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GROWTH OF BORON DOPED DIAMOND.-
) BY VAPCR DEPOSLTION

Abstract
by

DAVID J. POFERL

.The production of p-type semiconducting diamond by vapor phase
deposition of a methane-diborane gas wixture at 1050° C and 0.2 Torr
in the presence of natural Type 1 diamond seed crystals has been
achicved,

Evidence showing boron doped diamond was grown included; chemical
etching, X-ray and electron diffraction, density measurements, Seebeck
and resistivity measurements, chemical analysis, optical measurements,
induced -electron emission spectroscopy, scanning electron microscopy,
and electron spin resonance experimepts. Blank wuns using hydrogen-
diﬁorane mixtures showed no weight g;ins, doping, or evidence of the
formation of boron carbide. ‘

! Cumulative weight increases during the boron doping experiments
were as high as 9.86 percent after six doping runs. A distinct change
in color of the diamoud seed crystals from an off-white or gray before

doping to light blue after doping was observed. Results of chemical

ii



analysis indicate that the concentration of boren in the diamond
samﬁle aéter a 9.86 pexcent cumélative weight increase was betveen
lOO-and 1010 ppm depeﬁding on whether the inmcrease in boron content
du*ing.doping was considered uniformly distyributed through the seed.
crgétqls or limited solely to the region of new diamond growth. The
yelative Seebeck coefficient for the boron doped - diamond was approxi-
mately 226 uv/°c after a 4.57 percent weight gain and 120 uV/oc aftex
a cu@uléﬁive weight increase of 9.86 percent. The sign of the Seebeck
voltage after doping was indicative of a p-type semiconductor. The
approximate carrier concentration deduced frém fhe Seebeck measure-
ments is consistent with the increase in boron conient determined by
.chemical aﬁalysis.

A striking feature of the boron doping‘gfgeriments was the
marked decrease in new diamond growih with each successive Tun On

the same sample. This is suggestive that active sites such as edges

and kinks are being filled.
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CHAPTER 1
INTRODUCTION ARD BACKGROUND

1.1 TIntroduction

Th? purpose of this investigation was to determine if p~type
semiconducting diamond can be grown by vapor phase depositioﬁ using
a methaneudiﬁofane doping gas mixture in the presence of diamond
seed crystals,

It has beén shown ﬁreviously that diamond can be grown at low

1,2,3 When diamond seed

pressures where it is actually metastable,.
crystals ﬁere exposed to methane at 10507 ﬁ and pressures from 0.1
te 1.0 Torr, new diamond growthiwas obtained.l’2 Both new aiamond
and graphite were produced during &he vapor deposition growth proc—
ess. The graphite formed during depcsition was selectively removed
by reaction with hydrogen ét approximately 1033% ¢ and 50 atm. Cum-
ulative weight increases as high as 23.7 percent were obtained by

H. T-Iill2 after nine deposition and hydrogen cleaning cycles.

Diamond is an insulater at room temperature due to the rela-
tiveiy large intrinsic conduction energy gap of approximately 5.6 eV
between the valence and conduction bandé.é Semiconducting diamond
can be obtained by introducing appropriate impuritles, e.g., boron,

into the -diamond laltice. The doped diamond will then exhibit



2

semiconducting properties similar to doped germanivam or siligén‘

the impurity could be introducea during the epitaxial srowth of diam-
ond p;;vépor deposition, it should be possible to produce "controlled
impurity" semiconducting diamond.

Since diampnd growth by vapor phase deposition had been demon—
strated, the incorporation of the desired»d&éant in the reacting gas
mixture above the bed of diamond seed crystals at the.conditions
known to. favor diamond growth appearedto bé‘Lhe most direct method

of obtaining ?emiconducting dizmond by vapor deposition. As was the
case for epitéxial diamond growth,l’2 the spontaneous heterogeneous
nucleation of graphite on the diamond seed cryétalé from the super-
saturated vapor phase will occur during boron doping experiments
_-using methane-diborane mixtures. However, if both the carbon atoms
aﬁd the boron atoms on the diamond surface have high mobilities,
they may be incorporated as new dieamond growth before nuclei at sta-
ble phases are formed. Eventually, all active sites on the diamond
seed crystals may be exhauéted and new growth may terminate.

Since the energy gap of diamond is relatively laxrge, semiconduct-

!
ing diamond produced by boron doping'may be used to develop high tem-

1
perature devices. The applications for devices capable of high tem-
. perature operation are RUMErOUS. The incorporation of semiconducting

diamond devices in spacecraft or missile electronics, for instance,

could result in increased payload and reliability.



1.2 Classification of Diamonds

Diamonds are usually classified as type I or type II based on

dlffelences in their ultraviolet. and 1nfrared absorption spectra.

Type I dimmonds exhibit an absorpticn edge at 3300 A with absorptlon

e
-~

increasing rapidly at smaller wavelengths., Type I diamonds are also

characterized by an absorption peak at 7.8 U corresponding to the

presence of nitrogen pfesent as an impurity in concentrations up to

T 0.23 per'cent,6 Type II diamonds exhibit a sharp absorption edge at
2200 A and do. not show the nitrogen absoxptlon peak at 7.8 wu. Type
I1 diamonds are classified fuxrther as type IIa and IIb. 7 The type

TIa diamonds are non~conducting, whereas the type 1Th diamonds show

_conductivity and phosphorescence effects not found in type 1Ia dia-

4

‘monds. It is the type IIb diamoﬁds that are of primary interest with

regard to this -investigation, ebpacially those that have been pvoaucec

by boron doping.

Synthesis_and Properties-of Type I1b Diamond

Natugally occurying semiconducting diamonds, type IIb, were first
descriﬁed by Custers.7 They are p-type semiconductors with conduction
activation energies frem 0.29 to 0.38 eV, carrier concentrations of
approximately 2X1Ol3/cm3, and carrier mobilities from 1000 to 1600
cmzv—lsec“lts’?’lo In contrast to ndn- conducflpc dlamonds having re-
sistivities of approximately 101 to 1014 ohm-cm, type 1Ib diamonds

s e 10 . )
_exhibit resistivities from 25 to 10 ohm-cm. The cxistence of natu-

ral type IIb diamonds generated a considerazble amount of interest in
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2 .
[3

s . . -~ 11-15
artificial production of semlconductiné diamond. Several methods

have been used previously to produce Jén—made semiconducting diamonds
including: the introduction-of the desired dopant during the growth
0f diamond at high pressure and high témﬁerature; diffusion of the
dopant inte an existing, non-conductive diamond crystal; and ion bom-
bardment.

Measurements made by E. Lightowlers and A. Collins16 on aluminum
doped and boron doped synthetic sewiconducting diamonds initially indi-
cated that aluminum was the acceptor center respensible for the semi-
conducting properties in both_aluminum and boron doped diamonds. How-
ever, a subsequent investigation by A. Collins and A. Williamsl7 has
shown that the:acceptor.in the semiconducting diamonds investigated is
‘not aluminum since the aluminum concentrations were shown to be much
less than the concentration of acceptor centers. It was therefore con-
cluded that boron was the acceptor center responsible for the semicon—
dueting properties of all natural and synﬁhetic diamond available at
\the present time. Presumably, the borecn is incorporated substitu-
tionally into the diamond lattice and since‘it has only three valence
electrons, it results in a hole (acceptor site). Aluminum is currently
thought to be a "getter" for nitrogen in synthetic semiconducting dia-
monds and once the nitrogen is removed traces of acceptor impurity
will result in semiconducting diamond. The aluminum does not appear

to be electrically or optically active and is probably present as in-

clusions or in interstitial lattice positions.


http:the,acceptor.in

. . A
In view of the recent study by A. Collins and A. Williams, the
reported production of semiconducting diamonds with active aluminum

acceptor’ centers by the methods described belo&‘appears guestionable.

A. Crowth Methonll’lz

This method of incorporating a dopant material into the diamond
latt;ce is somewhat similar to the dopiné procedures used in the
preparation of conventional silicon or germanium semiconducrors with
t@e primary difference being that diamond is grown from a molten

trans%tion metal catalyst system. The production of sémiconducting
diamond by the growth method is accomplished by incorp@rating the de-
sired impurity in the graphite and catalyst_mixture. The graphite

. charge is then heated to temperatures from 1400° to 1600° ¢ at ap-
proximately 57,000 atm. The temperature and pressure useq are varied

slightly to account for the particular composition of the catalyst

system,

In 1962, Wentorf and Bovenkerkll repbrted the growth of p-type
semiconducting diamonds at high temperatuges and ﬁressures.. Small
guantities of the aluminum, beryllium, or boron impurity-were incor-

3 ¢
poréted in a mixture of graphite and:a suitable catalyst and them €x—
poseé to diasmond forming temperatures and pressures. The resulting
diamgnd crystals were found to have low resistivities and the crys-—
tals were verified as p-type by thermoelectric power measurements.
Electrical resistivity for boron doped diamond was inversely Felate“

X . P . 2
to the concentration of boron with resistivities varying from 107 to

3 ! - ,
10" ohm-cm. The color of the boron doped diamends was also a function



of the boron concentration. Those diamonds containing 0.1 percent

boron were deep blue, while lower boron concentrations resulted in

less intense color or even colorless diamonds. Diamonds grown iu—.
corﬁgré&img‘aluminum or beryllium as the impurity in the graphite
bﬁ;rge resulted in colorless or pale yellow-green crystals. Con-
duction activation energy for boron doped diamond crystals was (.17
to .18 eV. The aluminum doped diamond showed an activation energy
“of 0‘32.eV wﬁile the activation energy of beryllium doped diamonds
ranged between 0.2 and 0.35 eV, Hall effect, carrier mobilities,
and absorption spectra were not determined due to the small crystal
size and electrical_contact problems.

Huggins and Cannon12 also report the introduction of boroa and
aluminum impuritieé into diamend during the growth pr&cess by incor-
porating the doéant in the graphite/transition metal catalyst reac-
tipn mixture. The diamonds grown during the high temperapure.and
high pressure process were recovered bf aéid etching. The boron and
alu@inum.doped diamonds were electrical conductors with resistivities
from 50 to 5X109 ohm-cm, Electron spin resonance measurements made
on the boron doped diamonds resulted in spectra for which no explan-—
ation could be given. It was postulated that an electronic inter-
action between boton and nickel from the catalyst mixture resulted in

a complex system which influenced the electren spin resonance spectra

obtained.



B. Diffusion Methog}l,12

The diffusion method of producing p-type semiconducting diamond
crystals is similar to the iﬁcorporation of impu;ities in the silicon
or germanium lattice by diffusion. TIn this process, ghe requireﬁ im~
purity is placed in contact with diamonds and the mixture is then sub-
jected to high temperature and pressure.

