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ABSTRACT

Het-pressing of BP was used to prepare polycrystalline
samples in the boron-phosphorous system. Hot-pressed samples
containing up to 2L% carbon were also prepared and their proper-
ties analyzed.

A study of the effect of hot-pressing variables on com-
positior: and properties was made. A comprehensive analysis was
made of compounds, phases, compositions, grain size, and impurity
content.

A series of compositions, including pure B,aP;, was exam-
ined for Knoop hardness, electrical conductivity, activation
energies, thermal conductivity, thermoelectric power, density,
Hall effect, and magnetoresistance.

An extensive review of the literature relates theproper-
ties measured in the boron-phosphorous system to those of other
By24, Bi2A>, and By2As type compounds where A equals one or
more p-orbital elements including boron.

The value of hot-pressed samples irn the boron-phosphorous-
carbon system for thermoelectric applications was measured and
reviewed.

The electrical conductivity in B, sP> was measured and a
mechanism for conduction based on extrinsic levels and a sur-
face effect is proposed. A theoretical model for understanding

the physical aspects of this system is presented.

xvii



Sufficient eviderce of the existence of B,oP was obtained
to warrant further study.
A correlation between composition and physical properties

was established.



I. INTRODUCTION

A. Origin of the Problem

In February 1958, a sample of boron monophosphide (BP)
was supplied by The Monsanto Company for hot-pressing. After
gseveral attempts, each at a higher temperature, very hard black
compacts were obtained by hot-pressing at 2000°C. Ten pressings
were made by the author. At first inspection, the hot-pressed
product was very hard, had low electrical resistance, and could
withstand temperatures above 1200°C.,

A study of hot-pressed samples of a number c. potentially
valuable materials, including the boron monophosphide (BP) was
started for The Monsanto Company in September 1958. Reports by
Holden (87) on this work indicatedthat at least five more samples
were prepared which had variable composition, coler, and hardness.
X-ray evidence indicated the presence of a phase, probably BeP.
One other sample proved later to be a mixture of boron phosphates
(BPO, ).

Some samples seemed to be good thermoelectric sources and
appeared to exhibit semiconducting characteristics, while other
samples had almost metallic conductivity. The material proved to
be a high temperature ceramic which evolved phosphorous below

temperatures suitable for compaction.



dolden found that one of the samples had a Knoop (1C0
gram load) hardness value of 3200 kg/mma. The Monsanto Company
reported that a value between 6500 kg/mma and 7000 kg/mm3 had
been measured. Some of the samples were quite brittle, others
were not,

Only a preliminary evaluation of boron phosphide was made
by Holden since other materials were included in his study.

Subsequently, Buchanan (15) and Erikson (L5) used some of
the early samples for thermcelectric measurements. Exceptional
thermoelectric figure of merit values were obtained because of
an :nusually large thermoelectric pcwer which entered inte the
equation for figure of merit as a square term. These were go
high as to be suspect.

The material produced by hot-pressing boron monophosphide
(BP) was proposed as the subject of this study. The study was
to be directed at solving some of the more obvious protlems
associsted with the orior work.

Since both beron and boron monophcsphide are known semi-
conductors with broad band gaps (B = 2.0 ev, BP = 5.9 ev), the
introduction of impurities ar polycrystallinity should produce
modifications ranging fror. those having the full band gap to
metallic conduction. With this pcssivle range of conduction
and of resulting properties, the products of decomposition of

boron mcnophosphide are certainly worthy of investigation.



B. The Problem

The problem selected was that of the evaluation of compo-
sitions in the boron-phosphorous system as electrical conductors,
thermoelectric elements, and abrasives with particular attention
to the properties of pure boron subphosphide (B,aP2) and the role
of carbon as the major impurity.

In order to investigate the products of hot-pressed boron
monophosphide, it was most efficient to identify smaller problems
which could be handled invidually. These are presented next with
an indication of the general approach used. These problems and
the answers obtained are reconsidered in the section dealing with
the Discussion of Results.

