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Abstract

Pure boron exists in two main polymorphs, the commadhombohedral boron and the
relatively rare -rhombohedral boron.-rhombohedral boron (B) possesses several
extraordinary properties: self-healing from radiatdamage and a high hole mobility. In
addition, the"®B isotope has a large thermal neutron capture s®stion. Such properties make
it an excellent candidate for novel electronic deysuch as direct energy conversion devices
(alphacells and betacells) and neutron detectaraieder, research on the properties and
applications of -B has been limited due to the difficulty to produagh quality -B crystals of
significant size. The preparation orhombohedral boron is challenging for several oeas
first, -rhombohedral boron has a low thermodynamic stghitiis only stable below 1100°C,
at higher temperaturerhombohedral boron is the stable polymorph. Initimld at elevated
temperatures, boron is highly reactive, which miakedifficult to produce pure boron crystals.

The primary goal of this research was to produgé [uality -B crystals of significant
size. The main focus of this study was to explbeefeasibility of producing-B from a copper
flux. Copper is a promising solvent forB crystal growth: the eutectic temperature of @pp
boron is low, 996C, and the phase diagram of copper-boron is relgtsimple, and there are
not many intermediate boride-copper compoundsdttitimn, copper is easily removed from
crystals by etching with concentrated nitric atidst but not least, copper is less expensive than
other metal solvents such as platinum. Boron chgstawth from a platinum solvent and vapor-
liquid-solid growth by chemical vapor depositionre@lso performed for comparison.

A series of crystals were grown over a range aiahboron concentrations (9.9 to 27.7
mole %) and cooling rates. Small irregular-shapedkcrystals (>100m) and well-faceted red
crystals in various shapes, as large as 500 miavens produced. The crystals were
characterized by optical microscopy, scanning ed@canicroscopy, energy dispersive
spectroscopy, x-ray diffraction analysis, and Rasectroscopy. The correlation between
experiment results and experimental parametersdsaouaterials, the purity of growth
atmosphere, and crucible materials, etc.) are tepoBuggestions about further investigation for

-B crystal growth are proposed.
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CHAPTER 1 - Introduction

Boron is an old chemical acquaintance; it has losgn known for its household and
industrial use in the forms of borax and boric aBldcently, with the development of nuclear
and semiconductor technology, boron and borona@hpounds have attracted increasing
attention because of their exceptional properiash as high melting temperatures, extreme
hardness and low density, unique transport and amecal properties, etc.[1] These
extraordinary properties make boron-rich solidsedieat candidates for novel semiconductor
devices such as neutron detectors and beta cells.

Despite the prevalence of boron in many compouhésproperties of boron-rich
compounds have rarely been studied due to the edmdiinal difficulties of producing high
purity crystals of various polymorphs, the complies of obtaining perfect single crystals of
sizes required for scientific investigations, thsufficient insight into the crystalline structure
and lattice defects of the various polymorphs, teddifficulties in unraveling the characteristic
nature of interatomic bonds. [2]

-rhombohedral boron ¢B), the objective of our research, is the simpbegstal
modification in the family of the icosahedral boyach solids. Its unit cell has only ong B
icosahedron, the basic building block of all cristach in boron. Many other boron- rich solids
are derived from -B structure by adding two or three atom chaingsg@lihe diagonal of the unit
cell (e.g. icosahedral boron carbide, boron argeradd boron phosphide).

In previous studies,-rhombohedral boron was mostly prepared by chenveabr
deposition, and solution growth using platinum aslaent. However, the success of the earlier
studies was limited; the purity and size of thestals were unsatisfactory for the investigation of
the electrical properties af-B. The expense of these methods was high (ontinpla was
proved to be a successful solvent).

The primary goal of our research was to explorepthesibilities of preparing high quality
a-B from a copper flux. The experimental parameéerd the crystal quality were correlated, the
crystals produced were characterized by variousiigaes, including, optical microscopy, x-ray
diffraction (XRD), scanning electron microscopy (8} energy dispersive spectroscopy (EDS)

and Raman spectroscopy.



1.1 The Properties of Elemental Boron

Boron, a chemical element, symbol B, has an ateveight of 10.811, and is in the
group 1l of the periodic table. It has three valerelectrons, but unlike other group 11l elements,
it is nonmetallic in behavior. Boron is classifiasla metalloid and is the only nonmetallic
element which has fewer than four electrons iuter shell. In the naturally occurring
distribution, boron has two stable isotopes withngit weights of 10 and 11. THE isotope,
which has a nature abundance of 18.8 % of the botain, is an excellent absorber of thermal
neutrons [3].

Table 1.1 is a summary of the atomic propertielsasbn. Three points should be
emphasized. First, boron has high ionization eesr{f8.96eV, 23.98eV, and 37.75eV for first,
second, and third ionization potentials). Secomdob has a small atomic radius, 0.87A (the
atomic radius of hydrogen is 0.53 A). Third, theattonegativity of boron is high (2.0); carbon
(2.5) and hydrogen (2.1) are all similar, resultingxtensive and unusual covalent chemistry
[4]. These three features of the boron atom aretimeary cause leading to the diverse and
complex chemistry of boron/boron compounds; theyalao explain the formation of the unique
bonding and structures of icosahedral boron-rididso
Table 1.1 Atomic Properties of Boron [5] [6].

Oxidation states 4, 3, 2, 1(mildly acidic oxide)

Electronegativity 2.04 (Pauling scale)

lonization energies 1st: 800.6 kJ-mot 2nd: 2427.1 kJ-madl
3rd: 3659.7 kJ-mdl

Atomic radius 90 pm

Covalent radius 84+3 pm

lonic radius 0.23 A (the third smallest of all elements

1.1.1 Physical Properties of Elemental Boron
The literature shows considerable discrepancidsamphysical properties of boron; this is
due to differences between the samples used, ficylar, differences in the impurities present
and their concentrations. For example, the dessitierystalline boron was reported as
2.31g/cn in reference [3], but was 2.50g/8in reference [1]. Table 1.2 is the summary of the
physical properties of boron.



1.1.2 Chemical Properties of Elemental Boron

The chemical properties of boron are also greaflyénced by its crystallinity.

Crystalline boron is reported to be quite stabladgat and oxidation even at relatively high
temperatures (>500°C). It is slowly attacked andii@aed by hot concentrated nitric acid, and by
mixtures of sodium dichromate and sulfuric aciddkygen peroxide and ammonium persulfate
also slowly oxidize crystalline boron. In contrasigese reagents react violently with amorphous
boron [3].

Generally speaking, boron is barely reactive ahréemperature; at high temperature, it
reacts with almost all the element of the periddide (see Table 1.3). Due to its strong reducing
power, it also reacts with numerous compounds,imtite case of oxygenated or halogenated
compounds, sometimes in a violent ways [7].

Because of its high reactivity at high temperatthie,preparation of pure boron is
extremely difficult: it attacks refractory compoumncdontaining oxides, graphite, and refractory
metals. Even under high vacuum or under a contt@tenosphere, it combines with traces of
oxygen or nitrogen or with carbonaceous residua® fihe oils of the vacuum pumps. Due to its
extreme hardness, pulverization of boron introduicgsirities from the crushers and causes a
superficial oxidation of the grains [7]. Thus theerimental study of the chemistry of boron is
difficult; the findings from many studies are cactiing. For example, some scientists [3] claim
that boron can be oxidized by nitric acid at ro@mperature, however, according to my own
experience, it does not. In conclusion, numerostesyatic and elaborate studies are needed to

further refine the accuracy and correctness ofitita in the field of boron chemistry.



Table 1.2 Physical Properties of Boron at 25°C expeas noted) [3].

Property Value Reference
Density (g/cnT)

Crystalline 2.31,2.45 ,2.50 [3], [4].[2

Amorphous 2.30,2.35 [3], [4]
Mohs hardness

Crystalline 9.3 [3]
Melting Point (°C)

Amorphous 2100 [3]

Crystalline 2180-2300 [4]
Boiling Point (°C) 2500 [3]
Resistivity (ohm-cm)

Crystalline/Amorphous 1.7x16 [3]

Coefficient of thermal
expansion (1/°C)

Crystalline/Amorphous 8.3x10 [3]
Heat of combustion (kcal/mole)

Crystalline/Amorphous 302.0£3.4 [3]
Entropy(cal/(mole)(deq))

Crystalline 1.403 [3]

Amorphous 1.564 [3]
Heat capacity (cal/(mole)(deq))

Crystalline 2.65 [3]

Amorphous 2.86 [3]




Table 1.3 Chemical Properties of Elemental Boron [[7

Group Elements Reaction Temperature Product Notes
Number Range
Many reported forms of boron carbide late
proved to be only mixtures or solid solutions.
Vih B Carbon >1008C B1-2LC Only B:12C, and BC were well determined,
whose structure are derived from
rhombohedral boron.
Silicon >1400C SiBs, SiBs, SiBi4
Vith B | Oxygen Room temperature 2B Boron combines with oxygen, sulfur and
selenium but does not appear to react with
Sulfur High temperature £33,B.S B2S, tellurium.
Selenium | High temperature 288,B,Se,BSe
Viith B | Fluorine Room temperature BF Boron trifluoride is very stable while the
boron triiodide can be decomposed at lower
Chlorine | 400C ~900C BCk temperature. Boron trifluoride and boron
- trichloride are gaseous at room temperature.
Bromine | 400C ~900C BBr3 Boron tribromige is liquid and boronIO
triiodide is solid.
lodine 400C ~900C Bls
Metals | Boron combines with almost all metals. Boridesraostly obtained by directly mixing boron and metahigh
temperatures. The existence of more than 200 rbetales has been reported, though half of theneedb not exist
or represent mixtures and solid solutions. The datgy as to the existence of a great number afles and their
composition is not difficult to understand considg the difficulties in synthesis, analysis, pig#tion, single crystal
growth, and in determining phase diagrams at egfperatures.



1.2 Crystalline structure of Boron

Several different crystal structures of pure badiwat have been proposed in the literature,
but most of them proved to be borides or to beilstald by a small concentration of impurities.
Only -rhombohedral boron andrhombohedral boron are established as pure boyatatiine
forms. (For example, the existence of “tetragomabh” as a modification for pure elemental
boron or as a boron-rich nitride or carbide haskeesubject of controversy. [2][8]

To explain the unusual structure of icosahedrabboit is helpful to describe the
exceptional chemical bonds formed with boron atdres.most of the compounds formed by
other elements, two electrons are shared betwesatiovns; however, boron can form chemical
bonds in which a pair of electrons is equally stamong three atoms, as shown in Figure 1.1.
[9]

Based on the three-atom bonding, boron can fooseicedra, twelve atom clusters with
boron atoms positioned at each vertex. The higilestron density occurs at the center of an
equilateral triangle which serves as one facethefitosahedra (as shown in Figure 1.2 [10]).

This icosahedral unit is the basic building blookitosahedral boron and its compounds.

a. Two center bond b. Three center bond

Figure 1.1 The colored regions roughly show the doimant parts of the electronic charge
distributions of a (a) two center bond and a (b) thee-center bond. Black filled circles
represent boron atoms [9].

This three-atom bonding structure is unique toabesiral boron-rich solids. The atoms
lighter than boron, such as beryllium, do not heameugh electrons available for forming
intericosahedral covalent bonds [9]; atoms heah@n boron are also larger in size, and their

bigger interatomic separations prevents the foimnadf stable three-center bonds. Therefore,



boron-rich solids possess some distinctive, perhajgie physical and electronic properties

which are the consequence of this atypical strec{®j

Figure 1.2 An icosahedron of boron is illustratedBoron atoms sit at the vertex of the
icosahedron, and the contours depict the accumulatn of bonding charge on the
icosahedron’s triangular faces [10].

-rhombohedral boron is the simplest boron polymeritere are only 12 atoms in each
unit cell. Boron atoms are located at each verte¢heicosahedra, and icosahedra are bound to
their neighbors by six-two center bonds, formintp@mbohedral lattice, as illustrated in Figure
1.3 [11]. Compared to-B, the structure of-rhombohedral boron is much more complex
(Figure 1-4); there are 105 atoms in each unit @&lé complex structure ofB leads to its high
concentration of structural disorder, e.g. highaamration of boron interstitials and vacancies.
These crystal imperfections greatly diminish theieamobility of -B, which is about
0.01cnf/V-s [12]. In contrast, the mobility ofrhombohedral boron is four orders of magnitudes
higher (100crfV-S) [12]. Actually, the electrical properties oB are similar to amorphous
semiconductors even though it is a crystal [13r€fore, -rhombohedral boron is more useful
than -rhombohedral boron as a semiconductor materiatlstronic device applications.