Wentorf and Bovenkerkll determined that semiconducting diamonds
could be produced by exposing diamond to boron carbide for ten min-
utes at a préssure of 60,000 atm and temperatures from 1300° to
2000° C. Resistivity of aoped diamonds produced in this manner was

reduced by siz orders of magnitude. The doped diamonds were p—type

t

- - 4
- semiconductors vith resistivities of approximately 10" ohm-cm_and
conduction activation energies from 0.02 reo 0.05 eV. Diamonds that
were initially colorless before boron diffusion doping appeared gray
. } i 12

or bluish-gray after treatment. Huggins and Cannon™ prepared both
boron and aluminum dcped diamonds by the diffusion process. DBoron
and aluminum concentrations in the doped diamond were as high as

21 3 . : . , s e
10 atoms/em™. The doping achieved in this process is limited to
a thin external layer. The electromn spin resonance curve for the

boron doped diamend showed.no unpaired spins resulting from the

diffusion process. L

C. Ion BOmbardmentl3314,15

The success in forming n- and p-~type .semiconductors by ion

implantation of phosphorousg, arsenic, lLoron, and gallium in silicon



indicates that the ion implantation process might be also applied

successfully to diamond. 1In this process the crystal to be doped is

usually.subjected to bombardment by a high enefgy stream of dwpurity

o .

ioms.

Wentorf and Darrow13 produced semiconducting surface layers on
synthetic diamond crystals by ionic bombéfdmenr in an ionized gas
flow di§charge gstream between electr;des maiﬁtained at a potential
difference of 1500 to 2800 V. The type of ionized gas environment,
rather than éhe electrode metai, appears to determine whether n-
or p~lype diamond layers ére formed, Nitrogen or argon env}ronment
resulted in n-type éemicond;cting layers, while those exposed to a
_hydrogen enviionment during ion bombardment produced p-type layers.
The average resistances of the diamond crystals decrease& from ap~-
;roximately 1011 ohms before bombardmenc to abour 105 o 1010 ghms
after treatment. In all cases the color of surface layer after bom-
bardmeﬁt was gray-brown. Tn most cases the thermoelectric power of
%he diamonds after ion bombardment was apprcximately 10 uV/OC ex—
cept for helium or oxygen which resulted in thermecelectric power too

\ .
small for sign determination. Electron diffraction patterns indicate

l -
that the affected surface layers are somewhat amorphous and these sur-
face layers are partly destroyed by heat treatment for about one hour
Q [s] - .
at 300 to 400" C in air.
., 14 . . s
Vavilov et al doped natural diamonds with boron zpd lithium

using the ion bombardment technique. The lithiun doped diamond ex-

hibited n-type conductivity, while diamcnd dopad with boron resulted



in p~type conductivity. Activation energles varied from 0.25 eV for

the boron doped diamond to 0.29 eV for lithium doped diamond. Elec—

. e s . 2 15 .
trical resistivities were reduced {rom 101 to 10 ohm-cm before ion

bombardment to SXlOé ohm-cm after doping.

-

Ton implantation of phosphcrous and boron in nen-condvcting dia-
mond macles has been recently described by Carlsoh,ls The rmplanta-
tion ioqs were produced by x-f discharée in phosphine or boron tri-
‘flouride. Aﬁnealing of the samples after ion bombardment had essen-

tially no affécr oun the electrical picperties of the diamonds. Acti-

vation energies of 0.17 to 0.34 eV were determined from the slope of

.

the resistance versus reciprscal temperature curves. Hewever, it was
not possible to determine carrier mebilitles since the Hall voltages

were Loo small -to be measured (less than 10 V) on any of the im-

T

la]
) ) . . 1 i

planted macles. Mobilities were esuimated at less than 10 em“V “sec
. . - . . 2. -1 =1 _
in contrast to normal values of appreonimacely 1500 cm 'V “sec for
natural type IIb semiccenducting dizmonds. The thermoelectric power
measurements indicated that an n-type diamend surface layer having a

e . c .
Seebeck coefficient of about 10 upV/ C was produced by ion bombard-

ment experiments using phosphorcus, while no thermoelectric power

_could be detected from the beron implantaticn studies.



CHAPTER 11

CHEMICAL EQUILIBRIUM CALCULATIONS

2.1 Chemical Equilibrium Computer Program

Chémical equilibrium compositions for the C-H-B system wefe cal-
culated in or@er to determine the conditions of temperature, pressure,
and initial reaction mixture composition that would favor boron dopiig
during epitaxial dismond growth. Equilibrium compositions were deter~
mined by minim?zing the_total Gibbs free eﬁergy of the reacting sys-
"tems. The computer programlSHZl used for these calculations was ob-
tained from NAéA and is described in Appendix A. Equilibrium calcu-
lations were made over 5 wide rﬁnge of préésure and temperarures for

several initial concentrations of BZH6 in CHé. These data arepre-

sented in Tables A-2 through A-14 of Appendix A.

2.2 Analysis of Eguilibrium Data

An analyéis of the equilibrium compositions in Tables A-2through
A~14 indicated that except .at high temperatures and very low initial

concentrations of BZHG in CH,, both boron and diamond solid phases

4i

were always present. Graphite was excluded from the set of allowed

10
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species. It was decided to make the initial doping runs under con-
ditions, of temperature and pressure that were known to produce epi-
Laxigl”éiamond growth. TIn this manner it would be theoretically
possible to introduce boron into ;he Qiamond lattice during epi-
taxial growth of the diamond seed crystals iéLher than relying solely
on the deposition of boron or a boron species on the diamond surface
followed by diffusion of the surfate boron into the diamond lattice.
By attempting to dope the diamond seed cr§sLals with boron concurrent
with epitaxiél diamond growth, it was postulaféd that the new diamond
growth could possibly be-uqifoxmly doped.

As can be seen from the data iq Appendix A, the initial concen-
tration of B2H6 in CH4 was not crirical since two solid ‘phases
were present- at equilibrium in most cases. Thg gas used in the boron
X

Although the experimental doping apparatus was designed such that the

doping experiments contained 0.83 percent B2H6 by volume in CH

dopant gaz could be diluted wirth other gases, it was decided to make
initisl doping runs with the undilutred B2H6u0H4 mixture. The gas
phase composition fof the initial d?ping runs is given in Table A-4.
Although the concentration of BZH6%‘in CH4 in'the dopant gas mix-
ture is considerably higher than the. B2H6 concentration to which
the data in Table A-4 correspond, the gas phase compesition still
applies since two solid phases will ailso be present a£ the Qigher
B,H, concentration. As discussed in Appendixz A, the system has,

therefore, only two degrece of freedom and for a given temperature

and pressure the equilibrivm gas phase composition is fixed.



CHAPTER 111
PREPARATION OF DLAMOND FOR DOPING

3.1 Acid Cleaning

The firét step in preparing the diamond sample for boron doping
was to clean.%he diamond in aqua regia at 90° ¢ for oné hour, after
which the acid was decantéd and discardéd.' Agqua regia was again
added to the diamond and the sample rgﬁained in the acid for an addi-
" tional 24 hours at room temperature. The agua regia was again-de-
canted and a mixtuée of 50 percent HI\‘O3 and 50 percent HF. was
added to the sample. The diamond remzined in the HN03/HF mixture
for 24 hours at room temperature. The acid was then discarded and
.replagéd with aqua regia. After aﬁ.additional 24 hours, the aqua
regia was decanted and the diamond was rinsed three times with dis~
tilied water. The sample was centrifuged betweeq rinsings to insure
removal of most of the distilled water. Three acetone rinses fol-
loved in order to facilitate drying of the sample. This cleaning

procedure was used to remove metallic and oxide impurities present

in the original diamond sample as previded by the diamond vendor.
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3.2 Hydrogen Cleaning

The acid cleaning described above was followed by hydrogen clean-
ing. Although the hydrogen gleaning Was'perforQed on all diamond sam-
ples prior to doping rumns, its primary vse was to réméve graphite de-
posited on the diamond during each doping run. In order to clean the
diamond, the sample was exposed to hydrogen at 52 atmospheres and
1040° ¢ for 7 hours.

The reaction rates of diamond and graphite with hydrogen have

22,23

been determined by W. Stanko. The following equations define

these rates:
Rg

12
- 1‘—3%&— exp [~85,000/RT]P (3.1)

343

Rd = 1.26X10° exp[-115,800/RT]P*" (3.2)
where:

Rg = reaction rate of graphite with hydrogen, g moles/g minute

Rd = veaction rate of diamond with hydrogen, g moles/g minute
. -0
R = universal gas constant, cal/g mole, K
0"
T = temperature, K
P = pressure, atm

At the conditions used for hydrogen cleaning the diaﬁond, the reaction
rate of hydrogen with diamond is approximately three orders of magni;
ture less than the reaction rate of hydrogen with graphite. It is éhis
large difference in reaction rates that pérmits selective removal of

graphite-from diamond with very small loss of the diamcnd sample.
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The combinations of temperature, pressure, and reaction time
which result in removal of 99.99 percent of the graphite present on

the diamond are given in Figure 3.1, From this figure, it can be

-~
-

seen that under the conditions used for hydrogen cleaning the dia-
mond samples for the doping runs; i;e., 52 étﬁospheres and 1040° ¢
approximately six hours are required f6r599,99 percent graphite re
moval. During the time reguired for xemoviné this graphite from
the diamoend sample, approximateiy 0.3 percent of the diamond is
lost.

A schematic of the apparatus used for hydrogen cléaning is
shown.in Figure 3.2. This is basiczlly the same apparaéus as was

2,23

. used by H. Will2 and W. Stankce2 The detailed H cleaning

2
procedure is given in Appendix B. The procedure consisted basi~-{
cally of placing the sample to be ¢ieaned inside the Hastelloy-X
tube portgon of the resistance furnace, evacuating the system to
}0 microns, pressurizing the system with hydrogen to 750 psig and
maintaining the furnace at 1046° ¢ for 7 hours while supplying a
hydrogen flow of approximately 6 cm3 per minute during the clean—
y

ing period. The Hastelloy-X tube was designed to operate at pres—
sures up to 100 arm and temperatures‘as high as 1100° c. Although
it was operated at less severe conditions during these hydrogen
cleanings, the oxidation problem at these temperatures'reducgd the

wall thickness to such an extent that the tube had to be replaced

during the course of this study. The details of the Hastelloy-X
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tube reacticn chamber, as installed in the resistance fucnace, are
shown in Figure 33. The tube was a three-foot section of two~inch °
diameter Hastelloy-X rod in vhich a 11/16-inch hole had been bored

awially. The sample test tube was placed in the middle of the cen-

-

“tral cavity in the tube. High pressure stainless steel hose con-
nections were made at each end of the tube, and é thermccouple fit-
ting was provided at the downstream end of the tube. The thermo-
_ couple was éositioned such that it was approximately one centimeter

doynstream of the sample.