The investigation was begun with a review of previous work.
Information on boron, the boron-carbon system, the boron-phosphorous
system, and related higher borides was assembled, and an attempt
was made to determine what to expect in the nature of compounds
and their properties.

The specific contributions to understanding the properties
of the boron-prosphorcus system are:

1. Several series of hot-pressed samples were prepared
by varying the pressing temperature, time, and phosphorous con-
tent. The analysis of what compounds, phases, and crystal

structures were present in the hot-pressed compacts was made



by X-ray diffraction, chemical analysis, and microscopy. Both

a reflecting microscope and an electron microscope were used.

A description of arrangement, shapes, and sizes of the materials
present was formulated.

2. The relationship between compositions and conditions
of preparation was examined to learn how to ensure reproducible
products. This had to be done in such a way as to control
impurities and ensure maximum densities so that samples suit-
able for further testing could be produced.

3. Early hardness tests indicated that phosphide-
containing compacts were extremely hard. Microhardness deter-
minations were made to establish the reletive hardness values
of boron subphosphide and boron carbide. The results were
analyzed and explained.

L. The products obtained by hot-pressing boron mono-
phosphide were examirned for possible use as a thermoelectric
element. This was done by determining the figure of merit for
the material. Prior figure of merit values were then evaluated
on the basis of the results of this study.

5. The character of the electrical conductivity in the
hot-pressed comparts was also a subject of study. Information
available from other studies suggested a possible mechanism for

the conductivity results.



€. A method suitable for the preparation of B;aP; with
total impurities below 0.1% was found. Properties of the pure
B3P, were measured and compared to those of BP, B 3(;, and
B,3aCs.

The approach to these problems was fourfold, beginning
with a study of preparation techniques. The study of composi-
tion and structure was followed by the measurement of thermal
and electrical properties. The information gathered was cor-
related and suggestions made for subsequent investigations.

C. Conventions

At tnis point, a clarification of the compounds and the
names used for them in this study is in order. The compound
BP and the name boron monophosphide are used interchangeably.
When speaking of an exact ratio in the boron-phosphorous
system, the formula will be used. For example, B,3P> refers
to a compound of that ratio. The name boron subphosphide will
be used for a more inexact composition represented by ByaPz-q or
B12PaBp- The term boron subphosphide then represents a range
of boron to phosphorous ratios around the ratio shown.

Similarly, wi.h the boron-carbon system, the term boron
subcarbide will represent the range ByaCz-a. The exact composi-
tion will be given as By2C or ByaC,. Here, however, common usage

dictates that the familiar name boron carbide be retained to

designate the approximate ratio BeC (B1aCsaj.



The term, "borostitial", is employed to designate the
combination of the B, lattice and the inserted p-orbital
elements. This combination forms interstitial boron com-
pounds of inexact composition represented by B13AGB5 where
B indicates thet boron is also an interstitial element.

The term, "interstitial", is used throughout this study
to refer to atoms placed in the interstices between the boron
icosahedra. Three interstitial sites may be occupied in each
unit cell by atoms which bond to the boron icosahedra and to
each other. Variations in expected combining ratios indicate
that vacant sites occur.

In preparing sample numbers, a convention was adopted
to distinguish the source of the sample by its first letter.
For example, R-21 indicates the twenty-first sample prepared
by "reaction" from the elements. A designation, D-16 indi-
cates the sixteenth "decomposition" of BP to give a boron sub-
rhesphide. A sample number P-70 would be the seventieth
specimen prepared by "hot-pressing".

The A, B, C, or D at the end of a sample number indicates
relative position in a reaction tube, decomposition furnace, or

hot-press mold.



I1. REVIEW OF THE LITERATURE

A. Materials Used in This Research

1, General Information, When boron monophosphide (BP) is

hot-pressed at high temperature, a boron subphosphide with a
reduced phosphorous content is produced. If carbon is introduced
as the major impurity, boron carbide is produced at a slightly
higher temperature. Such products also can be formed from the
elements. In order to understand the properties of the reac-
tants and products, a review of boron, phosphorous, the boron-
phosphorous system, and the boron-carbon system is presented in
this section.