Figure 1.3 Structure of -rhombohedral boron viewed along the rhombohedral 11 ) axis.
Bond color scheme: 1.67 A in purple; 1.75-1.81 A iarange; 2.01 A in red [11].

Figure 1.4 Structure of -rhombohedral boron viewed along the rhombohedral 111) axis.
In addition to boron icosahedra, this structure al® contains isolated and paired boron
atoms. Bond color scheme: 1.63-1.73 A in purple;73-1.92 A in orange; partially occupied
sites are shown in color: B13 (74.5% average occupey) cyan; B16 (27.2%) pink; B17
(8.5%) yellow; B18 (6.6%) indigo; B19 (6.8%) blueB20 (3.7%) orange. [11]



1.3 The Properties of Icosahedral Boron-Rich Solids

Icosahedral boron-rich solids have the same bésictare asa-rhombohedral boron (as
illustrate in Figure 1.5 and 1.6). Their electripabperties range from a hopping-type
semiconductor (boron carbide) to wide bandgap rtamperature insulators (the boron pnictides
BeP and BAs) [14].

These solids are stable refractory materials wigliting temperatures up to 24@0a
thousand degrees greater than silicon’s.A8]such, they are of interest for a variety of high
temperature semiconductor applications. [14].

In this section, the unique self-healing ability@isahedral boron-rich solids is
explained. The properties of pure crystalline baaosnsummarized. Finally, two practical

applications that exploit these exceptional prapsrére introduced.

Figure 1.5 The structure of B,P, and B;,As; is very similar to -B, but has two atoms
chains of phosphorus atoms or carbon atoms (greyyihg within the rhombus connected to

six B12 icosahedra by two atom center bonds [9].



Figure 1.6 The structure of boron carbide: carbon géoms (grey) can occupy one end site(C-
B-B), both end sites(C-B-C), or all of the sites(@-C) in the intericosahedral chain, as well

as one of the sites within each icosahedron [9].

1.3.1 The self-healing ability of icosahedral borerich solids

Icosahedral boron-rich solids were observed togxssa self-healing ability from
radiation damage. Several boron-rich solids (b@ambides, -B [15-16], B,P, and B2As;[17])
were investigated by high resolution transmissieateon microcopy during and after heavy
bombardments (e.g. by 400 keV electrons). Damage asi clustering of defects and
amorphization, which would be expected in most melewas not observed.

The absence of radiation damage in icosahedrahbeh solids is ascribed to their
exceptional structure. When an energetic partigeeadectron, ion, or neutron, displaces a boron
atom, a negatively charged degenerate icosahedtadaly eleven boron atoms) and a
positively charged isolated boron ion is formedadidition, the size of a boron cation is very
small (which would aid its diffusion and therebygifaate recombination) [10]. The attractive

force between the icosahedra and the boron iom $$reng as to draw the boron ion back to

10



complete the icosahedra. This process is not tHeraetivated, as it can occur even at very low

temperature (~12K).[18]

g

' 200nm |

Before After
Figure 1.7 High-resolution transmission electron ngrograph shows no damage to BP,
after an intense bombardment (1€Pelectrons/cnts) by 400 keV electrons to a net dose of

about 107%lectrons/cnf. The bombardment is more intense than that from udiluted °°Sr

(10*electrons/cnds). [10]
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1.3.2 Miscellaneous properties of Rhombohedral Boro
Table 1.4 Structural parameters and electrical progrties of - and -B as measured in
experiments. Lattice parametersap and , number of atomsNaom, atom density
coordination number N, Debye temperature p, and bulk modulus By. The bond length is

presented as the minimundyin and averagedayg for all the bonds. [19]

-boron -boron Reference
ag(A) 5.057 10.145 [19]
©) 58.06 65.17 [19]
Space group R3m R3m [12]
Natom 12 105 [19]

(atomgA®) 0.1373 0.1278 [19]

N. 5.50 6.40 [19]
min(A) 1.71 1.62 [19]
avg(A) 1.77 1.80 [19]

o(K) 1430 1200-1300 [19]
Bo(GPa) 213-224 185-210 [19]
Structural analogues 18>, B13As,. boron Gay sB103, SCBs,

carbide ZrBs1,CrBa1,SiB1a [12]
Bandgap (eV) 2 1.5-1.6 [20][22][13]
Hall mobility(cn/V-S) | ~100 ~10° [12]
at T=300K
Resistivity( -cm) ~10 ~0.15 [21]
at T=1000K
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Table 1.5 Calculated electronic structures of -rhombohedral boron [1]

-rhombohedral boron

Band gap (eV)

Indirect: 1.70(Zz )
Direct: 2.17()
4.12(X)
2.79(2)
3.53(A)
4.12(D)
Bandwidths(eV)
Upper VB 10.00
Middle VB 2.57
Lower VB 0.82
Effective mass (electron)
CB edge 0.21(X)
1.10( 2)
0.56( D)
0.58( A)
VB edge -0.21(ZA)
-1.63(Z )
-0.36( D)
-0.30( A)

13



1.3.3 Application of icosahedral boron-rich solids

1.3.3.1 Neutron Detector

Neutron detectors are used to monitor neutron-gmgitadioactive sources in and at
reactors and accelerators. It can be also usesifgeillance and detection of radioactive
materials and as research tools [23].

The present generations of neutron detectors enmgiegintillation counters or
ionization chambers to measure electronic ionizatiave low efficiencies, consume significant
power, and are bulky. By contrast, a solid stat®haich-solids-based device which exploits the
exceptional neutron absorbing capacity®, the high melting temperature and the radiation
tolerance of icosahedral boron solids could be mserssitive, more compact, long-lived, mobile,
and operate with minimum power.

Figure 1.8 illustrates the concept design of a barch-solids based neutron detector.
Boron 10 is an excellent neutron absorber; it hiasge thermal neutron capture cross section of
~3800 barns, in contrast to most elements which lalees is typically less than 1 barn. When
the boron-rich solids are bombarded with thermab(r2V) neutrons two reactions will happen
[24]:

(1)°B+n Li (0.84 MeV) +*He(1.47 MeV) + (0.48 MeV) (94%)

(2)'%B +n L (1.02 MeV) +*He(1.78 MeV) (6%)

In both reactions high energy Li and He (alphaiplag) ions are produced. If this
process occurs in a semiconductor, for each negaptured, a huge number (~1.5%16f
electron-hole pairs are created as the energetscpass through the material. This charge is
large enough to be detected directly without furtimaplification. Thus a thermal neutron

detector could be based on a boron-rich semicond&ttottky,pn, orpin diodes.
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Figure 1.8 A Neutron Detector: A high resistivity lbron-based semiconductor slab is
fastened with metallic electrodes on opposing suréas. A neutron interacts with'°B, it
produces Li and He ions that then create a cloud adlectron-hole pairs. A voltage applied
across the device drifts the free charges to therespective electrodes, which in turn induces

a measurable current (or voltage pulse) in an exteally attached circuit [25].

1.3.3.2 Beta Cell

The nuclear energy of some radioisotopes is prignegieased in the form of beta
particles which are energetic electrons that argtednfrom a nucleus as a product of its decay.
A beta cell is a device, which utilizes beta pdesdrom radioisotopes by interacting with a
semiconductor material, to produce electrical power

The working mechanism of beta cell is illustratedrigure 1.9; electrical power is
created by combining a radioisotope (B$y, **Pm, and'’®Tm) emitting beta particles to a
semiconductor junction. The electron-hole pairsegated as the beta particles pass through the
semiconductor are separated by the local electiid 6f a semiconductor junction, and the
generated current is collected in the externaldirc

Compared with those of even excellent chemicalcsute.g.1W-hr/kg of gasoline),
the energy capacities of the radioactive sourteige (10 to 1¢ W-hr/kg of fuel), thus beta
cells could be much smaller power suppliers tharventional chemical power sources such as

batteries. Furthermore, because of the long halfeli some radioisotopes (e.g. the half-life of

15



%3y is 28 years), beta cells could supply powedfarades. Beta cells can find numerous
applications wherever high-energy-capacity, reégimwer sources are needed, for example,
remote sensors, cardiac pacemakers, laptop, spécetc.

Conventional semiconductors such as Si, Ge,GeASdde have limited utility as beta
cells because of their low radiation tolerance. diakects created by the incident high-energy
beta particles within the semiconductors couldtecaind trap the generated charge carriers. For
example, in Rappapoet al’s study [26], the silicon beta cells fueled®8$r were degraded over
a few days as a result of accumulating damage., Hata cells made of standard
semiconductors can be used for only a short timesith very weak beta sources, suchdor
147Pm.

The degradation problem can potentially be all@ddiy replacing conventional
semiconductors with icosahedral boron-rich solRkEcause of the self-healing ability of boron-
rich semiconductors, high-energy beta particlestergisource such &8Sr or'”°Tm could be
used. Because of the self-healing, the lifetimesagahedral boron based beta cells are limited
by the rate of decay of the radioisotope energycsorather than by radiation damage to the
semiconductor. Particularly, the relatively higtadle carrier mobility of -rhombohedral boron
in the family of icosahedral boron-rich solids makiemore promising as a candidate for

fabricating beta cells.
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Figure 1.9 A Beta Cell: 1- Schottky-barrier junction device; 2-beta emitting radioisotope
layer; 3-beta radiation; 4-means (for transmittingthe produced electrical energy to a load);
5-metal contact (e.g. Au); 6-icosahedral boride seoonductor (e.g.-B); 7-metal contact
[27].
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CHAPTER 2 - Methods of Preparing -rhombohedral Boron

The preparation of-rhombohedral boron is challenging for several oeasfirst, -
rhombohedral boron polymorph has low thermal sitgbit is stable only below 1100°C; at
higher temperaturesrhombohedral boron is the stable polymorph. Initamltl as mentioned in
the Chapter One, at elevated temperaturdsjs highly reactive: it reacts with trace
concentrations of water, oxygen, nitrogen, andaarktc. to form compounds of high stability
and inertness. It can also react with the refréespsuch as graphite which are common crucible
materials. Furthermore, the icosahedral framewbhbooon changes with small concentrations
of impurities. For example, certain polymorphs ofdn tended to be stabilized by carbon
forming the tetragonal boron polymorph rather themmbohedral boron. [2] [28]

The synthesis of-rhombohedral boron was first reported in 1958 lyQdrtyet al. [29].
Since then there have been mainly two methodsdqreparation of-B: (1) the deposition of
boron out of the vapor phase (chemical vapor déposnethod); and (2) the precipitation of
boron from metallic solutions forming low meltingtectics (solution growth method). The
growth of -B from the vapor phase can be achieved by redumingn halogen (B or by
decomposing diborane (;Bg). To grow -B from a metal flux, only platinum has proved ®&
successful solvent as reported with detailed erpantal conditions and confirming analysis. In
addition to these two main methodsB was prepared by the Vapor-Liquid-Solution (VLS)
method which is a combination of chemical vapora$#on and solution growth method.

In spite of many attempts to prepar8, growing high quality crystals of large size and
high purity for the investigation of its semicontlucproperties has not been reported. This
chapter reviews the literature on methods for piaga -rhombohedral boron. In particular, it

will explain why copper was chosen as the solverheé past study.

2.1 -rhombohedral boron preparations from the vapor phase
A typical Chemical Vapor Deposition (CVD) systenndze used for preparingB from
the vapor phase. In an evacuated or controlled stheye chamber, boron production takes
place on the substrate which is resistively or atidely heated. Tantalum, silica, boron nitride

and amorphous boron were reported as successfiratéchoices [38].
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Boron iodide, B4 , decomposes to boron and iodine at 800°C. haddast stable
compound among the boron halides, thus, it is mvadly used as the boron source in the
method of direct thermal decomposition. For thauotidn of boron halides with hydrogen, BBr
was most frequently applied, the reaction can oasuow as 608C [30]. BCk and Bk were
also employed as boron sources, but these reactnise higher temperatures.sBlas barely

used in the hydrogen reduction method becausesahgtability of hydrogen iodide (HI).