3.3 Weighing -

After acid and hydrogen cleaning, the diamond sample was

" welghed. Since moisture is édsorbed readily on the diamond powder
and since the surface area of the powder was large, approximately
127 square meters per gram; it was necessary to weigh the sample in
a' controlled atmosphere. The sample to be weighed was placed in a
samplé c¢hamber and then placed in a weighing test tube. The sample'
chamber and weighing test tube are ;hcwn in Figure 3.4. The sample
chamber and weighing test tube are then evacuvated and refilled with

dry air that has been passed through a bed of CaCl The stopper .

2!
is then placed on the weighing test tube and all weighings are made
with the sample chamber inside the steppered weighing test tube.

The- weighing is then done on an analy%ical balance which could be

read ¢ the nearest 0.1 wmg. The interior of the balance contained
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CaCl2 in order to maintain a dry air atmosphere. Readings were

raken every ten minutes until two consecutive readings were equal

within 0.1 mg.
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Temperature, °C

Figure 3. 1. Percent diamond removed during 98, 9% percent
removal of graphite,
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CHAPTER IV
DIAMOND DOPING SYSTEM AND PROCEDURE

4.1 The Doping Gas Mixture

A mixture of diborane in methane was used as the doping gas. The
diborane/methﬁne mixture was obtained from the Matheson Company and
the chemical analys?s of £he mixture is given in Table 4.1. The di-
borane content was 0.83 volume percent. The primary impurities were
‘.ethane, carboﬁ dioxide; propylene, hydrogen, nitrogen, and pentane
with contents of 0.62, 0.12, 0.05, 0.03, 0.02, and 0.02 percent, re-

spectively. The balance of the mixture was methane.

4,2 The Doping System

The system used for diamond doping is basically the same as that
used by H. Willz.for diamond deposition experiments. The majox dif-
ferences arise due to the problems associated withﬁhandling diberane.
A schematic representation of the system is shown in Figure 4.1. A
photograph of the deposition furnace is ghown in Figure 4.2. Since
this system was originaliy designed for epitaxial gfowth of diamend
and the pressure required to optimizé the growth process with various
reacting gas systems had not been established, most of the apparatus

was constructed of stainless steel to allow operation at pressures
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Jess than or greater than atmospheric, The high temperature portions
of the doping system were gquartz.

Dye to the toxicity of diborane, the entire doping apparatus was

e

conéained either in a hood or inside a ﬁlexiglass extension to the
hood. The flow metering system, v;éuuﬁ system, and deposition furnace
were isolated from the main area of the %aboratory by the plexiglass
enclosure, Thus, diborane from any leaks or acecidental breakage of
the gléss section of the doping apparatus would be safely vented to
the hood exhaust system.

The diborane/methané mixture flowed from a compressed gas bottle
throdgh eifher a rotameter or mass flow meter and then through a flow
orifice. A manostat maintained a constant pressure across the orifice
and thus provided a constant.flow to the gas mixing column. At this
point the diborane/methane could be mixed wich another gas such as
hydrogen. -However, the hest diamond growth rates achieved by H. Will1
were obtained with pure methane and it was found that dilution of the
methane by hydrogen either decreased the growth-rate, stopped it com~
pletely, or in many cases actually caused o weight loss of the diamond
during the deposition process. Sinc; the diborane dopant gas was pre-
mixed with methane, it was not necessary to use two separate feed sys-
'tems.for the diasmond doping runs. After paésing through the gas mix-
ing column and a rotameter in the low pressure portion of the system,

the diborane/methane mixture flowed into the quartz vacuum chamber.

The détails of the vacuum chamber are shown in Figure 4.3. The gas



flowed over the diamond powder in the samble chamber and exited

through the mouth of the quartz test tubc as shown in Figure 4&4.4.

)

The gas was then exhausted through an 0il diffusion pump. Before the

gas was reléased to the hood exhaust system, it passed through a*maéar
sdfub@er to remove any unreacted diborane bj’&onverting it to boric
acid.

fhe system pressure was set by adjusting needie valve 15. The
pressuré upstream or downstream of the quartz vacuom chamber was meas—
ured by a maénevac gage. The diamond was maintained at the required
doping. temperature with an electrical resistance furnaece. A photo-
graph of the furnacé and the quartz vacuum chamber is shown in Fig-
ure 4.2, A reasonably flat furnace profile was obtained by adjusting
the resistance across electrical shunt taps along the furnace length.
The prefile achieved is shown in Figure 4.5. Approximétely fourteen
inches in the center of the furnace was maintained at the required
deposition temperature. The temperature of the diamond crystals was

controlled with a Barber Coleman proportional band controller which

. . C s < .
maintained the temperature within +0.2" C of the set point.

4.3 Doping Procedure

The doping procedure is similar to the diamond growth procedure
‘2
used by H. Will® with some alterations required duve to the handling
of a highly toxic gas. The doping procedwe is sumuarized below:

Clean a1l quartz porticms of the system in a sodium
dichromate/sulfuvric acid glass cleaning solution.
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Clean and weigh the diamond shmple as described in Chapter

. 111, Preparation of Diamcnd for Doping,

3.

10.

11,

iz,

13.

14,

With bypass valves 12 and 13 open, install the gample chaunl.erx
in the quartz vacuum chamber.

Connect the sample chamber and vacuum chamber to the flow ...a-
tem, slowly evacuate the system through valve 15 with the

mechanical pump and then close valve 15.

Open valve 14 and evacuate the flow system back to valve 10.

. Close valve 14 and open and then close valve 10 after filling

the gas mixing column with the diborane/methane mixture.

Repeat steps 5 and 6 twice in order fo eliminate all azir from
the flow systen between valves 5, 10, 11, and 14. (The
portion of the flow system from valve 10 back to the
diborane/methane tank is maintained at 10 psig with the
diborane/methane gas mixture.)

Open valve 15 and complete the final evacuation of the quartz
vacuum chamber with the oil diffusicn pump.

Open valve 10 and adjust needle valve 11 to obtain the desired
flow of diborane/methane gas over 'the diamond sample, (It is
extremely important to assure that bypass valves 12 and 13 are
open tc preclude loss of diamond sample by entrainment in the
diborane/methane fiow.)

Slide the furnmace which sheculd already be at 1050° ¢ over the
quartz vacuum chamber such fthat the diamond sample is posi-
tioned approximately 15 inches from the inlet end of the fur-
nace and install the thermcccuple in the thermocouple wall of
the vacuum chamber. ’

Close downstream bypass valve 13 in order to measure the pres-
sure just upstream of rthe sample chamber during the run.

Adjust valve 15 to set the required pressure- for the doping
run at approximately 0.2 mm Hg.

When the desired doping time,- approximately 20 hours, has
elapsed, shut valves 10 and 11, open valves 13 and 15, and
slide the furnace off the sample.

Close valve 15 when the system has been evacuated, and turn
off the cil diffusion pump.



15.

16.

17.

25

Open valve 14 and evacuate the system back to valves 5 and 1(
with the mechanical vacuum pump.

Turn off the mechanical pump and open valve 16 to allow air
to fill the system and then close valve 16.

. 1
Turn on the mechanical vacuum pump and repeat'steps 15 and
16 twice thereby reducing the concentration of diborane in
this section of the flow system to a safe level and then
open valve 16.

rack valve 11 to slowly [ill the quartz vacuum chamber with

. air and then close wvalves 11 and 14.

20.

21.

22.

Crack valve 15 and after slowly evacuating the quartz vacuum
chamber close wvalve 15.

Repeat steps 18 and 19 twice to reduce the diborane concen-—
tration in the quartz vacuum chamber to a safe level.

Remove the diamond sample from the vacuum chamber and hydro-
gen clean and weigh the sample as deac11bed in Preparation
of DJamond for Doping.

Repeat steps 3 to 21 until the desired diamond weight gain
is obtained.
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TABLE 4.1

Composition®™ of Gas Used for-Diamond Doping

- 0.83% diborane
0.62% ethane
0.0013% tetraborane
1200 PPM carbon dioxide
540 PPM propane
300 PPM hydrogen
216 PPM nitrogen
200 PPH butane

<20 PPM axgon

<10 PPH oxuygen

<4 PPM pentaborane

balance methane

a
Percentages are volume (mole)

percent



CHAPTER V
DIAMOND DOPING EXPERIMENTS

5.1 Lxperimental Conditions

Based on the results of H. I-Iill2 for the low pressure epitaxial
growth of diéﬁond, the best diamond growth rates are obtained with
pure methane at pressures'below 1 Torr and & temperatuie of approxi-
mately 1050° ¢. The doping runs were performed under the conditions
_of temperéturé and pressure which produced the best diamond growth
rates during the imitial work of H. Willz. Instead of methane, how-
ever, the doping runs were performed with .eirher 2 mixrure of diborane
in methane or diborane in hydrégen. The doping temperature was lim-—
ited to 1050° C because of.the resistance furnace temperature limita-

tion. A pressure of appréximately 0.20 Torr was used for all doping

runs, The duration of each doping was approximately 20 hours.

5.2 Results of Doping Experimentsg

The pertinent information regarding the various-series of doping
runs is given in Table 5.1. Seven different samples were included in
the doping runs. Samples 1B and 7 were obtained from KAY Industrial
Diamond, whereas; samples 6B, 8A, 9 and 10 were obtained from Diamond

Abrasives Corporation. The preceding diamond samples were 0 - 1
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micron nominal size natural diamond powders. Sample 11 was a natural

- 1

. . 24
diamond macle obtained from the Van Itallie Corxporatiom. * The gase-

ous miprre of 0.83 pexrcent 32H6 by volume in methane was used for
the ﬁgging runs on ;11 samples except sampleé 8 and 10. The exact
.composition of the B2H6 in CH4 ‘mixture is given in Table 4.1, A
one percent mixture of 3286 in H2 was used for the doping runs on
samples 9 and 10. The graphite depositeé on the diamond samples dur—
ing eaéh doping run was removed by hydrogen cleaning except for the
graphite formed on sample 11 which was removed with a HNO3/H2804
mixture,

The first series of doping runs were ﬁade on samples 1B. The
. Initial sample weight was 0.3306g. Tﬁe run times varied from 16 to
27 hours and the pressure varied from 0.17 _to 0.20 Torr for the vari-—
ous runs. The percent weight increases varied from 2,03 to 3.39 with
a cumulative weight increase of 12.89 percent for the five runs. The
growth rate dropped from approximately 3 percent fo; each of the )
first two doping ;uns on sample 1B to sliéhtly over 2 percent on the
last three doping ruﬁgo After each hydrogen cleaning run, the color
of the sample turned progressively g?ayer-until By tﬁe end of the
fifth doping vun it was a very dark éray. A spectrographic analysis
by Crobaugﬂ Laboratories,ZS-indicated that there was a considerable
amou&t of tungsten contamination of the original sample and this

impurity had obviously not been completely removed during the acid

cleaning steps before the doping runs. The original diamond sample
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] .
had a dark gray color indicating a h#gh level of impurity and even
!

after acid cleaning and.hydtogen ¢leaning in preparation for the dop-

ing runs on this sample it still remained the same color. Normally

" the diamond would be almost white after these cleaning operations.
The continual darkening of the diamond surface after each hydrogen
cleaning was therefore attributed to the reduction of a tungsten or
other meétal compound on the diamond surface during the hydrogen
cleaning operation. This darkening of diamond samples having high
tungsten contents was also noted by H. W%llnz bue to the high im-
purity ccnfent no further runs were made on this batch of diamond
from XKAY Industrial Diamond.