Boron occurs in both the amorphous and crystalline forms.
At least three crystal forms are recognized, and a number of
additional variations have been proposed. The amorphous form
of boron is of interest in this study as a starting material,
while the simple rhombohedral form may be considered the parent
member of the borostitials. The historical background on the
forms and properties of boron is confused by the presence of
borides such as AlBy,; and Al3C2Bs4 which have passed as "pure"
boron. Much of the earlier information is suspect, and one must
examine more recent articles on single crystal and ultrapure

preparations to ensure valid data.



2. Amorphous Boron , The finely divided amorphous form

of boron is highly reactive when heated with air, concentrated
sulfuric acid, concentrated nitric acid, and strong aqueous
sodium hydroxide.

Amorphous boron is usually obtained by the reduction of
a boron salt or boric oxide by magnesium or other active metal
as reported by Mikheeva (1L6) and Kroll {121) or as patented by
Finn (50). It may also be prepared by electrolysis of fused
oxide and boride baths, but this is really an active metal reduc-
tion since the active metal is released at the electrode in the
bath. Extreme measures are needed to prepare a really pure
amorphous boron. Extensive leaching of the reduced product is
usually followed by a vapor purification. Vacuum fusion or
firing (153) causes aluminum, copper, magnesium, and tin to
vaporize completely. Iron, silicon, and .itanium vaporize
partially, but molybdenum, carbon, and tungsten are retained.

Instead of using an active metal reduction which inevi-
tably requires removal of active metal impurities, twc other
gaseous techniques are proposed which eliminate this residue.
The first was used by Johnstone (100) to prepare a quantity of
amorphous boron for thermodynamic studies. He passed diborane
vapor mixed with helium through a long quartz tube at 700°C.
The diborane decomposed quantitatively to amorphous boron and

hydrogen.



Niemyski (15L) prepared "pure" amorphous boron for semi-
conductor investigations by a fractionation of pure boron tri-
chloride. The trichloride was prepared by chlorinating the
sintered product of carbon and orthophosphoric acid between
700°C and 900°C. The boron trichloride was reduced by hydrogen
in a quartz tube at 1100°C to 1200°C to produce "pure" (99.999+%)
amorphous boron.

Amorphous boron has been prepared by Talley (219) by the
reduction of boron tribromide with hydrogen in the vicinity of
an incandescent tungsten filament. The material formed as mas-
sive rods with considerable hardness, tensile strength, and
flexibility. It could also be deposited on other heated shapes
without marked evidence of crystallinity on an X-ray diffraction
pattern. Deposition wasslow below 1100°K, and crystallization
began above 1500°K, Talley concluded that this material was
"a rather perfectly formed glass."

3. Crystalline Boron, Pure crystalline boron, as

contrasted with the amorphous variety, is much more inert.
When heated in air, crystalline boron is more resistant to
combustion than the powdered amorphous variety possibly due
to the formation of a surface glaze. Crystalline boron is
only slightly attacked in hot concentrated sulfuric acid.
Fused sodium hydroxide at a temperature above 500°C attacks

the crystalline form, but hot aqueous alkali does not.
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Three crystal forms of boron are recognized. The
tetragonal I form was first to have its structure established.
Hoard (85) suggested it in 1951, and further clarified this
structure (86) in 1958. The tetragonal I polymorph has a
tetragonal structure of 50 atoms per unit cell with a density
of 2.31 g/em®. Forty-eight boron atoms are arranged at the
vertices of four nearly regular icosahedra. These icosahedra
are linked together so that every boron atom of a group forms
six bonds directed toward the corners of a pentagonal pyramid.
Five bonds are directed to atoms within the same icosahedron
or to one of the remaining atoms located between the icosahedra.

The boron icosahedron is a symmetrical three-dimensional
figure containing twelve boron atoms. Each group of three
adjacent boron atoms in an icosahedron forms a triangular face
which creates the twenty-sided structure shown in Figure 1.
This icosahedron is a closely packed structure in which each
boron atom is adjacent to six other boron atoms. The poly-
gonal structure approaches a sphere and can be considered as
a twelve-membered building block common to many structures
containing boron.

