance indicates a more metallic film whereas higher electrical resistance may
indicate the presence of insulating grains.

The intent of boron film growth was to gain a preliminary understanding of
the decomposition chemistry of B2H6. Therefore, the boron film characterization was
mainly focused on measuring the film thickness and uniformity. The film thickness
can be measured in two different ways. The first is to etch a part of the film away and
then use either atomic force microscopy (AFM) or a profilometer to measure the step
height from the bare substrate to the unetched film surface. However, boron is
chemically resistive to etching and requires a heated HNO3 solution to be used over a
long period of time. The major drawback to the step height technique is that since a
lot of time is needed it is not clear as to how much etching is occurring underneath
the protected parts of the film. Scanning electron microscopy (SEM) can also be used
to visually measure the thickness of thin films. The grown film and substrate are
cleaved into two pieces and the cleaved edge is examined with SEM. The film
thickness can then be directly measured from the SEM images. SEM images were
also used to measure the thickness of MgB2 films. Wet etching can be used for MgB2
films with a solution of 5-10% HCl in DI water. The step etch is generally complete
with 10 minutes of immersion. The surface morphology of the films was investigated
using both AFM and SEM.

Temperature dependant resistivty and A.C. susceptibility measurements were
performed by Dr. Rudeger Wilke, of Penn State University. The resistance was
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measured in a van der Pauw geometry with indium dot contacts. The films were
placed on a copper sample tray with a thermocouple in close proximity. The entire
probe was then placed inside a liquid helium dewar and the sample temperature was
varied by adjusting the sample position relative to the liquid helium level.

To

decrease the temperature, the probe was lowered so that it was closer to the liquid
helium. The temperature of the sample was measured with a Lakeshore DT-470
silicon diode thermocouple. The supply current was from a Keithly 2400 source
meter and the voltage was measured with a Keithly 182 voltmeter.

The

thermocouple, source meter and voltmeter were all controlled and connected through
a custom LabView program. The resistance was monitored both while cooling and
heating. A sample ρ vs. T plot is shown in Figure 3-13. As the temperature of the
sample is decreased, the resistivity also decreases.

The temperature where the

resistance begins to drop-off is called the onset temperature, Tc,onset, and the
temperature where the transition to superconducting is complete is the zero
temperature, Tc,0. The difference between the onset and offset temperatures is the
transition width. Generally, a narrower transition width indicates a higher quality
sample.

Unless otherwise noted, only the Tc,0 value is reported as the Tc.

Representative resistivity values, used for the calculating the residual resistivity ratio
(RRR), are also shown in Figure 3-13.
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Figure 3-13: Sample resistivity vs. T plot showing Tc,onset and Tc,0 values in the inset
plot. Image from [1].

The A.C. susceptibility measurements were performed with the same sample
probe as the ρ vs. T measurements described above. The sample is positioned
between two electrical coils, the drive coil and the pickup coil. The temperature of
the sample was varied by adjusting the position of the probe in the helium dewar.
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The pickup coil would measure the induced current at the same frequency as the drive
current.

3.6 Safety
There are several important safety concerns in the HPCVD growth of MgB2
thin films, mostly involving how sources (Mg, H2, B2H6) are handled and the disposal
of system waste. This next section is divided into three different categories: safety
hazards and properties associated with source materials, safety equipment used on the
system and procedures used.

3.6.1 Safety Hazards of Source Materials
H2 gas is heavily used as a purge and carrier gas in the HPCVD process and is
very flammable. H2 gas can burn with an invisible flame and will form explosive
mixtures in air [2]. H2 is lighter than air so if there was a leak it may accumulate at
the top of the room.

The upper and lower flammability limits are 75% and 4%

respectively [2]. At any concentration between the upper and lower flammability
limits, the risk of explosion is very high. Combining H2 with O2 may result in violent
reactions producing explosions.

The boron source gas, B2H6, is a toxic, pyrophoric gas and needs to be
handled with care. The B2H6 supply used was a diluted mixture with H2 gas. The
flammability range of B2H6 is 0.8%-98% [3]. The autoignition temperature is 38oC.
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The LC50 (inhalation) is 40 ppm (rat, 4 hour) and 80 ppm (rat, 1 hour adjusted) [3].
The toxicity of B2H6 is similar to phosgene (COCl2) and pulmonary edema is very
likely with symptoms delayed for up to 24 hours [3]. B2H6 is also a skin irritant and
exposure may cause redness, swelling or blisters [3].

High purity Mg metal is used as the Mg source in the HPCVD process.
Individual pieces of Mg need to be prepared and cleaned before each growth run. Mg
is a flammable metal [4-6]. Mg can react with water and acids (HCl, HNO3 etc…)
and form flammable gases such as H2. Mg powder or dust is explosive and should
not be exposed to flame, heat or sparks [4-6]. Mg has a moderate toxicity with an
LD50 of 230 mg/kg (oral dog) with the only harmful route of entry being inhalation
of dust particles [4-6].

3.6.2 HPCVD System Safety Equipment
The compressed H2 and B2H6 gas cylinders are enclosed in a ventilated
cabinet so that any potential leaks are vented through the building exhaust. The
exhaust vents attached to the cabinet are equipped with a valve to regulate the
volumetric flow of air through the duct. The volumetric flow is >300 scfm. The
reactor tube, gas panel and B2H6 scrubber unit are all placed in ventilated cabinets. A
supply of N2 is used to dilute the exhaust H2 below the lower flammability limit (4%).
The ventilated cabinets are equipped with air velocity monitors that will alarm if the
air flow in the cabinet is too low.
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Toxic gas monitors are used to monitor the cylinder cabinet (where the B2H6
cylinder is stored), reactor cabinet (reactor and gas panel) as well as the scrubber
exhaust. The MIDAS toxic gas sensor system, from Honeywell Analytics, was used
to monitor for B2H6. The MIDAS unit is attached to an audible alarm (with a kill
switch) that will sound if B2H6 is detected. There is also a built in interlock feature
that is connected with the gas panel. In the event of an alarm, the interlock will cut
the power to the solenoid valves and cause all the pneumatic valves to close,
essentially disabling the system until the B2H6 leak is resolved and/or repaired. The
lab where the system is located also has a portable single-point-monitor system
(SPM) from Honeywell Analytics. This system is equipped with a chem-cassette
roller and a diborane/hydride program key. The SPM is a portable system that can be
used in a number of locations in the lab either on a temporary or permanent basis.

The lab is equipped with a ventilated hood on a counter top. This provides a
ventilated area where solvents, such as isopropyl alcohol, methanol, etc… can be
used without inhaling hazardous fumes. Acid cleaning also occurs at this hood to
prevent the exposure of acidic fumes. In addition to the fume hood, lab users are
required to be wearing lab coats and safety glasses at all times while in the lab. Users
must wear latex gloves whenever using solvents. Additional neoprene gloves are
worn when working with acidic mixtures. Dust masks are worn when preparing Mg
metal to prevent inhalation of Mg dust. The lab is also equipped with a class-D
metals fire extinguisher in addition to a standard CO2 fire extinguisher.
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3.6.3 Safety Procedures and Protocols
Lab users are encouraged to attend fire extinguisher training so that they
know the appropriate handling of the various extinguishers in the lab. Lab users are
also required to pass a safety exam that is offered by the Materials Science and
Engineering department before working in the lab.

The amount of toxic gases in the lab is kept at a minimum. Only small
cylinders of B2H6 are purchased to reduce the amount of pressurized toxic gases. The
amount of time when the toxic gas cylinder valve is opened is also minimized. There
is a short section of tubing that is pressurized with an adequate quantity to last for a
day (3-4 depositions). Once this section of line is pressurized the cylinder valve is reclosed so that in the event of a system leak only a small portion of the B2H6 gas
supply would be vented. A maximum of two toxic gas cylinders are permitted in the
cabinet at a time. It is preferred that once a cylinder is emptied it is put under vacuum
prior to returning to the vendor.

A Self-Contained Breathing Apparatus (SCBA) is worn during toxic gas
cylinder changes. A team of two people are equipped with the SCBA gear and are
allowed in the lab during the cylinder change. Dave Sarge, of Electrical Engineering,
and Joan Redwing observe the cylinder change from the lab door.

The empty

cylinder is flushed with N2 gas and put under vacuum before a cylinder change. A
handheld gas monitor is placed near the gas cylinder during the cylinder changes so
that any emissions can be detected immediately. The cylinder changes also take place
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in the ventilated cabinets which are also monitored by the MIDAS toxic gas sensors.
If needed, the SPM gas sensor can also be temporarily placed in the cabinet for
additional monitoring. The integrity of the newly installed seal is first checked by a
helium leak test and then by a pressure test where the cylinder valve is opened and the
hand held gas monitor is used to check for leaks.

The system exhaust is primarily H2 gas. The exhaust is diluted with N2 gas to
be lower than the lower flammability limit of H2 in air prior to going through the
diborane scrubber. The N2 supply is either from a compressed gas cylinder or from
boil-off from a high pressure liquid N2 dewar. The scrubber system is used to
eliminate any residual B2H6 in the reactor exhaust prior to environmental exhaust.
The scrubber system is discussed in more detail in Section 3.2.2.

Substrate preparation occurs in the ventilated hood and all waste solvents and
acids are collected and disposed of through Environmental Health and Safety (EHS).
Mg preparation is done by soaking in 5-10% HCl in DI water for ~ 1 minute followed
by copious DI water rinsing and flushing. This eliminates the generation of Mg dust
through sanding based cleaning procedures used in the past. The acid cleaning of the
Mg pieces also occurs in the ventilated hood.

Large amounts of Mg can coat the interior wall of the HPCVD reactor tube
during a single growth. These deposits must be cleaned after each run. Historically,
a brush had been used to clean off the deposits but this creates a large amount Mg
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dust both in the reactor cabinet and in any temporary Mg waste storage container. An
insert tube is used in the reactor tube to provide a safer, more effective way of
cleaning the reactor tube from run to run. The insert tube can fit in the reactor tube
and is removed after each run. The Mg deposits are removed with an acidic solution
(<5% HCl in DI water). The waste HCl solution is stored and disposed of through
EHS. Any remnant Mg pieces from the growth run are collected in a glass jar,
isolated from any acids. This supply of Mg pieces is disposed of through EHS
periodically. The Mg vapor that does not stick to the reactor wall and is flushed
through the reactor exhaust must travel through two particle traps before it arrives to
the pump. The kinetic trap, shown in Figure 3-4, helps to settle out Mg particles and
is cleaned out every 3 months. The fiberglass filter in the Alcatel trap is completely
replaced and the interior of the trap is cleaned every 3 months. The collected Mg dust
and used fiberglass filter are collected in a glass jar and disposed of through EHS.

3.7 Computational Modeling
Computational fluid dynamics (CFD) has been extensively used in modeling
of CVD systems and has been shown to be an effective tool in predicting trends in
growth rate, growth uniformity, temperature profiles, gas velocity profiles, reactant
concentration profiles and improving configuration modifications [7-10]. Numerical
process modeling was used in this study to gain a better understanding of the velocity,
temperature, growth rate, growth uniformity and concentration profiles in the
HPCVD reactor tube and was also used in the design and validation of the new dualheater configurations.
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Numerical process modeling consists of an iterative solver for the coupled
partial differential equations (PDEs) describing the conservation of momentum, mass
and energy.

The coupled PDEs can be approximated with non-linear algebraic

expressions through Taylor expansions [11].

The solution for one point in the

geometry requires the solution from neighboring points. The physical geometry to be
modeled is therefore divided up into several sub-volumes, with the center of the subvolumes being the point where the approximations are solved.

The commercial multi-physics modeling software package CFD-ACE+ (ESICFD, Huntsville, AL) was used in this study. This software package is based on a
finite-volume mesh and includes a graphical user interface (GUI) that allows the user
to select the appropriate physics (e.g. radiation, heat transfer, chemistry, flow etc…)
involved in any particular simulation. The software package is divided into three
programs: CFD-GEOM, CFD-ACE and CFD-VIEW. The physical geometry of the
system is built and the computational mesh is developed in CFD-GEOM.

The

simulations conditions, such as solver parameters, boundary and initial conditions are
input in the CFD-ACE GUI. The actual numerical solving is performed by the CFDACE solver. The solutions to the simulations are evaluated using CFD-VIEW which
is a post-processing program.

There is an additional output option where the

growth/etch rates of surface reactions are read into a separate file (*.cvd) along with
the coordinates of the result. This output was used when comparing the experimental
and calculated growth rates.
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3.7.1 Computational Mesh
The generation of a computational mesh is a vital component in the solution
of the nonlinear PDEs. A finer or denser a mesh is more numerically accurate but the
computational time is increased as the number of solution points increases and
conversely as the mesh coarseness is increased the number of solution points
decreases and the computational time is decreased, but the solution accuracy is
reduced [11]. Mesh densities can be varied across any particular geometry so that
particular regions that require higher numerical accuracy can have a denser mesh and
regions that do not necessitate high accuracy can have a coarse mesh. Varying the
mesh density in this manner helps to improve the accuracy in important areas while
still minimizing the computational time required for the calcuations.

A visual analysis of the HPCVD system shows that the reactor tube is axially
symmetric with respect to the z-axis or centerline of the tube as shown by the dashed
line in Figure 3-14(a). To reduce the computational complexity of the system, a 2D
axis-symmetric geometry was used where the center line of the reactor is the line of
symmetry. Figure 3-14(b) shows the actual portion of the geometry that is modeled.
The portion modeled is only half of the two dimensional representation shown in
Figure 3-14(a) and the solutions are rotated along the axis of symmetry. An example
of a computational mesh is shown in Figure 3-14(c). A structured grid, consisting of
quadrilateral sections, was used for the simulations. The mesh density was varied in
this geometry so that the regions near the susceptor and the interior of the reactor tube
were very dense whereas the regions far from the susceptor are very coarse.
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Figure 3-14: Development of the computational mesh used for the CFD simulations
of the HPCVD reactor tube. A two-dimensional representation of the reactor tube is
shown in (a). The axis of symmetry is indicated by the dashed line. The modeled
geometry is half of the two-dimensional representation, as shown in (b). The variable
density mesh used in the CFD modeling is shown in (c). Please note that the images
in (a), (b), and (c) are at the same scale so that the location of the susceptor and coil is
the same in all three images.

3.7.2 Numerical Calculations
A number of important assumptions are employed in any numerical
simulation to reduce the computational complexity. The validity of simulation results
rests predominantly on the applicability and accuracy of these assumptions [11]. The
following assumptions are used in the HPCVD modeling effort and have been used in
a number of computational studies of CVD systems [7-10, 12-25].
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•

The gas follows the ideal gas law.

This assumption is generally valid

considering the types of gases that are used (B2H6 dilute in H2 carrier) and the
low pressures and high temperatures used in experimental conditions.
•

The gas mixture behaves as a continuum. This is appropriate because the ratio
of the mean free path of a molecule to the pipe diameter, otherwise known as
the Knudsen number (Kn), is much smaller than 0.1 when operating in the
reduced pressures commonly employed in CVD. The Kn for the system
currently in use has a value of 1x10-5. A value of Kn less than 0.01 indicates
that the system operates in a viscous flow regime.

•

The gas is a Newtonian fluid. The general classification of Newtonian and
non-Newtonian fluids rests primarily on the molecular weight and general
state of the fluid in question. The resistance to flow in virtually all gases and
liquids with a molecular weight of less than 5,000 can be described as
Newtonian [26]. Complex fluids, such as slurries, polymer liquids and pastes
are not described by Newton’s law of viscosity. The gas flow in the model is
predominantly H2 gas, with a small amount of B2H6 and related reaction
products, therefore the assumption of a Newtonian fluid is well justified.
However, including the evaporation of Mg may change the validity of this
particular assumption.

•

The gas flow in the reactor is laminar. The range of Reynolds number (NRe)
that is typically observed for CVD systems is generally much smaller than the
turbulent threshold value of ~2,300 for flow in a pipe. The ¼” tubing has an
NRe value of 69.1 (100 torr, 25oC) and in the larger reactor tube NRe decreases
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to 4.8 (100 torr, 25oC) which are both well below the turbulent transition
point.
•

Steady-state formulations. This assumption is valid because the time scale for
film growth is much longer than the time scale for convective or diffusive
transport processes. The transient terms in the transport equations can safely
be neglected. Additionally, since the length scale of the film growth is much
smaller than the characteristic length scale of the gas flow in the reactor the
time evolution of the film profile can be neglected. In other words, the
deposition of the film does not dramatically change the physical boundaries of
the reactor and the subsequent flow fields.

The mass and momentum conservation equations found in Table 3-1 are used
in the CFD-ACE+ code. The complete forms are shown but the transient terms are
not included in the calculations. The continuity equation, or mass conservation, states
that the rate of mass increase is zero and that the rate of mass into the system equals
the rate of mass out of the system in the steady state solution [26]. The transient term
is the rate of mass increase. The density of a gas can be calculated using the ideal gas
law as a function of the temperature. The gases in this particular system enter the
reactor tube at roughly room temperature and then pass over a heated susceptor.
Therefore the temperature of the gas is not constant and thus the density of the gas is
not constant.
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Table 3-1: Conservation equations used in the CFD-ACE+ solvers for mass and
momentum.

Mass Conservation

Momentum Conservation

Species Transport

v
∂ρ
+ ∇ • (ρv ) = 0
∂t
v
v
vv
v
∂ (ρv )
+ ∇ • (ρvv ) = −∇ P + ∇ • (µ∇v ) + ρg
∂t

(

)

( )

∂
(ρYi ) + ∂ ρv j Yj = ∂ Ji, j + Mi ωi
∂t
∂x j
∂x j

The equation of motion, or momentum conservation, includes five terms. The
first term shown (left to right) is the rate of momentum change per unit volume and is
zero under the assumption of steady state operation. The second term is the rate of
momentum change by convective transport. The third and fourth terms are the rate of
momentum change by diffusive transport. The fifth term is the external forces on the
fluid per unit volume and takes into account the effect of gravity on the flow fields in
the simulations. The species transport equation also has four terms. The first (again,
left to right) is the rate of change of mass flux of species “i” in direction “j.” This
first term is set to zero under the steady state assumption. The second term is the rate
of mass flux by convection. The third term is the rate of mass flux by diffusion and
the fourth term is used for the rate of mass consumption or generation through
volume-based chemical reactions.

Surface reactions, however, are treated as

boundary conditions and not as a generation term in the transport equations. The
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surface reactions are treated as both sources and sinks for products and reactants,
respectively. The nomenclature and variable descriptions in the mass and momentum
conservation equations are well understood.

The term “Yi” in the species

conservation equation refers to the mass fraction of species “i.” The subscript “j,”
seen on the velocity terms refers to the vector designation (x, y, or z) for both the
convective and diffusive terms. The term “Ji,j” is the flux of species “i” in direction
“j” and “Mi” is the molecular weight of species “i.” The term “ωi” is the volumetric
source or drain of species “i” in the event of volume reactions. The Chapman-Enskog
relations were used to calculate the viscosity (µ) of the fluid in the simulations [27].
A more detailed listing of equations needed to calculate the gas viscosity and mixture
viscosities is listed in Appendix A.1.

The diffusive species flux (Ji,j) shown in the species conservation expression
is divided into a concentration gradient term (JiC) and a thermal gradient term (JiT) as
shown in Table 3-2. The concentration gradient follows Fick’s law that the chemical
species experience a net flux along a concentration gradient. The thermal gradient
term follows the general rule in Soret diffusion so that larger molecules have a net
flux along a temperature gradient (i.e. larger molecules will tend to move from high
temperatures to low temperatures). The binary diffusivities (Di,j) for the numerical
simulations were calculated using Chapman-Enskog relations developed with kinetic
theory [27]. A more detailed presentation of the equations required to calculate the
binary diffusivities are presented in Appendix A.1. “Xi” is the mass fraction of

84
species “i,” “M” is an average molecular weight between species “i” and “j” and “ki,j”
is the thermal diffusion coefficient.

Table 3-2: Equations used to describe the diffusive flux in the species transport
equation.

Ji = JiC + JiT = − ρD iC ∇Yi − ρD iT ∇ (ln T )

Diffusive Flux

DiC =

Concentration Diffusion
Coefficient

1− Xi
⎡ n Xj ⎤
⎢∑
⎥
⎢⎣ j=1 D i, j ⎥⎦ j≠i

⎡ Mi M j
⎤
DiT = ⎢∑
k i , jD i , j ⎥
2
M
⎣
⎦

Thermal Diffusion
Coefficient

The generation term (Miωi) in the species conservation expression from
Table 3-1 accounts for the generation or consumption of chemical species in the fluid
through chemical reaction. The volumetric reaction term is presented in more detail
in Table 3-3. The generation term (qj) is merely the sum of forward and reverse
reaction rates. These rates are written in terms of traditional chemical kinetics so that
they are dependant on the concentration (Ci) of reactive species “i” to some power
“ν” which normally conforms to reaction stoichiometry. The reaction rate parameters
“kf,r” are presented in a traditional Arrhenius form with a pre-exponential factor (A)
and activation energy (Ea).

More complex formulations for the Arrhenius rate

parameter account for additional temperature and pressure dependencies through the
powers “n” and “m,” respectively.