Saméle Gﬁ was preﬁared from a batch of 0 -~ 1 micron natiral dia-
mond obtained from Diamond Abrasives Corporation. This batch of dia-
mond appeared considerably cleaner than tﬂat purchased from KAY In-
dustrial Diamond. After acid lleaning and hydrogen cleaniﬁg, this
sample had only a slight off-white colox. The doping run times
ranged from 17 to 44 hours od this sample at pressures from 0.18 to
0.22 Torr. The percent weight inecreases degreased frem 4.57 percent
during the first deping run to a weight loss of 0.10 percent during
the last run. A total weiéht gain of 9.86 percent was obtained on
this sample. This diamond sample turned'light blue ;fter the first
doping run and the blue color became more intense with succeeding

runs. With the éxception of the fourth doping run on sample 6B,

there was a definite decrease in growth rates from one doping run to
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another. Since the growth rate became negative on the sixth doping

run, it was not possible to obtain a cumulative weight gain of more

than 9.86 percent on this sample. Although apparent to some extent

> B
. L . . . . 2 .
during the epitaxial diamond growth experiments of H. Will,  this

growth rate trend was not nearly és pronounced and a cumulative
welght increasé of over twenty percent was readily obtainad with a
growth rate of two percent during the final éeposition. Sample 6B
was used for most of the tests described in the next chapter to de-

termine the various propertieé of the doped diamond.

A second diamond bateh was obtained from KAY ;nduétrial Dia-—

mond. Sample 7 was obtained from this batch which was considerably
cleaner than the first batch from which sampie 1B was obtained.

Four doping runs were made oﬁ sample 7. However, there were losses
in the diamond sawmple during removal fram the 5ydrogen 2leaning fur-—
nace after the third doping run and during remo%al of the sample test
tube from the quartz vacuum chamber during the fourth deposition.
éun times and pressures were approximately the same as for the two
previous diamond samples. A total o% only 2.73 percent weight gain

§
for the first two doping runs was measurable because of the sample

los;es during the last two rums. Thé blue color obsarved in the pre—
‘ceding sample was also visible in this sample after the first doping
and cleaning sequence, Sample 7 was not used in any of the tests de-
scribed in the next chapter since the sample test tube broke during

hydrogen cleaning and some small pieces of quartz fell into the dia-

mond éample‘
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Sample 8A was another sample of naLural diamond SUppllLd by
Diamond Abr351ve Corporatlon A.larger sample was used {or this
series of doplng runs in order to have enough diamond for an accu-—

rate density measurement after obtaining the wmaximum weight increase
-

-

_poSsible before the growth rates dréfped to zero. Six doping runs
%ere made on this sample with run times from 20 -to 23 hours and
pressures from 0.19 to 0622‘T0rr.- A cumulative weight increase of
8.67 pércent was obtéinéq on sample 8A, Again, the growth rate after
remagning esgentially constant at about two percent for the first two
doping runs, decreased markedly to about 0.5 percent by the sixth run.
-Since the growth rate wés so small during the sixth doping run, this
series of doping runs Ués terminated at this point rather than risking
the loss of the sample duéing addi%ional runs which would have con-
tributed vcryn;ittle to-éhe total weight gain. This sample also ex-
hibited the séme charactefistic blue color. as samples 6B and 7. The
biue color was clearly visible after éhe first doping rﬁﬁ.

éample 9 was also diamond supplied by Diamond Abrasives Corpori'
ation. WHowever, instead of the B H /CH doping mixture-tﬁat had

been used for all.previous doping runs, a one percent B in hydro-

2 6
gen gas mixture was used for this doping run. A run time of 22 hours
at a pressure of 0.19 Torr resulted in a weight loss of 2,84 percent.
Anoth;r doping‘run with the BZH6/H2 mixture was made on sample 10.
The run time in this case was 123 hours. A weight loss of 3,27 per-—

cent occurred. Neither sample 9 nor 10 exhibited any trace of blue

color after the doping runs using the B H /H mixture.
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One doping run ¢f 21 hours was méde on sample 11, a 0.837¢g
natural diamond macle, using the B2H6/CH4 mixture. The macle was
large enough to allow surface resis;ivity measurements to be made be-
fere and zf{ter doping. There was no ﬁeagurable veight change of the
diamond after doping. The gréphite that had deposited on the diamond
during this doping run was removed by placing the diamond in a solu—
to-three parts H,S0

tion consisting of one part RHHO 250, Since no

3
weight gain was measurable, acid removal of graphite was used in this
case because the normal hydrogen cleaning of the diamond removes ap-

22,23

proximately 0.3 percent of the diamond. No cclox change in the

clear diamond was éﬁserved after the graphite was rcmoved.

. During each doping wun a co#siderable amount of graphite Was-dem
poéited on the deposition apparatus. A small amcunt of boron was also
deposited cn the dcposition apparatus at the entrance to the deposgi-
tion furmnace. The graphite Wag readily removed by heating the deposi-
tion apparatus in air or by acid or hydregen cleaning. The boron was
removed with a nitric acid etch. There was no evidence of any other

deposits such as boren carbide on the deposition apparatus after the

doping rumns.

2.3 Diamond Color Change During Doping Runs

A distinct change in the color of the diamond sample was observed
during doping runs on samples 6B, 7, 8A. The color changed from a
gray or off-white to light blue during doping runs on these samples,

Figure 5.1 is an enlargement made from a colored slide showing the
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color of sample 6B before doping and after six doping tuns. The
doped diamond is on the left and the bluish color of this sample is

obvious.” Figure 5.1 only shows the velative difference in color be-

fore and after doping because the enlargement process has intensified
the actual color somewhat since e;en the ;ﬁdoped sample on the right
appears to have a bluish tint. Actuallyg-tbe undoped sample has a
very light gray or off-white coler while éhe doped sgmple is light
blue. The blue color change was apparent'on all doped samples after
the first do;ing run. The colgr intensified slightly during addi-
tional doping runs on each sample. A similar color céange was not
observed on sample 1B (high level of tungsteq contamination), sam-—
ples 9 and 10 (doping attémpFed with BZHG in hydrogen mixiure) or

sample 11 (diamond'macle).

5.4 Non~doping Run

An additional diamond growth run was made during the course of
‘this work. This run was made on natural diamond powder with methane
at a pressure somewhar less than 0.0l Torr. Since this run was not a

doping experiment, it will not be discussed in detail here. A com-

i
1

plete description of the low pressure epitaxial growth experiment is

presented in Appendix C.
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Tigure 5, 1. Photograph of diamond before (right) and
after (left) six boron doping runs.



TABLE 5.1

RESULTS OF DIAMOND DOPING EXPERIMENTS

Net Weight Increase Cumulative

"Sample Weight . Run Run Time Temp. Pressure Gross Weight After Hz Cleaning Weight

g hr °¢ Tory ~ Idcrease Increase

g mg percent percent

1B 0.3306 1 22 1050 0.20 0.0252 0.0098 2.96 2.96
18 .1856% 2 22 1050 .17 L0191 .0063 3.39 6.26
1B Jlei1e ... 3 ° 16 1050 .18 L0145 .0039 2.03 §.29
1B .1958 & 27 1050 ,18 .0167 L0042 2.15 10.44
1B . 2000 5 21 1056 - ,20 .0182 .0049 2.45 12.89
6B LALLT 1. 23 1050 — .18 .0409 .0188 4.57 4.57
0B .3700% 2 44 1050 .20 L0631 0088 2.65 7.22
6B .3798 3 20 1050 .22 .0349 0034 .90 8.12
6B .3832 4 18+ 1030 .18 .0270 .0050 1.30 9.42
6B .3882 5 17 1050 .21 .029%0 L0021 .54 2.96
6B | . 2069 6 18 1050 .19 L0161 ~,0002 -.10 " 9.86
7 .3399 1 21, 1050 18 .0301 L0060 1.62 i.62
7 .2532% 2 18 1050 .18 .0227 L0028, 1.11 2.73
7 -2360 3 22 1050 .18 .0185  —eeee- ° ——— -
7 2524 & 19° 1050 .18 .0203 - ¢ - -
8A L4200 - L 20 1050 - .20 L0332 .0091 2.17 2.17
_8A <4291 2 21 1050 .19 .0383 .0100 2,33 4.50

0y



TABLE 5.1 - Comtinued.

Net ngghh Increase Cumulative
Sample Weight Run Run Time Temp. Pressure Gross Weight After I, Cleaning Weight

g hr ec Torx Increase . Increase

=4 mg percent percent
8A . 0.4381 3 21 1050 0.22 0.0459 0.0083 1.89 6.39
SA L4748 4 23 1050 .19 .0386 L0043 1.00 7.39
8A .4519 5 20 1050 .19 .0348 .0035 W77 §.16
8A -4554 6d 20 1050 <19 .0282 .0023 .51 8.67
9 - L1973 14 22 1050 19 T =.0007 —-.0056 ~2.84 . —2.84
lOe .5135 1 123 130506 .20 -.0053 -.0L68 -3.27 ~3.27
11 .0937 1 21 1050 21 0 of 0 .0

*Some sample removed for other tests.

bSome diamond lost during removal from H2 cleaning furnace.
“Some diamond lost during the doping run due to gas entrainment.
dOne percent B2H6 in hydrogen used for this run.

e_., . . \
Diamond macle used in this run.

EDiamo_nd macle cleaned in 1 part red fuming HNOB, 3 parts Hésoa.

by



CHAPTER VI
EXPERTHMENTAL ANALYSTIS OF DOPED DIAMOND

6.1 Chemical Etching Tests

Several chemical etchiﬁg tests were-run on diamond sample 6B
which had undergone six doping and hydrogen cleaning eycles. Samples
of this diamond were placed in aqua regia, nitric acid, and hydro-

" fluoric acid in order to remové probably impufities that could be re-
sponsible for the blue color of the doped diamond.