The boron icosahedron is found again and again in the
borostitial-type structures in which it is located on the eight

corners of a rhombohedral unit cell. The lines drawn through
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the icosahedron in Figure 1 represent ... edges of the rhombo-
hedral unit cells meeting inside the ic~<ahedral unit. An
icosahedron at either vertex of the rhombohedral unit cell will
contribute three boron atoms to the edges of that unit cell.
Any of the other six icosahedra contributing to that cell will
supply four boron atoms. Of these four, three are on the cell
edges and one is internal.

The rhombohedral unit cell is represented in Figure 2 as
belonging to the hexagonal system. This figure relates the

hexagonal a and c parameters to the rhombohedral a and a values.

-*
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Tetragonal I boron has an experimental density of
2.31 g/cm3 and contains four empty sites per unit cell with
radii of 2.15 A. No evidence has been reported for the fil-
ling of these possible interstitial sites.

The most complicated confirmed crystal structure is that
of B-rhombohedral boron with its 108 atoms per unit cell. This
form is the stable form in the temperature region from 1500°C
to the melting point of boron. Itwas readily formed from the
melt as found by Sands (190) who identified it as a rhombohe-
dral structure with a = 10.12 A and a = €5°28"', It had an
experimental density of 2.35 g/cma and to quote Sands, "There
is no suggestion in the boron data of a pseudounit comparable
in volume or obviously related in structure to the B,C unit."

Crystals of B-rhombohedral boron were prepared by Gaule (56)
by touching a heat-sink to the surface of a slightly supercooled
melt. Two articles by Talley (216) ard King (105) reported the
preparation of pure single crystal B-rhombohedral boron. This
material wae prepared originally by chemical vapor-plating and
was then zone refined to produce a high purity sample with a
density of 2.3L5 g/cm’.

An X-ray study by Hoard (8L) of the polymorphism in
boror. pointed out that the B-rhombohedral form is to be expected

from high temperature preparation with or without fusion. Above



1500°C, the B form is readily produced. Below 1000°C, a-
rhombohedral boron ig consistently obtained. Occasionally,
B-rhombohedral boron will form at a temperature as low as
1100°C. A number of additional forms of boron have been pro-
posed as being formed in the temperature region from 1000°C
to 1500°C, but as yet, the stable and transient types have
not been confirmed.

The a-rhombohedral form of boron is of particular
interest because of its simple structure. It has 12 boron
atoms per unit cell and a relatively high density of 2.L6é
g/em®. It was first prepared by McCarty (135) by pyrolysis
of boron triiodide on a hot surface at 800°C to 1000°C.
McCarty (13L) then reported the procedure in detail. The
a-rhombohedral boronywas described as composed of units of
nearly regular icosahedra in a slightly deformed cubic
close-packing. Further support for the structure ceame from
Decker (37) whoreported it as being stable to 1200°C with
transformation to the beta form at 1500°C. The a-rhombohedral
unit cell dimensionswere: a = 5.057 A and a = 58°06'. Decker
vointedout that this structure may also be considered as
derived from that of boron carbide by omission of the three
center carbon atoms. Three-center or delta bondswere formed
connecting three icosahedra instead of two to replace the
boron to carbon bonds, and the icosahedra approached each other

more cloaely.
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The red color of the a-rhombohedral boron crystals
reported by Horn (88) (90) may indicate both a more pure
boron and a material with a larger band gap. These crystals
were grown by slow freezing from a fifty atomic percent melt
of boron and platinum at 1200°C.

In addition to the three crystals forms of boron
established at this time, a number of others have been pro-
posed. These have been reduced by McCarty (13L) to three
incompletely understood possibilities: tetragonal II boron
(Z = 192 atoms) by Talley (218), hexagonal boron (Z = 90 atoms)
by Rollier (177), and a tetragonal form (Z = 78 atoms) prepared
by Naray-Szabo (152).