2.1.1 Pyrolysis of Boron Triiodide
Both McCaty and Carpenter [30] and Amerger andZ2i¢B1] purified the Blbefore
using it as the boron source for producinB. They purified it by distillation in a glass cwhn
with the efficiency of 30 theoretical plates andtbg zone melting method putting the samples
in an evacuated glass tube, passed through thensydtalternate heating and cooling units.

Equation 2.1 BI, -¥/4® |3+g|2

In McCarty and Carpenter’s study in 1960 [30], deeomposition of Bl(eqation.2.1)
occurred on a heated tantalum wire at an argomparessure of 0.1-1mm of Hg. Table 2.1
presents the experimental parameters of this st} 000°C, a 1.8mm thick deposit of boron
was obtained on the surface of tantalum wire ((6@@W diameter) in 4.5h. On breaking the
wire, a cluster of red crystals surrounding thealm wire were clearly visible to the unaided
eyes. In this sample, a wedge-shaped band of om@igeed boron in a fractured portion of the
rod was formed. This band started as a narrow batite tantalum core and expanded as it grew
out to the surface, which, in the author’s opini@stified to the influence of tantalum upon the
nature of the deposit: tantalum might act as atégéfor impurities and thus promote the growth
of rhombohedral boron locally. [30]

X-ray powder diffraction photographs of the sam@e800°C, 900°C and 1000°C
revealed that the samples had three major compsineBt -B and tantalum borides.
Unexpectedly, the amount of tantalum contaminatiecreased with an increase in temperature:
X-ray emission analysis of the sample at 800°Ccaiigid the presence of approximately 78%
tantalum but the 900°C sample had only a very samatiunt of tantalum boride in it (0.03%).
This phenomenon contradicts the diffusion law @Hision rate increases with temperature)
and the experience of Stest,al. [32] and Laubengayet al [33]. McCarty and Carpenter [30]

explained this phenomenon as the tantalum iodidefaraned at lower temperature; at higher
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temperature this compound would be volatile. Obsipyuit is difficult to reconcile the various
observations on the basis of diffusion law. Thengiséry of the various phases that can form at
the surface of tantalum may depend strongly orp#racular halide used and the presence or
absence of hydrogen [30].

Other scientists also conducted similar experimentthe growth of -rhombohedral
boron. Amberger and Dietze [34] found that from 8561100°C, the temperature showed little
influence on the formation of-B, but the impurities in the system greatly infleced the growth
of -B (e.g. the impurity in the boron source, the eaomhation from the substrate). Among the
boron crystals (-B, -B, tetragonal boron) produced in their experimemB always had a high
level of purity. They concluded that thegpolymorphs of boron offers the least crystallogmap
vacancies to accommodate foreign atoms. Theretoeenore foreign atoms present, the smaller
the probability that -rhombohedral boron will form [34]. This conclusibg E.Amberger and
W. Dietze [34] is attractive, since we observedhalar phenomenon in our own experiments, as
disclosed in detail in a later chapter.

Table 2.1 Thermal decomposition of B on the tantalum rod (91.5cm long) [30].

Decomposition Blj Decomposition time | Deposit Yield
Temperature(°C) Temperature | (hr) weight (%)

Q) (9)
800 0-~25 73.5 10.3 Not determined
900 20 23 11 43
1000 25 64.3 56.6 78

2.1.2 Pyrolysis of Boron Tribromide

As already mentioned above, the reduction of baribnomide (Eq.2.2) can take place at
a temperature as low as 600°C. R.Naslain et al [B]ducted this reaction in an electrically
heated quartz tube. The partial vapor pressureBof ®as sustained at around 160 mmHg, and
the boron was deposited directly on the wall ofdbartz tube. Due to the low reaction
temperature (700°C to 850°C), the yield of borors Veav. Thus the unconverted BBwhich
can be separated by fractional distillation, wayeted, and returned to the evaporator (a
condenser used to collect the unconsumed)BBr
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Equation 2.2:BBr, +§H2 B +3HBr

Over the temperature range of 600°C to 700°C, tystal fraction was low. Above than
850°C, the rate of boron deposition became sigamticbut the quartz tube (silica) started to
react with the boron. Therefore, temperatures ff@®°C to 850°C were chosen as a
compromise, as they permitted an appreciable yielbron deposition while avoiding
noticeable contamination by the reactor tube maitésilica).

During their experiment, the only factor which seehto influence the appearance of
boron was the residence timehe time spent by the boron deposits in the reoluzone. There

was a critical time . .Whery <t _, the boron deposits were in the form of granulegivwere

-B only, completely free of-boron, and no detectable reaction between bordrsiina took

place. When > ¢ _, the product was a compact powder containing treth and

modifications, and a superficial corrosion of thallvef the chamber was detected after many

deposition experiments. The critical timgdepended upon the geometry of the reaction
chamber and the temperature-the higher the temyperahe lower . was [35]. (Table 2.2). The

influence of the experimental parameters upon therbstructure is summarized in Table 2.3.

The boron crystals were small, essentially fine gexmwCompositional analysis by
titration gave 99%-99.5% boron. X-ray fluoresceanalysis detected only bromine as a definite
impurity. Heating in high vacuum (fGorr) didn’t remove the trace amounts of bromine,
suggesting that bromine was chemically bonded torbdased on their observation that
boron was produced over the entire temperaturestdRdNaslairet al [35] proposed that-
rhombohedral boron is the only thermodynamicalabk variety, for ordinary pressure at all
temperatures up to the melting point of boron.

Talley et al. [36] and Beagt al [37] also conducted experiments with boron tnibide
reduction with hydrogen. Although their goals waog to prepare-B, both groups observed its
formation. Their experimental parameters are piteskin table 2.4. [38] Amberget al.[34]
found the formation of-B in the hydrogen reduction of B£From 950°C t01050°C -
rhombohedral boron was deposited on the tantallamé&nt mostly in the form of fine crystals,
with -rhombohedral boron as a byproduct, when the satestiemperature exceeded 1050°C;
B predominated in the deposited material.
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Table 2.2 Experimental value of . for a reactor of 30mm diameter and for a hot zonef
60mm length. [35]

Reduction Psgr3 Deposition t.
temperature (°C) | (mm Hg) rate(mg/h) (h)
850 150 250 10
750 160 150 13
700 160 120 15
675 160 80 25

2.1.3 Pyrolysis of Diborane

Robb and Landauer[39] studied the low pressure va@position of boron by the
thermal decomposition of:Blg. Their study included investigating methods forifying
diborane. The purest boron crystals were produced tarefully distilled diborane. In this case,
the boron purities of 99.8 to 99.99 percent wemesiently obtained. They also attempted to
purify diborane by passing it through a 4A. molecdieve. However, methane (gknd
carbon monoxide (CO) were not completely removethizymethod, and approximately 0.1%
carbon was contained in the boron made from thés ga

Most of the deposition experiments were conductdédmaperatures below 1000°C, and
consistently produced-rhombohedral boron. Although the total pressurthéxdecomposition
chamber ranged as high as 10mm Hg, the pressige lolothe substrate was barely above
100 mHg. Boron rods 8 inches long and up to 3/8 toii¢h in diameter were grown, and the
crystalline deposit containingB was obtained at the deposition rate of 0.5g/h-cm
Table 2.3 Experimental parameters used for BBylow-temperature reduction in hydrogen
[35].

Nature | Reduction | Pggs Length of | ¢, t Rate
of the temperature | (mm Hg) | the hot (h) (h) (mg/h)
deposit | (°C) zone (cm)
750 160 6 13 12 150
800-850 170 12 10 40 250
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Table 2.4 Experimental parameters in Talley et al ad Bean et al's investigation [38]

Talley et al. Bean and Medcalf
Substrate material W+1% ThO -boron
Substrate size d=0.025mm |=5cm D=1.6mm
Substrate temperature 1200°C 1000°C
Hydrogen stream 500ml/min 970ml/min
volumetric flow rate
Vaporizer temperature( | 25°C 60ml/min
rate of evaporation of
BBr3)
BBr3 concentration in 8-10M% 20M%
hydrogen
Deposition rate of boron 0.01g/h 2-3g/h

2.2 -rhombohedral Boron Preparation by Vapor Liquid Solid Method (VLS)

VLS is a modified chemical vapor deposition (CVDgtmod. For -B preparation, the
substrates were seeded with platinum or gold pestito promote the nucleation of boron from
the vapor phase (which is usually boron halide).

In this mechanism, the role of the metal partisléoiform a liquid alloy droplet of
relatively low melting point. The liquid alloy (e.glatinum-boron alloy) acts as a preferred site
for absorbing the boron atoms from the vapor phassperhaps more likely, as a catalyst for the
chemical process involved. [40] The boron dissolaé&s the liquid and crystallizes, with a very
low concentration of platinum in the solid solutiatthe interface between solid boron and the
liquid alloy. By a continuation of this processe thoron-metal alloy droplet becomes displaced

from the substrate and rides atop the growing verifkl], as shown in Figure 2.1
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Figure 2.1 Growth of -B by VLS. a. Initial condition with liquid platinu m droplet on
substrate. b. Growing crystal with liquid platinum droplet on the tip [40].

-B whiskers were grown by Starik and Ellis [41]thy Vapor Liquid Solid method
using platinum as liquid forming agent. The transpoocess was the reduction of B@lith
hydrogen at around 1000°C in a fused silica opbe;tamorphous boron and fused silica were
employed as substrates. The hydrogen flow ratemeastained at 1.5 liters/min. When the
substrate reached the growth temperature, a sloall(1.4cc/min) of BGwas introduced into
the hydrogen. Both twisted and straight crystalskérs were produced in the size range of about
2 mm long and 25m in cross section. These crystals were red, waest with spherical
terminations; electron beam microprobe analysidicord that the termination consisted mainly
of platinum. Five crystals were studied by polarigmicroscope with a Weissenber goniometer,
the results were recorded in table 2.4.

As illustrated in Table 2.5, the growth directiditloe straight crystals was determined as
<Z40:I> (hexagonal indexing). For the kinked whisker, skn2y if the growth direction of the

base is assigned ad401], the growth direction of the peak i4q41]. These directions make an

angle of about 70° with one another, as well acthgis of -B, and both lie in the plane

( 0114 ). The reason for this unusual growth direct@mains unknown.
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Table 2.5 Experimental parameters in Talley et al ad Bean et al's investigation [38]

Specimen number | Description Extinction | Growth
angle direction(hexagonal
degrees indices)
1 Straight 2401
2 Kink t I - .
inked at an angle [ 4401] main segment
of 70° ]
[4041] tip segment
3 Straight 71 2401
4 Kinked 2 4401 main segment
5 Straight with small | 71

4401 main segment
branching crystal

2.3 -Rhombohedral Boron Growth from Metallic Solution

Although -B crystals of decent purity (99%-99.5%) can bedpaed by the chemical
vapor deposition method, the size (<1mm in crosi@® of the crystals are not large enough
for definitive electrical and optical measuremdntgstablish its semiconductor and transport
properties. Thus other ways to obtatnhombohedral boron crystals were sought.

The precipitation of solid material from a liquidlgtion is a classic method for crystal
growth. In this method, first a single liquid phasdéormed containing the solvent (molten metal)
and the solute (boron). Then precipitation occ@salise of the decreasing solubility of a solute
in a solvent which is generally realized by slowbpling the system. Crystals randomly
nucleate, then grew by diffusion of the soluteh® ¢trystal interface.

There are several advantages to the solution growethods. (1) It is a relatively low
temperature process, which depends on the sojubflithe material in a given solvent, not on
the melting point of the material itself. Thus, tieal was to prevent the formation 6B by
using a solvent which can dissolve boron at temperdower than 1108C. (2) The successful
growth of crystals is not as dependent on variafles as minor temperature transients and
disturbance as with other methods of growth (e gt growth or sublimation-recondensation

growth) which depend on direct solidification frahe melt or vapor. (3) Compared to VLS and
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CVD methods, solution growth method is simple terape, thus it requires less operator
attention during an experiment.

For a metal to be considered as a good solversiolation growth of boron crystals,
several requirements have to be met [42]:

(1) A measurable solubility (not less than 1%) ystal components in the solvent and

change in solubility with temperature;

(2) A low melting point and a low volatility at theghest working temperature;

(3) Lack of interaction between the dissolved sast and the solvent with formation of
solid phases or formation of phases whoselisyab lower than of the dissolved
substance;

(4) No formation of a solid solution the dissolved substance and the solvent;

(5) Low degree of interaction with the materiakioé crucible;

(6) Low viscosity(less than 10 cp).