A smalltshmpie of the doped diamond was placed in aqua regia for
18 hours and hydrofluoric acid for 4 hours at room temperature. There
was no visible change in either the blue color or its intensity of the
. doped diamond. Another sample was placed in aqua regia at 90° ¢ for
one hour. There was no cﬁange in-the color of the diamond sample.
Samples were also pléced in concentfated nitric'gcid for a period of
48 hours at room Cemperature, and i% fused alkali at 450° C for 30
minutes. WNo change in the doped diamond sample color was observed
in any of these tests and no weight losses were detected during the
aqua regia, hydrofluoric acid, and fused alkali etches, These etches
would have removed any surface impurity soluble in aqua regia, nitric

acid, or fused alkali. Since boron is soluble in nitric acid, it is

42
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concluded that the blue color exhibited by the dobed diamond is 2ot

attributable to depesition of elemental boren.

6.2 Scanning Electron Microscopy

In an attempt Co determine if a detectable structural chanze
occurs oﬁ the diamond surxface during the déping process, a scanxing
electron microscope was used to obtain images of the diamond suTiace
.before and after doping. Image formation with the scanning ele-tron
microscope differs from that of tﬁe conventional electrom micrezcope
inasmuch as the images are not formed directly by lemses but rather
from electgical signals from the specimen surface. In the scanning
electron microscope an impinging electron beam is scannad ovex e
sample éurface resulting in the emission of secondary electrons vhich
are accelerated to a collector and amplified. The sample image is
displayed on a synchronously scanned cathode ray tube based on the
signals received from the secondary electron collector. Since the
scanning electron microscope has a much larger depth of field than
a conventional electron microscope, the diamond particles can be ob-
served in three dimensions even at high magnification.

A Japan Electron Optics Laboratory Co., Ltd., model JSM-2 scan-
ning electron microscope was used to obtain the polaroid photographs
of the diamond samples shown in Figures6.l through 6.3. The samples
were prepared by electrically bonding “sintered" diamond pieces to
the copper séécimen electrodes with a conducting epoxy cement. Fig-

ure 6.1 shows samples of doped (Jeft photograph) and undoped (vight
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photograph) at 30,000X magnification| in order- Lo obtain optimum
resolution, both of thése samples were shadewed with a gold-palladium

vacuum shadowing appa-
~

alloy at the same time in z rotating, tilting,

ratus. Each photograph corresponds to an arca of about 3.3 microns
square on the sample. Most of the parcicle sizes appear to be less
than 0.5 microns and have irregular shapes. Surface detail is not

defined sufficiently for a comparison of s&rface characteristics be-
fofe éﬁd after doping. Tt was hoped that some clue coculd be found
to explain the continuous growth rate decrease as Lhe number of dop-
ing runs increased. Unfortunately, the émall size of' the particles
and resolution limit of the scanning electron microscope for these
samples ﬁreclﬁded the analysis of surface changes during doping.

Since it should nor be necessary with cenducting specimens to

- . . 26 .
evaporate a metallic coating on the surface, it was decided to ob-
%

tain photographs of unshadowed

doped and undoped diamond samples to
determine, if possible, a qualitative difference in conductivity of
the two samples. The samples of deped and undoped diamond were
mounted together on the same sample holder as shown in Figure 6.2.

The undoped "sintered" chunk is at the lower right hand corner of the
left photograph which has been magnified 100X, The imageg are seen
as if the observer were locking down the primary electron beam with
the sample illuminated by a light from the directicen of the collector,

in this case from the right side. The photograph on the right is a

500X magnification of the center portion of the previous photograph
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.with the undoped diamond sample again éo the right of the doped
sample. The magnification vwas then- increased to.30,000X and photo-
graphs were taken individually of these.twa sintered pieces of doped
and undoped diamond and the xresults arve shown in Figufe 6.3 As can
be seen in Figure 6.3, the conductivity of the doped diawmond is re-
flected in the better resolution obtainable in the photograph on the
left. fhe photograph of the undoped samwple is not sharp and the reso-
lution is definitely not as good as for the doped sample. This 1s

due to the fact that the undoped diamond is bagically a non-
conducting material, and the ﬁmpinging electronsg are not veadily con-
ducted away from the surface. Thug, additional electrons accunmulate
on the gsurface and tend to deflect the scanning electron baam’and the.
image 1ssés derail. No matter how much care was taken te focus the
image, it was impossibie to obtgin any improvement in detail over

that shown for the undoped diamond sample in Figure 6.3. So, although
the scanning electyon miééoscopy failed to show sufficient detail fow
an analysis of the observed decrease in growth rate as the number of
doping runs increased on a sample, it did result in a guslitetive
demonstration of the superior conductivity of the doped diamond sam=—

ple compared with the undoped sample.

6.3 X~Ray Diffraction

A Debye-Scheryexr powder camera was used to obtain X-ray dif-

fraction patterns of diamend samples beforp and after dopiung. The

powder metbod was necegsary since the diamond samples used in the
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doping runs were extremely fine grained crystalline aggregates of

-

particles with individual particle sizes of less than one micron.

The interplanar lattice spacings of undoped and'doped samples were

- -
-

obté;;ed to determine whether or not an& noticeable changes had
_taken place during the doping process. -

The diffraction of X-rays by a lattice array of atoms follows
Bragg's law. The Bragg conditicn for in;phase scattering is given
as .

ni = 2D sin 8 (6~1)

where n is the order of diffraction, A is the X-ray wavelengih, d
is the lattice spaiing, and © is the glgncing angle; i.e., the com-
plement of the incidence angle. The.patterns were obtained using a
Debye—Scher?er powder camera in which the photographic film strip is
held againsat the inside of a metél eylinder and coaxially encireles
the sample. The coilimated X-ray beam enters through the side of the
cylinder, is scattered by the sample, and impinges on the photo-
-graphic film along the directrices of a cone with a half angle of 26,
The sample is rotated so that enbugh-crystals participate in the re-
flection to produce a continuous linb on the filﬁ rather than a num-
ber‘of discrete points along a circular arc. The interplanar lattice
"spacings are then readily calculated from the diffrgction pattern re-
cord;d on the strip of film as shown in Figure 6.4. Figure 6.4 is a
contact print of the original photographic £film and tharefor; the

diffraction pattern appears as bright lines rather than the dark .
: P PP
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lines that formed the pattern on the original film., The X-ray beam
entered through 2 hole in the left side of the film and, therefore,
the small glancing aﬂgle reflgcticns apﬂear_towards the right side of
the film. In order to intensify the diffraction lines of small
aﬁa;nts of impurities, exposure times of forty hours were used. A
chromium target in the X-ray tube provided a radiaticn wavelength of
2.2909 & and a vanadium filter covering half of the photographic
film waé used to eliminate reflections due to B radiation.
Calculéted lattice spacings and the relative intensity of the
associated diffraction 1ine for the diamond sample before and after
doping are given ié Table 6.1. In addition to the two intense dia—
mond lines with caleulated lattice spacings of 2.057 and 2.056 A for
the 111 planes of the doped and undoﬁed sémples respectively and
1,260 4L for the 220 planes, other weak lines are alsc present indi-
cating small quantities ¢f impurities either in the X-ray tube target
material or in the diamond samples. Based on the resulté of the elec-
tron éiffraction studies iﬁ which no impurity lines were detected,
the impurities observéd in the X-ray diffraction studies are most
likely present in the X-ray tube target material rather than in the
diamond samples. Although- 8102 (low tridymite form) is listed as a
possibie impurity, the 4.08 A lattice spacing was not detected.
However, this may be due to the fact that this line is the weakest of

the first three lines given for 5102. However, the important point

to note is that no additional lines appeared after doping. Although
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some of the lines in the undoped sampﬁe wvere hot detected in the
doped sample, all ihe lines thaé were observed after doping were
initially present in the undoped sample. There%;re, even if the
additional lines come from the sample and not the target, the form-
ation of a new crystalline phase during doﬁiﬂg was nct detected with -~
X-ray diffraction. Nevertheless, a search.of the 1969 Inorganic In--
dex t; Fhe Powdexr Piffraction File27 vasg péfformed to indicate what
the possible impurities might be. The possible impurities given in
Table 6.1 aré based on the lines present in the diamond sample be-
fore deping. The appareﬁt disappearance-of some of the lines after
doping may be due go decompesition or volatilization during the
deposition rums. Since some error exists in measuring the ppsition
of‘the diffraction lines, a value within +0.015 A of the caiculated
lattice spacing was assumed to satisfy that lattice spacing. This
interval of 0.030 A centered bn the measured spacing éave good .
assurance that a possible impurity was not overlooked. Bassed on the
calzulated lattice spacings for the doped and undoped diamond sam-—

ples, the follewing species vere among those not detected: B, BQC,

§iC, Hi, Si i, and Fe.

B,0,, W, WC, Si, SiB 3

63

6.4 Electron Diffraction

Flectron diffraction can be used to supply information regarding
surface structure of diamond crystals in much the same mannex that
X-ray diffraction methods give crystal structure for the bulk mate—

rial, The adequacy of Bragg's equation for electron difiraction
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studies has been verified by M. Pontc::h28 among others who have shoun
Bragg'é law to hold within Ehe experimental error of their results.
The maipr difference is thar the electron penetrateé only the first
fewVEanred angstromszg of the diaﬁond éahple because of the ease
with which electrone are inelastiéaliy scattered a;d absorbed by the
atoms-of the c}yStal lattice and, thus, the surface structure will
"determine the elcetron diffraction patte;:ri-=

The wavelength' to be used in applying Bragg's eéuation is that
proposed by.;‘ deBrcglie.3O Since the electron diffraction patterns
were obtained with an electron microscope operating at a potential of
100 KV, and since the veloéity of 100 KV electrons is a considerable
fraction of the speed of light, the ﬁavelengtb associated with these
electrons must be palculated-using the relgEiyistic relationship for
electron mass and kinetic energy. The calculated wavelength of the
100 KV electrons used in cbraining the electron diffraction patterns
of diamond is 0.03700 A&. The wavelenﬁth calcuiations are given in
Appendix D.

The diamond samples which were used for electron diffraction
tests were small powder agglcmezateé‘ Elecrron diffraction patterns
of.the doped and undoped diamcnd wer; obtained by positioning the
diamond powder samples in a JEM~7A electryen microscope such that the
electron beam impinged at the curer edge of the sample. Thus, a re-

{lectrion diffraction pattern was obtained and recorded on a photo-

graphic plate. These patterns are actwally Bragg powder paltterns,
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but since the clectron wavelength is small, many additonal rings can
be obtained with electron diffraction than with X-ray diffraction.
The sample could not be rotatéﬁ in the electron beam since the'porn
tion gf the sample giving the clearest difiréction pattern was not
in'éhe center o¢f thé sample holder and thus inaccurite patterns
woulh have been obtained. However, since the sample was a fine pov-
der, a sufficient number of crystals were aligned at the correct
angle to give a Bragg reflection and the diffraction pattern could
be.accurate}y analyzed to determine lattice plane spacings even
though some of the rings were comprised cnly of isclated points.