®ince boron is used as a starting product and since its
properties are so basically related to trose of the hot-pressed
material under study, a summary of reviews on boron is of
interest. The proceedings of a conference on boron in 1960, as
edited by Kohn (117), constitute a complete review of synthesis,
structure, and properties. Four cther authors, Laubengayer (130),
Moss (1L8), Newkir (153), and Williams (2L2) have written brief
reviews of preparations and prcperties. An extensive review of
the polymorphic forms with their electrical and optical proper-

ties has been provided by Taylor (223).
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L. Amorphous Phosphorous , Red amorphous phosphorous is

more inert than the crystalline white form. The red variety
sublimes at L16°C, and the vapor condenses into the white form.
While ignition of the red phosphorous dces not occur below
2L0°C, the white will ignite in dry air at 50°C. In moist air,
excess phosphorous coming froii a hot-pressing will form acid
mixtures.

Commercially, red amorphous phosphorous is usually made
by heating calcium phosphate with silica and carbon in an
electric furnace at 1300°C forming calcium silicate and freeing
carbon monoxide and phosphorous vapor.

5. The Boron-Phosphorous System. The boron-phosphorous

system has the cubic boron monophosphide (BP) well established.
A number of variations from BsPa, to BgP and B3Pz and even to
a ratio of B4oP are reported for the subphosphide.

Preparation, crystal growth, and uses of the compounds
in the boron-phosphorous system are reviewed. The relative
position of the compound BP in the Group III-Group V families
ie then discussed,

Boron and phosphorous can form either a boron monophos-
phide or a boron subphosphide. The first compound has the
exact composition BP while the second compound has been reported

to have compositions of ByaP; or B 2P;.
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Cubic boron monosphosphide is a semiconductor material
with a band-gap of approximately six electron volts. It is
an extremely hard material, chemically inert, and stable to
at least 1000°C. Three basic methods of preparation exist:
the direct combination of elements; reactions involving
borides, phosphides, or the elemente; and pyrolysis of a
volatile compound, usually upon a hot wire or hot surface.
Pyrolysis usually involves the decomposition of an addition
compound containing boron and phosphorous or the decomposition
of the individual elements of the addition compound. In many
cases, the distinction between reactions and pyrolysis is
purely arbitrary.

Perhaps the most direct preparatlion of BP is the combina-
tion of boron and phosphorous vapor in a furnace at 800°C to
1500°C. This is covered by Williams' patent (2L3).

Direct combination of boron and phosphorous can also
take place in a molten metal matrix. By adding either phos-
phorous or ferrophosphorous to molten ferroboron and cooling,
a precipitate of boron monophosphide can be obtained. The
technique was used by The Monsanto Company for the early
preparation of the cubic BP used in this study. The precipi-
tated phosphide was removed by leaching. Stone (207) indicates

that molten metals such as copper, aluminum, silicon, iron,
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mangar.ese, or nickel are suitable solvents for the boron and
phosphorous. According to Kirk (106), ferrophosphorous when
used has a phosphorous content of 17 to 29%, and the principal
impurities are silicon, titanium, and vanadium. Ferroboron
has a boron content of between 10% and 2L%. It may contain
as mich as L% silicon and 3% carbon.

By using a slow cooling rate, the metal solvent method
can be used to grow large single crystals which may be sepa-
rated from the m2tal by leaching.

A variation on the first methodwas cited by Popper (168)
and Rundqvist (180). This method used an evicuated, sealed
silica tube whichwas filled with boron and red phosphorous and
heated to 1100°C. The cooler end of this tube was kept at Ls0°C.
Another variation of the same method was that proposed by Woou
(252) in which the compounds were formed as a sinter by heating
the elements to about 1100°C or 1200°C while maintaining a
constant pressure of phosphorous at about one or two atmospheres.
The implosive shock technique has also been used to prapare BP
by direct combination. Engelke (L3), by detonating an explosive
in a sealed chamber, produced a shock wave of 2 x 10° atmos-
pheres tor a brief period of time. During this time, the temper-

ature of the boron phosphorous mixture sealed in the chamber

o |
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resched several thousand degrees Kelvin. An impure bor.:
morcphiepl ide resulted. The reaction of gaseous phosphicrous
with a toron surface In the presence of hydrogen has been
used by Williams (25C) to produce a protective layer of boron
monophosphide on rocxet parts.