The surface reaction boundary condition is also
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listed in Table 3-3. The surface flux of species “j” (Sj) is the product of the gas phase
concentration (Ai) of species “i” just above the surface (denoted with the subscript w)
and the site species (Bi) “i” at the surface in question. The reaction parameters (kf,i)
for the surface generation can either be input in traditional Arrhenius format or in
terms of a sticking coefficient. The format used for the sticking coefficient is listed in
Appendix A.1.

Table 3-3: Expressions used for the calculation of volumetric and surface species
generation.
n

Molar Volumetric Generation

ω i = ∑ ν i, j q j
j= 1

n

Rate of Progress, rxn “j”

ν
q j = (k f ) j ∏ C i
i=1

'
ij

n
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− (k r ) j ∏ Ci

''
ij

i =1

m

Arrhenius Rate Coeffecients
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⎟
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aij
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ngas
i=1
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i =1
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The thermal profile of the system is determined through the conservation of
energy with heat transfer via conduction, convection and radiation. The temperature
profiles for the simulations result in the use of the magnetic module in the software to
simulate the volumetric heating of the susceptor through eddy currents from the
induction field from the coil. The calculation of the temperature profiles in the
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HPCVD system include a total energy balance, heat transfer by radiation and the
magnetic vector potential with the equations shown in Table 3-4.

Table 3-4: Equations used for the conservation of energy and thermal profiles of the
solids and gas phase in the numerical simulations.
∂ (ρh 0 )
v
∂P
+ ∇ • (ρvh 0 ) = ∇ • (k eff ∇T ) +
+
∂t
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+
⎢
⎥+
∂y
∂z ⎦
⎣ ∂x
⎡ ∂ (wτ xz ) ∂ wτ yz
∂ (wτ zz ) ⎤
+
+
⎢
⎥ + Sh
∂y
∂z ⎦
⎣ ∂x

(

(

Conservation
of Energy

) (

(

Discrete
Ordinate
Method for
Radiation
Magnetic
Vector
Potential

µm

)

) (

)

)

∂I m
∂I m
∂I m
σ
+ ξm
+ ηm
= − β I m + κ λ Ib +
Sm
∂x
∂y
∂z
4π

v
v
v
v v
1
∂2A
∂∇φ
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The transient term on the left hand side of the energy conservation equation
accounts for the rate of increase in internal energy in the system [11, 26] and is
neglected due to the steady state assumption. The second term on the left hand side is
the rate of addition of internal energy through convective transport [11, 26]. The term
“h0” is the specific total enthalpy and is calculated by Eq. 3.1 where “i” is the internal
energy and u, v, and w are the velocities in the x, y, and z directions respectively.
The first term on the right hand side of the energy conservation equation is the rate of
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energy addition through heat conduction where “keff” is the effective thermal
conductivity of the volume. The second term on the right hand side is the rate of
change of pressure for the volume and is neglected with the steady state assumption.
The following nine terms account for the irreversible rate of energy increase through
viscous dissipation [11, 26]. The term “τi,j” is the force exerted by the fluid in the “j”
direction on a unit area perpendicular to the “i” direction, or the viscous stress tensor
[11, 26]. The final term on the right hand side of the energy conservation equation
“Sh” and is a source term used to include any additional heat transfer from radiative
heating.
h0 = i +

p
ρ

+

1
2

(u

2

+ v2 + w 2 )

3.1

The radiative heat transfer is calculated using the Discrete Ordinate Method
(DOM) developed by Fiveland [28]. The left hand side of the DOM equation is the
change in outgoing intensity (Im) in the x, y and z directions, where the superscript
“m” denotes outgoing. The factors µm, ξm, and ηm are the direction cosines for the
discrete direction Ωm. The first term on the right hand side is the product of the
radiation intensity (Im) and the extinction coeffiecient (β) and represents how much
radiative energy penetrates into a material [28, 29]. The second term is the product of
the blackbody intensity (Ib) and the absorption coefficient (κ) and represents the
amount of black body radiation the volume absorbs [28, 29]. The last term of the
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DOM equation, Sm, is referred as the angular integral and is the sum of the intensities
per unit area of a sphere [28].

The magnetic vector potential (Ā) is calculated using the equation shown in
Table 3-4.

The left hand side of the equation is the magnetic vector potential

multiplied by the inverse of the product of a reference and vacuum permeability (µ0,

µr). The combination of the first two terms on the right hand side are time varying
displacement currents with reference and vacuum permittivities (ε0, εr) and are
neglected under the steady state assumption. The third term on the right hand side is
the time dependent eddy current with conductivity σ and is neglected under the
steady state assumption. The fourth term is the conduction current contribution
where φ is the electric potential. The fifth term is the contribution of convective

v
currents with magnetic flux vector B and velocity vector ū and is neglected. The last
term, Js, is source term for additional current flow and is not considered.

A number of the variables listed in the preceding tables can be calculated in a
number of different ways with their respective temperature dependencies taken into
account. The viscosity, thermal conductivity and heat capacity can be calculated by a
number of options, most notably each variable can be treated as a polynomial
function of temperature. This approach is useful in cases where tabulated data exists
showing the temperature dependencies of the variable in question. This can also be
used in certain gas mixtures if it can be assumed that the bulk of the gas behaves as
the major component. The heat capacity can also use tabulated JANNAF coefficients
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that are readily available from http://webbook.nist.gov and a list of the coefficients
for this body of work is presented in Appendix A.2.

Another way of estimating the viscosity and thermal conductivity of the gases
in these simulations is through the use of kinetic theory formulations.

In the

Chapman-Enskog relations both the thermal conductivity and viscosity are calculated
through relations involving the molecular weight, collision diameter and
characteristic energy of the gas species. The last two of these properties are known as
the Lennard-Jones parameters and have been tabulated [27] for common gases.
Simple relationships have been developed to help estimate these parameters for nontabulated gases based on the physical properties of the gas species in question [26]. A
formula for estimating the collision diameter is shown in Eq. 3.2. The characteristic
energy is estimated through Eq. 3.3. In these equations, Tc and Pc are the critical
temperatures (K) and pressures (atm) for the gas species in question and σ is in Å and

ε/k is in K and k is Boltzman’s constant. The Lennard-Jones parameters can also be
estimated for reactive gases where the critical temperatures and pressures are not
readily available through scaling [22]. Coltrin et al. used a procedure to estimate the
Lennard-Jones parameters for reactive silicon hydride species by scaling to analogous
carbon containing species. The scaling formulas are shown in Eq. 3.4 and Eq. 3.5 for
SiH as presented [22].
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Estimation of the diffusion coefficients, shown in Table 3-2, presents a similar
dilemma in using a calculation methodology that will provide easily calculated and
accurate results. The CFD-ACE GUI allows for the creation of mixing rules, which
tell the solver how the user wants certain mixture properties calculated. To calculate
the diffusion coefficients, the user has a number of possible choices. First, the
diffusion coefficient can be input as a constant value: given the high temperature
gradients that are observed in the HPCVD system experimentally, a constant value
would be a poor estimation. Second, the user can input a constant value for the
Schmidt Number (ratio of the kinematic viscosity to the diffusivity): this method
allows for the value of the diffusivity to vary as a function of temperature and
pressure but only produces single diffusivity to be applied to all gas species. Third,
the user can specify the diffusivity as a polynomial function of temperature: like the
preceding method, this gives temperature variability, but applies a single diffusivity
for all species. The last option is to use multi-component mass transfer which uses
the Chapman-Enskog relations to calculate the binary diffusivities for the gas
mixtures. The Chapman-Enskog method provides a means for calculating diffusion
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coeffecients as functions of pressure and temperature for each of the binary pair
combinations. This technique does, however, require the input of accurate values of
the Lennard-Jones parameters of each of the gas-phase species included in the model,
even reactive gas species that are products of chemical reaction at either surfaces or in
volumes.

3.7.3 Post-Processing of Numerical Results
The CFD-ACE software suite provides a number of different data output
options. The first, and most recognizable, output option typically associated with
process modeling is the graphical representation. The CFD-VIEW program will take
the simulation results and permit the user to pictorially show simulation results. This
option is very useful for looking at velocity, thermal and concentration gradients in
any particular geometry in addition to a large number of additional variables. There
are many tools (such as color shading, line profiles, rotation, animation, and
calculator functions) that the user has access to in CFD-VIEW in order to make the
graphical output as clear as possible. Figure 3-15 presents a qualitative example of
how the graphical tools can be used to enhance the visual appearance of the numerical
results. In Figure 3-15(a), a simple temperature profile is shown for all of the volume
elements in the simulation, while in Figure 3-15(b) the temperature profile of the gas
flow regions is shown and the remainder of the volume elements is given specific
colors designated by the user.

Figure 3-15(c) shows an overlay of the velocity

streamlines on the gas flow temperature profile.
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(a)

(b)

(c)

Figure 3-15: Example of the type of graphical manipulation that is possible in CFDVIEW. (a) Shows a temperature profile over all volume elements (b) shows only the
temperature profile of the gas flow region while the remainder of the volume
elements was defined with other colors to detail the reactor geometry and (c) shows
the velocity streamlines overlaid on the temperature profiles.

The CFD-ACE solver generates an output file (*.out) which contains
important information regarding the specific simulation that was finished. The output
file will list each and every volume element in the simulation and list the properties of
that volume or the rules that were applied in that volume to estimate physical
properties. In addition, the output file can also be used to collect mass flux data
across interfaces. This feature is very useful when performing mass/mole balances on
any simulation. A summary of each of the gas-phase species is listed that shows the
mass flux of that species at the inlet, outlet and at any boundary condition (i.e. surface
reaction) in the mesh. An example of an output file is shown in Appendix B.1.

Another data output option is the CVD file (*.cvd) which will list the
deposition/etch rates at boundaries where surface reactions are defined.

The

93
deposition/etch rates are output at each coordinate where the surface reaction was
defined. The output is in tabular format and can be exported into a spreadsheet
program for generating a graphical result.

The CVD file takes the surface reaction

rates directly at the node of the volume in question. An example of a CVD file is
presented in Appendix B.2.

The last output option is the MON file (*.mon) which is a variable tracker
option. The MON file allows the user to define a specific coordinate in the mesh
geometry and to monitor from iteration to iteration. This feature is very useful when
investigating and trouble shooting simulation convergence problems. For example, if
a particular meshing geometry does not converge CFD-VIEW can be used to find
areas where the residuals of specific variables are diverging. The MON file can then
be used to track values of variables at or near those trouble areas to see how they
change from iteration to iteration.

The graphical output, through CFD-VIEW, was used to investigate the
thermal, velocity and concentration profiles in the HPCVD reactor modeling. The
output file was used to track mass balances and mass transfer of gas species over
specific boundaries. The output was also used in troubleshooting new models. The
MON file was used to track specific variables, such as temperature, at specific points
so that a consistent temperature reading point could be used in parametric studies.
The CVD file was used to extract the deposition/etch rates for surface reactions. The
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data from the CVD file was exported into a spreadsheet program (Excel) where the
data could be easily presented.
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Chapter 4
CVD of Boron Thin Films

4.1 Introduction
This chapter presents the development of a chemistry model to describe the
growth of boron thin films as an initial step in the analysis of HPCVD growth of
MgB2 thin films in the original reactor geometry. The results of experimental studies
of boron CVD and specifically the dependencies of the growth rate on the substrate
temperature and inlet concentration of B2H6 are presented. First, a brief overview of
the motivation for investigating the growth of boron thin films, in context of the
HPCVD growth of MgB2 thin films, is presented. Then a review of the specific
experimental details used in the growth of boron films is presented. The model
development was done in a step-wise fashion; the flow fields at room temperature
were first developed followed by subsequent enhancement of the modeling to include
the inductive heating of the susceptor, gas-phase chemistry and surface chemistry.
The thermal profiles were modeled and were also experimentally investigated using a
combination of thermal imaging and optical pyrometry. The boron film growth rates
were experimentally measured and a simple chemistry model was developed that
predicts overall trends in growth rate as process parameters (temperature, etc…) are
changed.
predictions.

The experimental growth trends were then compared to the model

97
Pogrebnyakov et al. has shown that the growth rate of MgB2 thin films in
HPCVD has a linear dependence on the inlet concentration of B2H6 [1] shown in
Figure 2-16. This result suggests that the growth rate of MgB2 is dependent on the
boron flux, with Mg being present in excess. Consequently, it is important to first
understand the decomposition chemistry of B2H6 under typical HPCVD conditions.

CVD growth of boron films using B2H6 has been reported for semiconductor
applications [2-7] and material coatings in nuclear reactors [8-10]. Yamage et al. [7]
used a hot-wall chamber to investigate the deposition of boron coatings from B2H6
and observed an Arrhenius dependence of growth rate on temperature over a narrow
temperature range of 300-400oC but did not look at additional temperatures. Lengyel
and Jensen [11] developed a chemical mechanism for in situ boron doping of silicon
thin films from B2H6 using quantum chemistry simulations.

Sanganeria et al.,

investigating doping in epitaxial silicon films, observed a linear relationship between
the concentration of boron incorporated into the film and the inlet partial pressure (i.e.
concentration) of B2H6 as shown in Figure 4-1 [12].

In addition, the simple

equilibrium model proposed by Sanganeria et al. indicates that the chemical
mechanisms responsible for boron incorporation are relatively simple and therefore
this is a reasonable starting point for developing a chemistry model to give general
directions in HPCVD development. However, the effect of growth conditions on
boron deposition has not been extensively investigated and the mechanism of film
growth is not yet well understood.

In this study, a combination of deposition

experiments and computational fluid-dynamics based process modeling was utilized
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to develop a predictive model for boron deposition and explore the effects of gas
phase chemistry and surface reactions on the growth process. These studies are also
relevant to other CVD processes that utilize B2H6 as a precursor including growth of
BN films [13, 14], B12As2 thin films [15, 16] and p-type doping of Si films [11]. An
accurate boron film growth chemistry model will be used in developing new reactor
geometries for improved HPCVD designs.

Figure 4-1: Concentration of boron incorporated into a silicon film (y-axis) as a
function of inlet partial pressure of B2H6 (x-axis). Image from [12].

4.2 Boron Film Growth
The reactor configuration used for the growth of boron films, shown in
Figure 4-2, is similar to the original HPCVD configuration shown in Figure 2-13 with
the notable exception that Mg was not included. The details of the reactor chamber
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were discussed in more detail in Section 3.2. A substrate temperature calibration
curve was used in these studies and the reported temperatures are the calibrated
temperatures. The details of the calibration are found in Section 3.4. The reactor
pressure was held constant at 100 Torr for all of the experiments presented in this
chapter. The B2H6 source gas was a purchased mixture of 1% B2H6 (99.99% purity)
in H2. The chamber was equipped with two gas-inlet ports; the first for the B2H6/H2
mixture and the second for the UHP H2 carrier gas. The total inlet gas flow rate was
held constant at 650 sccm in all experiments for this chapter. The boron films were
grown on 5mm x 5mm square pieces of SiC (0001) substrates. SiC was used as the
substrate in these experiments since it is also used for the HPCVD growth of MgB2
films [17]. The growth rate dependence on both the inlet partial pressure of B2H6 and
the substrate temperature were investigated. In the first set of experiments, the
substrate temperature was varied from 390oC to 870oC at a constant inlet B2H6 partial
pressure of 0.0769 Torr. In a subsequent set of experiments, the inlet partial pressure
of B2H6 was varied between 0.023 to 0.154 Torr at two substrate temperature (475oC
and 800oC). The inlet partial pressure of B2H6 is varied by adjusting the flow rates of
both reactor inlets while keeping the total flow rate as a constant. The film thickness
was measured directly from sample cross-sections using scanning electron
microscopy. The centerline thickness was used to calculate the growth rate.

100

H2, B2H6

Substrate

Figure 4-2: Schematic of the susceptor and reactor geometries used in this study.

4.2.1 Substrate Temperature Effects
The substrate temperature was varied from 390oC to 870oC with a constant
inlet B2H6 partial pressure of 0.0769 Torr. The boron film growth rate displayed two
distinct regions, as shown in Figure 4-3. At temperatures lower than 500oC the
growth rate had a very strong dependence on the substrate temperature which is
consistent with a kinetic growth limitation. Over the temperature range from 550oC
to 870oC, the growth rate showed a very weak dependence on the substrate
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temperature which is consistent with a limitation in the mass transfer of the reactive
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Figure 4-3: Boron film growth rate as a function of substrate temperature.

The activation energy for the low temperature regime can be calculated by
assuming an Arrhenius relationship, shown in Eq. 4.1 where GR is the growth rate in
arbitrary units, A is pre-exponential factor, Ea is the activation energy, R is the gas

102
constant and T is the temperature in Kelvin. The choice of growth rate units impacts
only the units on the pre-exponential factor and is therefore arbitrary. A plot of
Eq. 4.1 for the low temperature regime is presented in Figure 4-4. The slope of the
line (Ea/R) has a value of 11,558 (units of K) and by multiplying by the gas constant
(in this case 1.987 cal/mol/K) an activation energy of 22.9 ± 0.6 kcal/mol is
calculated. This value for the activation energy compares well with 22 kcal/mol
reported by Yamage et al. [7]. This is also in good agreement with the activation
energy of B2H6 thermal decomposition (25.5 kcal/mol) reported by Bragg et al. [18]
and 26 kcal/mol reported by Komatsu et al. [3] indicating that the kinetic rate limiting
step is the thermal decomposition of B2H6 into reaction products. The high
temperature growth rate temperature dependencies are also consistent with the results
of Sanganeria et al., shown in Figure 4-5. These results show that over a wide range
of inlet concentrations of B2H6 that the incorporation rate of boron into the silicon
lattice was roughly constant over the temperature range of 650oC-800oC.
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Figure 4-4: Arrhenius plot of the low temperature boron film growth rates (data
points) and a line of best fit (dashed line).
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Figure 4-5: Boron incorporation into a silicon film as a function of substrate
temperature presented by Sanganeria et al. [12].

4.2.2 Inlet Concentration Effects
The effect of the inlet concentration (i.e. partial pressure) of B2H6 was
investigated in both the kinetic and mass transfer limiting regimes.

Substrate

temperatures of 800oC and 475oC (calibrated) were used for the mass transfer and
kinetic limiting regimes, respectively. The total flow rate was held constant at 650
sccm but the individual flow rates (H2 and B2H6/H2 mixture) were adjusted as needed.
The growth rate showed an approximately linear dependence in both growth regimes
(Figure 4-6). The linear growth rate dependence on inlet concentration is consistent
with previous results [4, 19-21].
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Figure 4-6: Boron growth rate as a function of inlet B2H6 partial pressure in the mass
transfer (800oC) and kinetic (475oC) limiting regimes.

4.3 Transport and Thermal Modeling
The commercial CFD modeling software package CFD-ACE+ (ESI-CFD,
Inc., Hunstville, AL) was used in this study. A 2D-axisymmetric model was used due
to the axial symmetry of the reactor to reduce the computational complexity of the
simulations with the reactor centerline being the axis of symmetry. A more detailed
discussion on the actual equations and formulations used in the flow simulations was
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presented in Section 3.7. The only gas utilized at this stage of the modeling was H2.
The physical properties were calculated using the ideal gas law (gas density) and
relations based on the kinetic theory of gases. The thermal conductivity, viscosity,
and binary diffusivities were calculated using the Chapman-Enskog relations [22].
Tabulated values for the Lennard-Jones parameters for H2 [22] were used in these
calculations.

The solid materials used in the reactor were stainless steel and quartz

and the substrate material was SiC. The thermal properties (thermal conductivity and
specific heat), radiative properties (emissivity), physical properties (density) and
electrical properties (resistivity) and their respective temperature dependencies are
well documented [23-25] and were used as inputs in the simulation and are listed in
Appendix A.2. The temperature of the susceptor was calculated from the volumetric
heating due to the induction coils and was varied by adjusting the simulated coil
current.

The simulation results for temperature and the flow field in the reactor are
shown in Figure 4-7 for typical operating conditions used for MgB2 growth [1, 17,
26] including a gas inlet flowrate of 650 sccm, a total pressure of 100 Torr and a coil
current of 280 A. Figure 4-7(a) shows the calculated streamlines near the heated
susceptor. The streamlines do not exhibit any buoyancy driven recirculation regions.
The velocity magnitude profile in Figure 4-7(b) displays behavior consistent of flowfields transitioning from a large to a small cross-sectional area.

A stagnant layer

above the face of the susceptor develops as the flow field changes from an
unobstructed pipe to annular flow and the free stream velocity increases between the
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susceptor and reactor wall. The temperature profile of the susceptor and surrounding
gas-phase shown in Figure 4-7(c) indicates that the gas temperature rapidly increases
near the surface of the susceptor.

(b)

(c)
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Figure 4-7: Calculated results of (a) the gas streamlines around the susceptor, (b) the
gas velocity profile and (c) the gas and susceptor temperature profiles.
The
conditions used for the simulation include a total gas flow rate of 650 sccm (600 sccm
H2, 50 sccm 1% B2H6 in H2), total pressure of 100 Torr, coil frequency 187 kHz and
coil current of 280 A.