(8) Low toxicity.

It is hard to find a solvent which can meet all #fve requirements, thus, a compromise
is always made with respect to the ideal solveoperties.

To date, only platinum has proven to be a feasibleent for -B crystal growth.
Although other boron-metal combination (boron -silvboron -copper, boron —gold, etc.) [43,
44] were also reported as successful system-®igrowth, usually the red color of the crystal
was the only evidence to support the existence®f The red color by itself is not sufficient to
prove the formation of-B crystals (this will be shown in a later chapter)

In this section, the-B crystal growth from platinum solvent will be @eibed. The
results of the investigation on several other bar@tal systems will be presented. Finally, | will
explain why we chose copper as the solvent in tudys

2.3.1 Solution growth of -B from a platinum flux
F.Horn [45] was the first scientist who successgfpliepared -rhombohedral boron from
platinum solution in 1959. In his study, he ideetifthe eutectic temperature of boron-platinum
as 825°+5°C, the eutectic composition was approtein®0 atom percent boron, and the

platinum boride PtB or BB previouslyreported in 1951[46] were not found in his expenise
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To grow -B crystals, a 50-50 at % commercial platinum aolezrefined boron were
first melted together at 1200°C to form an allolieTirst melt was allowed to freeze then the
surface and sides of the alloy-bar was grounded aaveemove the slags which were frequently
precipitated from the initial melt. The alloy waarisferred to a hot pressed boron nitride
crucible having a conically bottom. After meltirfgetalloy under vacuum, the crucible was
slowly lowered through an induction coil at theeraf 0.04mm/min.When reaching the eutectic
temperature, the alloy was abruptly cooled. A pad section through such a solidified melt
indicates black boron crystals in the bottom tipdAranslucent, red crystals were distributed
around the bottom tip of the alloy. The red crystaere recovered by crushing the platinum-
boron matrix [45] or by electrolytic etching awdetplatinum in concentrated hydrochloric acid
[44].

The recovered crystals were small, the largestgoenths of millimeters. X-ray
diffraction confirmed that the red crystals werehombohedral boron crystals, and the x-ray
diffraction pattern of the black materials whichsaaystallizing in the tip of the ingot showed
some similarity to the pattern of thechombohedral polymorph. Results suggested theselma
a number of intermediate structures between thepmaand simple rhombohedral forms [45].

The phase behavior of platinum and boron are irkethdisagreement between different
reports in the literature. Wald and Rosenberg pb8erved very different phase behavior than
Horn. They found that the compoundsBand PtB were formed at 825°C and 890°C by
peritectic reactions, and4Bb was congruently melting with a flat maximum at @@®ut
decomposed eutectoidally into,Btand boron at~600°C to 650°C.

Further investigations on Pt-B system were condlbtemany other scientists [48]. The
most complete platinum-boron phase diagram (fi@u2¢ was later developed by Wald in
1970[43]. He pointed out that the pattern of thd&Rthase diagram was greatly influenced by
the foreign impurities, for instance, less tharP® df Si can prevent the formation ogBtout

result in the emergence of a metastab}8t eutectic.
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Figure 2.2.Phase diagram of the platinum-boron-system
- Horn ;
- Niemyski and Zawadzki;
" -Wald and Rosenberg ;
-Wald; data on metastable eutectic. Impuritie 0f1 at% Si caused inhibition of;Bt

formation and reproducible establishment of metdstRt:B-Pt eutectic [43].

2.3.2 Born-metal binary systems
Several researchers have sought solvents otheptaamum for the growth of-

rhombohedral boron, and their findings are sumnedrin Table 2.6.
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Table 2.6 several metal-boron binary system

Boron-Metal Problems for growing -B Note
system
B-Ag Formation of compound (Agl3 | The formation of AgBis in
[49] controversy:W.Obrowsket.
Low solubility (less than 1%) | al reported its formation in
[44] 1961[49], while F. Wald
claimed AgB wasabsent in
his study [44]
C-Au Formation of compound (1)The formation of AuBwas
(AuBy) [49] in dispute. [49][44]
Low solubility(less than 1%) (2)In the VLS method, boron
[44] dissolves in a molten gold
droplet almost
instantaneously[50]
B-Cu Formation of compound The formation of copper
(CuBgy, CuBgy) boride is in dispute[43,44][51
54]
B-Ga Low solubility(less than 1%)[43]
B-Ge Low solubility(less than 1%)[43]
B-Ni Formation of compound(MB)
[43]
B-Pb The loss of the solvent. Low
solubility(less than 1%)[43]
B-Sn Low solubility(less than 1%)[43]

2.3.3 Why copper was selected as the solvent s ¢hudy

In this investigation, the main focus was to growhombohedral boron by the solution

growth method, employing copper as the solvent.

According to the phase diagram [55] of the boroppay system, copper is a suitable

solvent for the solution growth of boron crystatsE the eutectic temperature is relatively low,
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996°C, lower than the maximum temperature (about P0)Gt which -B is

thermodynamically stable. Second, there are nonediate phase boride-copper compounds
although there is some dispute about this. In amdgitopper is easily etched from the boron
crystals with concentrated nitric acid. The last ot least factor is that copper is less expensive
compared with other reported solvents such aspiati The features of copper and platinum as

solvent, for the growth of-B are compared in Table 2.7.
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Figure 2.3 Phase diagram of boron-copper system [p5

Table 2.7 Comparison of copper and platinum as soént for crystal growth of
-B.

Eutectic Eutectic Phase diagram Others
temperature composition
(°C) (at % B)
Copper | ~996 ~10.4 Simple(Figure | Copper can be easily removed
2.3) by concentrated nitric acid
Platinum | ~825 ~50 Complex(Figure Platinum only can be removed
2.2) by electrolyzing or
Crushing
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In fact, Wald [43] reported that the eutectic ie topper boron system showed red
boron, and an alloy with 90 at %B clearly showedllveron inclusions in an entirely unchanged
microstructure after annealing for 21 days at 10D(43]. But further characterization of the
crystals were absent in his study.

In this study, a systematic investigation efhrombohedral boron crystal growth from
copper solvent was conducted. We will study thiuarice of the relationship between the
experimental parameters such as highest temperatomg rate, initial composition, and purity
of the system with the results of the crystal gtowtarious characterizations were also

conducted on the crystals which were grown fronpeosolvent.
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CHAPTER 3 - Experimental

3.1 Solution Growth of -B from a Copper Flux

3.1.1 Setup

For the solution growth of boron crystals, a higimperature tube furnace (Figure 3.2)
with molybdenum disilicide heating elements whisltapable of reaching temperature up to
1500 °C was used. The system for removing the iitipsie.g. oxygen, water vapor) was
comprised of vacuum pumps and a gas manifold. Téxehamical pump was capable of pulling a
vacuum to 13 torr, and then the diffusion pump could furthetuee the pressure to as low as
10° torr. The crucibles and the reactor tube mategedsgiven in Table 3.2. A schematic of the
crystal growth system is given in Figure 3.1.

The most readily available polymorph of boron idhombohedral boron, thus, it was
used as the source material feB crystal growth. Detail information of the sountaterials

employed in our experiment is indicated in table 3.
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Figure 3.1 Schematic of the solution growth sys(€wmpper-Boron).
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Figure 3.2 The high temperature tube furnace emplogd in solution growth of boron

crystals.
Table 3.1 Purity and form of the -rhombohedral boron employed in the copper-boron

solution crystal growth experiments.

Name of the Purity (mol Company Forms Notes
material %)

Boron 94%-96% Cerac .Inc Fine powder Nature abucelan

Boron 99.5% Cerac .Inc Particles (the | Nature abundance
largest one is
~0.5cmin

dimension)

Boron 99.9999% Ceradyne,In¢  Particles (the 'B isotope: 99 mol%,
largest one is | 1°B isotope 1 mol%

~0.25cmiin

dimension)

Copper shot 99.99% Cerac.Inc 0.5mmin
diameter and

0.6 mm in

length.

33



Figure 3.3 Alumina tube reactor.

Figure 3.4 Alumina crucible (before use)

. ——

Figure 3.5 pBN coated boron nitle crucible.
Table 3.2 Reactor tube and crucible materials.

Parts

Name of the material

Tube Reactor

Alumina (Al,Os3) (Figure 3.3)

Mullite (3A1,05-2Si0y)

Crucible

Alumina (A}Os) (Figure 3.4)

pBN coated graphite (Figure 3.5)

3.1.2 Experimental Procedure

In a typical experiment, ~1g (0.0925mol) of borowl a25g (0.3934mol) of copper,
which approximated the eutectic composition of @mnd boron system, were measured and
put into the crucible. After loading them into tteactor, the system was evacuated by the
mechanical pump to a pressure of‘16rr, and then purged with argon for two or thiieges to
remove residual oxygen and water vapor. After pggthe system was evacuated t& 16

again, and then connected to the diffusion pumpmped overnight until a vacuum of i @orr

34




was reached. The system was filled with argon tinéilpressure of the system attained 800 torr,
the pressure of the crystal growth experiments.

The system was heated to 1350°C to form the cogpetboron solution. After holding
the system at 1350°C for 5 hours, the temperataereduced to 1100°C in half an hour. To
induce boron crystal precipitation, the temperatuas slowly reduced from 116@ to 996C in
90 hours. The boron crystals were assumed to grdhis temperature range. The experiments
were stopped by reducing from 996° C to room temupoee by turning off the furnace.

The initial boron concentration was selected arainedeutectic composition (boron mole
fraction from 0.099 to 0.28), the temperature rafogerystal growth was also near the eutectic
point. Various cooling rates were employed (1°C#i€ /hr, 10°C /hr, 225°C/hr).

A mass balance was conducted on the copper and before and after the crystal
growth. The total mass loss was about 2 gramgypieal experiment. The main reason for mass
loss was the evaporation of copper. A layer of gliwpper was often observed on the inner wall
of the reactor tube after the crystal growth.

Boron crystals were isolated by etching away thgpeo with nitric acid. The crystals
were very small, (hundred of microns in dimensiandl in large number. Powder x-ray
diffraction analysis was conducted on the smaltalg to determine their composition and
boron polymorph. Scanning electron microscopy,agbtmicroscopy, and elemental analysis
were conducted on the samples embedded in the copigx and after being removed from the
copper. Raman analysis was carried out on the boymtals embedded in the copper matrix.

35



Table 3.3 the initial boron concentration.

Boron(g) | Copper(g) | Total Boron(mol) | Copper(mol) | Sample | Mol% |Wit%
No Weight(g) Holder
1 0.746 24.224 24.97 0.0690 0.3812 Ay 0.1533 | 0.0299
2 0.74 24.31 25.05 0.0684 0.3826 B4 0.1518 | 0.0295
3 0.731 24.269 25 0.0676 0.3819 2B 0.1504 | 0.0292
4 0.732 24.3823 25.1143 0.0677 0.3837 Al 0.1500 | 0.0291
5 0.389 20.908 21.297 0.0360 0.3290 BN 0.0986 @01
6 0.392 20.582 20.974 0.0363 0.3239 BN 0.1007 (@01
7 0.8163 19.5447 20.361 0.0755 0.3076 BN 0.1971 4010
8 0.8117 18.3241 19.1358 0.0751 0.2884 BN 0.2066 0422
9 1.5302 23.4723 25.0025 0.1415 0.3694 BN 0.2770 0612
10 | 1.0348 24.5326 25.5674 0.0957 0.3861 BN 0.1987.0405%
11 | 1.0108 24.546 25.5568 0.0935 0.3863 BN 0.1949 039&
12 | 0.7785 24.5024 25.2809 0.0720 0.3856 BN 0.15[74.0308
13 | 0.778 22.76 23.538 0.0720 0.3582 BN 0.1673 @033
14 | 0.8051 24.5121 25.3172 0.0745 0.3857 BN 0.16[18.0318
15 | 1.0376 24.1957 25.2333 0.0960 0.3808 BN 0.2013.0410
16 | 1.17431 | 25.6422 26.81651 0.1086 0.4035 BN 0.2120.0438
17 | 2.082 49.754 51.836 0.1926 0.7830 BN 0.1974 (204
18 |1 24.017 25.017 0.0925 0.3779 BN 0.1966  0.0400
19 | 1.0997 25.6463 26.746 0.1017 0.4036 BN 0.2013 0410
20 | 1.026 25.6327 26.6587 0.0949 0.4034 BN 0.1905 0385
21 | 1.2403 26.945 28.1853 0.1147 0.4240 BN 0.2129 0440
22 | 1.0157 25.4342 26.4499 0.0940 0.4002 BN 0.1901.0383
23 | 1.2378 25.4886 26.7264 0.1145 0.4011 BN 0.2221.0463

3.2 Solution Growth of -B from a Platinum Flux.

The experiments of Horn [45] who successfully gre#® from a platinum flux were

repeated here to compare the features of coppeplatidum as the solvent forB crystal
growth.