Williams (2LkL) (2L8) produced boron phosphide by reacting
a gaseous boron halide such as BCly with aluminum phosphide
AlP at 1000°C. A preparation was mentioned by Mellor (1L3) in
which either the compound BPI; or BPI was reduced at 500°C in a
stream of hydrogen. A reaction between boron suboxide (B;Cy)
from 600°C to 1200°C with elemental phosphorous in the gas phase
produced boron phosphide in a method proposed by Stone (208).
The boron suboxide was produced by heating equal parts of B0,
and B with argon passing through the charge at 1L00°C for 23
hours. Another preparation using zinc phosphide (ZnaP» ) and
boron was used by Peret (1¢5) to produce boron monophosphide.
The elements were compacted into pellets and dropped into a pre-
heated reaction zone. The zinc was removed in the vapor phase.
Nies (156) has prepared boron phosphide by the electrolysis of
a melt cortaining an oxide or halide of phosphcrcous with B;Ca,
an alkali metal fluoride, usually a similar chloride, and option-

ally, an acid substance such as acid halide, boron fluoride, or



20

complex fluoride. BPOy is preferred to P;0s as a source of
phosphorous. Electrolysis takes place from 750°C to 800°C,
and the product is easily removed from the cathode.

Boron monophosphide can be prepared by the decomposition
of addition compounds cor.taining boron and phosphorous. Vickery
(231) prepared BP by decomposing the compound BCls - PCls at 300°C
in a sealed tube. Williams (2L7) also prepared boron phosphide
in this manner. He did not prepare the addition compound first,
but instead, reacted boron trichloride with phosphene at a tem-
perature sufficient to form BP, 870°C to 1LB0°C. Pyrolysis on
metal substrates hested inductively has been used by Schossberger
(191) for the same preparation, as well as the reaction between
phosphorous trichleride and boron trichloride in the presence of
hydrogen at 1000°C. A common preparation parallels that used to
prepare pure boron in that a hot filament is used for pyrolysis.
Greiner (65) has used a tantalum filament heated to 1300°C in the
presence of boron trichloride and phosphorous trichloride and
hydrogen. A review of the addition compounds that may be used
for this preparation was provided by Van Wazer (230) in his book
on phosphorous and its compounds. He pointed out the possibility
of forminr analogous addition compounds with the trifluoride and

tribromide.

"3
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Boron monophosphide can be grown intc larger crystals
in a process described by Ruehrwein (178) in which boron
phosphide was heated in an atmosphere containing phosphorous.
Stone (210)(211) has also found that an atmosphere of hydrogen
halide vapor will cause single crystals of borcn phosphide to
form. Stone started with amorphous or crude oporon phosphide
and brought it into contact with a stream of hydrogen chloride
or hydrogen bromide gas at a temperature between 800°C and
1200°C. When this carrier gas was passed through a zone of
higher temperature, crystals of boron monophosphide were pro-
duced.

Boron subphosphide can easily be prepared by either of
two methods, from the elements or by decomposition of boron
monophosphide. Spinar (20L) prepared ByaP> by ﬁeating BP to
1100°C to 1L0O°C in vacuum or argon until decomposition was
apparently complete. The thermodynamic relationships of the
dissociation reaction have been studied by Stone (212).
Williams (2L3)(2L8) comoined the elements as for the prepara-
tion of BP but raised the temperature above 1100°C under 1 mm
pressure to produce BsP. It would seem that any boron mono- |
phosphide preparation technique that can be carried out above
1100°C would also be a method of preparation for the subphos-

phide if held fer sufficient time above that temperature.
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Engelke (L3) attempted to prepare BsP by sealing boron mono-
phosphide with the proper amount of boron in an eva .ated,
sealed quartz tube. The X-ray pattern of his product did not
agree with that of the usual subphosphide material. Matkovich
(1L0) prepared the low boron phosphide by decomposition of BP
in graphite crucibles in a neutral atmosphere at temperatures
of 1L00°C to 17CC°C. A second method used by Matkovich was the
reaction of aluminum phosphide and amorphous boron powder to
produce the boron subphosride with aluminum phesphide and
aluminum. The unwanted materials were removed with dilute
hydrochloric acid.