The results of the thermal profile, shown in Figure 4-7(c), indicate that a
temperature gradient is predicted from the top of the susceptor (where the substrate
sits) to the interior of the support shaft (where the thermocouple is positioned). The
calculated temperature difference of ~11% between the susceptor surface and the
interior of the quartz tube is consistent with the experimentally determined difference
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of 12% between the two-color pyrometer and thermocouple observed in the
calibration experiments in Section 3.3. The calculated temperature profile for the top
surface of the susceptor has also been experimentally investigated using thermal
imaging. Figure 4-8 shows the thermal profile of the top of the susceptor used in this
study.

The profile on the left shows the lines used to extract point-by-point

temperature information and the profile on the right just shows the top of the
susceptor.

The IR imaging software requires an input of the emissivity of the

material. The emissivity of the susceptor was determined through the use of multiple
optical pyrometers. As discussed previously in Section 3.3, a two-color pyrometer
was used to measure the surface temperature of the susceptor.

A single color

pyrometer, with an adjustable emissivity setting, was then simultaneously used on the
susceptor surface. The emissivity setting of the single color pyrometer was changed
until the two pyrometers were in agreement. This value was then compared to
tabulated emissivity values for stainless steel [24]. An emissivity value of 0.16 was
obtained using this technique and is consistent with tabulated values of 0.1-0.2.
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Figure 4-8: Temperature profile of the susceptor face, or where the substrate lies,
using IR thermal imaging. An emissivity value of 0.16 was used in the IR software to
match the calibration curve using a two-color pyrometer. The image on the left
shows two separate line probes and a circular probe in the center. The line probes are
used to extract surface temperatures along the radius. The image on the right is the
same thermal profile without including the line probes.

The simulation results also show very little variation (less than 5oC) in the
radial temperature distribution across the face of the susceptor. These numerical
results were compared with the actual radial temperature distribution using IR
thermal imaging. Figure 4-9 shows a comparison of the radial temperature profile
that was calculated in the model simulations to the thermal imaging results across the
line probes shown in Figure 4-8. The insert shows the susceptor used in this study,
along with a center line indicator added for convenience and the length of the probe
used. This area is where the substrate is placed and it is important to ensure that
temperature non-uniformities are minimized throughout this inner “pedestal.” Only
the temperature profiles of this inner pedestal are shown in the plot on the right hand
side of Figure 4-9.

The scatter of the experimental data (shown as circles and

squares) indicates the thermal imaging is rather noisy; however, the model prediction
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lies roughly in the middle of the noise. Beyond this inner pedestal, however, the
model predictions and IR imaging show a difference. The IR imaging shows that the
edges of the susceptor have a much higher temperature than the inner pedestal (both
Figure 4-8 and Figure 4-9). This is most likely due to an increased heat flux through
the edges (essentially heat fins) that is under predicted in the CFD model.
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Figure 4-9: Comparison of model predicted temperature profile of the susceptor top
surface. The area shown is that indicated in the inset susceptor image, the inner
pedestal where the substrate is positioned. The IR data was taken from a single line
scan and the ‘+’ and ‘-‘symbols are used to distinguish one side of the line scan from
another.

4.4 Gas Chemistry Model
The next step in the model development was to include the probable gas-phase
chemistry of B2H6 decomposition. B2H6 pyrolysis has been studied experimentally
using mass spectroscopy to analyze reaction products as a function of temperature
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[18, 27-35]. The possible gas-phase chemical reactions are very complex and include
the formation of several high-order boranes (B3H7, B4H10 and B5H11). The most
complete reaction mechanism was summarized by Bayliss et al. [33] and is presented
in Table 4-1. However, the overall mechanism does not include the formation of
BH2, which has been observed by Fehlner et al. [28, 30] and is thermodynamically
viable based on calculations performed by Bayliss et al. [33]. The more recent work
of Fehlner et al. [29] and Mappes et al. [35] investigated the formation of solid boron
from B2H6, however, and concluded that the dominant boron-hydride gas-phase
species is BH3. Recent modeling studies of the intentional doping of Si thin films,
using B2H6 as a dopant source gas, have also indicated that the primary gas-phase
reaction pathways are the decomposition of B2H6 to BH3 and the subsequent
recombination back to B2H6 [3-6, 11, 12, 36, 37] as shown by reaction (1) in Table 41. This conclusion is also supported by computational studies that have shown that
the unimolecular decomposition and recombination reactions are the energetically
favorable reaction pathways [6, 38]. The generally accepted pathway in the literature
regarding B2H6 decomposition is reaction (1) and the possible additional reactions are
neglected as is the gas phase formation of a BH2 molecule. The kinetic rate constants
for both the forward and reverse reactions shown in reaction (1) in Table 4-1 have
been calculated by Lengyel & Jensen [11] and are presented in Table 4-2.
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Table 4-1: Proposed mechanism for the gas-phase pyrolysis of B2H6 by Bayliss et al.
[33].

B 2H6 ⇔ 2BH3
BH3 + B 2H6 ⇔ B 3H9
B 3H9 ⇔ B 3H7 + H2
B 3H7 + B 2H6 ⇔ B 4 H10 + BH3
B 3H7 + B 2H6 ⇔ B 4 H8 + H2 + BH3
B 4 H10 + BH3 ⇔ B 5H11 + H2
B 4H10 + B 2H6 → B 5 H11 + BH3 + H2

(1)
(2)
(3)
(4a)
(4b)
(5)
(6)

Table 4-2: Gas-phase reaction parameters for B2H6 decomposition calculated by
Lengyel and Jensen [11].
A

n

Ea/R

G-1

B2H6(g)→2BH3(g)

5.9x1049

-10.8

25,500

G-2

2BH3(g)→B2H6(g)

5.9x1044

-9.8

5,400

The gas properties were again estimated using kinetic theory and the LennardJones parameters for B2H6 and BH3 were estimated using Eq. 3.2 through Eq. 3.5.
Estimates of the Lennard-Jones parameters for C2H6 and CH3, required for estimating
BH3, are presented in the literature [39]. The estimated Lennard-Jones parameters are
listed in Table 4-3. The JANAF heat capacity coefficients were estimated from
thermochemical tables available from http://webbook.nist.gov and are listed in
Appendix A.2. A more detailed explanation of the modeling equations used is found
in Section 3.7.
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Table 4-3: Lennard-Jones parameters for the gas-phase species used in the process
modeling.
Species

σ (Å)

ε/k (K)

B2H6
BH3
H2

4.721
3.921
2.827

217.313
147.998
59.7

Initially, gas-phase reactions were independently studied using CFD modeling
by neglecting the effects of possible surface reactions. Predictions of the gas-phase
composition at the reactor centerline above the substrate surface, in the absence of
surface reactions, are shown in Figures 4-10(a) and 4-10(b). These calculations were
performed at substrate temperatures of 300oC, 500oC, 700oC and 900oC under typical
reactor conditions (650 sccm, inlet B2H6 partial pressure of 0.0769 Torr, 100 Torr).
At higher substrate temperatures (>700oC) the partial pressure of B2H6 decreases
rapidly near the susceptor surface and BH3 becomes the dominant gas-phase species,
consistent with previous reports on the gas phase chemistry of B2H6 [3-6, 11, 12, 36,
37, 40]. The increase in the calculated partial pressure is also shown in Figure 4-11.
The modeling results show that as the substrate temperature is increased, the BH3
partial pressure around the heated susceptor increases up to the point where B2H6 is
completely decomposed leaving only BH3.
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Figure 4-10: Calculated gas-phase partial pressures of (a) B2H6 and (b) BH3 along the
center line of the reactor above the susceptor surface. Surface reactions were
neglected in this calculation. The conditions used for the simulation include a total
gas flow rate of 650 sccm (600 sccm H2, 50 sccm 1% B2H6 in H2), total pressure of
100 Torr, coil frequency 187 kHz and coil currents of 125, 195, 255 and 325 A.
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Figure 4-11: Modeling results showing the partial pressure of BH3 near the heated
susceptor as the temperature is increased.

4.5 Surface Chemistry Model
Sanganeria et al. addressed the chemical mechanism of boron incorporation in
a silicon lattice and showed that boron in the silicon lattice was in equilibrium with
BH3 rather than B2H6 as shown in Eq. 4.2 [12]. However, this simple equilibrium
model neglects the potential complexities of surface reaction phenomena. A number
of reports have elaborated on the equilibrium model to include adsorption and
desorption of reactive species on/from a silicon surface [6, 11, 36, 37, 41, 42].
Shohno et al. proposed the adsorption of BH3 at an activated surface site to form a
BH3-surface complex that will react to form solid boron and evolve H2 gas in their
study of the growth BP films [37]. Lengyel and Jensen propose the formation of a
BH-surface complex [11].

However, the largest body of research supports the
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formation of a BH2-surface complex [6, 36, 41]. Wang et al. used a combination of
scanning tunneling microscopy (STM) and infrared spectroscopy and experimentally
observed the dominating presence of adsorbed BH2 on the silicon surface at low
temperatures. This indicates that the probable reaction mechanism would involve the
adsorption of BH3 from the gas phase; the formation of a BH2 adsorbed species and a
subsequent reaction to form solid boron from the BH2 adsorbed species as
summarized in Table 4-4. It is important to point out that the proposed mechanism is
very simple but that the focus of the study was to develop a model that would
accurately reproduce the experimental observations, therefore, any additional
complexities were neglected unless required to improve the functionality of the
model.

BH3 → B(solid) +

3
H2
2

4.2

Table 4-4: Proposed surface chemistry mechanism for the growth of boron films by
CVD.
A

n

Ea/R

S-1

BH3(g)+S→BH2-S+½H2(g)

3x10-3

0

0

S-2

BH2-S→B(s)+S+H2(g)

1x1010

0

0

‘S’ denotes an available surface site for adsorption.

The initial adsorption step (S-1) is described by the sticking probability (γ) of
BH3 onto the surface. The sticking probability is defined as the ratio of the number of
molecules in the growing surface to the total number of molecules in the gas phase
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impinging on the surface. Values for the sticking coefficient of BH3 on a boron
surface have not yet been reported, however, the sticking coefficient of BH3 on a
silicon surface has been reported to vary from 1x10-2 at temperatures of 650-1100oC
[11] to 1x10-4 at 900oC [36]. The value of the sticking coefficient shown in Table 4-4
was determined from the combined results of two different sensitivity analyses on the
sticking coefficient that will be discussed below. The second step (S-2) is described
by an Arrhenius equation. Consequently, it was assumed that the reaction of the
adsorbed BH2 species (S-2) would proceed at a rate much greater than the adsorption
step (S-1) and that the adsorption of the BH3 onto the growth surface was the rate
controlling step of the surface reactions. The value of the pre-exponential factor for
reaction S-2 shown in Table 4-2 is assumed to be sufficiently high to avoid restriction
of the growth rate or site regeneration impediments.

Surface reactions (S-1 and S-2 from Table 4-4) were subsequently included
in the CFD modeling to predict the boron film growth rate. The surface reactions
were assigned to all surfaces of the reactor geometry as boundary conditions to better
approximate the actual deposition process.

The sticking coefficient of BH3 in

reaction S-1 was used as the single adjustable parameter in the model. Initially, a
sensitivity analysis of the sticking coefficient used in reaction S-1 was performed
over the entire published range of coefficient values at several substrate temperatures.
The results of this analysis are compared with the corresponding growth rate
experiments where the substrate temperature is varied at a constant inlet
concentration of B2H6 (0.0769 Torr).

Figure 4-12 shows that as the sticking
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coefficient is increased from the lowest published value (1x10-4) to the highest value
(1x10-2) that the same trends are observed. The boron film growth rate shows a
strong dependence on temperature at low substrate temperatures which is consistent
with kinetic limitations. At higher substrate temperatures the boron film growth rate
has a very weak dependence on the temperature, consistent with mass transfer of gasphase precursor limitations. In addition, as the sticking coefficient is increased we
see an increase in the calculated centerline growth rate. Figure 4-13 shows a similar
sensitivity analysis, but focuses on sticking coefficient values that result in better
agreement with the experimental results. The results shown in Figure 4-13 indicate
that there is not a single value of the sticking coefficient that shows consistent
agreement with the experimental values. Sticking coefficient values from 1x10-3 to
3x10-3 encompass the experimental results from the low temperature kinetic limiting
regime.

Higher values of the sticking coefficient (5x10-3-1x10-2) show better

agreement with the experimental results in the mass transfer limiting regime under
these process conditions.
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Figure 4-12: Sensitivity analysis of the sticking coefficient shown in reaction S-1 as
the substrate temperature is varied.
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Figure 4-13: Focused sensitivity analysis of the sticking coefficient in reaction S-1 to
find values of reasonable fit with experimental results.

A similar sensitivity analysis was performed at a constant substrate
temperature while varying the inlet partial pressure of B2H6 at total flow rate of 650
sccm. The results shown in Figure 4-13 indicate that the sticking coefficient fit may
vary depending on the temperature range of the experiment, therefore, the analysis
was performed in both the kinetic (475oC) and mass transfer limiting regimes
(800oC). The comparison presented in Figure 4-14 is consistent with results from
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Figure 4-13 and shows that in the kinetically limited regime (here 475oC) sticking
coefficient values between 1x10-3 and 3x10-3 show reasonable agreement. The results
of the mass transfer limiting value indicate that sticking coefficient values greater
than 3x10-3 give good agreement with the experimental results.

The calculated

growth rates included in Figure 4-14 were obtained at the center of the substrate.
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Figure 4-14: Boron growth rate as a function of inlet B2H6 partial pressure measured
experimentally (data) and from the model predictions (line). The dependency was
investigated at two different substrate temperatures (475oC and 800oC) which are
representative of the kinetic and mass transfer limiting regimes. The model
predictions for the 475oC and 800oC cases are indicated by dashed and solid lines,
respectively. The sensitivity of the predicted growth rate on the value of the sticking
coefficient for BH3 in reaction S-2 was investigated for both temperatures as
indicated. The conditions used for the simulation include a total flow rate of 650
sccm, total pressure of 100 Torr, coil frequency 187 kHz and coil currents 187 A
(475oC) and of 282 A (800oC).

The effects of kinetic and mass transport-limited growth are also indicated in
the data shown in Figure 4-14. The experimental and modeling results for 800oC,
which is in the mass-transport limited regime, show that the growth rate has a linear
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dependence on the inlet partial pressure of B2H6. In the kinetically limited regime
(475oC), however, the experimental data roughly indicated a linear dependence on
B2H6 partial pressure while the model predictions show a slight nonlinear
dependence. At high temperatures, the chemical equilibrium favors BH3 formation so
B2H6 is completely decomposed in the gas phase as shown in Figure 4-10. At lower
temperatures, however, the chemical equilibrium does not significantly favor BH3
over B2H6 and consequently a mixture of the two gas species will be present.
Thermodynamic calculations, using the method of Smith and Missen [43], show
(Figure 4-15) that under these process conditions

the equilibrium BH3 partial

pressure has a nonlinear dependence on the inlet partial pressure of B2H6 at lower
temperatures (500oC).

The equilibrium BH3 partial pressure displays a linear

dependence on the inlet partial pressure of B2H6 as the temperature increases. The
non-linear dependence of growth rate on B2H6 partial pressure at lower temperatures
can therefore be attributed to the incomplete decomposition of B2H6 in the gas phase
as a result of changes in the chemical equilibrium.
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Figure 4-15: Thermodynamic calculations of the equilibrium BH3 partial pressure (yaxis) as a function of the inlet B2H6 partial pressure (x-axis).

Based on the above results it appears reasonable that a single value of the
sticking coefficient can be chosen to estimate the growth rate of boron films under a
wide range of process parameters. Visual analysis of Figure 4-12, Figure 4-13 and
Figure 4-14 indicates that a sticking coefficient value of 3x10-3 gives good agreement
in both the mass transfer and kinetic limiting regime. The value of the sticking
coefficient used in subsequent modeling can be adjusted based on the specific
regimes for the modeling studies if desired. However, there remains two important
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parameters whose sensitivity need to be determined, the Lennard-Jones parameters
estimation for BH3 (Table 4-3) and the pre-exponential factor in surface reaction S-2
(Table 4-4). These analyses were performed as a function of substrate temperature at
a constant inlet B2H6 partial pressure.

The same modeling and experimental

parameters from the previous sensitivity analyses were used in this particular
analysis. A sticking coefficient value of 3x10-3 was used in both cases. Figure 4-16
shows the effect of adjusting the BH3 Lennard-Jones parameter by ± 50%. It can be
observed that a substantial change in the Lennard-Jones parameter does not result in a
large change in the growth rate or the dual-regime growth that is observed
experimentally. Figure 4-17 shows the effect of changing the pre-exponential factor
of surface reaction S-2 over four orders of magnitude. Increasing the pre-exponential
factor from 1x1010 to 1x1012 does not increase the growth of the simulated deposition.
Decreasing the pre-exponential from 1x1010 to 1x108 does not result in a decrease of
the growth rate. The value of the pre-exponential factor initially chosen (1x1010) is
adequately high to prevent any constriction on the calculated growth rates, thus the
surface kinetics can only be adjusted through the value of the sticking coefficient in
surface reaction S-1.
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The HPCVD growth of MgB2 films using B2H6 as a precursor is typically
carried out at a substrate temperature of ~700oC under gas flow rates and pressure
conditions similar to those reported above for boron deposition. The results from this
study suggest that, under these conditions, the dominant boron gas-species would be
BH3 and the supply of BH3 to the surface is likely to be the rate limiting step in the
deposition process. These results are consistent with experimental observations of the
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dependence of MgB2 growth rate on inlet B2H6 partial pressure where a linear
relationship was observed [1]. These results are consistent with the argument that
HPCVD growth of MgB2 thin films is adsorption controlled [44]. Xi et al. further
concluded that the adsorption controlled assumption indicates that for MgB2 films,
the specific value of the overpressure of Mg vapor is not an important factor as long
as a threshold value for phase stability is achieved [44].

Analysis of the

thermodynamic calculations presented in Section 2.2 reveals that if excess Mg vapor
is present that MgB2 is stable which indicates that the B2H6 pyrolysis will play an
important role in the growth of MgB2 films.

4.6 Conclusions
Experimental studies and computational fluid dynamics-based reactor
modeling were used to develop a simple, predictive model of boron thin film
deposition from B2H6. The model accurately predicts the experimentally observed
temperature and partial pressure dependence of the growth rate using the sticking
coefficient of BH3 on the growth surface as the single adjustable parameter in the
calculations. The boron growth rate exhibited two distinct growth regimes as a
function of temperature. The growth rate has a strong temperature dependence at low
temperatures (<500oC) which is attributed to reaction controlled growth and a weak
dependence at higher temperatures which is consistent with mass transfer limited
growth. For temperatures below 500oC, an activation energy of 22.9 ± 0.6 kcal/mol
was calculated from the experimental growth rate measurements, which is similar to
the activation energy reported in the literature for B2H6 pyrolysis. A sensitivity
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analysis of the sticking coefficient of BH3 on the growth surface within the bounds of
previously published values showed that the sticking coefficient can be assumed to be
temperature-independent over the range of conditions used in this study. These
results indicate that at temperatures typically encountered in the HPCVD growth of
MgB2 (~700oC) using B2H6, BH3 can be expected to be the dominant boron gas-phase
species. The boron deposition model developed in this study represents an initial step
toward the development of a predictive transport and chemistry model describing the
growth of MgB2 films. This original reactor design and configuration is however, ill
suited for investigating the effect of the substrate temperature on the growth rate of
MgB2 thin films due to the coupled heating of the substrate and Mg source. New
reactor designs capable of independent temperature control need to be developed in
order to more fully understand the MgB2 growth process by HPCVD.
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Chapter 5
Dual-Heater HPCVD

5.1 Introduction
This chapter details the advancement of the HPCVD process using a combination
of numerical process modeling and experimental results. New reactor configurations for
the HPCVD of MgB2 thin films were developed that address the main limitations of
traditional HPCVD. These limitations, as described in Section 2.5, are (1) lack of
independent temperature control of the Mg source and substrate, (2) substrate size
limitations due to susceptor design and requirement of Mg wells, and (3) limited film
thickness flexibility (unable to obtain thicknesses beyond ~ 500 nm). The new reactor
geometries discussed in this chapter address these criteria under the constraint of
maintaining a vertical geometry that is readily interchangeable with the orginal
configuration.

Two new reactor configurations that address the limitations of the

original HPCVD reactor are discussed in this chapter: a dual-heater configuration and an
impinging jet configuration. MgB2 films and boron films were deposited using both
configurations. The transport and chemistry model was also used in both configurations
to better understand their respective processes.
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5.2 Dual-Heater HPCVD
The original HPCVD design used a single susceptor where the substrate was
placed in the center and the Mg pieces were placed in a grooved well surrounding the
substrate (Figure 2-13). In order to have more flexibility on process parameters, such as
independent control of source and substrate temperatures, new reactor designs need to be
explored and validated both experimentally and computationally. A straight-forward
improvement to the existing HPCVD system, while not changing the external
components, is to use multiple heaters to independently control the Mg source and
substrate temperatures.