The melting point of platinum is 1768.3°C.To fornicuid phase of platinum, a high
temperature furnace with a graphite heating elerffégtre 3.6 and Figure 3.7) was employed in

our experiment. This resistively heated graphitedace is capable of attaining a temperature as

high as 2000°C. The main components of the crgstalith system included the graphite

furnace combined with an automated temperaturegegssure control system, a cooling system
and a vacuum system.
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In this experiment, three samples were preparedptiity of the boron and platinum
source materials are summarized in Table 3.4,dtn bource materials. For the crystal growth
experiments, samples were prepared with an ifobabn concentration around 50 at %, as
shown in Table 3.5. Boron and platinum were loaidéalthe hot pressed boron nitride crucible
and then put into the reactor.

~CENTORRMN

. Vacuum Industries @

Figure 3.6 The resistively heated graphite reactor.
Table 3.4 The source materials for preparing -B from a platinum flux.

Name of the material Purity (mol %) Company
Boron (zone refined) 99.9999% Ceradyne,Ing
Platinum 4N ESPI
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Figure 3.7 Schematic of the graphite furnace for pgparing -B from a platinum flux.

To pull vacutn g—-
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Table 3.5 Initial mass, moles and mole % of boronral platinum.

Sample Weight (g) Mole Mol%
No
Boron 0.0126 0.001165 50.18%
1 Platinum 0.2257 0.001157 49.82%
) Boron 0.0165 0.001526 47.37%
Platinum 0.3308 0.001696 52.63%
Boron 0.04181 0.004896 48.96%
3 Platinum 0.9551 0.003960 39.60%
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The procedure for boron-platinum solution growtlpesments was similar to that of the
boron-copper system. First, the system was evattate0” torr with a mechanical vacuum
pump, and then purged with argon for two or thiees$. Then, the system was evacuated again,
and the diffusion pump started, reducing the pressuthe boron-platinum system to2forr.

The boron crystal growth from a platinum flux wasan argon ambient at a pressure of 800 torr.
To form a liquid platinum phase, the temperature imareased to around 1800°C since the
melting point of pure platinum is 1768.3 °C, anétHer 5 hours. Next the temperature was
reduced to 900°C, and held for 30 hours.

An interaction between crucible materials (hot-pegsboron nitride) and the platinum-
boron melt was observed. To avoid this, an experiraea lower temperature (1200 °C) for
longer time (one week) was conducted.

The resulting boron-platinum alloys were analyzgaptical microscopy, scanning
electron microcopy, and energy dispersive speatpsdRaman analysis was conducted on the
crystals precipitated on the surface of boron-plati alloy. X-ray diffraction analysis was

conducted after the platinum-boron alloy was crdsh& powders.

3.3 Chemical Vapor Deposition (CVD) method and VapeLiquid-Solid (VLS)
Growth of -B with diborane (B,Hg)

Diborane can decompose to boron at 700°C [38]aésw contains “three-center-two-
electron” bonds [31], thus it qualifies as a gooteptial reactant for preparingrhombohedral
boron. However, there have been few studies oniggpw B from diborane [39], possibly
because in the past it was difficult to obtain paagbon free diborane [31] at the time of 1960s
and 1970s study .In order to contribute more datproducing -B from diborane, we
conducted a series of experiments to determinedleasonditions.

The apparatus for preparingB from diborane was a typical chemical vapor dépos
system, as indicated in Figure 3.8 and Figure@. source materials employed are listed in
Table 3.6.

Table 3.6 The source materials for preparing -B with CVD method.

Name Purity Company
H, 99.9995% Linweld
B2Hs 99.995% Matheson Fbas
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The diborane was transported to the reactor bydgeir. The diborane decomposition
and resulting boron decomposition takes placeqonatz chamber, on the substrate heated by
conducting to an inductively heated susceptor.

Tantalum, silicon, spinel and boron nitride weredias the substrate materials. As
indicated in Table 3.7, the silicon substrates ededith platinum particles were investigated at
800°C, 900°C, and 1000°C to search for an optimua¥ily temperature. To investigate the effect
of metal particles, we compare the difference tissates with/without seeding metal particles
at the same growth condition. The influence of salbs and seed materials was also
investigated.

Table 3.7 Experimental Parameter of CVD Investigatn.

Run Ho BoHe | B2Hg Maximum Substrate Duration
No Flow | (sccm)| (mol %) | Temperature (min)
(slm) (°C)

1 2 50 2.50% 900 Si+Pt seed 45
2 2 50 2.50% 900 Si only 45
3 2 40 2.00% 800 Si+Pt seed 90
4 2 40 2.00% 800 Spinel only 90
5 2 50 2.50% 1000 Si+Pt Seed 60
6 2 50 2.50% 1000 BN+Pt Seed 60
7 2 50 2.50% 1000 Si+Au Seed 60
8 2 50 2.50% 1000 Si+Pt Seed 60
9 2 50 2.50% 1000 Ta+Pt Seed 60
10 2 50 2.50% 1000 Ta only 60
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Figure 3.8 The chemical vapor deposition (CVD) systn for preparing boron films and

needles.
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Figure 3.9 A schematic of the CVD system for depdsig boron films and needles.
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3.4 Characterization Techniques
Various analytical techniques including: opticatnescopy, scanning electron
microscopy (SEM), energy dispersive spectroscoSk x-ray diffraction (XRD) and Raman
spectroscopy were applied in our investigatiordantify the surface morphology, elemental
concentration, and structure of the samples. lghaction the principles and function of each

technique are introduced.

3.4.1 Scanning Electron microscopy and Energy disgpiee spectroscopy
Scanning Electron Microscopy (SEM) combined witleEyy Dispersive Spectroscopy
(EDS) was applied to characterize the morphologgogiraphy, and composition of our samples.

Electron gun

Electron beara

Sample

~-Signal
(backscatter Cathode ray tube
electron, (CET)

Vacuum chamber secondary

electron,

characteristic x-

ray)

Figure 3.10 Schematic of SEM/EDS system [57].
SEM/EDS works by bombarding the surface of the damwjth a finely focused electron
beam.The electron interact with the atoms of tmema and produce various signals including

the secondary electrons, back-scattered electB®E)( characteristic x-rays, and other photons
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of various energies. These signals are colleateldaaalyzed by the detectors revealing the
information of the sample. [56] A schematic of aMBEDS system is given in Figure 3.10 [57].

Secondary electrons and backscattered electronsadsfor imaging the samples:
secondary electrons are most valuable for showiogphology and topography on samples;
backscattered electrons are most valuable fotifiting contrasts in composition in multiphase
samples. Characteristic x-rays are produced bystielcollisions of the incident electrons with
electrons in discrete orbitals (shells) of atomthmsample. As the excited electrons of the
sample atoms return to lower energy states, thelg W-rays that are of a fixed wavelength
which is the “fingerprint” for an elements, thug ttomposition of the samples could be
determined.

The SEM/EDS analysis was conducted in the Depattofddntomology at Kansas State
University. This SEM/EDS equipment has a backscageector, secondary electron detector,
absorbed electron (environmental) detector, analcastage unit. One can examine non-coated
specimens without concern for charging becaussysim can be operated under low vacuum.
Additionally, the SEM has an Oxford INCA microantatysystem for x-ray microanalysis of

specimens. [58]

3.4.2 Raman spectroscopy

Raman spectroscopy was applied as a tool to deterthe polymorph of the boron
samples. It is a spectroscopic technique usedittyshe vibrational, rotational, and other low
frequency modes in a system. It depends on inelsséittering, or Raman scattering, of
monochromatic light, usually from a laser in thsibie, near infrared, or near ultraviolet range.
[59]

When light is scattered from a solid, most photareselastically scattered. The scattered
photons have the same energy (frequency) and foneyevavelength, as the incident photons.
However, a small fraction of light (approximatelyn110’ photons) is scattered at optical
frequencies different from, and usually lower thidne frequency of the incident photons. The
process leading to this inelastic scatter is terthecdRaman Effect. Raman scattering can occur
with a change in vibrational, rotational or eleaimenergy of a molecule. The energy change of
vibrationl mode could reveal the information of g@id structure, and environment: atomic
mass, bond order, molecular substituents, moleg@ametry and hydrogen bonding all

influence the vibrational force constant whichfum dictates the vibrational energy. [59]
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Raman measurements provide a means of probingttieeldynamics of disordered
solids thus giving insight into the structure, bmgdand nature of the disorder. Raman peaks of
well-defined phonons in single crystal semicondigctiye very sharp. Asymmetrical peak
broadening and a shift to lower frequencies occuhe spectra of polycrystalline and
amorphous semiconductors. This is caused by tled#isintroduced in their structure.

In our investigation, Raman measurements wereethauit using a Renishaw InVia
spectrometer using 488-nm line of Ar+ ion lasettesexcitation source. The laser
beam was focused on the sample surface using af@iral lens and the
laser power was about 20mW. All measurements wedenn backscattering
geometry with unpolarized detection. These measemésnwere performed by our collaborators
at the University of Bristol, UK.

The Raman pattern ofrhombohedral boron andrhombohedral boron were indicated
in Figure 3.11[60] and Figure 3.12. [61]
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Figure 3.11 Background-corrected Raman spectra of-rhombohedral boron. [60]
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Figure 3.12 Unpolarized Raman spectra of-rhombohedral boron taken with (a) 6471 A |
(b) 5208 A excitation. [61]

3.4.3 X-Ray Diffraction

X-ray powder diffraction (XRD) was employed in davestigation to identify the
chemical composition, polymorphs, and crystallobrestructure of the samples. It is a rapid
analytical technique primarily used for phase idaattion of a crystalline material and provides
the information of unit cell dimensions.

The x-ray beams are generated by a cathode rayfilibred to produce monochromatic
radiation, collimated to concentrate, and thenat@e toward to the sample (crystalline
materials). X-ray diffraction occurs only when ih&eraction of the incident rays with the

sample satisfy Bragg's Law as given in equation @lso illustrated in Figure 3.11) [62]
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Figure 3.13 Diffraction of x-rays by planes of atora (A-A’ and B-B’): At the Bragg angle ,
the reflected rays are in phase and reinforce onenather, X-ray diffraction occurs. [62]
Equation 3.1n =2d sin
- Wavelength of electromagnetic radiation
- Diffraction angle

d- The lattice spacing (d) of a crystalline sample

n- An integer, the order of diffraction

In the technique of powder x-ray diffraction, ttergple consists of many fine and
randomly oriented particles; each particle is atalyand in large numbers with random
orientations, this ensures that some particlepamgerly oriented such that every possible set of
crystallographic plane will be available for difftaon. [63]

By scanning the sample through a range c&r2gles (e.g. 5-70 for boron), all possible
diffraction directions of the lattice could be @ated. These diffracted x-rays are then detected,
processed and counted. Plotting the angular pasi{id ) and intensities of resultant diffracted
peaks, a characteristic pattern which revealsadhgpte’s composition and crystallographic

structure can be produced. [63]
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CHAPTER 4 - Results and Discussion

4.1 The Copper-Boron System

Black crystals were always observed at the uppéace of the solid copper-boron alloy
bar after crystal growth. After etching away th@ger matrix with concentrated nitric acid, two
kinds of crystals were always detected: transpaeshtrystals which were frequently absent on
the surface of the copper-boron alloy bar, andibtaigstals. Since the characteristic color of
rhombohedral boron is red (actually, some reseasatiaimed the production of
rhombohedral boron based only on the evidenceeofdat color [43]), a sequence of experiments
was conducted to find the optimal experimental dood for producing red boron crystals. Over
a range of experiment variables, a series of lamgdo ~500 m), well-faceted, transparent, red
crystals in various shapes were successfully gromvthe surface of the copper matrix. In this
chapter, the correlation between the experimemtalgss parameters and results are
summarized. The results of various instrumentalysea are presented. Finally, the
contradictions between the results from differdraracterization methods are considered.