One other boron phosphide was reported by Mellor (1L3).
He stated that when boron monophosphide was heated to 1000°C
in a current of hydrogen, BsPas was formed. While this refer-
ence is found in many places in the literature, no later work
1s available on this compound.

The value of the boron phosphides can readily be seen
from the uses to which they have already been put, and their
future value can be seen from the uses suggested in some of
the patent literature. Three patents assigned to Williams
(2LL)(2L7)(250) of The Monsante Chemical Company emphasized
the value of the boron phosphides as coatings for rocket

nozzles, as linings for rocket fuel tanks, as parts for jet
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engines, and as general refractories. Two patents assigned

to Gruber (71)(72) pointed out the abrasion and corrosion
regsistant properties of boron-phosphide-coated molybdenum,
tungsten, or tantalum turbine bucket parts. One of these
patents covered the stabilization of the boron phosphide sur-
face so that it would be more useful in an oxygen-rich atmos-
phere. Boron subphosphide is currently being marketed by

The Allis-Chalmers Corporation under the trade name, Cerac-3,
as a fine powder abrasive material. Stone (209) mentioned

that point-contact-rectification has been observed with both
n-type and p-type BP. Rectification ratios of greater than

10° have been observed both at room temperature and at LOO°C.
A patent by Williams (2L9) described a method of preparation
and the voltage current curves for point-contact diodes pre-
pared from boron phosphide. Another report by Williams (2L5)
carried this idea still further and suggested the use of boron
phosphide to mare transistors usable at 1000°C. Hill (82) has
patented the possibility of using boron subphosphide as a
thermoelectric element to 200°C. The patents by Williams (2L7)
(250) mentioned a number of possible uses for the boron phosphides
such as for nuclear reactor shields, hardening agents embedded
in a metal base, and as coating materials for burners. Their
chemical inertness suggests that they might be good for coating

agitator arms or for making porous boron phosphide filtere for
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use in the chemical industry. Their optical transmission
between 1850 A and 8000 A suggests that they might provide
erosion resistance for the surface of a window passing
light of this wave length. All of these actual and proposed
uses only serve to uiderscore the valuable properties pos-
sessed by these materials.

Boron monophosphide can be thought of as a member of
two Group III - Group V series. Little is known of the members
of the boronseries (BBi, BSb, BAs, BP and BN) except for the
last two members. The phosphide series has received more atten-
tion. As one approaches boron phosphlde going through indium,
gallium, aluminum, to boron, the intrinsic activation energy
increases (InP = 1.25 ev, GaP = 2.2 ev, A1P = 3.0 ev, BP = 5.9
ev). Indium phosphide has considerable electron and hole mobility
(ue = 5000 em’ /vs, up = 700 cm?/vs), gallium phosphide has a much
lower pair of values (ug = 11C em”, up = 75 cm°/vs). Boron mono-
phosphide, on the other hand, shows an increase with hole mobilities
reported as 100 - 500 cm? /vs. While not too much is known about
these ITI-V series, the trends indicate that BP is clearly a large
band-gap material with a moderately low mobility and with a tendency
to form both n-type and p-type crystals. For one of the p-type
crystals with a carrier concentration ranging from 1l - 5 x 10'®

car/cm®, the Hall coefficient is essentially constant from about
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900°K down to 16C°K. The thermoelectric power of this miterial,
analyzed by Stone (209), is about 300 v/°C for ooth the n-type and
the p-type BP. General reviews of the III-V compounds including
tables of properties are provided by Sizelove (201), Willardson
(2L1), Lawson (131), Welker (235), and Hilsum (83). Bibliographies
of the Group III - Group V semiconductor compounds have been com-
piled by Fredericks (52) and Esposito (Lé).