In this first-generation dual heater design, the substrate is

resistively heated and inversely mounted in the gas stream (Figure 5-1). The resistive
heater assembly (discussed in more detail in Section 3.2.3) is affixed to a stainless steel
shaft that is connected to a QF-50 flange, compatible with the flange fitting at the top
sample loading port (Figure 3-3). The Mg supply is placed in a stainless steel crucible
downstream of the substrate that is inductively heated as shown in Figure 5-1. The
crucible is supported with a quartz rod in a manner similar to the original HPCVD design
and is loaded from the bottom sample loading port (Figure 3-3). In addition to the
independent temperature control of this design, the substrate size is no longer constrained
by the geometry of the susceptor and is only restricted by the size of the resistive heater.
The dual-heater HPCVD design was initially used for the growth of MgB2 films. Boron
films were also grown and the results were compared to CFD calculations with the
resistive heater to improve the understanding of the dual-heater HPCVD configuration
and the effects of substrate temperature on film growth.
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Figure 5-1: Schematic of the first generation dual-heater HPCVD reactor configuration.
The substrate is inversely mounted and resistively heated and the Mg supply is placed in
a stainless steel crucible that is inductively heated.

5.3 Dual-Heater HPCVD MgB2 Growth
The dual-heater HPCVD configuration shown in Figure 5-1 was used to deposit
MgB2 films on sapphire (0001) substrates [1]. Sapphire substrates were used due to a
lower materials cost than SiC. The process conditions for these studies used a lower total
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pressure (25 Torr) to increase the diffusion of gases to the substrate. The total flow rate
was 500 sccm with an inlet B2H6 inlet partial pressure of 0.1 Torr. A high-purity Mg disk
(purchased from Goodfellows) was centered in the stainless steel crucible approximately
10 mm downstream of the substrate. The substrate was heated to 710oC and then held
constant for several minutes.

The induction heater was then used to heat the Mg

containing crucible to a temperature of 720oC at which point the B2H6 flow was initiated.
The resulting MgB2 films were specular and had a slight purple color. The film thickness
was measured by electron microscopy. The MgB2 film growth rate was 0.72 nm/s under
these growth conditions which is comparable to growth rates in the original HPCVD
design (0.3-1.75 nm/sec) [2]. However, the growth rates from the original design used a
much lower inlet B2H6 partial pressure (1.1-5.5x10-4 Torr) than the dual-heater
configuration (0.1 Torr). This indicates that the dual-heater design does not utilize the
B2H6 source gas as effectively as the original HPCVD design. Figure 5-2 shows a θ-2θ
scan of a sample grown at these conditions indicating that the MgB2 film is crystalline
and axis-oriented along the c-axis of the sapphire substrate.

137

Figure 5-2: X-ray diffraction spectra of an MgB2 thin film grown on a (0001) sapphire
substrate.

Temperature dependent resitivity and A.C. susceptibility measurements were
performed for samples grown at the above conditions. The transition temperature of the
MgB2 film was 40.3 K from transport measurements and 39.6 K from A.C. susceptibility
measurements, shown in Figure 5-3 and Figure 5-4 respectively. Figure 5-3 shows the
resistivity vs. temperature plot for a 650 nm thick MgB2 film on sapphire from a dipprobe. The resistivity shows a narrow transition range at onset of ∆Tc ~ 0.3 K. The RRR
(defined as the ratio of the resistivity at ~43 K to the resistivity at 300 K) value was
approximately 13 which is consistent with other high quality films (high RRR) obtained
from the original HPCVD design [2-4]. The A.C. susceptibility measurements show
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clean and sharp superconducting transitions with no double transitions at onset. The
superconducting properties of MgB2 films grown with the dual heater have shown
comparable transition temperatures and RRR values to what has been previously
observed in HPCVD growth in the original reactor configuration [2, 4-8].

Figure 5-3: Dip-probe measurement of resistivity vs. T in a van der Pauw geometry of a
650 nm thick MgB2 film on (0001) sapphire grown with the dual-heater HPCVD
configuration. A single, clean and sharp transition (∆Tc~0.3 K) is shown at a temperature
40.3 K. The RRR value was 13.
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Figure 5-4: AC Susceptibility measurements of a 650 nm thick MgB2 film on (0001)
sapphire grown with the dual-heater HCPVD configuration. A single, clean and sharp
transition is shown at a temperature 39.6 K.

The surface morphology of dual-heater grown MgB2 films was comparable to
previous studies of MgB2 grown on c-plane sapphire [2, 4]. Figure 5-5 shows the
characteristic rough surface of MgB2 films grown on (0001) sapphire. The surface
appears to be largely highly oriented but shows misaligned grains that appear to have a
hexagonal shape. The AFM scan shown in Figure 5-5 revealed an RMS roughness of
approximately 23 nm. This surface roughness is consistent with thicker MgB2 films (26
nm); as the film thickness increases the surface roughness increases [2].
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Figure 5-5: AFM scan of MgB2 film grown on (0001) sapphire. A rough surface is
observed with a number of faceted, misaligned grains. Based on a 20 µm scan the RMS
roughness for this sample was ~ 23 nm.

5.3.1 Variation of Substrate Temperature
The dual-heater HPCVD design expands the capability of the HPCVD process so
that the substrate and Mg temperatures can be independently varied which increases the
flexibility of the process. The ability to independently vary the temperatures is very
important for growth of Josephson junction heterostructures where low temperature
deposition is preferred for the insulating boundary layer and top MgB2 layer. Lower
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temperature deposition for these layers suppresses the amount of solid diffusion between
the insulating layer and MgB2 films. Using the dual-heater HPCVD configuration, MgB2
thin films were grown at two different substrate temperatures, while maintaining other
process variables, such as flow rates and pressure, as constants. Table 5-1 shows a
summary of the experimentally measured growth rates as the substrate temperature was
varied with an inlet B2H6 partial pressure of 0.1 Torr. In general, the increase in the
growth rate as the substrate temperature is decreased could be attributed to a film
decomposition or re-evaporation mechanism limiting the growth rate. However, several
reports using vacuum annealing steps have shown that thermal decomposition of MgB2
thin films under these conditions is unlikely [9-12]. B. T. Liu et al. attempted to vary the
substrate temperature in the original HPCVD reactor configuration by adjusting the
position of the susceptor relative to the induction coil [13]. MgB2 films that were
prepared at the same position (relative to the coil) at two temperatures did not show a
decrease in the growth rate with an increase in the growth temperature. Rather, as the
susceptor temperature increased from 650oC to 700oC the growth rate increased from 7.0
Å/sec to 13.5 Å/sec with an inlet B2H6 partial pressure of 0.03 Torr [13]. Despite the
success of the dual-heater HPCVD configuration, it should be noted that it was very
difficult to obtain reproducible results and that higher B2H6 partial pressures were needed
to achieve comparable growth rates as the original configuration. In order to better
understand the irreproducibility and the need for higher B2H6 inlet concentrations, boron
film growth and the boron film chemistry were used to analyze the dual-heater
configuration.
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Table 5-1: MgB2 thin film growth results at different substrate temperatures.
TSubstrate (oC)

TMg (oC)

MgB2 Growth
Rate (nm/sec)

680

720

1.41

710

720

0.72

5.4 Resistive Heater Boron CVD
The growth of boron films was investigated as an initial validation of the
previously developed boron chemistry model [14] in a different reactor geometry. An
inverted reactor geometry, similar to the one shown in Figure 5-1, was used without
including the stainless steel crucible used for heating the Mg (Figure 5-6). The same
resistive heater assembly as presented above was used in this study.

In a similar

approach to what was presented in Section 4.2, the substrate temperature and inlet
concentrations were varied in growth experiments and then compared with calculated
growth rates from the chemistry model. The resistive heater was placed in the same
water-cooled quartz tube that is used for all HPCVD experiments. The gases were
introduced at the top of the system and flown downward over the resistive heater. The
gases then exit the reactor at the bottom of the chamber.

The boron films were grown on (0001) sapphire substrates.

The substrate

temperature was varied from 650oC to 750oC and the inlet B2H6 partial pressure was
varied from 0.1 Torr to 0.4 Torr. The total reactor pressure was 25 Torr and the total
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flow rate into the chamber was 500 sccm and was held constant for all experiments. The
boron film thicknesses were measured directly from the cross section of the substrate and
film using the SEM. The simulations were performed using the identical chemistry
model that was presented in Sections 4.4 and 4.5 with no changes to any of the kinetic
parameters for either the gas-phase or surface chemistry. The value of the sticking
coefficient was 3x10-3 in these simulations.

H2, B2H6

Substrate

Figure 5-6: Schematic of resistive heater configuration for boron growth studies with
inverted substrate position.
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The chemistry model was originally developed using the original single heater
HPCVD configuration and was found to provide a good prediction of the experimentally
measured boron growth rate in that reactor geometry over a wide range of process
conditions [14]. The chemistry model does show that growth of boron films from B2H6 is
limited by two different processes, depending on the substrate temperature.

At

temperatures lower than 550oC, the growth is kinetically limited and exhibits a strong
temperature dependency. In this growth regime the growth rate is limited by the gasphase decomposition of B2H6 to BH3 [14, 15]. At substrate temperatures above 550oC,
the growth is limited by the mass transfer of BH3 to the surface and has a very weak
temperature dependency with the growth rates only slightly increasing with increasing
temperature. It was also observed that the growth rate was proportional to the inlet
concentration of B2H6 consistent with earlier reports on boron deposition [15, 16].

In both the experiments and modeling studies the effect of the substrate
temperature and inlet concentration were explored.

The details on the simulation

calculations and property inputs can be found in Section 3.7. The temperature of the
heater was directly input as a constant temperature on the boundary where the heater
comes into contact with the heater housing, as presented in Figure 5-7, set to be equal to
the experimentally measured thermocouple temperature. A thermal model was included
to calculate the heat conduction through the resistive heater assembly and simulate the
temperature profile of the resistive heater assembly.
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Heater
Housing

Temperature (oC)
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800

Isothermal
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400

Substrate

200
25

Figure 5-7: Gas-phase temperature profile for the inverted substrate heater. The heater
housing is shown in black. The two walls indicated as “Isothermal Boundaries” were
used to set the temperature of the substrate. These walls were set at 1000oC for this
particular simulation.

The growth rate of the boron films was experimentally observed to decrease
slightly with increasing substrate temperature (over the range of 650oC-750oC) with the
inverted substrate heater as shown in Figure 5-8. The weak temperature dependence is
consistent with mass transport-limited growth similar to that observed in the single heater
HPCVD reactor; however, in that case the growth rate did not vary appreciably with the
substrate temperature. The observed boron film growth rate dependency on the substrate
temperature is most likely due to the upstream deposition of boron on the heater housing.
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Experimentally, it was observed that after one experimental growth run that the housing
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would be discolored and would take on the dull gray finish of thick boron coatings.
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Figure 5-8: Boron film growth rate dependency on substrate temperature with the
inverted, resistive heater. Experimental results are indicated with the solid circle markers
and the model results are shown with the solid line.

The predicted gas-phase concentration profiles shown in Figure 5-9 and Figure 510 provide insight into the origin of the observed temperature dependence. Since the
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substrate is inverted in the gas stream, the inlet gases initially come in contact with the
heated sidewall surfaces of the substrate holder upstream of the substrate. The contact
with the heater housing results in an increase in the gas phase temperatures (Figure 5-7)
allowing B2H6 to react and decompose in the gas phase forming BH3 and subsequently
depositing on the surface. As the substrate temperature increases, the heat transfer
through the heater housing and to the gas stream also increases. As Figure 5-9 indicates,
the B2H6 starts to decompose further upstream of the substrate as the temperature is
increased. There is a negligible amount of B2H6 that is predicted to be in the gas exhaust
stream at a substrate temperature of 1000oC. A comparison of the calculated inlet/outlet
mass fluxes between the three cases shown in Figure 5-9 shows that the outlet B2H6 mass
flux (reported in *.OUT files) is only 7.24% of the inlet B2H6 flux at a substrate
temperature of 1000oC (compared with 43.5% at 600oC) with the remaining B2H6 being
lost through the deposition of the gas-phase reaction products deposits on the housing
walls. The extent of BH3 formation as the substrate temperature is increased is shown in
Figure 5-10. The BH3 partial pressure near the substrate is reduced approximately by a
factor of 4 as the substrate temperature is increased from 600oC to 1000oC.

The BH3 profiles also indicate that as the substrate temperature is increased, the
regions with the highest BH3 partial pressure move further upstream of the substrate,
which will increase the loss of BH3 through deposition.

This depletion effect is

responsible for the decrease in the boron film growth rate as the substrate temperature
increases and may be partially responsible for the observed MgB2 growth rate
dependencies on substrate temperature presented in Table 5-1. A comparison of the
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temperature dependencies of the MgB2 growth rates listed in Table 5-1 and boron growth
rates presented in Figure 5-8 can be made using an Arrhenius relationship (see Eq. 4.1).
The slope of the line for MgB2 has a magnitude of 20,993 whereas the boron temperature
dependency has a slope magnitude of 8,034. The discrepancy between these two values
indicates that the boron depletion, by itself, may not be the sole factor for the MgB2
growth rate temperature dependency.

600oC

800oC

1000oC

PB H (Torr)
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0.1
0.08
0.06
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0
Figure 5-9: Predicted B2H6 partial pressure (concentration) profiles as the substrate
temperature is increased.

149

600oC

800oC

1000oC

PBH (Torr)
3

0.035
0.03
0.025
0.02
0.015
0.01
0.005
0
Figure 5-10: Predicted BH3 partial pressure (concentration) profiles as the substrate
temperature is increased.

An analysis of the dual-heater geometry, used for MgB2 film growth, from a
transport perspective may provide an additional explanation to the increase in MgB2 film
growth rate as the substrate temperature is decreased in the dual-heater HPCVD
geometry. The boron source gas, B2H6 or BH3, travels by convection through the reactor
tube over the heated housing of the substrate heater. The results shown in Figure 5-9 and
Figure 5-10 indicate that the depletion of boron source gas can be substantial as the
substrate temperature is increased. In HPCVD, the Mg source is the evaporative flux
from a Mg piece that is placed in a crucible just downstream of the substrate. The
evaporative flux can be assumed to proceed in all possible outward directions, except
through the crucible itself. There will be a point where the convective transport of the
boron source and carrier gases encounters the evaporative flux from the Mg supply.
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Figure 5-11(a) shows a pictorial representation of the expected pathway that the boron
source gas must follow to reach the substrate through the Mg evaporative flux (note that
deposition flux is not explicitly shown in this figure). The evaporative flux and boron
source flux are generally occurring in opposite directions which would tend to increase
the time that the B2H6/BH3 mixture is exposed to the heater housing. As the time that the
boron source gases are exposed to the hot surfaces of the heater housing is increased, the
upstream depletion of the boron source through deposition should increase. In addition,
the dual-heater configuration relies on the diffusive transport of the boron source gas
around the corner of the substrate heater which would further increase the time required
for transport and subsequently increase the amount of depletion. Figure 5-11(b) shows
the numerically calculated velocity profile in the dual-heater geometry without Mg
evaporation occurring. The velocity stream lines, overlaid on the right side of the image,
show that convective transport is generally occurring in the vertical direction and
diffusive transport dominates in the horizontal direction. The left side of the image
clearly shows that the velocity between the inverted substrate and crucible is essentially
zero. Even though the general trend of increased growth rate as the temperature is
decreased is generally indicative of a film decomposition reaction limiting mechanism,
there is sufficient doubt in the dual-heater HPCVD experimental setup to agree to this
scenario without more experimental results. However, the premise of conflicting gas
fluxes will be further investigated using different dual-heater configurations to determine
if improved reactor design can reduce the effect of upstream boron source depletion and
improve the reproducibility of the process.
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Figure 5-11: Projected pathways involved in dual-heater HPCVD for both Mg vapor and
boron source gas. In (a) the boron source gas must travel via diffusion in a direction
normal to the convective transport and against the evaporative flux of Mg vapor.
Numerical simulations of gas flow without Mg evaporation in (b) show that transport of
boron source gas is diffusion controlled.

5.5 B2H6 Depletion in Dual-Heater HPCVD
The effect of boron source gas depletion was investigated in order to better
understand the dual-heater HPCVD process and to determine if different reactor designs
can reduce the loss of boron source gas and improve the reproducibility of the process.
Boron films were grown in the dual-heater HPCVD configuration with different gas flow
directions both with and without the heated crucible used to heat the Mg supply (no Mg
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was included in the study, just the heated crucible). Four experimental cases were
investigated and are schematically shown in Figure 5-12. The first case changed the gas
flow direction so that the first heated surface that the gases encounter would be the
substrate. This configuration represents a best case scenario where upstream depletion
losses are negligible. The second case used the same gas flow direction (from the bottom
of the chamber to the top) but included the heated crucible. The third case was again just
the substrate heater, but with the gases flowing from the top to the bottom, so that the
boron source gases had to travel over a heated surface upstream of the substrate (as
discussed in Section 5.4). The fourth and last case simply included a heated crucible with
the gases flowing from the top to the bottom of the reactor chamber. In all cases, the total
flow was held constant at 550 sccm and the B2H6/H2 (5%) mixture flow rate was 50
sccm. These flow rates are similar to what was used for the dual-heater HPCVD growth
of MgB2 films discussed in Section 5.2. The reactor pressure was held constant at 25
Torr and the substrate and crucible temperatures were 675oC and 750oC respectively.
The variables in this set of experiments were (1) direction of gas flow (top to bottom vs.
bottom to top) and (2) presence of heated Mg crucible. The film thicknesses were
measured using SEM images of the film/substrate cross section.
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Figure 5-12: Experimental setup to investigate the effect of B2H6 depletion on the growth
rate of boron films in the dual-heater HPCVD geometry. (a) bottom to top gas flow, no
heated crucible, (b) bottom to top gas flow, with heated crucible, (c) top to bottom gas
flow, no heated crucible and (d) top to bottom gas flow, with heated crucible.

The results, both modeling and experimental, from this study are summarized in
Table 5-2. The boron chemistry model was also used in these calculations to further
establish the usefulness of the model in a variety of reactor geometries. The highest
growth rate occurred with configuration (a) shown in Figure 5-12 where the anticipated
boron source depletion would be at a minimum. The other three configurations (b, c, and
d) all show substantial reductions in the boron film growth rate. Configuration (b), with
the gas flow from the bottom to the top over a heated crucible, had the most noticeable
effect producing a film that was optically transparent.
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Table 5-2: Summary of experimentally measured and model predictions for the growth
rate of boron films in various configurations, shown in Figure 5-12, for the dual-heater
HPCVD geometry.

Configuration
(a)
(b)
(c)
(d)

Flow
Setup
Bottom to
Top
Bottom to
Top
Top to
Bottom
Top to
Bottom

TSubstrate
(oC)

TCrucible
(oC)

Experimental
GR (nm/s)

Modeling
GR (nm/s)

675

N/A

4.96

3.99

675

750

<0.1*

0.99

675

N/A

1.67

1.27

675

750

0.83

1.22

*- This sample was a transparent film and was too thin to get a measurement from SEM
cross sections.

The effect of the crucible temperature on the boron film growth rate was further
investigated using the chemistry model for configurations (b) and (d) of Figure 5-12. In
these simulations the substrate temperature was held constant at 675oC and the crucible
temperature was varied. The crucible temperature was calculated through the inductive
heating of the stainless steel and the substrate temperature was set as a constant boundary
condition. The model predicts that in configuration (b) of Figure 5-12 (bottom to top
flow) that the centerline growth rate decreases from a maximum of 3.76 nm/sec at
crucible temperatures of 200-300oC to less than 1 nm/sec at crucible temperatures greater
than 600oC as shown in Figure 5-13. This indicates that boron source losses are reduced
for temperatures less than 600oC. However, at crucible temperatures that are generally
used in dual-heater HPCVD (~700oC) boron source losses will be substantial. On the
other hand, in configuration (d) of Figure 5-12 (top to bottom flow) the growth rate
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appears to be insensitive to crucible temperature. In this particular configuration, the gas
flows over the heater housing which has roughly an identical temperature profile as the
crucible temperature is changed. Therefore, the amount of boron source losses would be

Boron
Film
Growth
Rate(nm/s)
(nm/sec)
Boron
Film
Growth Rate
jjjjjjjj

roughly constant as the crucible temperature is varied.

5.0
Config. (d)

4.0

Config. (b)
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temperatures
for dual-heater
HPCVD:
>700oC
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Figure 5-13: Calculated boron film growth rates in the dual heater configuration. Both
flow directions are shown; top to bottom has the diamond markers and bottom to top has
the circle markers.
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These initial results were able to show that a dual-heater configuration is feasible
and that it expands the capability of HPCVD to independently control the temperature of
the substrate and Mg supply. However, the results shown in Table 5-2 and in Figure 5-13
indicate that the current dual-heater HPCVD configuration has some considerable
drawbacks. The boron supply is being depleted upstream of the substrate and the supply
to the substrate may be dramatically reduced due to diffusive transport perpendicular to
the convective transport direction. These factors can introduce complications that may
deleteriously affect the reproducibility of growth results and need to be further addressed
using more unique reactor designs that will still be compatible with the external reactor
geometry.