4.1.1 The influence of various experimental paramets.

Figure 4.1 is a typical optical image of the isethtrystals: the yield of red crystals was
much less than the yield of black crystals. Fortod&xperiments, the red crystals were larger
than the black crystals (Figure 4.2 and Figure,4t#) black crystals were usually irregular in
shape (Figure 4.4), in rare cases, the black dsystare rhombus shape (Figure 4.5). Through a
systematic search of the experiment conditionpfoducing -B, a number of well faceted,
transparent red crystals in triangle, rhombus, ggpon, and hexagon shape were formed on the
surface of the copper-boron alloy. The largest disien of these crystals was about 50
(Figure 4.6 to Figure 4.15). The experimental festehich influence the formation of red boron
crystals are summarized in the following paragraphs

(1) The minimum system pressure (vacuum levéithe pressure of the system was
higher than 13 torr, no red crystals were obtained on the suréd¢he copper boron alloy, and
the surface of the alloy was dark and smoky (Figui®, 4.17). After etching the smoky dark

bar by nitric acid, a few red crystals were obsénmit the yield was low (Figure 4.18).
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(2) The purity of the starting material (as shown in Bk 4.1): The boron sources with
low purity (94%-96%) were tried in preliminary expeents. Heavy slags formed on the surface
of the alloy (Figure 4.19, 4.20), and no red crigsteere observed. After etching away the
copper matrix by concentrated nitric acid, someamgdtals combined with the cotton-like black
impurities (the structure of the black impuritieassacompletely different than crystalline boron)
were observed (Figure 4.21).

For the initial experiments with 99.5% purity bordine boron was crushed with a
ceramic mortar and pestle. This contaminated tmerbwith grindings, thus, no red crystals
were formed on the surface of the copper-bororyddlr, and after etching the samples with
nitric acid, some insoluble cloudy white impuritiesre always found (Figure 4.22). These
impurities were very inert; they were not dissolNmwdsoaking in 0.5% hydrofluoric acid over
night.

(3) The highest temperatur€or forming the boron and copper solution). iéth
temperature was too high (e.g.>1500°C), the bobwoasly interacted with the crucible (Figure
4.24), if too low (<1000°C), the boron poorly dibsal into the copper even after 7 hours
(Figure 4.25). (Table 4.2):

(4)The total annealing timgthe time for forming a boron and copper solufius the
time for crystal growth): the longer the annealiimge, the more uniform was the composition of
the boron-copper solution, and the larger the atygiroduced. The effect of temperature was
also supplemented in Table 4.3

(5) The materials of the crucible, and the react@fable 4.4): In our preliminary
experiments, when alumina (&) (Figure 4.23) and mullite (34D3-2Si0,) were used as the
material of the crucible and tube reactor respebtjwsignificant interactions between the
crucible and the copper-boron alloy were obseriR=inoving the surface of the alloy bar by
concentrated nitric acid, some red, translucenmamyd-shape crystals were observed (Figure
4.27, 4.28). Elemental analysis indicated thatelegstals contained copper, silicon and oxygen
(Table 4.5). More characterization (XRD, neutrotivation analysis, etc) was attempted on
these crystals; however, they disappeared aftsolisig the alloy bar in concentrated acid for
12 hours. This phenomenon further proved that thegerystals couldn’t be-rhombohedral
boron. Thus, it seems questionable to claim the&tion of -rhombohedral boron only based

on the color of the crystals. [43] A simple testasattempt to etch the crystals by nitric acid.
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Surprisingly, the initial concentration of bororddiot influence the crystal growth much.
Some relatively large boron particles were alwag®mpletely dissolved (Figure 4.25); some
even kept their original morphology. To form thgper-boron solution, Wald [45] annealed the
copper and boron at 1000°C for at least 21 days, iths possible that the diffusion rate of boron

in copper is quite small due to the low growth temapure. A uniform copper and boron solution

failed to form, instead, the solution was alwaysalty supersaturated.

I
, : ‘S VL N
- b b‘ ‘ -{h;r’ o

Figure 4.1 Optical micrograph (reflected white light 50 x); this is a typical etched sample
with representative amounts of black and red cryst in copper-born solution growth
experiments. For all experiment conditions studiedn our research, the number of black
crystals always greatly outnumbered the number ofed crystals. (In some cases, there were

even fewer red crystals as for example in Figure 43).
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Figure 4.2 Optical micrograph (reflected white light 400 x); a red crystal fragment was
surrounded by many smaller black crystals. In coppeboron solution growth experiment,
the size of red crystals was usually larger than #hblack crystals, and the black crystals

were irregularly shaped.

Figure 4.3 Optical micrograph (reflected white light 200 x); the typical morphology of red
boron crystals in copper-boron solution growth expgment, after etching way the copper

matrix.
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Figure 4.4 Optical micrograph (reflected white light 200 x): in most of the copper-boron
solution growth experiments, black crystals were akerved on the surface of the copper-
boron alloy. Frequently, the black crystals were iregular in shape, in rare cases; they were

rhombus shape as indicated in the next figure.

g

Figure 4.5 Optical micrograph (reflected white light 200 x); a black boron crystal in shape

of rhombus embedded in the copper matrix (found orthe surface of the same piece of alloy

of Figure 4.4). The maximum dimension of this crystl is about 100 m.
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Figure 4.6 to Figure 4.15 were taken from the sasiptepared by the copper-boron
solution growth experiments from runs No 9-18.Hade experiments, red crystals were
observed on the surface of the copper-boron alklog.liFhe common experimental parameters
were: the minimum system pressure®16rr, the highest temperature: 1350°C; the si@rtin
materials: 99.5% boron particles and 99.99% coppert. The initial concentration of copper-
boron was near the eutectic concentration (10.%dioron, 89.6 at. % copper). The difference
between the experiments was the annealing timghielfong-annealing time experiment (e.g. 90
hours), more pentagon and hexagon red crystaledetadappear. In the short annealing time
experiment (e.g. 10 hours), most of the red crystadre in the shapes of rhombus, pentagon and
hexagon red crystals were barely observed. The aupfldarge size crystal (>30fn), as the
crystal indicated in Figure 4.15, was higher inltheg annealing time experiment. The
relationship of annealing time and experiment tsswere also presented in Table 4.3.

Figure 4.6 Optical micrograph (reflected white light 200 x); two red boron crystals in the
shape of a rhombus embedded in the copper matrix.he maximum dimensions of these
crystals was about 200m. (Copper-boron solution growth, annealed at 135@ for 5 hours

then reduced temperature by turning off the furnaceg.
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Figure 4.7 Optical micrograph (Transmitted polarized light 50x) of the crystals isolated
from the copper matrix by nitric acid. This red crystal was originally surrounded by the
black crystals. Some small pieces of black crystatemain. The largest dimension of this
red rhombus crystal is about 250 m. (Copper-boron solution growth, annealed at 135@

for 5 hours then reduced temperature by turning offthe furnace).

Figure 4.8 Optical micrograph (reflected white light 200 x); a red pentagon shaped boron
crystal embedded in the copper matrix. The maximundimension of this crystal is about
300 m. (Copper-boron solution growth experiment, annead at 1350°C for 5 hours, then
the temperature was reduced from 1100°C to 960°C i80 hours).
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Figure 4.9 Optical micrograph (reflected white light 200 x); a red boron crystal in the
shape of pentagon embedded in the copper matrix. Bhmaximum dimension of this crystal
is about 250 m. (Copper-boron solution growth experiment, annead at 1350°C for 5

hours, the reduced the temperature from 1100°C to@°C in 90 hours).

Figure 4.10 Optical micrograph (reflected white light 200 x); a red boron crystal in the
shape of pentagon embedded in the copper matrix. Bhmaximum dimension of this crystal
is around 400 m (Copper-boron solution growth experiment, annead at 1350°C for 5

hours, the reduced the temperature from 1100°C to@°C in 90 hours).
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Figure 4.11 Optical micrograph (reflected white lidht 200 x); a red boron crystal in the
shape of hexagon embedded in the copper matrix. Theaximum dimension of this crystal
is around 500 m (Copper-boron solution growth experiment, annealé at 1350°C for 5

hours, the reduced the temperature from 1100°C to@°C in 90 hours).

Figure 4.12 SEM (scanning electron microcopy) imagef a triangle shaped red boron
crystal embedded in cooper matrix which was brieflyetched, the largest dimension of this
crystal is about 190 m(Copper-boron solution growth, annealed at 1350°@or 5 hours then

reduced temperature by turning off the furnace).
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Figure 4.13 SEM image of a red rhombus boron crystembedded in the unetched copper
matrix, the largest dimension of this crystal is abut 200 m. (Copper-boron solution

growth, annealed at 1350°C for 5 hours then the teperature was reduced by turning off

the furnace).

Figure 4.14 SEM image of a red pentagon shaped bor@rystal embedded in the unetched
copper matrix, the largest dimension of this crysthis about 180 m. (Copper-boron
solution growth experiment, annealed at 1350°C fdb hours, then the temperature was

reduced from 1100°C to 960°C in 90 hours).
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Figure 4.15 SEM image of a red hexagon shaped boranystal, embedded in the unetched
copper matrix; the largest dimension of this crystais about 500 m. (Copper-boron
solution growth experiment, annealed at 1350°C fdb hours, then the temperature was

reduced from 1100°C to 960°C in 90 hours).

Figure 4.16 A dark and smoky copper-boron alloy barthe minimum system pressure for
preparing this sample was higher than 10 torr, thus more impurities from the atmosphere

(H20, O,) were introduced.
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Figure 4.17 An optical micrograph of the same surfee of the copper-boron alloy bar in

Figure 4.16 at 100x magnification (white reflectedight); no red crystals were observed.

Figure 4.18 Optical micrograph (reflected white lidnt 400x%): after etching the cooper-boron

bar in figure 4.16. Only a few red crystals were aferved.
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Figure 4.19 A copper boron-alloy bar with a dull suface, produced with low purity boron

powder (94%-96%), no red crystals were observed otie surface of this alloy bar.

Figure 4.20 Optical micrograph of the surface of tk copper-boron alloy bar in figure 4.19
at 200x magnification (reflected white light). No ed crystals were found.
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Figure 4.21 Optical micrograph ( reflected white lght 200x%): after etching the cooper-
boron bar in Figure 4.19, red crystals was found, sshowed in the upper right corner of

this figure some cotton-like black impurities was érmed.

Figure 4.22 Optical micrograph (reflected white lidht, 400x) after etching the cooper-boron
bar prepared by the boron particles which were crubed by ceramic mortar, this crystal

was surrounded by white cloudy gel-like impurities.
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b
Figure 4.23 top picture indicated an AjO3 crucible before the experiment, the bottom
picture is the Al,O3 crucible after a copper boron solution growth expement ( annealing

copper-boron at 1350°C for 5 hours, then reducinthe temperature by turning off the

furnace).

Figure 4.24 This copper-boron alloy was posed upssadown to expose the surface in
contact with the pBN crucible; the copper-boron melinteracted with the crucible
materials after annealing at 1500°C for 5 hours. Té white slag on the surface of the bar is

the crucible material (boron nitride).
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Figure 4.25 Optical micrograph (reflected white lidt 25x). In the copper-boron solution
growth experiments, there were always observed sonrge particles of source materials

( -rhombohedral B) incompletely dissolved (as indicatd by the arrow).

Figure 4.26 Optical micrograph (reflected white lidnt 200x) dentric structure on the
surface of copper-boron alloy (annealing copper-ban at 1000°C for 90 hours, reducing
the temperature by turning off the furnace).
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Figure 4.27 Optical micrograph (200x, reflected ligt) of red translucent crystal with
pyramid shape. The copper-boron alloy was loaded ithe Al,O3 crucible, elemental
analysis indicated that these red crystals contaimecopper, silicon and oxygen (Table 4.5).

Figure 4.28 The Scanning Electron Microscopy (SEM)mage of the same red translucent
crystals in figure 4.27.
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Table 4.1 The influence of the purity of -rhombohedral boron employed in the Cu-B

solution growth.