Photographs of the electron diffraction patterns for diamond

samples before and after doping are shown in Figures 6.5 and 6.6.

(=2

At least fourteen ringe were clearly visible for each sample and
the resultswof the calculaticn of lavtice plane spacings are given
in Tables 1.2 and 6.3 for undoped and doped diamond, respectively.
The experimental lattice plane spacings for the doped and undoped
samples sgree very well with theovetical latticé plene spacings for
diamond. The observed and expected rela?ive line intensities for
doped and undcped diamond are also given in Tables 6.2 and 6.3.
The observed relative intensities are qualitative observations-ob—
tained from visual examigation of the diffracticn powder patterns
on the photographic plates. The expected line intensiti8527 are
given for thé five most intense lines of diamond. The observed

relative line intensities for the doped.and undoped diamond sam-

ples agree qualitatively with the expected values., ;No lines other
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than those of diamend were found and éhe same lines appeared for the
doped and undoped diamond diffraction patterns. The apparent extra
line at a diffraction angle.of approximately l.bé degrees is probably
a second order reflection from the 111 plane. Within the experi-
mental error it appears at just twice the aﬁgle observed for the pri-
mary diffraction from the diamond (111) plane.

fhe theoretical lattice plane spacings énd telative line inten-
sities2'7 for boxron carbide are given in Table 6.4. None of the boron
carbide lattite spacings was observed in the electron diffraction
patterns of doped or undobed diamond. The observed lattice spacings

determined from X-ray powder patterns on a new allotropic form of

1,32 are given in Table 6.5. This new form of carbon is re-

carbon3
ferred to as "white carbon™ or "chaoite" and it has been sugéested
that this mate%ial may have a dénsif& clese to that of diamond., The
X-ray powder partern daéa for @his new form of carbon was therefore
compared with lattice spaciné &ata for dismond to determine if the
observed weight gain during the doping 1uns could be attributed to
this new solid phase. It is apparent frem Tables 6.3 and 6.5 that
none of the lattice spacings for "white carbon“.was observed in the
electron diffraction patterns of the diamond sample that had under-
gone six boron doping. runs. Since "white carbon" is. fcrmed in the
laboratory during sublimation of pyrolytic graphite at a temperature
of approximate]y'25500 K, it does not seem possible that is could

account for the weight increase in the dismond sample observed during
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either the epitaxial diamond growth runs of H. Willz or during these

-

boron doping experiments.

It is cbvious that based on the results of the electron diffrac—

-~
-

éioﬁr;tudy of doped and undeped diamond; fh; grovth during doping
cannot be attributed to deposition of boron caxbidé or any other
crystalline solid other than diamond. Since the possibility of baron
~being incorpcrated in the diamond inéfreéular pattern during growth

is remote, it wculd not be anticipated that additional diffraction

lines would be observed for boron in the doped diamond.

6.5 Chemical Analysis of boped and Undoped Diamond

Two samples of diamond were submitted to, Ledoux and Company33
for emission spectrochemical_analysis; The results of this analysis
are given in Tgble.6,6. Sample 6-0 was diéﬁ;;q wﬂich had been acid
cleaned bgt had not undergoge any boren dsping runs. The other
sample, sample 0-6, was a portion of rhe a;id cleaned %ample that
had undergone a total of six boron doping runs with an accumulated
veight increase of 9,86 percent. The results of the spectrographic
analysis indicate tha£ the percent b?ron in the diamond sample in-
cre;sed tenfold from 0.001 percent i% the undoped diamond co 0.01
percent after six doping runs. Siliéon content also increasecd from
0.006 percent before doping to 0.02 percent after the six doping
runs. On the other hand, the concentration of phosphorous decreased

from 0,005 percent to (.0002 percenﬁ'ﬂuring the series of boron dop-

ing runs. No crher elements vere detected by spectrographic analysis,
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If it is assumed Lhat the jnerease in boron content is confined
to the region represente& by the 9.86 pevcent weight ‘increase of the

diamond sample, then the increase in boron content represents an
average boron concentration of approximately 1010 ppm En the new
- diémopd growth. This result is based on the assumption'that dif-
Fusion of the boron from the new growth layer indto the original dia-
mond seed crystal had not occurred during successive boren déping
and pyd&ogen_cleaning cycles. Actually, the deposited boron most
likely diffuses to some extent inro the original seed crystal and if
it is-assumgd that the beoren is distributed.uniformly throughout the
entire diamond sample aflter doping, then the average borom concen-
tration would be approximately 100 ppm. The boron concentration in
the new diamond growth is therefore probably intermediate becrween the
two calculated extremes 0? 1010 and J00 ppm.

The increase in silicon content after the boron doping runs may
be attributable to the pregence of gaseoﬁs silicon from éhe chemical

-

dissociation of the quartz deposition appavatus. However, it is more
1ikely the result of silica particles in tﬁe diamond sample due either
to mechanical abrasion between the diamond and the quartz diamond
sample holder or to graduai devitrification of the sample holder dur-
the extended time at temperatures in excess of 1030° €. It was ob-
served that the structuvre of the quartz sample holder apparently
changed over a period of time at doping and hydrogen cleaning temper-
atures. The sample holder, which vas initially clear, gradually ac-

quired a {rosted appearance and in time firacture of the sample holder
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. oa : e
occurred due to thermal or mechanical;stresses. The frosted appear-
ance was due primarily to an appavent roughening of the outer sur-
face of the quartz sample holder. Weighings made before and after.

the complete sequence of borom doping'aﬁd hydrogen cleaning cycles
indicated that weight of the sample holderx Eaé decreased by approxi-—
marely 0.0062 g. This way be attributed primavily to mechanical ab-
rasion between the rough outer surface of tﬁe holder and the ipner
surface of the ﬁastelloy ¥ tube during inserticn of the doped sam-—
ple into the ﬁydrogen cleaning furnace after each bereon doping rum.
However, it is probable tﬁat the inner surface of the-éample holder
also experienced some roughening and therefore, mechanical abrasion
. by the diamond sample or by thg mekal spatula used to TemOve the
doped dismond from the sample hglder could be responsible fof the
observed -increase in si%icon content.

The decrease in phosPhoroﬁs ccntent during the béron doping
runs would be expected due to.the high vapor pressure of phosphorous

and phosphorous compounds at temperatures mainrained during the boron

dcping and hydrogen cleaning runs.

6.6 Density Measurments

The density of diamond at 25° ¢ is given in the 1:‘Lterature34 as
. : ) 3
3.51477 to 3.51554 g/cm3'with an average density of 3.51532 g/em™ -
for the thirty-five samples investigated. The theoretical density

of diamond based on lattice constant data varies from 3.51407 to
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3.51531 depending cn the particular value cf the diawond lattice.
constait used in the calculation.

Boron, boron carbide, boric oxide, and beron nicride have den-

sities35 of 2.34 ve 2.37; 2.52, 2.45 to 2.47, and 2.25 g/cmB, re-
spectively. Since a considerable difference in density exists De-
tween these species and diamond, a densi;& measurement cn the doped

gample can be used to determine if the cumulative weight increase

during.the doping runs can be attributed solely to the deposition of

the above species on the virgin diamond. The pcssibility of the

weight increase being graphice is discussed in i1eference 2 wvhere
chemical etching, density measuremenfs, X-ray and electron diffrac-—
tion, microwave absorption, and eleclycnm spin resonance tests dem—

onstrated that the growth was not graphite but new diamond. Theo-

retical composite densities of the doped samples were calculated

assuming that the 8.98 percent weight increase during doping was
attributable to the depcsition of the boron species menticned above.
The results are given in Table 6.7. Although it has previcusly

been demonstrated that the growth is not due to graphite deposi-—

i
. 2 . . ] et .
tion, the theoretical compcsite density after depositicn assuming

the weight increase during growth was due to graphite is also shown

in Table 6.7 for comparison. The rheoretical composite densities
3 . . . .
range from 3.049 to 3.395 g/cwm” assuming the weight increase during

the doping rums due to leu density graphite and boron carbide, re-

spectrively. Therefore, if density measurcments on the doped samples
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show that the growth canﬁct be artributed Lo boren carbide growth,
then the other boron species can also be eliminated since the density
of boron carbide is greater than any of the othér species.

Theoxetical composite densities, aéSuming that tpe welight in~

- |
cré;;e during growth was due to other than borom centaining species,
were also calculated. Theoretical diamond sample densities of 3.416,
3.486, and 3.508 g/cm3 were calculated assuming the weighl increase
during.dOping could be attributed to quartz, silicon carbide, and
sili;on nitride, respectiveliy.

The density of the virgin diamond powder before doping and the
density of the samé diamond after six doping and hydrogen cleaning

runs were measured. - The deped sample used for the density measure-

ments had accumulated an 8.98 percent weight increase during doping.

0
rt
[
o
o
o
£3
&
}J
F
1

The density of the doped sample could then be compared t
_of the originél diamsnd aﬁd to.the thecretical composite densities
given in Table 6.7.

uihe experimental procedure used to determine the density of the
ﬁndaped and dcped diamond samples was basically the same as the pyc-
nometer method described in reference 2. A known weight of diamond
was placed in a 2 cm3 pyrex pycnometer, the void volume of which had
been reduéed to approximately 1 cm3 by the addition of pyrex beads
in oxder to im?rove Lthe accuracy of the measurements. The cover lig-
uid in all cases was orthoxyvlene whicﬁ had been boiled before each
density measurement to remove any dissclveéed gases. Orthoxylene was

chosen as the cover liquid because its density was well known as a __
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function of temperature, it wvetted thé diamond well and fiiiéd the
voids readily, and it had a low volagility which lended itself to
this type of measurement, After it had peén boiied, the cover lig-
uid was transferred under vacuum to tﬁe-pycnometer to prevent ab-
sorption of gases during transfer. A vacuum was also maintained on
the filled pycnomever until all air trapped in the diamond sample had
been aisplaced, orthoxylene compleﬁel§'filied all ithe wvoids, and
bubble ﬁucleation on the diamond powder had ceased. The pycnometer
was filled to a precise level, maintained at that level, and weighed
until a steady state condition was obtained, thus, assuring that the
cover liquid had reached room temperature and aﬁy residual cover lig-
uid on thé outside of the pycnometer had evaporated. With the welght
and density of the cover'liquid_required to fill the pycnomaéer con-—
taining the diamond semple, the known velevme of the pycmometer, and
the weight of the diamond, the;density of the sample was readily cal-
culated. Corrections were made for the expansion of glass, th% buoy-~
ancy affect of air on the brass weights, and the variation of the
density of the cover liquid with temﬁarature.