5.6 Impinging Jet HPCVD
The dual-heater HPCVD configuration discussed above has improved flexibility
over the original HPCVD geometry and is capable of independent temperature control.
However, the design introduces the undesired side effect of enhancing the premature
decomposition of B2H6/BH3 upstream of the substrate. In addition, the flux of carrier gas
against the evaporative flux from the Mg supply creates an irreproducible growth
scenario. Therefore, the primary challenge is to maintain a dual-heater configuration but
suppress the upstream decomposition of the boron source gases while still leaving the
external geometry of the system unchanged. The crux of this dilemma is the delivery of
B2H6/BH3 gases to the substrate. In the dual-heater geometries previously discussed, the
source gases had to flow over either the heated crucible or the heater housing prior to
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arriving at the substrate. In order to reduce the depletion of boron source gases, the gases
need to have a centralized delivery to reduce the need for diffusive flux around heated
edges and need to be kept at temperatures below the decomposition temperature of B2H6
(325oC [17]).

Impinging jet designs have been used in CVD applications [18, 19] and work
under the premise that the increase in the gas velocity reduces the residence time in any
particular volume and will ultimately reduce gas-phase pre-reactions.

However,

impinging jet designs typically result in radial film thickness non-uniformities. Although
impinging jet CVD designs may ultimately introduce radial non-uniformities in film
thickness, the more important consideration in using this approach is to improve the
overall flexibility of the HPCVD process in this external geometry. Considering the
constrained geometry in the HPCVD system, more attention needs to be placed on the
delivery of the B2H6. An impinging jet approach for HPCVD may provide a means of
reducing the residence time that the boron source gases are exposed to heated surfaces,
thus decreasing depletion effects.

The high temperatures used for the substrate

temperature in HPCVD necessitate a high overpressure of Mg vapor for phase stability
[20] and therefore high Mg source temperatures. This means that both the Mg supply and
substrate will be at elevated temperatures, making it very difficult to be able to reduce the
decomposition with an impinging jet alone. A variant of the impinging jet design has
been designed and used in the existing HPCVD system that cools the B2H6 source for as
long as possible.
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A schematic of the configuration is shown in Figure 5-14.

The jet inlet is

enclosed in a water-cooled quartz tube. The water-cooled injector tube is mounted
roughly on the axis of symmetry, or the center of the reactor. A modified Mg crucible is
then placed directly on top of the water-cooled quartz tube and has a hole bored through
the center so that the boron source gases will be delivered directly to the substrate. The
B2H6 and carrier gas are water cooled up to the top of the injector tube. Beyond that
point, the gases must flow through a short heated channel in the crucible prior to the jet
nozzle. A small quartz insert is placed on top of the injector tube where the gases flow
through the crucible channel. The insert maintains a constant inner diameter through the
crucible opening. Quartz was chosen as the material of choice for the injector tube due
its low cost, high resistance to thermal shock and high electrical resistance to prevent
coupling into the induction field. The major concern with this geometry is that the watercooled quartz is placed in direct contact with a crucible that is 700-800oC. The thermal
stresses encountered in this system can cause the injector tube to crack which floods the
system with cooling water and may potentially cause damage to the external hardware
and substrate heater. Later versions of this design employed an alumina cap that sits
between the injector tube and the heated crucible.

The alumina cap served as a

mechanism to spread the heat of the crucible over a larger area thus reducing the high
thermal gradients encountered where the crucible was in direct contact with the injector
tube. An additional stainless steel cap was placed on the top of the crucible to help direct
the flux of Mg vapor toward the substrate and reduce the flux towards the reactor walls.
The reactor geometry has two gas inlets. There is a purge gas inlet where a purge gas can
flow around the crucible and heater housing. The second gas inlet is the jet injector tube
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where B2H6 and a carrier gas are introduced.

Figure 5-15 shows a more complete

description of the dual-heater impinging jet configuration.
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Figure 5-14: Schematic of water-cooled impinging jet HPCVD configuration.
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Figure 5-15: Schematic of the entire dual-heater impinging jet configuration.
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5.7 Impinging Jet Modeling
The previously developed boron film growth chemistry model was used as a
predictive tool with the impinging jet design in order to identify conditions suitable for
thin film deposition in this configuration.

The gas-phase temperature and velocity

profiles were initially investigated. In this preliminary modeling study the purge flow
rate was 400 sccm H2 and the jet flow rate was 550 sccm H2. The substrate temperature
was held constant at 675oC through isothermal boundary conditions and the crucible
temperature was calculated through the volumetric heating from the induction field. All
other properties for the gas and solids in the model are estimated in the same format as
presented in Section 3.7. To consistently monitor the crucible temperature a specific
point was chosen that approximates the location of the thermocouple and a MON file
(monitor file, tracks variables at a specific location at every iterative step) was used. The
initial separation of the substrate heater and the top of the directional cap was 10 mm.

Thermal and velocity profiles of this set of simulation experiments are shown in
Figure 5-16. Outlines for the steel and quartz pieces are shown to more clearly present
the entire geometry. The image on the left-hand side shows the calculated temperature
profiles in the simulated geometry. Both the gas-phase and solid temperature profiles are
shown. This initial result indicates that the impinging jet configuration is able to reduce
the gas temperatures in the crucible channel although the simulations do show that there
is a significant temperature gradient as the gas flows through the heated channel of the
crucible. The induction coils, shown as orange colored circles, are not heated but are
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colored only to aid in visualization. The image on the right shows the temperature profile
again with traces of the velocity vectors overlaid. This figure shows that there are
substantial recirculation zones at the jet nozzle, indicating that gas-phase concentration
profiles may not necessarily be uniform at the substrate surface. These recirculation
zones are common in impinging jet designs. The expected radial non-uniformities can
potentially be reduced by increasing the spacing between the nozzle and the substrate or
reducing the jet flow rate. These variables will be explored in the following sections.
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Figure 5-16: Preliminary modeling of the impinging jet HPCVD configuration. The
image on the left is only a temperature profile. The image on the right shows velocity
streamlines overlaid on the temperature profiles.
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5.8 Model of Boron Film Deposition
The water-cooled impinging jet design was first explored using the boron film
growth chemistry model. A modeling study of the impinging jet design was performed
first to assist in the design of more specific growth experiments. The modeling was then
used to explore suitable growth parameters (flow rates, carrier gases etc…) for boron film
growth. The variables that were under investigation include the Mg crucible temperature,
the carrier gas type (H2 vs. Ar), the jet velocity and the spacing between the jet opening
and the substrate. These parameters were chosen due to their direct impact on (1)
depletion effects of boron source gases, (2) the growth rate of the boron films and (3) the
growth uniformity across the substrate surface. The goal of this study is to identify
conditions, through the use of the boron film chemistry model, that show an overall
minimization of B2H6 depletion effects and a reduction in the thickness uniformity
profiles of boron films to be grown by the impinging jet.

5.8.1 Effect of Carrier Gas and Crucible Temperature
The effects of changing the carrier gas and the crucible temperature on the
predicted boron film growth rate were the first points of interest to study with the model.
The carrier gas and crucible temperature play a direct roll on the upstream depletion of
B2H6. A carrier gas with a lower thermal conductivity than H2 will help in suppressing
the heat transfer from the hot surfaces into the gas flow. The temperature of the crucible
will directly impact the depletion of B2H6 since that gas stream will be in direct contact
with the crucible for a brief time (see Figure 5-14 for more details). The same modeling
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assumptions outlined in Section 3.7 were used in this portion of the study. The internal
flow configurations of the impinging jet design are different than the original dual-heater
HPCVD configuration and are presented in more detail in Figure 5-14. The total jet flow
rate (through the jet inlet only) was 550 sccm and was comprised of 500 sccm UHP H2
carrier and 50 sccm of a B2H6/H2 mixture (5% in H2). These flow rates are comparable to
the total flow rate used in the original dual-heater HPCVD configuration. The purge flow
rate was a constant at 400 sccm of UHP H2 and the reactor pressure was 25 Torr. There
is no precedence on the purge flow rate in MgB2 film growth so this value was arbitrarily
chosen.

The water-cooled portion of the injector tube was assumed to be room

temperature and was set through isothermal boundary conditions.

The substrate

temperature was held constant at 675oC (identical to what had previously been used in
B2H6 depletion experiments) and the crucible temperature was calculated through the
volumetric heating of the crucible.

The current carrier gas used in the HPCVD system is UHP H2 but other gases are
commonly used in CVD systems, such as He, Ar, and N2.

Figure 5-17 shows the

calculated thermal conductivities for these gases, based on the Chapman-Enskog kinetic
theory formulations.

The lighter gases, H2 and He, both have higher thermal

conductivities and are good thermal conductors which indicate that they will conduct heat
away from hot surfaces very readily. The heavier gases, N2 and Ar, have thermal
conductivities that are approximately an order of magnitude lower than the lighter gases.
This indicates that Ar and N2 will be more insulating and will not conduct as much heat
from hot surfaces as the lighter gases. Reducing the heat transfer from the crucible to the
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inlet gases is important in reducing the possibility of B2H6 depletion along the heated
channel. A reduction in the gas-phase temperature, through changing carrier gases, will
suppress the gas-phase decomposition of B2H6 and subsequent depletion upstream of the
substrate. Only Ar and H2 will be considered in these simulations since there seems to be
a negligible difference between H2 and He and between N2 and Ar. H2 will be considered
since it is already used as a carrier gas in the HPCVD process and Ar will be used due to
its unreactive nature.
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Figure 5-17: Calculated thermal conductivities of common carrier gases in CVD systems.
Argon/Nitrogen is the line with the diamond markers and Helium/Hydrogen is the line
with circle markers.

166
Figure 5-18 shows that with H2 as the carrier gas, as the crucible temperature
increases, the centerline growth rate decreases, which is consistent with earlier results in
the dual-heater configuration (see Table 5-2 and Figure 5-13). It also shows that the
degree of growth rate uniformity does not vary substantially with crucible temperature at
these flow conditions. The growth rate uniformity with H2 as the carrier appears to be
more heavily influenced by the flow conditions rather than the crucible temperature. In
contrast, Figure 5-19 shows modeling results from the same set of flow conditions using
Ar as the carrier gas. These results show that as the crucible temperature is increased the
centerline growth rate actually increases and that at lower crucible temperatures the
uniformity is dramatically different than what was observed with the H2 carrier. The
overall magnitude of the growth rate can be compared to the previous dual-heater
HPCVD configuration where the total flow rate and total jet flow rate are comparable. A
comparison of the original dual-heater results from Table 5-2 and Figure 5-13 to the
impinging jet results in Figure 5-18 (with H2 as the carrier) show that the growth rate
increased substantially from 1-1.25 nm/sec in the original dual-heater to ~ 3.5 nm/sec in
the impinging jet (centerline growth rates). This is an expected result as the delivery of
B2H6 is higher with the impinging jet than the other dual heater configurations. Carrier
gases other than H2 (e.g. Ar) were not used prior to this study so there is no basis for
comparison in earlier configurations with Ar as the carrier gas.
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Figure 5-18: Radial growth rate profiles using H2 carrier gas as the crucible temperature
is increased. The listed temperatures are the crucible temperatures. The substrate
temperature was kept constant at 675oC.
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Figure 5-19: Radial growth rate profiles using Ar carrier gas as the crucible temperature
is increased.

In order to better understand the growth rate uniformity profiles shown in
Figure 5-18 and Figure 5-19, the gas-phase temperature and concentration profiles need
to be investigated. Figure 5-20 shows a comparison of the effect of crucible temperature
on the gas-phase temperature and BH3 concentration profiles. The gas-phase temperature
profiles of three different conditions are shown in (a), (b) and (c). The BH3 partial
pressures from the corresponding temperature profiles are shown in (d), (e) and (f). The
first case presented (comprising (a) and (d)) uses H2 as the carrier gas and a crucible
temperature of approximately 760oC. The gas-phase temperature profile in the region
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between the jet nozzle and the substrate is very uniform and the BH3 partial pressure
profile appears to be approximately constant across the substrate surface indicating a
relatively constant growth rate. The second and third cases (comprising (b), (c), (e) and
(f)), however, used Ar as the carrier gas. An analysis of the gas-phase temperature
profiles, shown in (b) and (c) reveals that the lower thermal conductivity of the Ar carrier
gas results in a significant “cold-finger” effect and that the gas phase decomposition of
B2H6 prior to the substrate is dramatically reduced. The cold-finger indicates that the
temperature of the incoming gases has not increased due to the reduction in heat transfer
to the gas. This cold-finger ultimately lowers the growth rate at the center of the
substrate at lower crucible temperatures by reducing the partial pressure of BH3 which
results in the unique growth rate profiles observed in Figure 5-19. As the crucible
temperature is increased, however, the inlet gases are preheated to promote the gas-phase
decomposition of B2H6 and consequently the growth rate at the center of the substrate is
increased. The gas-phase temperature profiles are substantially different with the two
different carrier gases and the cold-finger is not observed for the H2 carrier. These results
indicate that using Ar as the carrier gas in experiments should help to prevent premature
decomposition and deposition reactions upstream of the substrate in the impinging jet
design at elevated crucible temperatures.
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Figure 5-20: Calculated gas-phase temperature BH3 partial pressure profiles for the
water-cooled impinging jet configuration of HPCVD. Three different cases are shown:
(1) H2 carrier with crucible temperature of 760oC ((a) and (d)), Ar carrier with crucible
temperature of 300oC ((b) and (e)), and Ar carrier with crucible temperature of 780oC ((c)
and (f)).
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5.8.2 Effect of Inlet Jet Velocity
The jet velocity is inversely proportional to the residence time in the heated
channel of the crucible. Therefore, by increasing the jet velocity the residence time will
decrease, which should reduce premature thermal decomposition and depletion of the
boron source gas. The jet velocity will also affect the growth uniformity over the
substrate surface. The uniformity will improve as the jet velocity decreases because of
the increase in the velocity profile uniformity. The following flow rates for the jet inlet
were investigated with the boron film growth chemistry model: 110, 165, 275, 550 and
825 sccm. These flow rates were used for both carrier gas used (Ar and H2). The
B2H6/carrier ratio was held constant in all cases so that the flow rates for both B2H6 and
the carrier were varied but the mole fraction of B2H6 in the jet was held constant. The
substrate and crucible temperatures were held constant at 675 and ~700oC, respectively.
The pressure of the system was 25 Torr and the temperature of the crucible was
calculated through induction heating.

The modeling results in Figure 5-21 show that for both Ar and H2 carrier gases
that the uniformity improves as the total jet flow rate (i.e. jet velocity) is decreased. The
results also show that as the residence time increases at lower total flow rates that the
growth rate decreases, apparently due to upstream depletion in the heated channel. In
both cases it is apparent that regardless of flow rate, the use of Ar as the carrier gas
results in a reduction in upstream depletion as previously explained. An interesting result
from the modeling with Ar as the carrier gas is observed at 825 sccm jet flow rate. The
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maximum growth rate is not observed at the reactor centerline (as it is for the other flow
rates) but instead shows a trend that was observed in Figure 5-19. Figure 5-22 shows a
comparison of the BH3 partial pressure profiles and velocity magnitudes for three
different jet flow rates (110 sccm, 550 sccm, 825 sccm) with Ar as the carrier gas. At
110 sccm the BH3 partial pressure profile shows a relatively uniform distribution ((a)),
which correlates to the uniform boron film growth rate observed in Figure 5-21. As the
jet flow rate is increased ((b) and (c)), the effect of the Ar induced cold-finger becomes
more pronounced. At the highest jet flow rate (825 sccm) the cold-finger appears to
extend to the substrate surface so that BH3 formation as a result of heating from the
crucible is negligible. The velocity magnitude profiles ((d), (e) and (f)) show that
regardless of total jet flow rate that recirculation zones will occur and indicate that the
growth rate uniformity at 825 sccm total jet flow rate with Ar as the carrier are most
likely a result of an enhanced cold-finger effect due to the high flow rate.
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Figure 5-21: Modeling predictions of growth rate uniformities for both Ar and H2 carrier
gases at increasing jet flow rate. Flow rates (for both Ar and H2 carrier gases) were (from
lowest to highest) 110, 165, 275, 550 and 825 sccm.
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Figure 5-22: Profiles of the BH3 partial pressure and velocity magnitude for three
different jet flow rates using Ar as the carrier gas. 110 sccm was the jet flow rate for (a)
and (d). 550 sccm was the jet flow rate for (b) and (e). 825 sccm was the jet flow rate
for (c) and (f).

The small liner insert that sits in the heated channel of the crucible (see Figure 514) is at adequate temperatures for the growth of boron films and will therefore encounter
a higher boron flux at lower total jet flow rates (long residence times). The amount of
boron loss on the liner insert due to upstream depletion effects was monitored in the
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simulations using special output files as discussed in Section 3.7.3. Figure 5-23 shows
the percentage of boron loss on the insert surfaces alone. This percentage was calculated
from the ratio of the total flux of boron (as BH3) at the interfaces that comprise the insert
liner to the total inlet flux of boron (as B2H6) at the jet inlet, as shown in Eq. 5.1 where

‘F’ is the flux of the species in units of kmol/sec/rad (the output units from the software).
The factor of two next to the flux of B2H6 is to take into account that for every mole of
B2H6 there are two moles of boron. As the jet flow rate is increased the residence time is
decreased which results in a reduction of the boron loss on the insert liner surface.
Conversely, as the jet flow rate is decreased the residence time is increased and the boron
loss on the insert liner will be increased.
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Figure 5-23: Chart of calculated (through Eq. 5.1) boron losses at the insert liner surface
as a percent (mole) of total boron entering at the jet inlet as the total flow rate through the
jet is increased.

5.8.3 Effect of Jet/Substrate Separation
The spacing between the jet nozzle and the substrate is another important factor
that can affect the film thickness uniformity and can be easily explored using CFD
modeling. Three different separations (defined as the distance between the top of the
directional cap and the substrate) were investigated with the modeling: 5, 10 and 15 mm.
Constant substrate and crucible temperatures of 675oC and approximately 700oC,
respectively, were used where the crucible temperature was calculated from the
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volumetric heating from induction heating. The total jet flow rate was 550 sccm (500
sccm carrier gas, 50 sccm 5% B2H6 in H2) and the purge flow rate was also constant at
400 sccm carrier gas. Both H2 and Ar were used as carrier gases in these simulations.
The simulation results in Figure 5-24 show that, for H2 as the carrier gas, the boron film
growth rate uniformity improves as the separation between the directional cap and
substrate is increased. The growth rate uniformity shows a slight improvement as the
separation is increased when using Ar as the carrier gas. The growth rate, in general, is
higher with Ar as the carrier gas due to the suppression of upstream depletion of B2H6.
Regardless of carrier gas used, the centerline growth rate decreases as the separation
increases.
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Figure 5-24: Boron film growth rate uniformities predicted at different jet separations.
Three different separations were used: 5 mm, 10 mm and 15 mm.

5.8.4 Boron Film Growth in Impinging Jet
Select experiments, based on the results of the impinging jet modeling, were
conducted using the impinging jet reactor design to confirm the model predictions with
experimental results. The modeling results indicated that the most important factors to
investigate, in terms of reducing upstream B2H6 depletion, are the effect of the crucible
temperature, the jet velocity (jet flow rate) and the choice of carrier gas. These factors
were explored in boron film growth experiments. The first set of experiments was to
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determine the effect of the crucible temperature on the boron film growth rate, using H2
and Ar as carrier gases. The substrate temperature was held constant at 675oC and the
total pressure of the reactor was 25 Torr. The purge flow rate (see Figure 5-14) was 400
sccm and the carrier flow rate in the injector tube was 500 sccm. Both H2 and Ar were
used as the carrier and purge gas for their respective experiments. The B2H6 supply was
50 sccm of a 5% mixture of B2H6 in H2. The crucible temperature was varied from
300oC to 700oC.

Figure 5-25 shows a plot of the experimental results where the crucible
temperature was varied at a constant substrate temperature of 675oC. The use of the H2
carrier shows a dramatic effect. As the crucible temperature is increased the growth rate
is substantially decreased (under these process conditions) which matches the same
trends that the modeling predicted, shown in Figure 5-18.

The experimental data,

however, show much more substantial decreases in the growth rate with increasing
crucible temperature over the modeling predictions. The growth rate profiles, taken
across the entire substrate area, also show that the uniformity is not entirely axissymmetric. This is due to the imperfect alignment and assembly of the entire external
reactor assembly as well as poor alignment of the substrate heater relative to the crucible.
The Ar carrier case also shows a very interesting trend, compared to the model
predictions. Experimentally, over the temperature range investigated (500-700oC for Ar)
the growth rate of the boron film does not show any substantial decreases and appears to
remain roughly constant. The model predictions (Figure 5-19) indicate an increase in the
center-line growth rates with crucible temperature but the experimental results show that
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the growth rate is essentially constant over the crucible temperature range that was
investigated. In both carrier gas cases, the model seems to underestimate the growth rates
roughly by a factor of two. This under prediction is consistent with the original model
development presented in Section 4.5 and use of a sticking coefficient value of 3x10-3.
Use of a higher sticking coefficient value may be warranted in this case since the
substrate temperature is constantly at higher temperatures. However, the same sticking
coefficient value was used throughout this chapter for consistency.
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Figure 5-25: Experimental results comparing the effect of both crucible temperature
(noted on each line) and carrier gas.
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A normalized growth rate profile for both the calculated predictions and
experimental results is shown in Figure 5-26. It is clear that the predicted uniformity
from the process modeling and the experimentally measured uniformity for the Ar carrier
are in very good agreement. The results presented in Figure 5-20 and in Figure 5-25 give
insight into how the upstream depletion of B2H6 can be minimized in the impinging jet
configuration. In Figure 5-25 the effect of changing the carrier gas from H2 to Ar
resulted in a substantial increase in the growth rate of boron films at high crucible
temperatures.