6. The Boron-Carbon System . Boron carbide (E(C) is a hard

but brittle, high-temperature material. It is readily prepared
and is chemically very inert. Conduction properties vary from
metallic to semiconductor conductivity. For the past ten years,
congiderable activity has been directed at determining the actual
phases present around the so-called B,C composition.

Commercial B;C is prepared by heating a charge of boron
anhydride (B;05) with carbon black in a resistance furnace or an
arc furnace. Boric acid (HaBO;) is frequently used as a source
of boron. This process is patented by Atoda (8). A variation on
this process prepares boron carbide in the gaseous phese.
Formstecher (51) combined boron oxide and carbon in the presence
of chlorine at €00°C to produce boron trichloride and carbon mon-
oxide. These gases with a hydrogen carrier gaswere decomposed on
a hot molybdenum or tungsten filament to produce boron carbide.
The methods of preparation of boron carbidewere reviewed by

Kranz (120).
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In 1943, Clark (28) studied the crystal structure of
B4C. He establis. =d that it was rhombohedral with a = 5.19 A
and a = 66°18'. He suggested that the reported indications
that commercial B,C had a B to C ratio greater than four might
be accounted for by the presence of a solid solution. Glaser
(59) in 1953, noticed a wide range of homogeneity around the
composition B4C. Since the formation of B4C was not observed,
he suggested that this region may be described best as solutions
of varying amounts of carbon in a slightiy distorted boron
lattice. Meyerson (1LL), in the same year, pointed out that
BsC melts with decomposition at 2250°C in a peritectic-type
reaction. Allen (7) investigated the sclid solution between
boron and boron carbide, and Zhdanov (256) further investigated
the solid solution region and suggested that it was a displacement-
type solid solution. That is, that the carbon in the center of
the three-carbon-chain was displaced by boron. Zhdanov found
that the limiting formula for the beron to carbon ratio was Bs,sC.
A second study by 7hdanov (257) suggested that the substitution
of carbon atoms in the lattice by boronproceeded until the com-
position is B 3C2. Thiswas supported by hardness and X-ray
measurements.

Epelbaum (LL) identified a new phase after studying

the region from €5 to 90% boron. This phase between B,aCa and

B, aC; was also studied by Samscnov (189) who proposed a phase

ink il
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diagram for the boron-carbon system. This work by Samsonov (135)
was expanded in 1958, and a phese diagram given which showed that
the compound B, C; meltedcongruently at slightly above 2L00°C.
This system alsc contained the incongruently melting compound
B,3Ca which melted to form liquid and a beta prime phase and con-
taineda gamma phase (B Cp) occurring at 69% carbon. The latter
two compounds form an eutectic in the region 30 to 31% carbon.

An X-ray study with large angle scattering has been
reported by Kudryavtsev (123) in which precision-lattice-parameter
determinations of the boron-carbide system were made. Work by
Zhuravlev (258) in 1961, confirmed the presence of a new boron-
rich compound corresponding to B,2C. This new phase has been
incorporated into the latest phase diagram by Samsonov (187) at
about 8% carbon and is called a delta phase. This latest phase
diagram for the boron-carbon system is reproduced in Figure 3.

B. Related Materiais

1. General Information, Boron subphosphide and boron

carbide are derivatives of a-rhombohedral boron. A study
of other variations with the same basic boron structure includ-
ing ternary systems should provide related informaticn of value.
Of particular interest are the BgA, BsA, B;~A vorides in which A
is any p-orbital element.

In borides of the form Me,B and Me;B, the boron atoms are

isolated from each other. In compounds with the form Mes;B,,
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the boron atoms are paired; while in the compound MeB, they
form isolated zig-zag chains. Double chains are formed in the
compound MeyB,, and networks are formed in borides cf the form
MeBa. The borides of interest, however, are B,Me, BsMe, and
B,2Me. In these borides, the boron atoms form three-dimensional
networks which gain their strength from the strong bonds between
the boron a*oms. These materials are further strengthened by
cross-bonding within the btoron framework to the atoms situated
in thelr pores.
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