Six density measurements were made on both the undoped diamond
and the doped sample. The weight of diamond used was different fox
each run and the pycnometers used were interchanged -to eliminate the
possibility of differences due solely to a variation in pycnometers.
The data are shown in Table 6.8. The density measurements of the un-

doped diamond samples varied from 3.487 to 3.518 g/cmj with an

. 3 .
average density of .3.502 g/em”, whereas, the density measurements of
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the doped samples gave values from 3.490 to 3.515 g/cm3 with an aver-

age density of 3.504 g/cm3 for the six determinations. The standard

-

deviations for the measurements‘was 0.012 and 0.610, respectively,
for'gﬁ; undoped ané doped samples. It is therefore obvious that
within the accuracy of these measurements the deusity of the diamond
remains essentiallf unchanged by doping. The fact that the densicy
of the wvirgin diamond is not exactly equél to the theoretical density
based og lattice constants is probably due primarily to the fact that
it is very difficult to eliminate all trapped air pockets and small
nucleated bubbles in the diasmond sample when the cover.liquid is
added to the pycnométer. Defects and impurities in the diamond could
-also contribute to the difference bet@een the theoretical and experi~
mental densities of the undoped diémond. The —important point, how-
ever, is that there is essentialiy no difference in tﬁe measured den-
gities of ‘the doped and undoped diamond samples.

With the exception of silicon nitride, the Student's t-
distribution can be used to show ihat the‘weight increase during dop-

ing is not due to deposition of boron carbide or any of the other

species in Table 6.9. The variable,'t, is given in reference 4 as:

€

t=(§—u)4in~l
S -

where
X ig the mean density of the doped diamond samples
b dis the true density of the doped diamond

S is the standard deviation of the doped diamond samples
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n is the number of samples

n-1 is the degrees of freedom

Based on the mean deﬁsity of 3.5C4 g/cm3 and a siandard deviation of
0.010_g/cm3‘for the six density determinations on the doped diamond
_séﬁﬁle, a single measurement of deasity will therefore fall within
the range 3.492 te 3.516 g/cm3 with a confidence level of 95 percent.
The density measuvenents indicate that the growth of diamond has

occurred and that the weight inereases can not be attributed to the

formation of‘B, B BN, 5i0

4 3’ se’

ever, can not be eliminated on the basis of density measurements

C, B20 or S?C. Silicon nitride, how-
alone since’its denéity of 3.44 g/cm3 is very close to that of dia-
mond. The statistical analysig is conservative since noe corrections
have been made to account for the fact crhat the experimental method
for determining the density of diamond gives values slightly lowes
-than the knowﬁ density. Presumably, the experimental densities for
tﬁe other species measured by this method would also be slightly

~

lower than the theoretical wvalues.

6.7 Seebeck Coefficient

When a temperature gradient is applied across a semiconducting
material, a difference in éoltage is also induced across the mate-
rial. The voltage developed is known as the Secbeck voltage and the
proportionality constant between temperature differential and induced

voltage is called the Seebeck coefficient. For small temperature
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gradients across the sample, the ele%&xomotive force gengrated is
I

proportionzl. to the temperature difference across the material,
36

Mathematically the relation is,

' B .
lim \(Tl’T%l

Ty7Ty Ty = 1y

S = (6-2)

where” S 1is the Seebeck coefficient, V(TlgTé) is the induced elec—
tromotive force, and T2 - Tl is the applied temperature difference
across the thermoelectric material. When the Seebeck coefficient of
doped diamond was measured experimentally it was measured relative
to a standard material, in this case copper, and tﬁe qxperimental
Seebeck coefficient was‘'therefore a relative Seebeck coefficient.
The absolute Seecbeck coefficient of the doped diamond can be:deterﬂ
" mined by subtracting the absolute Seebeck coefficient of copper from
the measured relative Seebeck ?oefiicient of the doped diamond.37

Thus.

S5{T) = S (T) ~ 5,(T) (6~-3)

where SD(T) and SC(T) are the absoiute Seebeck coefficients of the
doped diamond and copper respectively, and SDC(T) is the relative
Seebeck coefficient of diamond with respect to copper. Since the
absolute Seebeck coefficignt of copper38 is less than 2uv/OC over
the temperature range for which the Seebeck coefficient was experi-
mentally determined for doped diamend, the absolute and relative

Seebeck coefficients are essentially equal and only the relative

-Seebeck coefficients are presented,


http:diamond.37

61

The basic features of .the experimental apparatus used to meas-
ure the relative Seebeck coefficient of the doped diamornd and boron

carbide - powder samples are shown schematically in Figure 6.7. The

"

samples were placed between two copper eléctrodes fabricated fxom a
solid copper rod. A piece of copﬁc& ﬁubing was brazed to the upper
electrode in order to form a containex f?i dry ice. Since the
quanti?y of doped diamond samples was limited, the upper electrode

was machined down to L/4 dinch diameter at the cold electrode-sample

junction in oxder to preclude inadvertent direct contact of the two-

electrodes during Seebeck coefficient measurements. The two elec-

trodes and powder sample were placed in a teflen cylinder in order

to insulate the apparaﬁus from externally induced static chaxges.

The weight of- the upper electrode cn the powder sample insured the
thermal and electrical contact with the sample. Temperature gradi-
ents across the sample wereobtained by placing dry ice in the open

end of the tube brazed to the upper (cold) electrode. The high

thermal resistance of the powder sample provided an adequate tem~

" perature gradient to be established across the sample fer Seebeck

!
coefficient measurements. Cooling of the upper electrode with dry

1
ice rather than heating the lower electrode was chosen as the method
of obtaining temperature gradients across the samples because early
attempts to measure the Seecbeck coefficient using an electrically

heated bhot plate to provide the required gradient preved unsatis-—

factory due to the fluctuating voltages induced by the surface of
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the hot pléte. The temperature gradient across the sample was slowly
changed by incremental additicns of dry ice and a steady'state condi-

tion was maintained while emf and temperature differences were meas-

-
-~

"
ured. TInasmuch as the samples were loose powders, it was not possi-
i
1
ble to obtain emf and temperature differences directly from the sam-

ple and these measurements were therefore obtained from the two
electrodes in direct contact with the samples. The temperatures
near the junctions were measured with a Leeds and Northrup potenti-
ometexr usinghthermocouples that were electrically insulated from the
copper electrodes with an insulating ceramic cement. The induced
voltages across the sample were measured with Keithley model 610
electrometer, with the positive lead from-the electrometer attached
to the cold electrode,

The sign‘of thé Seeheck coefficient can be used to determine
whether the sample is n-ftype or p-type. If the.material-is p-type,
the aver;ge flﬁx of positive holes from the hiot junction is higher
"than that which is entering this region and thus there is a net
-flux of positive hola:f_s to the cocler jun;;tfi_on. By convention, the
sign of the Seebeck voltage is the sign of the cold junetion.
Therefore, a positive Seebeck voltaée indicates a p-type material.

Thé-éxperimental xesélts for the Seebeck coefficient of doped
diaﬁond (one doping run, 4,97 percent weight gain) are given in
Table 6.9. The temperature of the cold jun:tion was decreased from

room temperature to ~25.5° ¢ by the addition of dry ice to the brazed
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copper tubing section of the cold electrode. The “hot® junction

temperature remained more nearly constant, decreasing only 12.8O C,
thus, temperature differences as.large as 35.5°7 Cand Seebeck voltages
as largg,as 0.0105 volts were cbtained. Relat&va Seebeck coeffi-
gient; were calculated by dividing the measured Seebeﬁk voltage by
the teﬁpetature difference belween the "hot" and cold junctions.
Calculated values of the Seebeck coefficient for diamond which had
_undergoné one doping run varied from 254 to 334 uV/OC with an aver-—
age af 296 quOC for the 14 different measurements of Seebeck coef-
ficient. The sign of the Seebeck veltage indicated that this diamond
behaved as a.p—type-material.

The Seebeck coefficients for diamond which had undergone six

doping rums, {%9.86 percent weight gain) are given in Table 6.10. The
data were obtained over approximately the same range of temperature
éradients as that for the sample which had only one doping run but
the maximum Seebeck voltage measured was only 0.005 volts. The cor—
resboﬁding relative Seebeck coefficients varied from a minimum of 86
to a maximum of 135 uV/OC, The average relative Seebeck coefficient
for the 11 measurements was 120 uV/OC, considerably lower than the
relative Seebeck coefficient of the iess heavily doped diamond sam-
ple. Based on the sign of the Seebeck voltage, this diamond sample
is also a p-type material.

The measured Seebeck coefficients of the boron doped diamond

are probably somewhat low due to sample inhomogeneity and IR volt-

aze loss caused by circulating currents within the sampie.
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Table 6.11 gives the results of'éhe Seebeck coefficient qf a
Sampledof abrasive grade boren carbide obtained from rhe Carborundum
Corporation.39 This material is also p-type based on the sign of the
induced Seebeck voltage with an average -value o£ 48 uVIOC for the
relative Seebeck coefficient based on.five measurements on this sam-
ple. This value of the Seebeck coefficient is considerably lower
than that obtained for either of the two doped diamond samples, and
it does not appear likely that boron ;arbide deposition on the dia-
wond surface during doping could account for the measured Seebeck
coefficients-of the doped diamond. V. NWeshpor and V. Nitikinao héve
reported a p-type Seebeck cocfficient of‘216 uV/OC for samples of
boron carbide. Thé difference betwegn this value ané that for the
*.abrasive éradé boron carbide obtained from the Carborundum Corpora-
tion islprobably due to differences in sample porosity and chemical
compesition. The Russian samples containéd excess boron and had
densities vefy close to the théo?ecicgl dénsity of boron cérbide.
The Carborundum Corporation samplés were abrasive grade powders as
were the diamond samples;

An attempt was also made to measure the Seebeck coefficient of
undoped diamond. However, the resistivity of the undoped diamond
was so high that measurement of its Seebeck coefficient was impossi-
ble. )

Based.on the observed magnitude of the Seebeck coefficient of

the doped diamond samples, it is apparent .that the diamond which had
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undergone six doping runs was morc heavily doped than thal which had
only been doped once, since the largest Secbeck coefficients are
associated with low carrier concentrations. Only the lower doping
level, however, gives a Seebeck coefficient that is in the range that
maximizes the figure of merit for a thermoelectric material, i.e., a
L
. 0 .
Seebeck coefficient between 200 and 300 uV/ C. Since the concentra-
tion of carriers that maximizes the figure of merit is approximately
18 21 3 , e .
107" to 10" per cm” depending on the effective wass of the car-
.41 . . , . :
rier, the carrier concentration in the diamond sample that had been
dopad once tan be estimated at about this level. This conclusion is
supported by the results of the chemical analysis which indicate a

19 to 1020 boron atoms per

carrier concentration of approximately 10
cm3 for the diamond sample which had undergone six doping runs. The
carrier_conceptrat;on of the more ﬁighly doped sample will be cor-
respondingly higher. Since carrier concentraticns preferred for
transistor and rectifier applications are considerably less than that
apparently obtained fer just one diamond doping run, it appears that
“the production of boron deped diamoad deYices should be quite simple
based on the doping levels obtained on the.diamond powders.