Source material

Purity (mol %)

Note

Boron (powder)

94%-96%

No red crystals were observed

Boron (the largest grain 99.5% Red crystals were observed
dimension is about 0.5cm)

Boron 99.9999% Red crystals were observed
Copper short 99.99%

Table 4.2 The highest temperature used to dissolm®ron into copper.

Highest temperature
(°C)

Duration time at
highest
temperature (hr)

Results

1000

5,7,8

More than one third of boron didn’t diss into

copper.

1350

5,8,12

Most of the boron dissolved in 5 hosiid,
some of the larger boron patrticles remained e

after 12 hours. No obvious interaction of the

reactants and pBN crucible was observed with

the first several experiments, but the crucible

ven

needed to be change after about 5 runs, because

it was gradually “etched” by the copper-boron
melt after each experiments (as indicated in
figure 4.29).

1500

Significant interaction between the melt tred

crucible occurred.
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N

Figure 4.29 As indicated by the arrow, the pBN co&d boron nitride crystal was slighted

“etched” after a copper-boron solution growth experment.

Table 4.3 Temperature profile and cooling rate forgrowing crystal.

Temperature
range for crystal
growth

Temperature profile

Results

1100°C to 960°C

Reduce from 1100°C -960
in 90 hours then turning off

the furnace

"Some red crystals were observed on the

surface of the copper-boron alloy

1000 °C

Hold the temperature at
1000°C for 90°C hours, and
then reduce to room
temperature by tuning off th

furnace.

Small black crystals (~50m in dimension)
were usually obtained, dentritic structure
was mostly observed under this temperat
eprofile (Figure 4.26). Occasionally, red
rhombus crystals were also observed.

Lre

1000°C to room
temperature
(~25°C)

Hold at 1000°C for 10 hours

then reduced to room
temperature by turning off
the furnace.

Boron was not dissolved into copper

completely.

1350°C to room
temperature
(~25°C)

First hold the system at

Red crystals were observed. Most of then

1350°C for 5 hours then turnm were rhombus shaped and small in size

off the furnace

(<300 m).

Note: Once turned off, the system cools from ~1@0@ room temperature (~25°C) in

around 6 hours.
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Table 4.4 Reactor and the tube materials.

Parts Material Notes
Tube Alumina(Al;0s) No obvious contamination was detected
Reactor

Mullite(3Al,03- Unsuitable for boron crystal growth due to the deposition
2SiOy) of 3Al,03-2SI0, at high temperature (T>1300 °C).

Crucible Alumina(AOs) Highly reactive with boron during crystal growth.

pBN coated Slightly attacked by the solution but can be usedriore

graphite than 5 times.

4.1.2 Analytical Results

4.1.2.1 The results of elemental analysis (by EESm k-electron shells)

Elemental analysis was conducted on the sampl&nbygy Dispersive Spectroscopy
(EDS). The analysis of Table 4.5 and Table 4.6 werglucted on a piece of copper-boron alloy
sample which was loaded in alumina crucible;(@3) and grew in a mullite (3A0s-2Si0y)
reactor tube. In Table 4.5, the composition of pyith shaped, translucent, red crystals was
studied. As mentioned in the last section, thegstals appeared after etching the surface of the
copper-boron alloy with concentrated nitric acidTlable 4.6, pyramid-shaped red crystals
disappeared after etching the alloy bar in conegedir nitric acid over night, leaving some rod
shaped black crystals. Clearly, considerable comm@aton was introduced (silicon, aluminum
and oxygen) into the alloy from the crucible andater materials.

The sample in Table 4.7 is a piece of copper batlmy, prepared in pBN coated
graphite crucible and alumina reactor tube. Howeter vacuum level for preparing this sample
not high (~9x1d), and only black crystals were observed on théasarof this sample. The
contamination of silicon, aluminum was greatly reeldi but the contamination of oxygen and
carbon was significant. Comparing the compositibthis sample to a different area, (1) in the
upper side of the alloy bar, the concentrationaybh is higher than that of in the down side of
the bar, probably due to the relatively low densityporon compared to copper, after boron was
dissolved, it aggregated on the surface of thetieol){2) on the same side of the alloy bar, the
distribution of boron is not even. This probablyeda the low diffusion rate of boron in copper,

thus the copper-boron solvent was locally superatgd or under saturated.
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Table 4.5 The element analysis results on the retlanslucent pyramid shape crystals
(sample Cu-B-082908, run No 2).

Element Atomic% Detected Area Note
0] 43.5 The pyramid shape
Si 2.2 crystals are translucent
Cu 54.4 and red; however, they

dissolve in nitric acid over
Totals 100.0 night, further proved that

it could not be -B

Table 4.6 the element analysis results of a pieckldack materials (a mixture of black
crystal, red crystal and impurities) after etchingaway the copper matrix of the sample Cu-
B-082908.

Element | Atomic% Detected Area Note
B 40.4 This piece of copper-
C 53.7 boron alloy was formed
O 3.9 in an alumina crucible in
Al 1.1 a mullite reactor tube.
Si 0.1 Significant contaminatior
Cu 0.8 was detected with EDS.

Totals 100.0 Because of this

contamination, the
crucible and reactor tube
were changed to pNB
coated graphite and

alumina respectively.
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Table 4.7 The elemental analysis results of variowspots in the same piece of copper-boron

alloy (Sample Cu-B-020409, run No. 19).

Ele Atomic% Detected Area Note
ment
Spotl |B 95.14 The crucible materials
was pBN coated
Cu 4.86 graphite and the tube
reactor materials was
Totals 100 alumina.
This sample was
prepared by annealing
copper-boron at
Spot2 | C 22.22 1350°C for 5 hours,
and reducing the
Cu 77.78 temperature from
1100°C to 960°C over
Totals 100 90 hours. The
minimum pressure for
Spot3 | B 86.80 preparing this sample
O 4.23 was a little bit high
Cu 8.98 (~9x10” torr), only
Totals 100 black crystals were
observed on the surfag
of this copper-boron
Spot4 |B 86.95 alloy.
O 11.99 Spot 1 to Spot 4 are or
Cu 1.05 the upper side of the
Totals 100 copper-boron alloy.
Spot 5 and Spot 6 are
Spot5 | Cu 100 on the under side of th
alloy, which was
Totals 100 contact with the
crucible.
Spot6 | C 10.02
Cu 89.98
Totals 100

e

I

D
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Table 4.8 The element analysis results of varioupats in the same piece of copper-boron
alloy (sample Cu-B-120908, run No. 10).

Element | Atomic% Detected Area Note
Spotl | B 84.00 Experiment condition:
Cu 16.00 purity:99.9% boron,
99.99% copper; pNB
Totals: coated graphite crucible;
100 Al O3 reactor tube; 19

torr minimum pressure;

dissolved copper boron

Spot2 | B 99.43 at 1350°C for 5 hours,
Cu 0.57 reduced the temperature
Totals: from 1100°C to 960°C in
100 CuB174 90 hours for boron

precipitation.

All the elemental

Spot3 | B 99.38 analysis was conducted
Cu 0.62 on the free surface of the
alloy. The analysis result
Totals: | CuBaseo of spot 1 indicates that
100 even at the “blank” area

the boron concentration

Spot4 | B 99.26 was high. At spot 2,
Cu 0.74 there is a piece of black
B 99.26 crystal, possibly
Totals: | CuBi34 incompletely dissolved
100 -boron.
The crystals at spot 3 to
Spot5 | B 99.56 6 were transparent well
Cu 0.44 faceted, red boron

crystals. Further

Totals: | CuBas characterization is

100 reported in the next
section.
Spot6 | B 99.46 “CuBy” indicates the
atomic ratio of boron to
Cu 0.54 copper

Totals: CuBisa
100
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Table 4.8 collects the results of elemental analgéia copper-boron alloy with well-
faceted, transparent red crystals in various shapgesimpurities present and their
concentrations were much lower than the sampleachenized in the Table 4.7. The atomic ratio
of boron to copper was also indicated in this tablel the concentration of copper in the boron
is negligible. Consider that these crystals werbegded in the copper ingot when EDS was
conducted; it was possible that the copper sigral aue to the electron beam penetrating the
boron crystal. Table 4.9 summarized the resuledehental analysis of a series of red crystals in
different samples, especially, for red crystal #flclki was a small crystal that grew on top of a
big red crystal (Figure 4.30). The concentratiolafon is almost two times higher than red
crystal #1 which is a thin rhombohedral boron aléfigure 4.31 and Figure 4.32), this data can
be served as a supporting evidence of our propasitie copper signal is due to the penetration
of electron beam through boron crystal.

Table 4.9 The ratio of boron in various red boron gystals. (The crystals were collected

from different copper-boron alloys which were prepaed under different conditions).

Red Crystal | Elements Weight% Atomic% Cu/Boron( atomic
number ratio)
1 B 94.00 98.93 CuBgy5
Cu 6.00 1.07
B 93.11 97.81 CuBi1178
2 Cu 4.62 0.83
B 96.71 99.42 CuB171.4
3 Cu 3.29 0.58
B 97.67 99.6(0 CUBz4g
4 Cu 2.33 0.40
B 96.47 99.37 CUB]_71,3
5 Cu 3.30 0.58
B 96.95 99.47 CUB]_37,7
Cu 3.05 0.53
7 B 96.37 99.36 CuBss
Cu 3.63 0.64
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Figure 4.30 SEM image of a triangle-shaped small decrystal grew on top of another
crystal.

Figure 4.31 Optical Micrograph of a rhombus-shapeded boron crystal, the pattern from
the copper matrix can be seen through this crystal.

Figure 4.32 SEM image of the same rhombus-shapedderystal as indicated in figure 4.29.
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4.1.2.2 The results of Raman analysis

Figure 4.33 shows a typical Raman spectrum takan the red boron crystals grown
from copper solvent. The Raman spectrum exhibitareow band at 528 chwhich has been
reported for alpha-rhombohedral bororR) crystals [60] [64] [65]. This mode has been
attributed to the rigid rotation of boron icosatednd has &Esymmetry [65]. Broad features at
694 and 930 cihare related to the vibrational modes of the icesiah and have fFsymmetry
[64, 65]. Additional features with frequencies &5, ~820, ~973, and ~1065 Crare also
observed, indicating the existence of other phas@spurities. A plausible candidate will be
beta-rhombohedral boron (see e.g. Ricktal [61]). However, a more detailed study has to be
carried out in order to fully understand the obsdreptical properties and the growth

mechanism.

Figure 4.33 Raman spectra of a red boron crystal gmwn from a boron-copper solution
(growth condition: 99.9% boron, 99.99% copper; pBNcoated graphite crucible; ALO3
reactor tube; 10° torr minimum pressure; dissolved copper boron at 350°C for 5 hours,
then reduced the temperature from 1100°C to 960°G1i90 hours for boron precipitation).
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4.1.2.3 The results of X-Ray diffraction analysis

Figure 4.34 XRD pattern of the boron crystals prepeed by solution growth with copper (The sample forXRD analysis was
prepared by etching away the copper matrix, in thissample red boron crystals were observed on the dace of the copper-

boron alloy, the growth condition for this sample $ the same as indicated below Figure 4.33).
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Figure 4.35 XRD pattern of the boron crystals prepeed by solution growth with copper(This sample wagroduced by
annealing copper-boron at 1350°C for 5 hours, andaducing the temperature from 1100°C to 960°C for 9@ours. The
minimum pressure for preparing this sample was a ttle bit high (~9x10* torr), only black crystals were observed on the

surface of this copper-boron alloy).
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The presence of-B or even -B could not be confirmed by x-ray diffraction (kg
4.34, Figure 4.35). Depending on the samples, dteqms most closely match those reported for
copper borides CuB10s or CuB..

4.1.3 Conclusion and Future Work of Solution Growfinom a copper Flux

The results of the boron-rich crystal growth froroopper-boron flux appear to be
conflicting: the optical micrograph and Raman spEstiopy, indicate the existence 6B,
elemental analysis indicate that the red crystaievpure boron. However, the pattern of x-ray
diffraction could not confirm the formation ofB, instead, copper boride (Cafgwas produced.

As summarized in Chapter 2, the formation of cofqmerde from a copper-boron flux
has been controversial. More research groups legparted the formation of copper boride than
have concluded that copper boride is not producad & boron-copper solution. Based on the
results of our research, several conclusions canduie.