The growth rate appeared to be fairly insensitive to the crucible

temperature. The modeling results in Figure 5-19 showed that although a substantial
cold-finger effect was observed that in general (for radial positions of 4 mm or greater)
the growth rate was insensitive to the crucible temperature. The success of HPCVD has
been the ability to grow high quality films at higher substrate temperatures. Based on the
thermodynamics of the Mg-B system (discussed in Section 2.2), however, a very high
overpressure of Mg vapor is required to maintain MgB2 phase stability. These results
show that at the high crucible temperatures required for HPCVD to maintain sufficient
Mg overpressure for MgB2 stability that changing the carrier gas from H2 to Ar
dramatically reduces the upstream depletion in the impinging jet design.
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Figure 5-26: Normalized growth rate plot comparing both the process modeling solutions
and the experimental results.

The effect of the jet flow rate on the growth rate of boron films was also
experimentally investigated. In this study the substrate temperature was held constant at
675oC and the crucible temperature was also held constant at 700oC. The purge flow rate
was a constant 400 sccm of Ar. The total jet flow rate was varied from 110 sccm to 825
sccm.

The individual flow rates of the B2H6/H2 mixture and the Ar carrier were

separately adjusted so that their ratio was held constant to maintain a constant B2H6 inlet
partial pressure. Figure 5-27 shows the experimental growth rate profile across the entire
substrate surface. It can be observed that as the jet flow rate is increased; both the growth
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rate and film non-uniformities increase. This observation is consistent with the modeling
predictions from Figure 5-21.

The experimental growth rate profiles are not as

symmetric as the model predictions which is most likely caused by the slightly off-axis
mounting discussed earlier. The carrier gas in this experiment was only Ar. H2 was not
used due to the high loss of B2H6 that had been previously observed.
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Figure 5-27: Experimental growth rates and profiles at a constant inlet mole fraction of
B2H6 and substrate and crucible/crucible temperatures while changing the total jet flow
rate and using Ar as the carrier gas.
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The preceding sections have shown that even with the cooled injector tube that
considerable losses of B2H6 can still occur with H2 as the carrier gas. Switching to a
carrier gas, such as Ar, with a much lower thermal conductivity showed dramatic changes
in the boron film growth rates. The boron film growth experiments showed that when
using Ar as a carrier gas that the growth rate was essentially constant over a crucible
temperature range of 500-700oC, albeit non-uniform. The impinging jet configuration
also resulted in an increase in the boron growth rate for comparable inlet flow conditions
with the original dual-heater HPCVD configuration. With a total flow rate of 550 sccm
(500 sccm H2 carrier, 50 sccm B2H6/H2 (5%) mixture) the original dual-heater
configuration had a maximum growth rate of ~ 4 nm/sec. Using a total jet flow rate of
identical magnitude (with the same B2H6/H2 flow rate) resulted in growth rates of ~ 20
nm/sec.

5.9 Jet Growth of MgB2 Films
The impinging jet design was ultimately designed for the growth of MgB2 films.
The water-cooled injector tube was designed to keep the reactive B2H6 gas stable for as
long as possible to prevent upstream depletion and the cap on top of the crucible was
designed to more effectively deliver the Mg vapor to the substrate. Boron film deposition
was initially studied (numerical modeling as well as experimental growths) to help
identify suitable film deposition process parameters (i.e. maximize growth rate, minimize
B2H6 depletion).

The next section addresses the growth of MgB2 films using the

impinging jet reactor configuration.
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5.9.1 Initial MgB2 Growth Studies
The first attempt of MgB2 growth with the impinging jet utilized the same general
flow rates and process conditions that were used in the boron film growth studies in the
preceding sections. The purge flow rate was 400 sccm of UHP Ar. The total jet flow rate
was 550 sccm (500 sccm UHP Ar, 50 sccm 5% in UHP H2). The reactor pressure was 25
Torr and the spacing between the substrate and directional cap was 10 mm. The subsrate
temperature was 675oC and the crucible temperature was 700oC. Using these conditions
for the boron film growth resulted in a growth rate of ~ 17 nm/sec at the centerline of the
substrate (see Figure 5-27).

An image of the coating obtained from the process conditions above is shown in
Figure 5-28. This image is a photo of a sample that had been cleaved (cleaved edge is
noted with the dashed line) and mounted on an SEM sample pedestal. The surface from
these growth conditions shows radial non-uniformities. In addition, the surface appears
to be very rough with very large particle clusters. An SEM image of the surface is shown
in Figure 5-29. The image shows large clusters that were deposited on the substrate
surface. EDS measurements indicated that these clusters are Mg (please note that EDS is
not sensitive to boron). It is most likely that the cold-finger effect (discussed in Section
5.8.1) of using Ar as the carrier gas condensed the Mg vapor into small droplets and the
higher gas velocities used transported those to the substrate surface. Modeling results of
the thermal profile for boron film growth under these process conditions are shown in
Figure 5-30. The predicted thermal profile shows that the inlet jet stream (from the
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nozzle to the substrate) is approximately 300-400oC cooler than the surrounding areas.
An important result from Figure 5-28 is that the large temperature gradients in the gasphase from using Ar as the carrier gas can cause Mg condensation in the gas phase which
may be transported to the substrate surface. This implies that it may be unwise to attempt
to optimize the MgB2 growth conditions from boron CVD results alone.

Figure 5-28: Photograph of the surface coating from the boron film growth process
conditions.
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Figure 5-29: SEM image of substrate surface of early attempts to grow MgB2 films with
the impinging jet HPCVD design.
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Figure 5-30: Gas temperature profile from boron film growth modeling under the same
process conditions that were experimentally used for MgB2 film growth.

The results shown above indicate that either (1) higher substrate and crucible
temperatures are needed and/or that (2) lower jet flow rates will be needed to increase the
gas phase temperatures. An increase in the gas-phase temperature would result in a
decrease in any gas-phase Mg condensation. Although earlier experiments and modeling
results indicated that a higher jet flow rate will reduce the depletion of B2H6 upstream of
the surface for boron films, that same jet flow rate is not appropriate for MgB2 film
growth. A decrease in the jet flow rates will preheat the carrier and B2H6 mixture so that
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the cold-finger effect can be reduced. Ultimately, these results indicate that there needs
to be a balance between the loss of B2H6 from depletion effects and Mg transport without
homogenous nucleation for successful growth of MgB2.

Based on the initial results shown in Figure 5-28 and Figure 5-29 and the
preceding discussion, the process conditions were changed to reduce the cold-finger
effect and suppress gas-phase nucleation. The total jet flow rates were reduced from 550
sccm to 125 sccm (100 sccm Ar, 25 sccm of 5% B2H6 in H2); the temperatures of the
substrate and crucible were increased from 675oC to 765oC, and the spacing between the
cap and substrate was increased from 10 mm to ~17 mm.

The external reactor

configuration was temporarily modified to increase the wall temperature by draining the
cooling water in reactor vessel jacket (see Figure 3-3). The modification of the reactor
vessel cooling was required to reduce the amount of Mg condensation on the inner
diameter of the reactor liner tube. With water cooling, dendrite growth of Mg crystallites
several mm long was routinely observed. Dendrite growth on the reactor wall introduces
a constantly changing tube dimension and will affect the normal gas flow. Wall deposits
of this nature have been observed in the original HPCVD configuration and have been
thick enough to actually touch the susceptor (i.e. the wall deposits were in direct contact
with the susceptor). An increase in the wall temperatures should reduce the amount of
Mg sticking to the wall [9] and maintain a more constant flow field.

MgB2 films were successfully deposited after making these changes to the process
conditions. A temperature dependent resistivity plot of a 2.75 µm thick film is shown in
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Figure 5-31. The size of the substrate was 17 x 17 mm and radial thickness nonuniformities were observed, however, the sample is cleaved into smaller subsections
(approximately 4 x 4 mm) over which the thickness was relatively constant.
transition temperature (Tc) was 39.5 K.

The

The plot shows a sharp superconducting

transition point with a transition width of approximately 0.2 K. The A.C. susceptibility
of the same sample is shown in Figure 5-32 and shows a clean transition at a temperature
of 39.6 K and no double peaks, indicating a high quality film. The residual resistivity
ratio (RRR), defined as the ratio of the resistivity at 300 K to the resistivity at 45 K, was
5.45. In general, as the RRR value increases the film quality also increases. This value is
higher than many of the other MgB2 growth techniques discussed in Chapter 2, but is
somewhat lower than other films grown by HPCVD. The Tc for this film is lower than
earlier results for HPCVD grown MgB2 films [1, 2, 4, 5].

The higher transition

temperature films were grown using H2 as the carrier, whereas the impinging jet film was
grown using Ar as the carrier. It is currently unclear what effect the carrier gas has on the
overall deposition process, other than the suppression of B2H6 decomposition and
upstream depletion. However, it can be expected that higher amounts of oxygen may be
introduced in the system using Ar rather than H2. An Ar gas purifier can be used in
future runs to reduce the occurrence of oxygen impurities.
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Figure 5-31: Resistivity-Temperature curve for a 2.75 µm thick MgB2 film grown with
the impinging jet HPCVD design.
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Figure 5-32: A.C. Susceptibility measurements of a 2.75 µm thick MgB2 film grown with
the impinging jet HPCVD design.
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The critical current density of MgB2 at temperatures near 20 K have been shown
to be comparable to current densities of conventional low temperature superconductors
operating at liquid helium temperatures [21]. The advantage with this observation is that
MgB2 is able to carry a comparable current density as conventional superconductors but
at higher temperatures and lower costs. A critical current density plot for a 5.5 µm thick
film (grown with the impinging jet configuration) is shown in Figure 5-33 as a function
of applied magnetic field for 5 K and 20 K. The low field values are lower than HPCVD
grown thin films in the traditional reactor configuration [4] by approximately an order of
magnitude, however these films are much thicker. Recent reports on thick MgB2 films
did not report Jc measurements [22].
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Figure 5-33: Critical current density of a ~ 5.5 µm thick MgB2 film.
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5.9.2 MgB2 Growth Rate
MgB2 films were grown at different jet flow rates to investigate the effect of the
jet flow rate on the growth rate uniformity. The total jet flow rate was increased from
125 sccm to 225 sccm. Figure 5-34 shows that as the total jet flow rate is increased, at a
constant B2H6 inlet flow rate, the growth rate substantially increases. On the sample
grown at 225 sccm total jet flow velocity there are two distinct areas of the film. At the
center of the film the appearance was very rough with platelets of MgB2 growing in
random orientations from SEM imaging as shown in Figures 5-35(a,b).

Figures 5-

35(a,b) shows two different views of the apparent random orientation of the film surface
(a) shows a top-down view of the film surface and (b) is a cross section of the film and
substrate. The growth rate is most likely too high for the surface migration required for
epitaxial or highly oriented films. In comparison to the surface morphology shown in
Figure 5-6 of an MgB2 film grown with the original dual-heater HPCVD configuration,
the high growth rate films are very rough. However, at positions further out towards the
edge of the film the surface morphology began to appear less rough (see Figure 5-35(d)).
Figure 5-35(c) is a top down view of the low growth rate sample (125 sccm) and appears
to have a comparable roughness to the outer edges of the high growth rate samples.
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Figure 5-34: Growth rate profiles of MgB2 thin films grown on c-plane sapphire at
various jet carrier flow rates and a constant B2H6 flow rate.
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Figure 5-35: Surface morphologies of MgB2 films grown with the impinging jet HPCVD
reactor design. Image (a) shows a top-down view of the film surface morphology and (b)
shows the cross-section of the film and substrate, these samples had high growth rates.
Image (c) is a top-down view of a low growth rate sample. Image (d) is a top-down view
of the same film as (a) but further away from the center of the substrate.

The MgB2 growth experiments were compared with modeling results of boron
film deposition under the same process conditions as used in the 225 sccm jet flow rate
experiment. Figure 5-36 shows the velocity, temperature and BH3 partial pressures for
Boron Film Growth using the same process conditions as the MgB2 experiment. The
velocity profile, (a), shows that there are recirculation zones at the jet nozzle and that the
magnitude decreases near the substrate. The temperature profile, shown in (b), indicates
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that impinging gases are expected to be essentially isothermal with a temperature of
approximated 725oC. The cold-finger effect discussed previously is not prominent with
these jet flow rate conditions. The BH3 partial pressure profile, (c), illustrates that under
these process conditions (for boron film growth) that the concentration near the substrate
appears to be very uniform.
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Figure 5-36: Boron film growth model predictions for (a) velocity magnitude, (b)
temperature and (c) BH3 partial pressure for identical process conditions for the 225 sccm
MgB2 growth.
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A comparison of the molar flux of boron at the substrate can be made between the
predicted boron growth rate and the actual MgB2 growth rate data from Figure 5-34. The
molar flux of boron from the boron film modeling was calculated using Eq. 5.2 where F
is the molar flux of boron in moles/cm2/sec, GR is the calculated growth rate, ρ is the
density of boron and MW is the molecular weight of boron. The molar flux of boron
from the experimental MgB2 growth rate data was calculated using Eq. 5.3 where again F
is the molar flux of boron in moles/cm2/sec, GR is the experimentally measured growth
rate of the MgB2 film, α is the atom density of boron in MgB2 (7.11x1022 B-atoms/cm3)
and NA is Avogadro’s number. A profile of the molar boron surface flux across the
substrate surface is shown in Figure 5-37 and shows reasonable quantitative agreement
between the model predictions and experimental measurements. The asymmetric profile
shown for the MgB2 jet growth (also seen previously in boron film experiments)
illustrates that the alignment of the substrate heater and jet nozzle is very important. This
indicates that when the substrate heater and jet nozzle are not correctly aligned that the
boron source gas will not be uniformly distributed over the substrate area.
FB =

FB =

GR B ρ B
MWB

GR MgB2 α
NA

5.2

5.3
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Figure 5-37: Comparison of the molar boron flux from a boron growth simulation and
calculated from the experimental results of an MgB2 growth. The same process
conditions (substrate temperature, crucible temperature, pressure, flow rates, etc…) for
the two cases shown.

The high growth rate areas (most likely polycrystalline films) are where there are
larger amounts of boron source gas being delivered to the substrate. Similarly, areas of
lower growth rate receive lower amounts of boron source gas and have a lower growth
rate (promoting oriented films).

This conclusion is also consistent with the visual

inspection of the films. Films with lower growth rates have shiny surfaces and exhibit a
very uniform appearance over the substrate surface. Films that have areas of high and
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low growth rates show dramatic visual non-uniformities with oriented areas being shiny
and reflective and polycrystalline areas being very dull and dark colored.

X-ray diffraction was used to determine the orientations of the samples that were
previously presented. Figure 5-38 shows the XRD spectra for a thick sample grown at a
higher jet flow rate (225 sccm).

The centerline thickness of the sample was

approximately 2.75 µm. The spectra indicates that the sample was polycrystalline and is
consistent with reports of other thick MgB2 films [22]. Numerous peaks are observed
with the (101) being the most intense for this thick sample. Figure 5-39 shows a θ-2θ
plot for a low growth rate MgB2 sample. The thickness of the film is 200 nm which
accounts for the weak intensities of the film peaks. The scan does show that the film is
axis oriented with respect to the substrate.

The additional peaks associated with

polycrystalline MgB2 are not observed. These results compare reasonably well with the
SEM images shown in Figure 5-35.
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Figure 5-38: XRD spectra of thick (2.75 µm) polycrystalline MgB2 film grown with
impinging jet reactor configuration. Peaks are identified and the polycrystalline spectrum
is overlaid with their respective intensities.
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Figure 5-39: XRD spectra of a 200 nm thick MgB2 film grown on (0001) sapphire.

5.9.3 Thick MgB2 Films
Film coatings on the order of 10 µm are of specific interest for MRI applications
and other coated conductor applications. The impinging jet configuration was used to
grow thick MgB2 films with high growth rates. The jet inlet B2H6 partial pressure was
0.25 Torr. The carrier gas was Ar with a flow rate of 200 sccm and the purge flow rate
was also 200 sccm (Ar).

The substrate temperature was 725oC and the crucible

203
temperature was 750oC. The reactor pressure was 25 Torr and the cap-substrate distance
was ~25 mm. This separation was larger than previous runs due to modifications to the
external geometry of the reactor tube and it was not possible to get closer than 25 mm.
During the cool-down procedure, the substrate was allowed to cool by convection in Ar
flow but the crucible temperature was adjusted to maintain a temperature about 50oC
higher than the substrate.

SEM images of the resultant film are shown in Figure 5-40. The film-substrate
cross-section shown in (a) indicates a dense film and has a more uniform surface
appearance. The film surface, in (b), appears to have a more preferred orientation than
the surface shown in Figure 5-35(a) and does not exhibit the large plate features that were
previously observed. The growth rate profile across the substrate face was consistent
with previous profiles from the impinging jet geometry and showed asymmetry along the
substrate center and is shown in Figure 5-41. The maximum growth rate of the film was
~110 mm/hr, which is very promising for MRI and coated conductor applications.
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(a)
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Figure 5-40: SEM image of an approximately 10 µm thick MgB2 film grown with the
impinging jet geometry.
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Figure 5-41: Growth rate profile of a thick MgB2 film.

A θ-2θ X-ray scan, shown in Figure 5-42 shows that the film is indeed
preferentially oriented in the (002) plane. The film does still show some similarity to the
polycrystalline spectra but the (001) and (002) peaks are more dominant than a
polycrystalline sample would be expected to show. The polycrystalline spectra is shown
directly below the measured spectra. The resistivity vs. temperature plot and critical
current density curves are shown in Figure 5-43. The resistivity vs. temperature plot, (a),
shows a nice sharp transition with Tc,0 at 39.8 K and RRR of 6.6. The transition width
was approximately 0.3 K. The critical current density curves, (b), are comparable with
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earlier results with thick MgB2 films, but the 20 K curve does show a maximum current
density of approximately 2x106 A/cm2 at low applied magnetic field.

02
)

300
(0

250

01
)

150
(1

Counts
counts

200

20

30

40

(1

10

100

01
)

0
120

50

60

70

(1

12
)

01
)
(2

02
(1 )
11
)
(2
00
)

(1

(1

10
)

(1

50

00
)

(0

01
)

100

80

90

80

q-2q
(1

12
)

01
)
(2

00
)

(2

02
)
11
)
(1

(1

(1

(0

20

(0

(1

01
)

40

02
)

00
)

10
)

60

0

10

20

30

40

50

60

Deg. θ-2θ
Figure 5-42: XRD spectra of the thick MgB2 film.
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These newest results indicate that the impinging jet is capable of reproducibly
depositing thick MgB2 films with excellent superconducting properties. In addition the
impinging jet configuration is able to provide independent temperature control for the
substrate and Mg source and increase the process flexibility for deposition of both thin
and thick films.

5.10 Conclusions
A dual-heater HPCVD configuration (see Figure 5-1) was designed and
implemented to independently control the Mg and substrate temperatures and gain more
flexibility over the HPCVD process. The dual-heater configuration was successfully
used to grow MgB2 thin films with superconducting and surface properties similar to
what has been reported with the original HPCVD configuration. This configuration
showed that the growth rate of MgB2 thin films increased as the substrate temperature
decreased.

However, growth experiments in this configuration were generally

inconsistent and irreproducible. Additional studies focused on the growth of boron films
both with the resistive substrate heater by itself and with a heated crucible in order to
more fully understand the dual-heater process.

These studies showed that boron

deposition was occurring upstream of the substrate. This resulted in a depletion of the
boron source gas and a reduction in the boron growth rate at the substrate. Additional
modeling studies indicated that with a crucible in place that the transport of the boron
source gas to the substrate was driven by diffusion. Changing the flow configurations so
that the boron gas flow would be in the same direction as the evaporative Mg flux did not
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improve the operation of the dual-heater configuration. The upstream depletion of B2H6
in this configuration made it very difficult to reproducibly grow MgB2 films and new
reactor configurations needed to be investigated to minimize this effect.

A variant of the impinging jet was developed and implemented as a potential
solution to the depletion and reproducibility problems encountered with the original dualheater configuration. The impinging jet design used a cooled injector tube (see Figure 514) that kept the B2H6 supply stream cooled for as long as possible to minimize depletion.
The impinging jet design also resulted in the direct transport of B2H6 to the substrate,
instead of the diffusive transport that was used in the dual-heater design. The substrate
was resistively heated with the same resistive heater used in the dual-heater and the Mg
was placed in a stainless steel crucible that was inductively heated. A boron film growth
chemistry model, along with CFD modeling, was used to explore the effects of process
conditions on the growth rate and uniformity of boron films in order to identify potential
growth conditions before experiments were performed. The modeling results indicated
that use of Ar as the carrier gas would help to reduce upstream depletion due to the lower
thermal conductivity and reduced heat flux from the crucible. The model also showed
that as the jet velocity increased the growth rate uniformity was diminished for both H2
and Ar carrier. Select experiments were performed to confirm the modeling results. The
experiments confirmed that the choice of carrier gas plays a substantial role in reducing
the upstream depletion.