(1) Copper boride was the main product: Copperdeonas produced from the copper
boron flux, and based on the evidence of microgeaphX-ray diffraction analysis, the yield of
copper boride was large (the number of black ctystas much larger than the number of red
boron crystal), and the signal of copper boridestirengest.

(2) -B was formed: based on the results of elementllyais, Raman spectroscopy, and
the color of the crystals-B was produced. The absence @ in x-Ray diffraction analysis is
probably due to the low atomic number of boron {@jaddition the amount of-B is small, thus
the signal of x-ray diffraction of-B is weak compared with copper boride. In fact,|d\d4]
also reported the similar phenomena in his stuey:was appeared in the micrographs, but the
appearance of-B couldn’t be confirmed by X-ray diffraction anals.

(3) The phase diagram for Cu-B is not a simple@iteSome researchers [43] [51]
concluded that the Cu-B diagram is a simple eutdygfie because they didn’t produced any
copper boride in their research. However, basetthemesults of our experiments copper boride
can be formed at certain a certain range of boopper ratio.

(4) The growth of -B is greatly influenced by the impurity concenitvas: depending on
the results of elemental analysis, for the low tyulsamples (low purity source material, low

purity atmosphere, contamination of crucible) feweno red crystals were produced.
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To further investigate the-rhombohedral boron crystal growth condition anovgh
mechanism, an annealing experiment would be usafimeal copper and boron around their
eutectic composition and temperature for a longee {e.g. 2 month). The longest annealing
time of our experiments was about 100 hours; irtrasty Wald [44] annealed his sample for at
least 21 days. By comparing the yield of red cigstia different annealing time, it may be
possible to determine if the low yield of red borgstals is due to slow kinetics or

thermodynamic limitations.
4.2 The Platinum-Boron System

4.2.1 The results of various characterization metiso

Three experiments were conducted to prepaBefrom a platinum flux. For the first
experiment, boron and platinum was melted at ~T&fbr 5 hours to form a liquid phase, and
then annealed at 900°C for 30 hours to precipiteBecrystals.

A significant amount of slags were observed (FiguB®) in the first experiment. When
examined under higher magnification by SEM (Figu®7 and Figure 4.38), three material
shapes were observed: prisms, sharp narrow neadiggine irregular deposits. Table 4.10
presents the elemental analysis of the crystadsmthin elements detected were boron and
oxygen. The minimum pressure for this experimers vedatively high (~10 torr) thus the
oxygen may have originated growth atmosphere. Agratburce of contamination was the
sample holder which is a customer-machined hotsgieeboron nitride crucible, there was
loosen boron nitride particles in the crucible &rade of various impurities introduced by the

machine.
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Figure 4.36 Optical Micrograph (200x, reflected whte light), the white and black particles
are slags, the red crystal-like spots remained unlown. (Platinum-boron solution growth,
Sample #1, minimum pressure ~Ibtorr, annealing at 1800 for 5 hours, then annealig at

900 for 30 hours.)

Figure 4.37 SEM image of the platinum-boron solutino growth Sample #1.
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Figure 4.38 SEM image of the platinum-boron solutino growth Sample #1 (different area).

The sample was cleaned in concentrated nitric aoetdhydrochloric acid. This removed
some but not all of the slags. Some of the slagse wery stubborn, which can not be etched
away by either HCI or HN@Then this sample was annealed at 900°C for an8théours. This
sample is identified as Pt-B Sample #2. The surfdidbe re-annealed sample was dull; it
seemed that the grain size of the slags was snaaltemore uniform. And the red spots which
were observed after the initial run couldn’t berfdianymore.

The elemental analysis indicates that the surfatieecsample was covered with boron
nitride crystals which probably due to the intei@ctof the melt with the crucible. Since the
second run was operated at low temperature, itpwasible that both boron oxide and boron
nitride were formed at the first run, but the amoofrboron oxide was much more than boron
nitride (and probably, the boron nitride was coddng boron oxide). Thus only boron oxide was
detected by EDS. However, boron oxide were remdwetthe acid, while boron nitride

remained, thus in the second run of our experirttenboron nitride crystal was grown.
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Table 4.10 Elemental analysis on the different spaif Pt-B Sample #1.

Spot | Element | Atomic%
B 97.09
O 291

Totals 100
B 97.18

O 2.77
Si 0.02
Ca 0.02
Totals 100
B 97.94

O 2.06
Totals 100
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Figure 4.39 SEM image of Pt-B Sample #2. This sangWwas prepared by annealed the
etched Sample#1 at 900°C for another 30 hours.

Figure 4.40 SEM image of Pt-B Sample #2(differentraa).
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Table 4.11 Elemental analysis on the different spaif the Pt-B Sample #2.

Spot Element Atomic %
1 B 43.95
N 55.93
Pt 0.12
Totals 100
2 B 47.48
N 51.44
Pt 1.08
Totals 100

This sample was also analyzed by x-ray diffractimd the resulting pattern is in Figure
4.41. The XRD pattern indicates thathombohedral boron, platinum boride and borondwetr
were present. No-B was detected. As mentioned before, the sourtei@n nitride is the
crucible material; according to the phase diagraftd3, the formation of platinum boride is
expectable; and-rhombohedral boron could come from the source naht¢he diffusion rate of
boron in platinum was low, even the total anneatinge was 65 hours, lots of source materials

( -B) were incompletely dissolved.
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Figure 4.41 Figure 4.41 X-ray diffraction of Pt-B @&mple #2. As indicated in the upper left corner othis figure, the strength of

the signals is: beta boron>boron nitride> platinumboride.
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In the third experiment, 48.96 mol % boron and 89| % platinum were loaded in the
graphite furnace. This experiments were operatéolgr temperature (annealed at 1200°C,
seven days) to reduce the interaction of the clacitaterials and the melt, in addition, the hot
pressed boron nitride crucible was soaked in glrac cleaner with water, acetone, and ethanol
each for one hour to removed the impurity and tlesén boron nitride particles.

The sample prepared in the third run was a shiatfpuim ball embedded with black
crystals (Figure 4.42). This suggests that theaznimation on this sample was less compared
with the sample in first and second run. The respiitelemental analysis are presented in Table
4.12. It is obvious that the contamination of oxygeas still considerable; however, the

interaction of the melt between the crucible wasagy reduced.

Figure 4.42 . The SEM image of the Pt-B Sample #Be bright area is metal, and the dark

spots are boron areas.
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Figure 4.43 SEM image of Pt-B Sample #3: the boroarea under 1000x magnification.

Figure 4.44 SEM image of Pt-B Sample #3: the metaltea under 1000x magnification.
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Table 4.12 Elemental analysis on different areas ¢ft-B Sample #3.

Spot | Element | Atomic% | Detected Area Note
1 C 54.67 Spot 1 is the
metal area in the
N 22.82
middle of the
O 9.78 boron area;
Si 0.62 Spot 2 is the
metal area
Pt 12.10 relatively far
Totals from the boron
area,;
2 c 72.19 Spot 3isthe
[e) 9.03 boron area.
Si 0.85
Pt 17.92
Totals
3 B 99.95
Pt 0.05
Totals 100

4.2.2 Conclusion and future work
Compared with the copper-boron system, one disddgarof solution growth-B from
platinum flux is evident: due to the high meltingiqt of platinum, the experiments have to be
conducted at a relatively high temperature (~180@5Gorm a liquid phase of platinum in a
short experiment time (5 hours), or have to anmktile sample at low temperature (1200) for a
long time (7 days). Thus higher chance of sidetireacould be occurred between the melt and

its circumstance due to the high operation tempegat
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The complexity of the phase diagram of boron-platins another disadvantage, based
on the results of our experiments, no red crystalise observed, while the production of
platinum boride was confirmed by XRD.

In our future work, further characterization (Aug€EM) will be conducted on our
samples. To prevent the contamination from theibleicthe materials of the crucible will be
switched from hot pressed boron nitride to pyralytoron nitride; the experiments will be run at
relatively low temperature (1200°C) for a longenei ( e.g. 30 days) to form a uniform platinum-

boron solution.
4.3 Preparing Boron Crystals by Vapor Liquid Solid(VLS) Methods

4.3.1 Results of Various Characterization Methods

A series diborane decomposition experiments wenewcted on various substrates
seeded with metal particles, in the presence ofdgeh. The temperature applied for the VLS
experiments were in the range of 800°C to 1000h€ flow rate of hydrogen was 2 sim, and the
mole fraction of diborane was 2%-2.5%. The resofltfiost experiments were similar; the
seeded metal particles (platinum, gold) signifibaptomoted the boron nucleation as seen by
clusters of boron at the sites where the metalgbastwere place. Figure 4.45 to 4.50 illustrated
the typical morphology of our samples. Many clustafrboron needles formed on the substrates.
The length of the needles varied from several mieto about one hundred microns, and the
diameter of the needles (near base) was abaut $he result of boron deposition on tantalum
was unusual: the tantalum substrate was decomphsetd) the experiment.

Elemental analysis was conducted on the differesasaof a sample which was prepared
with silicon substrate seeded with platinum pagsclAs indicated in Table 4.13, the needle was
mainly composed of boron with a negligible amoungibicon which was probably due to the
electron beam penetrating the boron needle. Boasalso detected in the board areas, away
from the platinum seed particles. Thus the meteigles promoted the formation of the needle
clusters.

Raman analysis was also carried out on the sanmgtesthe results are shown in Figure
4.51. This pattern did not match any reporteddiiere. An x-ray diffraction was taken from a
sample with a silicon substrate and covered withralayer (500nm) of gold; the results are

presented in Figure 4.52. In this case, the crystatlles were actually silicon boride. Buddery
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and Welch [66] reported that silicon boride carspethesized at 1000°C~1200°C in an
evacuated silica tube by mixing elemental silicad horon. Thus it was highly possible that the

needle clusters are silicon boride.

Figure 4.45 Optical micrograph (reflected white lght 100x%), of clusters of boron needles on

a silicon substrate. The clusters tended to grow die platinum-seeded sites.

Figure 4.46 Optical micrograph (reflected white lidht 200x) of clusters of boron needles

(the same sample as indicated in Figure 4.45 undbigher magnification).
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Figure 4.47 Optical micrograph (reflected white lidht 1000x) of the needle-like boron

crystals from the same sample as indicated in Figer4.45.

Figure 4.48 SEM image of boron needle clusters dhe silicon substrate (the same sample

as indicated in Figure 4.45, 150x magnification).
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Figure 4.49 SEM image of boron needle clusters ohé silicon substrate (the same sample

as indicated in Figure 4.45, 600xmagnification).

Figure 4.50 SEM image of boron needles under 300@xagnification (the same sample as
indicated in Figure 4.45).
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Table 4.13 Elemental analysis taken from differenareas of a silicon substrate initially

seeded with platinum particles, then subjected todron deposition at 1000°C for 60

minutes.
Element Atomic% Detected Area Note
B 97.2 The
. board

Si 2.8 areas

Totals 100 without
metal
particles

B 99.8 The tip
of the
needle
crystal

Si 0.3

Totals 100

B 99.5

Si 0.5 The
body of
the
needle
crystal

Totals 100
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Figure 4.51 Raman spectra from a sample prepared i silicon substrate seeded with
platinum particles. (Taken from three different postions on the sample).
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Figure 4.52 X-ray diffraction from a silicon substrate initially covered by a thin layer (500nm) of gt film, then subjected to

boron deposition at 1000°C for 60 minutes.
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4.3.2 Conclusions and future work

In our experiments, we compared the differencewédrn boron deposition on substrates
seeded with metal particle and blank substratearii¢he metal seeds promoted the formation
of boron “needle crystals”.

For the chemical vapor deposition experiments, dvetemperature range from 800°C
to 1000°C, the temperature did not have a sigmficapact on the growth rate or needle
morphology.

X-ray diffraction analysis suggests the boron redetith the silicon substrate to form
silicon boride. To produce a pure elemental bomystal, it may be necessary to deposit boron
for a longer time (e.g. 10 hours) to form a layeb@ron compound film first, then let the boron
crystals grow on the boride.

In previous studies, tantalum was most frequergduas the substrate in the pyrolysis of
boron halide. Some scientists reported that sicgmifi reactions of tantalum occurred in the
presence of hydrogen and boron trichloride.In ogregience it was obvious that tantalum is not
suitable as a substrate when diborane and hydmargemsed since tantalum substrate was

decomposed during the experiment.
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