Experiments comparing H2 and Ar at constant substrate

temperatures and increasing crucible temperatures showed that the growth rate of boron
films decreased dramatically with H2 as the crucible temperature increased. However,
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the growth rates and uniformities remained constant with Ar as the carrier gas as the
crucible temperature increased.

The impinging jet configuration was successfully used to grow MgB2 films.
Early experiments indicated that there needed to be a balance between the loss of B2H6
through thermal decomposition and the gas-phase nucleation of Mg vapor, otherwise,
substantial Mg cluster deposits were observed on the substrate. Using lower jet flow
rates enabled the successful deposition of MgB2 films with a maximum Tc of 39.8 K and
RRR of 6.6. This technique was shown to be effective for both thin films and thick films.
The thin films were predominantly axis oriented with the substrate and the thick films
were either polycrystalline or showed preferred orientation. The thick films also showed
high critical current densities, up to 2x106 A/cm2 at low applied magnetic fields. The
ability to grow thick films with HPCVD is very important for coated conductor
applications, such as wire coating for MRI use. The high growth rates attained with the
impinging jet (~ 110 µm/hr) are very promising for coated conductor process and are
much higher than what previously been achieved with the original HPCVD configuration
(~ 7.2 µm/hr [2]).
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Chapter 6
Summary and Future Work

6.1 Thesis Summary
MgB2 is a promising superconducting material with potential applications in MRI
and superconducting electronics.

The major advantage of MgB2 over existing

superconducting materials in use commercially is the unusually high transition
temperature for a non-cuprate material of 39 K. This indicates that use of MgB2 in
superconducting applications will reduce the overall cost of the cryogenic systems
required for operation. The challenge, however, is to develop a technique to fabricate
MgB2 in useable forms, such as thin films (Josephson junctions) or thick coatings on
conductive materials and wires (MRI, high current applications).

The fabrication of MgB2 based Josephson junctions requires a thin film growth
technique that is capable of high crystal quality (smooth, epitaxial films) and scalable to
large substrate areas. In addition, the multilayered structure of the Josephson junction
requires that the lowest growth temperature be used to reduce the rate of solid state
diffusion between the different superconducting layers and the insulating boundary layer.
Therefore, a suitable technique needs to be able to provide a uniform Mg overpressure for
phase stability over a wide surface area while operating at a temperature to provide the
highest crystal quality possible.
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Thick coating fabrication of MgB2 for MRI or high current applications requires
that the growth or deposition technique be able to provide thick films or coatings on
wires or tapes. The main requirement of the deposition technique is to provide a high
growth rate over extended periods of time. The current challenge is to maximize the
growth rate.

For these types of applications the material to be coated and source

materials would both need to be on a continual feed system capable of handling wire
lengths on the order of a kilometer.

Therefore, higher growth rates will reduce

processing time and possible costs in fabrication.

The thermodynamic stability of MgB2 is highly dependent on the overpressure of
Mg at elevated temperatures.

This stability limitation introduces complications on

potential growth processes. A number of deposition processes have been reported using a
variety of process conditions. For example, MBE has been used to grow in situ MgB2
films and combinations of PLD and annealing steps were used for ex situ growth. For
multilayered structures, though, an in situ growth technique would provide the best
methodology for depositing the thin films. HPCVD, developed at Penn State, has shown
that it is possible to grow high quality, epitaxial MgB2 thin films on lattice-matched
substrates such as SiC. This technique uses the high evaporative flux from Mg metal to
provide the Mg vapor overpressure to maintain phase stability at growth temperatures of
~700oC.

The original HPCVD reactor configuration consisted of a single, inductively
heated, susceptor that holds both the substrate and the Mg supply. HPCVD has been
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shown to be a leading growth technique for MgB2 thin films. HPCVD films have shown
the highest transition temperatures and RRR (high RRR indicates high film quality) with
very smooth surfaces.

Consequently, it is very desirable to be able to more fully

understand the process and the effects of process parameters on the growth and properties
of MgB2 thin films as well as introduce more flexibility so that it can be used for both
thin and thick film applications. The overall research goals of this study were to use a
combination of CFD modeling and experiments to better understand the general HPCVD
process and to design improved deposition configurations to expand the process to be
more flexible and amenable to both thin and thick film deposition.

For thin film

applications, the HPCVD process needs to be compatible with large surface areas and
have a higher degree of substrate and Mg source temperature flexibility. Thick film
applications require that HPCVD be able to produce coatings at least 5-10 µm thick with
high growth rates to be compatible with deposition on long wires and tapes. However,
the current HPCVD design has limitations in the reactor geometry that need to be
resolved. The use of a single susceptor dramatically limits the flexibility of the process
since both the substrate and susceptor temperatures are coupled and cannot be
independently controlled. The design of the susceptor also limits the substrate surface
area (4 x 4 mm) because the susceptor geometry must be able to also accommodate the
Mg supply. The finite amount of Mg used in HPCVD growths limits the time window
for film growth and excludes thick film deposition.

The growth of boron films, using B2H6 as the boron source gas, was the first step
taken to develop a preliminary understanding of the growth chemistry involved in the
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HPCVD process. Experiments showed that the deposition of boron films had two distinct
growth regimes. At lower substrate temperatures (Ts < 500oC) the boron film growth rate
had a strong temperature dependency, which is consistent with a kinetic growth
limitation. At higher substrate temperatures (Ts > 500oC), the boron film growth rate
showed a weak temperature dependency consistent with a mass transfer limitation.

An

activation energy of 22.9 ± 0.6 kcal/mol for the growth of boron films was calculated
from the kinetic limiting regime using an Arrhenius relationship and was in agreement
with published reports on the decomposition of B2H6 to form BH3. Both the growth rate
temperature dependency at lower substrate temperatures and the temperature dependency
of the gas-phase kinetics are similar, with comparable activation energies being observed,
indicating that at low substrate temperatures the growth rate is limited by the thermal
decomposition of B2H6 to BH3. At higher temperatures, the decomposition is complete
and mass transfer limits the growth rate.

In addition, the boron film growth rate showed a linear relationship with the inlet
B2H6 partial pressure. The boron film growth rate dependence on the inlet concentration
was also consistent with published reports using B2H6 as a dopant in silicon epitaxy.
These results indicate that the gas-phase species responsible for the growth of boron films
is BH3. Therefore, the process of depositing a boron film from B2H6 consists of: (1) the
thermal decomposition of B2H6 to BH3, (2) the transport of BH3 to the growth surface, (3)
adsorption of BH3 at the surface and (4) formation of a boron film.

This simple

chemistry model was used, in conjunction with computational fluid dynamics, to more
fully understand the dynamic flow and reaction processes in the HPCVD reactor
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chamber. The chemistry model, using the sticking coefficient of BH3 on the surface as
the lone adjustable parameter, accurately reproduced the experimental trends observed
for boron film growth.

The HPCVD growth of MgB2 films has a linear dependency on the inlet partial
pressure of B2H6, similar to the growth of boron films. In addition, MgB2 growth occurs
at substrate temperatures of ~700oC, which if correlated back to the boron CVD work,
would indicate that the predominant gas-phase boron precursor would be BH3. During
the HPCVD process, Mg pieces are heated and will generate a very high Mg overpressure
in the region of the substrate. The high overpressure of Mg vapor indicates that the Mg is
present in excess and that the growth of MgB2 films is limited by the supply of BH3 to the
substrate.

In order to introduce more operational flexibility into the HPCVD process, such
as independent temperature control for the substrate and Mg source, a new reactor
configuration was developed. This design utilized two, independent heaters for the
substrate and Mg supply. In addition, this new design had the added benefit that it did
not require any substantial modifications to the external system geometry. The substrate
was now resistively heated and the Mg supply was placed in an inductively heated
crucible. This redesign had the additional benefit of being able to enlarge the substrate
area (now 17 x 17 mm) beyond the limitations that imposed in the original HPCVD
design (4 x 4 mm).
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The dual-heater HPCVD design was used for the growth of both MgB2 films and
boron films. The growth rate of MgB2 films was shown to have decreased as the
substrate temperature was increased (at constant Mg crucible temperatures) which is
normally attributed to film decomposition kinetics limitations. However, this particular
reactor configuration proved to be irreproducible. Therefore, boron film deposition and
CFD modeling (with the developed boron chemistry model) was used to help understand
this geometry to determine the sources of the irreproducibility and to help in developing
improved reactor configurations.

The resistive heater was positioned so that the substrate was inverted in the gas
stream for the growth of boron films, as it was for MgB2 film growth. The crucible was
initially not included. The boron film growth rate as a function of temperature was
investigated and the experiments showed that over the temperature range of 650oC750oC, which would be typical substrate temperatures for MgB2 growth, that the boron
film growth rate showed a slight decrease as the temperature increased. In the traditional
HPCVD configuration, the boron film growth rate showed a very weak temperature
dependency, slightly increasing as the substrate temperature was increased. The boron
chemistry CFD model also reproduced the same substrate temperature effect under these
process conditions. The modeling, over an extended temperature range (600oC-1000oC),
also indicated that the decrease in the boron film growth rate was a result of upstream
depletion of the boron source gas.
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The dual-heater geometry was slightly modified to investigate the impact of gas
flow direction on the boron film growth rate both with and without a heated crucible.
The experimental results showed that with the heated crucible in place that the boron film
growth rate was reduced by approximately 50% when the gas flow was from the top of
the reactor to the bottom. The boron film growth rate was reduced by about 90% with the
heated crucible in place when the gas flow was reversed, flowing from the bottom to the
top of the reactor chamber. Modeling was also done for these same configurations and
was consistent with the experimental results. The model was used to more quantitatively
determine the effect of the crucible temperature on the boron film growth rate. The boron
film growth rate was roughly constant as the crucible temperature was increased when
the process gases went from the top of the chamber to the bottom. However, when the
gas flow direction was reversed (bottom to top) the growth rate was dramatically reduced
as the crucible temperature increased. The model predictions showed that for crucible
temperatures greater than 600oC (which would be needed for MgB2 growths) that the
boron source depletion was very substantial.

This initial dual-heater configuration did produce good quality MgB2 films,
however, it showed irreproducibility. CFD modeling and boron film experiments were
used to help understand the dual-heater process and showed that a substantial upstream
depletion was occurring.

Both the modeling and boron film growth experiments

indicated that regardless of gas flow direction the depletion would be substantial. A new
reactor configuration needed to be designed that would still be compatible with the

220
external geometry yet provides reproducible results and minimize the upstream depletion
of the boron source gas.

A cooled impinging jet reactor configuration was designed to minimize the B2H6
depletion effects and deliver B2H6 directly to the substrate surface. The cooled impinging
jet utilized a water cooled injector tube that kept the gas temperatures low prior to the
susceptor and substrate. A modified crucible was also designed to accommodate the
impinging jet and included a directional cap to help direct both B2H6 and Mg vapor to the
substrate.

This configuration was first investigated using CFD simulations to help

identify suitable process parameters for boron film growth. The simulation results were
then compared to experimental results to confirm the validity of the model results. Two
different carrier gases were explored, Ar and H2. The effect of the crucible temperature
on the growth rate of the boron films was also investigated using both carrier gases. The
impact of the impinging jet flow rate, as well as the effect of the spacing between the
substrate and directional cap, on the growth rate and deposition uniformity was
investigated for both carrier gases.

The numerical modeling indicated that using Ar as the carrier gas, instead of H2,
would dramatically reduce upstream depletion of B2H6 as the crucible temperature was
increased. However, the modeling results did predict that using Ar as the carrier gas
would result in a cold-finger effect which would introduce additional growth nonuniformities. Modeling results also showed that reducing the jet flow rate would improve
the growth uniformity but would also result in an increase in the depletion of B2H6 on the
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crucible. Increasing the separation between the directional cap and the substrate also
improved the film uniformity but also decreased the overall growth rates across the
substrate surface.

The effect of the crucible temperature on the boron film growth rate was
experimentally determined, in addition to the CFD modeling. With H2 as the carrier gas,
the growth rate (centerline reported) was dramatically reduced from 15 nm/sec to less
than 1 nm/sec as the crucible temperature was increased from 300oC to 700oC. The
growth rate using Ar as the carrier gas showed minimal change as the crucible
temperature was varied from 500oC to 700oC, remaining approximately constant at 16
nm/sec. This confirms the trends predicted by the modeling regarding the effect of
crucible temperature and carrier gas on the overall growth rate of boron films. The jet
flow rate was also experimentally varied, at constant process conditions (substrate
temperature, B2H6 inlet mol fraction etc…) using Ar as the carrier gas. These results
showed that as the jet flow rate increase that the growth rates increased. In addition, at
lower jet flow rates the uniformity of the films improved.

The initial attempts at using the impinging jet design for MgB2 growth resulted in
large Mg particulates being deposited on the substrate surface. This indicated that there
needed to be a balance between the upstream depletion of B2H6 and the nucleation of gasphase Mg particles. Higher crucible and substrate temperatures were employed to have
higher temperatures upstream of the substrate and lower jet flow rates were used to allow
the incoming gas flow to heat sufficiently to prevent Mg nucleation in the gas-phase.
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With these changes, MgB2 films were consistently grown using the impinging jet design.
Transition temperatures of 40.5 K were reported for films that were ~ 9.75 µm thick.
Various film thicknesses were obtained, from 200 nm to ~ 9.75 µm with growth rates
from ~ 1 nm/sec up to 30 nm/sec (~110 µm/hr). The thick film samples had high critical
current densities at low magnetic field.

The impinging jet design was successful at increasing the operational flexibility
of the HPCVD process and resolving the weaknesses of the original design that were
initially presented. The substrate and Mg sources are now independently heated to allow
separate temperature control. The substrate area has been increased, now limited only by
the size of the resistance heater. The depletion of the boron source gas upstream of the
substrate was reduced by cooling the B2H6 for as long as possible and by using different
carrier gases. Another important area of flexibility that the impinging jet design offers is
the ability to grow either thick coatings or thin films. This flexibility increases the
potential usefulness of HPCVD to both Josephson junction fabrication for
superconducting electronics and to thick coatings on conductive materials for high
magnetic field applications, such as MRI.

6.2 Future Work
Based upon the observations presented and subsequent conclusions made in this
thesis on the HPCVD growth of MgB2 films, suggestions for future work are made to
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further enhance the underlying process of HPCVD and to improve future reactor designs
for increasingly useful and beneficial applications beyond basic research.

An interesting result from the impinging jet design is that at slightly higher jet
flow rates that the films will be polycrystalline with very high growth rates (~ 110

µm/hr). In this particular geometry, it appears to be very sensitive to slight shifts in
process conditions at this time. Therefore, one suggestion for future work on the general
HPCVD development would be to systematically investigate the transition from axis
oriented films to polycrystalline films in the original HPCVD configuration. The first
task would be to improve the alignment of the substrate heater and crucible so that any
growth uniformities are more consistent from run to run. The alignment can be impoved
by using spacers on both the stainless steel shaft of the substrate heater and the quartz
shaft from the injector tube. The spacers would have to be designed so that they would
not dramatically interfere with the gas flow upstream (purge gas flow) or downstream
(reactor exhaust). The most likely cause of the different growth rates is the gas phase
transport of reactants to the substrate; therefore, varying the gas flow rates with a more
aligned geometry should provide insight on the growth rate transitions. Making the
alignment a constant factor in the experiments will enable a more conclusive
investigation on the effect of the growth rate, in addition to improving the impinging jet
process.

Understanding this transition will aid in the further development of the

impinging jet design and further reactor designs by presenting the process windows for
the different regimes and either films or coatings can be deposited based on the need of
the individual users research goals.
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The numerical modeling only included the growth of boron films from B2H6.
This limited the usefulness of the numerical modeling as a guide to new reactor
geometries. For example, the original impinging jet design modeling and experiments
used conditions that were not optimum for the growth of MgB2 films. The development
of a full MgB2 growth chemistry model is beyond the scope of this project and contains
fundamental difficulties that will substantially complicate the use of CFD modeling.
Another suggestion for future work would be to expand the current modeling capabilities
to include Mg evaporation. A pictorial representation of some of the processes that the
Mg supply may be undergoing during a growth run is shown in Figure 6-1.

The

evaporative flux, Φevap, (step 1 in Figure 6-1) of the Mg vapor from a liquid or solid
source, respectively, could potentially be described using the Langmuir equation (shown
in Eq. 6.1) where Na is Avogadro’s number, R is the gas constant, T is the temperature,

M is the molecular weight of the material and Pe is the equilibrium pressure [3].
However, as the Mg vapor is transported in the gas phase (step 2) through the
temperature gradients surrounding the susceptor several potential pathways exist.
Experimental observations indicate that the most prevalent path is for the Mg vapor to
form wall deposits on the inner diameter of the water cooled reactor tube (step 3). These
deposits form very quickly and over extended growth times can be very thick, on the
order of millimeters and even centimeters. This results in a moving boundary which the
software package in use is not capable of handling. The Mg gas particles can also
recondense into Mg particulates and be carried out of the reactor vessel (step 4). It has
been observed that Mg particulates are in the downstream components of the HPCVD
system and a variety of equipment is in place to protect the delicate instruments at the
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reactor exhaust, as discussed in Section 3.2.2. It is also possible that equilibrium is
established between the rate of Mg particulate formation and the rate of re-evaporation as
the particulates travel into heated regions again (step 5).

Φ evap =

Na Pe
2πMRT

6.1

Figure 6-1: Potential processes that may occur under Mg evaporation in the HPCVD
process.

These factors introduce a large number of variables in the process simulations and
the assumptions used in developing the model are undoubtedly not applicable to these
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cases. For example, the Mg source will evaporate or sublime at elevated temperatures to
evolve Mg gas but it isn’t clear whether or not that gas behaves as an ideal gas. An
additional challenge from this point is that the current model assumes that gas flow is a
Newtonian fluid. This assumption may not be valid if the gas flow is more of a “slurry”
mixture of gas and Mg particles. Furthermore, a significant portion of the Mg gas is
transported to the inner diameter of the reactor wall. If the wall deposits are large enough
a moving boundary situation could be established which may impact the flow of process
gases.

However, it may be possible to make some preliminary assumptions in
establishing a model for the Mg evaporation. The Mg evaporation/sublimation process
can be calculated using the Langmuir equation (Eq. 6.1 ) and could be implemented using
a boundary condition as a surface reaction (as a function of temperature) or as an inlet
condition where a calculated mass flux would directly input. The wall deposits could be
treated as surface reactions where the rate constants could be estimated from
experimental data. It would have to be assumed that the wall deposition process does not
impact the flow profile (which may be a reasonable assumption if the walls are not water
cooled). The Mg vapor could initially be approximated as an ideal gas and the effect of
gas-phase nucleation can initially be neglected.

Despite the number of initial

assumptions that would need to be utilized in developing a model for Mg evaporation and
condensation, the model may yield important initial results that can direct the further
development of HPCVD and the impinging jet design.
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The initial results from the impinging jet design showed very promising
preliminary results, such as the capability of growing thin films that were axis-oriented as
well as thick coatings at very high growth rates. However, the process can be further
improved to provide even better experimental results. It was experimentally observed
that even at low jet flow rates that visual non-uniformities were observed in the MgB2
films. Although non-uniformities are expected in impinging jet designs further changes
to process conditions or even slight geometry changes may improve the film uniformity.
A small flow diversion device could be used at the jet nozzle to help improve the gasphase mixing and improve the film deposition. The effect of the total pressure of the
system could also be increased. Initially with the dual-heater geometries, the pressure
was decreased to increase the gas-phase diffusion to the substrate surface. The impinging
jet design does not rely solely on diffusion to the substrate and therefore may not require
lower pressures. Higher pressures would decrease the gas velocity, which may increase
depletion effects, but may also improve the film uniformity.

The preliminary success of the impinging jet design shows that it was possible to
further develop and expand the capabilities of the HPCVD process without impacting the
operation of the shared equipment used in the traditional HPCVD configuration.
However, the impinging jet design does present further opportunities for future reactor
design and development for the growth of MgB2 films and coatings. A final suggestion
for future work would be to redesign and fabricate a new reactor system that takes
advantage of the improvements of the HPCVD process from the impinging jet design but
can further improve this promising technique. The important reactor design requirements
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(building on from previous requirements) are independent temperature control of the
substrate and Mg source, cooled delivery of B2H6 gas to prevent premature
decomposition and improved film uniformity over the current impinging jet design.

A potentially promising design is shown in Figure 6-2. In this configuration, the
reactor is now a horizontal chamber with the substrate heater downstream of the Mg
supply. The substrate is rotated to improve the film uniformity. The Mg supply is placed
in a container with a directional cap at the outlet, similar to the impinging jet
configuration. The B2H6 injector tube could be water cooled to prevent decomposition
upstream of the substrate. Resistive heaters are proposed for both the substrate and Mg
supply. The heaters can be housed so that they are isolated from the process gases to
prevent any damaging interaction and sample ports can be used to easily load and unload
the substrate and Mg supply. Previous designs had used inductively heated Mg supplies
and quartz reactor chambers. However, including the loading ports in the chamber
design would introduce some substantial quartz fabrication time and cost. A stainless
steel chamber would be easier to fabricate and would be much more durable. Resistive
heaters would simplify the reactor geometry. A lamp heater may be the most appropriate
type of resistive heater for the Mg supply as it will permit rapid thermal cycling and will
reduce the loss of Mg during crucible heat-up.
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B2H6/Carrier Inlet
Reactor Exhaust
Purge Inlet

Mg Supply

Resistive Heaters
Substrate

Figure 6-2: Schematic of proposed reactor design for future work.

A possible reactor configuration for continual deposition on long wires (or
bundles of many wires) is shown in Figure 6-3. The general reactor orientation is similar
to Figure 6-2, however, it has been modified slightly to permit a continual feed of both
Mg and conductive wire to be coated. Here the Mg supply is a continual feed of Mg wire
or rod into a heated crucible. Instead of growing films on rotating substrates, the wires
can be feed perpendicular to the gas flow to allow for adequate exposure to process gases
and to deposit thick coatings. The wire feed can either be a single wire or a bundle of
multiple wires. The wires could be heated through a lamp heater so that direct contact
with the heater can be avoided to enable a constant feed.
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Reactor Exhaust

B2H6/Carrier Inlet

Heater

Purge Inlet
Feed of Mg Rod
Or Mg Wire
Mg Supply

Heater

Wire or Wire
Bundle Feed

Figure 6-3: Schematic of proposed reactor design for future work on continual feed of
wire and Mg supply for coated conductor applications (MRI magnets).

Appendix A
Modeling Equations and Physical Proerties

A.1 Comprehensive List of Modeling Equations
The following tables include all of the equations that were used in the simulation
calculations. Process modeling takes the coupled partial differential equations and uses
Taylor expansions to convert to a system of non-linear algebraic equations.

The

equations listed are the original forms not the approximations. A number of variables use
approximations based on kinetic theory, such as viscosity, and require an estimate of the
Lennard-Jones potentials.
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A.2 Physical Properties of Materials in Modeling Studies
Select properties of the gas-phase species are listed below. The Lennard-Jones
parameters were calculated using the relations shown in the first section of this appendix
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and are listed in Table 4-3. The Lennard-Jones parameters are used in the calculation of
viscosity, thermal conductivity and diffusivities of the gases. The relations for these
properties are shown above. The JANNAF coeffecients for the individual gas species
were obtained through NIST webbook and converted to the units that CFD-ACE expects
as inputs and are listed in the table below. The emissivity of all gas species was taken as

Air

unity.

ρ kg/m3
300 1.1614
400 0.8711
500 0.6964
600 0.5804
700 0.4975
800 0.4354
900 0.3868
1000 0.3482
1100 0.3166
1200 0.2902
1300 0.2679
1400 0.2488

Cp J/Kg/K
300
1007
400
1014
500
1030
600
1051
700
1075
800
1099
900
1121
1000
1141
1100
1159
1200
1175
1300
1189
1400
1207

k W/m/K
300
400
500
600
700
800
900
1000
1100
1200
1300
1400

26.3
33.8
40.7
46.9
52.4
57.3
62
66.7
71.5
76.3
82
91

σ 1/ohm/m
constant

0

1000

300
400
500
550

4179
4256
4660
5240

300
400
500
550

0.613
0.688
0.642
0.58

constant

0

Quartz

constant

2650

constant

754

constant

1.4

constant

0

Copper

constant

8960

constant

385

constant

385

constant

7900

c0

181.23

c0

6.6501

c1

1.2134

c1

c2

-0.00119

c2

0.030705
-1.74E05

constant
0
resistivity ohm-m
c0
7.10E-07
-1.16Ec1
09

c3
c4

4.02E-07
0

c3
c4

5.41E-09
0

c3
c4

c5

0

c5

0

c5

Steel

Water

constant

c2

6.29E-12
-9.27E15
6.11E-18
-1.51E21
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SiC

constant

-510.47
6.0844
-0.00884

c0
c1
c2

c3

c3

c4

6.36E-06
-2.22E09

c5

3.00E-13

c5

923.36
-3.0898
0.004492
-3.23E06

c4

constant

0

constant

0

1.13E-09
-1.52E13

3980

constant

750

constnat
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constant

10220

100
200
400
600
800
1000
1200

141
224
261
275
285
295
308

100
200
400
600
800
1000
1200

179
143
134
126
118
112
105

N/A

constant

2280

400
600
800
1000
1200

1175
1500
1750
1850
1950

400
600
800
1000
1200

20
17
15
13
12

N/A

constant

3720

constant

880

373
673
1573
2073

30
13
6
7.4

N/A

BN
Alumina

c0
c1
c2

constant

Molybdenum

Sapphire

3200

Appendix B
Example Data Output from CFD-ACE Solver

B.1 Example of Output File from CFD-ACE Solver
*******************************************************************************************************************************
*
*
* CCCCC FFFFF DDDD
AAA CCCCC EEEEE SSSS OOO L V
V EEEEE RRR
*
*C
F
D
D A
A C
E
S
O
O L V
V E
R R
*
*C
FFFF D
D = AAAAA C
EEEE = SSSS O
O L V
V EEEE RRR
*
*C
F
D
D A
A C
E
S O
O L
V V
E
R R
*
* CCCCC F
DDDD
A
A CCCCC EEEEE SSSS OOO LLLLL V
EEEEE R R
*
*
*
*
Version
: 2007. 2. 3
*
*
Build Date
: 05/29/2007 18:15:47
*
*
Build OS
: Windows_NT
*
*
Build OS Release : 1.5.12(0.116/4/2)
*
*
Build OS Version : 2004-11-10 08:34
*
*
Build Machine : liberty
*
*
*
*
Copyright(C) 1994-2004 ESI Software. All Rights Reserved.
*
******************************************************************************************************************************

===============================================================
CFD-ACE-SOLVER Run Platform Information :
===============================================================
Run Date
: 07/10/2007 15:30:00
Run OS
: Microsoft Windows XP
Run OS Release :
Run OS Version : 5.1
Run Machine
: LAMBORN
===============================================================
===============================================================
=====================================
Summary of Input Information
=====================================
Problem has been set up using : CFD-ACE-GUI
================
Model Options
================
Shared
------Model Name : 1Torr_Si_500sccm_400C
Modules : FLOW HEAT SPECIES_SOLUTION
DTF File Name : 1Torr_Si_500sccm_400C.DTF
Simulation Number = 1
Diagnostic : OFF
Geometry: Two Dimensional Axisymmetric
Iterations = 75000
Time Dependance : Steady
Output Frequency = 75000
=====================================
Summary of 2D Axisymmetric Grid Data
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=====================================
Total No. of nodes =
3500
No. of line faces =
6736
Total No. of faces =
6736
No. of quad cells =
3237
Total No. of cells =
3237
==================================================================
|
Summary of Properties
|
==================================================================
| Key No. | Zone No. | VC Name | Mat. Type | No. of Cells |
-----------------------------------------------------------------|
22 |
1 | NoName | Fluid |
3237 |
-----------------------------------------------------------------| Property Name | Evaluation Method | Value |
==================================================================
|
Density | Gas_Law
| |
| Viscosity | Mix_Kin_Theo | |
|
Conduct. | Kinetic Theory | |
|
Sp. Heat | Jannaf
| |
| Diffusion | Kinetic Theory | |
==================================================================
============================
Summary of Body Forces
============================
Gravity in X : 9.81E+00
Reference Density: Automatic
====================================
Summary of Multi-Component Species
====================================
The following Chemical Components have been defined:
----------------------------------------------------------------- -------------------------------Species Name
Mol Wt.
A_VIS
B_VIS
Coll. Dia. Energy
Acc. Coeff Heat Acc
-----------------------------------------------------------------------------------------------B2H6
2.768E+01 0.000E+00 0.000E+00 4.721E+00 2.173E+02
BH3
1.384E+01 0.000E+00 0.000E+00 3.921E+00 1.480E+02
H2
2.016E+00 6.890E-07 9.669E+01 2.827E+00 5.970E+01
SIH2
3.010E+01 1.405E-06 1.115E+02 3.803E+00 1.331E+02
SIH4
3.212E+01 1.405E-06 1.115E+02 4.084E+00 2.076E+02
------------------------------------------------------------------------------------------------

=================================
Summary of Multi-Step Reactions
=================================
Units : Kmol-m-s-K (or eV); R_Heat (reaction heat) calculated at 298 K
Kinetics Algorithm : Non-Stiff

No. of chemical reaction mechanisms : 1
Info for mechanism no.: 1
Reaction Name : Si_B_doping
Reaction Type : General Rate
No. of reaction steps: 2
----------------------------------------------------1 : B2H6 <-> 2.0 BH3
R_Heat = 1.0969E+07 (J/kmol)
Rate_f : 0.590000E+50 * T **-10.800 * Exp(-0.26E+05/T) * [B2H6]
Rate_r : 0.590000E+45 * T ** -9.800 * Exp(-0.54E+04/T) * [BH3]**2.000

0.000E+00 0.000E+00
0.000E+00 0.000E+00
9.317E-01 9.317E-01
9.317E-01 9.317E-01
9.317E-01 9.317E-01
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2 : SIH4 <-> H2 + SIH2
R_Heat = 2.3724E+08 (J/kmol)
Rate_f : 0.312000E+10 * T ** 1.700 * Exp(-0.28E+05/T) * [SIH4]
Rate_r : 0.286800E+26 * T ** -4.203 * Exp(-0.63E+04/T) * [H2]*[SIH2]
=================================
INFO from input_chem2: mass_src_sp_flux = F
=============================================================================
Summary of Solver Control Parameters
|
=============================================================================
| Prop. | Diff. |
Solver
| Relaxation |
Limits |
----------------------------------------------------------------------------|
|
| Name |Sweep|Criter.| Inertial| Linear | Min. | Max. |
=============================================================================
| U |Upwind | CGS+Pre| 50|1.0E-04| 2.0E-01| - |-1.0E+20| 1.0E+20|
| V |Upwind | CGS+Pre| 50|1.0E-04| 2.0E-01| - |-1.0E+20| 1.0E+20|
|P-Corr | - | AMG | 50|1.0E-01| 2.0E-01| - | - | - |
| P | - | - | - | - | - | 1.0E+00|-1.0E+20| 1.0E+20|
| Rho | - | - | - | - | - | 1.0E+00| 1.0E-06| 1.0E+20|
| Mu | - | - | - | - | - | 1.0E+00| 1.0E-10| 1.0E+02|
| H0 |Upwind | CGS+Pre| 500|1.0E-04| 5.0E-02| - |-1.0E+20| 1.0E+20|
| T | - | - | - | - | - | 1.0E+00| 1.0E-10| 5.0E+03|
|Specie |Upwind | CGS+Pre| 50|1.0E-04| 5.0E-03| - | 0.0E+00| 1.0E+00|
=============================================================================
|

=====================================
Summary of Geometry Data
=====================================
Smallest Volume : 1.047979E-09
Largest Volume : 2.619947E-08
Smallest Angle

: 8.999974E+01 at face =

Location of face number

1

1 is x = 7.9839E-01 y = 1.0500E-02

=============================
Start of Iterative Cycle.....
=============================

Problem converged to specified criterion ( 1.00E-04) in 2123 iterations.
===============================================================================
Boundary-by-Boundary Mass Flow Summary (kg/sec/rad)
===============================================================================
Name
Key Type
Inflow
Outflow
Sum
===============================================================================
IN
18 Inlet
2.78451E-07 0.00000E+00 2.78451E-07
OUT
17 Outlet
0.00000E+00 -2.78451E-07 -2.78451E-07
===============================================================================
Total Mass Flow Summary
2.78451E-07 -2.78451E-07 -4.87101E-13
===============================================================================
=============================================================================
Boundary-by-Boundary Heat Transfer Summary (watts/rad)
=============================================================================
Name
key Type COND.+CONV. W_SRC.+CVD Sum
=============================================================================
IN
18 Inlet 1.8440E-01 0.0000E+00 1.8440E-01
OUT
17 Outlet -1.9205E-01 0.0000E+00 -1.9205E-01
HOT WALL
10 Wall
7.6616E-03 0.0000E+00 7.6616E-03
=============================================================================
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Total Heat Imbalance

1.6265E-05 0.0000E+00 1.6265E-05

Total volume source
0.0000E+00
=============================================================================
Total Energy Imbalance
Total wall HEAT source

0.1627E-04
0.0000E+00

* Radiation Summary Convention is -ve if emmitting, +ve if absorbing for external BCs.
* Cond+Conv Summary Convention is +ve if flux into the cell, -ve if flux leaving the cell.
=============================================================================

Species Summary at Boundaries
==============================================================
Species Summary of B2H6
==============================================================
Total Volume Source
-5.770642E-14
Name
Type
Flux (kg-B2H6/sec/rad)
==============================================================
2 IN
Inlet
1.630880E-12
4 OUT
Outlet
-1.573158E-12
==============================================================
Total Imbalance
1.552526E-17

==============================================================
Species Summary of BH3
==============================================================
Total Volume Source
5.770642E-14
Name
Type
Flux (kg-BH3/sec/rad)
==============================================================
2 IN
Inlet
-4.710965E-30
4 OUT
Outlet
-5.772395E-14
==============================================================
Total Imbalance
-1.753141E-17

==============================================================
Species Summary of H2
==============================================================
Total Volume Source
9.250031E-22
Name
Type
Flux (kg-H2/sec/rad)
==============================================================
2 IN
Inlet
1.081352E-07
4 OUT
Outlet
-1.081651E-07
==============================================================
Total Imbalance
-2.982742E-11

==============================================================
Species Summary of SIH2
==============================================================
Total Volume Source
1.381281E-20
Name
Type
Flux (kg-SIH2/sec/rad)
==============================================================
2 IN
Inlet
-2.514103E-37
4 OUT
Outlet
-2.222773E-23
==============================================================
Total Imbalance
1.379059E-20

==============================================================
Species Summary of SIH4
==============================================================
Total Volume Source
-1.473785E-20

241
Name
Type
Flux (kg-SIH4/sec/rad)
==============================================================
2 IN
Inlet
1.703138E-07
4 OUT
Outlet
-1.702844E-07
==============================================================
Total Imbalance
2.934076E-11

==============================================================
Species Summary of All Gas Species
==============================================================
Total Volume Source(+)
-3.670979917270E-26
Name
Type
Flux (kg/sec/rad)
==============================================================
2 + IN
Inlet
2.784506334721E-07
4 + OUT
Outlet
-2.784511201370E-07
==============================================================
Total Imbalance(+)
-4.866648118668E-13
=============================
End of Iterative Cycle.....
=============================

Final Time Elapsed CPU Time= 5.210000E+02 Delta-time= 5.210000E+02
Final Time Elapsed Wall Clock= 5.233590E+02 Delta-Wall Clock= 5.233590E+02
Normal Termination

B.2 Example of CVD File from CFD-ACE Solver
This is an abbreviated version of the CVD file output from the boron deposition
modeling. The first two colums (xf, yf) are the x and y coordinates (in meters) where the
reaction is taking place. The Dep/Etch column is in units of µm/min and follows the sign
convention that a negative value is for deposition and a positive value is for etch reaction.
The fourth column shows which species is being deposited/etched. The Sum Y column is
the summation of the gas phase mass fractions in the volume element in flow regime
adjacent to the deposition site. The Face Area is the area (m2) of the face of the volume
element where the reaction is occurring.
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xf
1.63E-01
1.61E-01
1.59E-01
1.57E-01
1.53E-01
1.53E-01
1.54E-01
1.54E-01
1.55E-01
1.55E-01
1.49E-01
1.50E-01
1.51E-01
1.51E-01
1.52E-01
1.52E-01
1.48E-01
1.48E-01
1.49E-01
1.49E-01
1.45E-01
1.45E-01
1.46E-01
1.46E-01
1.47E-01
1.47E-01
1.42E-01
1.42E-01
1.43E-01
1.43E-01
1.44E-01
1.44E-01
1.39E-01
1.39E-01
1.39E-01
1.39E-01
1.39E-01
1.39E-01
1.39E-01
1.39E-01
1.40E-01
1.41E-01
1.41E-01
1.39E-01
1.39E-01
1.39E-01
1.39E-01
1.39E-01

yf
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
1.31E-02
1.23E-02
1.16E-02
1.09E-02
1.01E-02
9.38E-03
8.63E-03
8.26E-03
8.26E-03
8.26E-03
8.26E-03
1.39E-02
1.38E-02
1.37E-02
1.35E-02
1.40E-02

Dep/Etch Rate
-1.22E-04
-1.71E-04
-2.27E-04
-3.02E-04
-5.13E-04
-4.78E-04
-4.46E-04
-4.16E-04
-3.89E-04
-3.63E-04
-7.89E-04
-7.33E-04
-6.82E-04
-6.34E-04
-5.91E-04
-5.50E-04
-1.00E-03
-9.44E-04
-8.92E-04
-8.42E-04
-1.64E-03
-1.50E-03
-1.37E-03
-1.26E-03
-1.16E-03
-1.07E-03
-3.03E-03
-2.71E-03
-2.44E-03
-2.20E-03
-1.99E-03
-1.80E-03
-4.35E-03
-4.80E-03
-4.97E-03
-5.00E-03
-4.90E-03
-4.66E-03
-4.13E-03
-4.00E-03
-3.99E-03
-3.71E-03
-3.37E-03
-3.33E-03
-3.50E-03
-3.67E-03
-3.83E-03
-2.58E-03

B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)
B(B)

Sum Y
1
1
1
1
1
1
1
1
1
1
1.000001
1.000001
1.000001
1.000001
1
1
1.000001
1.000001
1.000001
1.000001
1.000001
1.000001
1.000001
1.000001
1.000001
1.000001
1.000002
1.000002
1.000002
1.000002
1.000001
1.000001
1.000002
1.000002
1.000002
1.000002
1.000002
1.000002
1.000002
1.000003
1.000003
1.000003
1.000002
1.000001
1.000001
1.000002
1.000002
1.000002

Face Area
1.86E-05
1.86E-05
1.86E-05
1.86E-05
4.37E-06
4.37E-06
4.37E-06
4.37E-06
4.37E-06
4.37E-06
4.37E-06
4.37E-06
4.37E-06
4.37E-06
4.37E-06
4.37E-06
3.28E-06
3.28E-06
3.28E-06
3.28E-06
4.37E-06
4.37E-06
4.37E-06
4.37E-06
4.37E-06
4.37E-06
4.37E-06
4.37E-06
4.37E-06
4.37E-06
4.37E-06
4.37E-06
9.74E-06
9.18E-06
8.63E-06
8.08E-06
7.52E-06
6.97E-06
6.42E-06
4.32E-06
4.32E-06
4.32E-06
4.32E-06
1.77E-06
1.75E-06
1.73E-06
1.72E-06
6.21E-06
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1.39E-01
1.38E-01

1.40E-02
1.40E-02

-2.87E-03
-3.13E-03

B(B)
B(B)

1.000002
1.000003

6.21E-06
6.21E-06

VITA
Daniel Ray Lamborn
Education
Ph. D.: Department of Chemical Engineering-2007
The Pennsylvania State University, University Park, PA
Dissertation: “Experimental and Modeling Studies of the Hybrid Physical-Chemical
Vapor Deposition of Superconducting Magnesium Diboride Thin Films”
B. S.: Department of Chemical Engineering-2003
The University of Utah, Salt Lake City, UT
Publications
D. R. Lamborn, D. W. Snyder, X X. Xi, J. M. Redwing, “Modeling Studies of the
Chemical Vapor Deposition of Boron Films from B2H6,” J. Cryst. Growth, vol. 299, pp.
358-364, Jan. 2007.
D. R. Lamborn, R. H. T. Wilke, Q. Li, X. X. Xi, D. W. Snyder, J. M. Redwing, “DualHeater Reactor Design for Hybrid Physical-Chemical Vapor Deposition of MgB2 Thin
Films” IEEE Trans. Appl. Superconductivity, ACCEPTED.
R. A. Burke, D. R. Lamborn, T. Clark, E. C. Dickey, J. M. Redwing, “Experimental and
Computational Modeling Studies of MOCVD Growth of GaN Nanowires,” manuscript in
preparation.
D. R. Lamborn, R. H. T. Wilke, Q. Li, X. X. Xi, D. W. Snyder, J. M. Redwing, “Growth
of Thick MgB2 Films by an Impinging Jet HPCVD Reactor Design,” manuscript in
preparation.
D. R. Lamborn, R. H. T. Wilke, Q. Li, X. X. Xi, D. W. Snyder, J. M. Redwing,
“Modeling Studies of an Impinging Jet Reactor Design for the Growth of MgB2 films,”
manuscript in preparation.
Intellectual Property
D. R. Lamborn, X. X. Xi, D. W. Snyder, J. M. Redwing, PSU Patent Disclosure, “Cooled
Impinging Jet Hybrid Physical-Chemical Vapor Deposition of Films and Coatings of
Magnesium Diboride.”