X The B2H6—CH4 mixture used in ?he &iamond doping runs was
hiéhly concentrated with ?he dopant gas. The concentratioﬁ of
B2H6 in CH4 was approximately 0.83 percent by volume. As shoum in

Appendix A, this concentration of B2H6 in CHA should yield solid

boron at the conditions of temperature and pressure used for the

boron doping runs.



66

6.8 TInduced Electron Emission

I 42,43,44

The technique of induced electron emission, (IEE) was

used in an attempt tod determine if boron had been incorporated in the

- . . ) . . s
diamond lattice during the doping process and to determiné the nature

- -
fof‘the chemical bond between the boron and_carbon atems. In this '

procéss,‘thg sample is bowbarded with X-;ays and the energy-distri—
pution of the emitted.electrons is measured.- Both the energy of the
emitted electrons and the rate of induced electron emission are de-
terﬁined. The energy level at which the electrons are generated is
indicative of the eleétron binding energy of a particular element in
the chemical structure; whereas, the electron emission rate is re-
lated to the gﬁantity of the element present in the sample.

The use of X-ray photoelectron'spectroécopy as a technique for
chemical structure was first demonstrated by K. Siegbahn42 in 1957.

‘Recently, J. C. Helmer and H. H.’%eicherté?”[}4

of ﬁarian Associates45
have described a new type of X:ray photoelectron spéctrometer haﬁing
imprc%ed sensitivity. In this spectrometer, the X-ray generated
photoelectrons are retarded to a low energy of 100 eV by the appli-
cation‘of a retarding voltage between the sample and the source slit
of the spectrometer before entering the energy analyzer. A spectrum
is obtained by superimposing a-swecp voltage on the initiai retarding

voltage. This improved instrument, the Induced Electron Emission

Spectroneter, was used for these tests.
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S%nce the application of IEE looﬁed promising for analysis of
doped semiconductors in which depant’concentration could be extremely
small, several samples were- submittred to Varian‘Associates for 1EE
spectrometer analysis. Of the samples initially submitted, the fol-
lowing were analyzed by this method: a sample of diamond which had
undergone six doping cycles with the B2H6/0H4 mixture, a sample
C.

consisting of a mixture of B(OH)3 and B,C, and a sample of B

4 4

The B(OH)3 and BQC samples were submitted as references to de-
termine the electron binding energy level associated with boron
bonding in these two comﬁounds. The eleétrén binding energy associ~
ated with the boroﬁ.bond in the diamond lattice could then be com-
pared with these reference levels. loreover, since the electron
:

cdunting rate is proportional to the quantify of boron present, a
comparison of the count;ng rates for these three samples can be used
to determine the approximate boron doPing'level in the sample.

. The results are presented in TFigures 6.8 through 6.10 which
show the induced‘electron emission spectra- associated wiFh 1s boron

electrons in doped diamond, a mixture of B(OH)3 .and B,C, and

4
Bac, respectively., . The sweep voltage is reéorded along the abscissa
and the electron counting rate is plotted as the ordinate. Tig-—
ure 6.8 indicates that the maximum electron counting rate in the
doped diameond sample occurs at a sweep voltage of 118%.5 correspond-

ing to an electron binding energy of approximately 191.5 volts.

Another very weak boron peak also appears to be present at a sweep
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voltage of about 1195.5 volts. The IEE spectvum for boron in the

mixed sample of B(OH)3 and B40 is given in Figure 6.9. Two

boron peaks are observed, one at 1188.6 volts, corresponding to

o
-

B(OH)3 and the other at approximately 1195.5 volts, attributed to

>

BAC' ‘The IEE spectrum for Béc is presented in Figure 6,10,
The results of the initial IEE study indicate that a rather
high level of boron doping at the diamond surface has been gchieved
since the amplitude of the IEE signal for borom in tﬂe doped diamond
is approximéiely eight perceﬁt of that for the boron reference com-
pounds, ioreover,-based-on the observed sweep voltages at vwhich the
maximumn coﬁnting rates weré obtained, it appears that the boron bond-
ing energy in the doped diamond latfice, at ieast that near the dia-
mond surface, is closer to tﬁe energy of the bond in B(DH)3 than to
the bond in BQC. The sampie depth analyzed by this method is ap-
proximateiy 100 3446 Since the IEE technique measures surface prop-
erties, it is possible that the strong boron signal of the doped
.diamond at 1189.5 volts is due to oxidation of the surface boron re-
sﬁlting from exposure of the surface boron.atoms to air after dop-
ing.47 The weak signal from the doﬁéd diamond sample at a sweep
voitage of approximately 1195.5 volt; may indicate the presence of

" the covalent boron bond beneath the diamond surface similar to thact

in ch.
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1t should be noted that the boron-carbon bonding enefgy‘in dia-
mond is unknown. Tt may, in fact, be closer to the -energy of the
boron bonding energy in B(OH)S.

e
6-9 Electron Spin Resonance

Electron spin resonance (ESR) data wefe obtained at roém temper—
ature for diamond samples before and after boron doping in order to
determine if an increase iﬁ paramagnetic éenters were produced in the
dopiﬁg process. A ?@rian E~3 electron spin resonance spectrometer
was used to obtain these.data. If boron had been incqrporated in the
diamond latfice as-a p-type dmpurity, then it should be tﬂeoretically
p;nssible to détect this by -exaﬁzining the electl.“on spin resonance
.spectra of the diamond Samplé before and aftér the beoron doping runs.

The electron spin reébgance techniqueag'is based on the fact that
éhe metion of-a spinning électron génerates a magnetic field, If a
constant external DC magnetic field is applied, the spin axis of the
electron precesses around Ehe lines of:force of the appiied magnetic
field. Although this effect alone cannot be detected, the applica-
tion of a RF field at right angles to the DC field results in tran-
sitions from a low te a high energy sﬁate. The RF energy absofﬁed
in this process is related to the DC field by -

hv = BgH (6~4)
vhere h = Planck's constant, v = frequency of the absorbed radia-
tion, B = Bohr magneton (0.92752X10_20 erg/gauss), g = spectroscopic-

splitting factor, and H = DC field strength. To obtain the ESR
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line, t@e DC field is modulated and swept over a range centered at
the level associated with the absorbed RF emergy. The output from
the creystal detector is fed to a phase sensitive rectifier and in--
tegrator in order to produce the first derivative of the absorption
curve which is recorded as the electrom spin resonance line., The
area under the electron spin resonance curve is therefore propor-
tional to the total number of paramagﬁetic centers in the sample.
The electron spin resonance lines for diamond sample 6B before
doping and after one and five doping runs is shown in Figure 6.11.
This sample had been annealed for 125 hoﬁrs-at 1038° C. For com-
parison, the ESR 1iﬁe for the reference (0.1% pitch in KCl) is
" shown in Figure 6.12. -Bach ESR in Figure 6.11 was obtained With a
diamcnd sample of approximately 0.058 g, a 200 gauss scan fiéld
centered at a ﬁC ficld strength of 3388 gauss, o recelver gain of
2000, 40 milliwatts of microvave power, and a microwave frequency
of approximately 9.57K109 hertz, The ESB lines foxr the doped and
undoped samples show the typical room temperature ESR lines that

have been cbserved for diamond powder.z’dg’50

For each of the dia-
mond samples, three resonance peaks were observea in the diamond
spectra; a central maximum rescnance, a much less intense resonance
approximately 32 gauss fgom the central resonance, and a very weak
resonance approximately 65 gauss from the central resonance. The

areas under the ESR lines of Figure 6.1l correspend to approximately

3.34, 3,38, and 2.00X1017 unpaired electron spins per gram of
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sample 6B before boron doping, after one boron doping, and after five
beron doping runs, respectively. This is considerably less than

would be expected based on the results of the Seebeck measurements

-

and chemical analysis. This may be due-té compensati?n by defects or
nitrogen. Both the maximum deflec;ioﬂ of the ESR curve and the area
under the line showed slight increases after one boron doping run but
Fhen decreased significantly after fiﬁe doping runs., In Figure 6.11,
the wi&th of each resonance line betwéen maximum and ﬁinimum points
on the derivative curve was apbroximately 3 gauss in all cases.

As can be seen in Figure 6.13, the ESR spectra iatensity is a
strong function of ‘the anneéling éime at temperatures used for the
boron doping runs and hydrogen cleaning cycles (the ESR of the
strong~pitch reference is gi%en in Figure 6.14). This effect was
deduced from ESR spectra obtained on ezrly borén dopingz arcremprs,

The effecé of annealing mechanically crushed diamond on ESR data has

49,50

also been observed by others, Since the magnitude of this

effect can completely mask changes in the ESR line due solely to the

boron doping, an experiment was performed to determine the time re-

i
guired to completely anneal a diamond sample in the hydrogen clean-—

ing furnace before proceeding with ddping. The data of Figures 6.13
"and 6.14 were obtained at essentially the same spectrometer settings
as used to obtain the data in Figures 6.11 and 6.12 with the only

important difference being a receiver pgain of 1250 instead of 2000.

A 0.110 g sample was used for the annealing experiments. The

%
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results indicate that the paramagnetic spin centers have béen reduced
by 72 percent to 2.68}{1017 spins per gram after 5.5 hours,and by 78
percent to 2;68X1017 spins per éram after 100 hours at 10380 C.
THeref?;e, the annealing process is essentially complete after 5.5
Pouré-and iittle change could be expected atter 100 hours of anneal-
ing. ‘Based on these results, sample 6B ﬁas annealed at 1038° C for
125 hours before starfing the boron doping runs.

Comparing the ESR data for sample 6B after one doping run with
that-obtainqd on the sample before doping, indicates the possibility
that b9ron doping of the diamond could be responsible for the slight
increase in paramagnetic spins observed after the first boroan doping
run. However, the subsequent decrease in arvea under the ESR 1line
after five doﬁing runs cann;t be explained uﬁless the annealing proc-

ess is still in effect even after approximately 130 hours at temper-

; . o -
atures in excess of 1030 C.

6.10 Fluorescence

A sample of diamond which had undexgone six boron doping runs
was exposed to ultraviolet radiation to determine if fluorescent
emission could be observed. The ultraviclet source was a 550 watt
Hanovia Type A medium pressure mercury lamp. The wavelengths and
relative energies of the radiation from this lamp are given in
Table 6.12. The pltraviolet source was placed approximately four
inches above the dizmond sample and visual observation was made in

.a dark room. Since the valence band and the conduction band of a .
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perfect ﬁiamond are separated by an e%exgy gap of approximately
5.6 eV, corresponding to the absorption edge at 2200 Z, the ultra-
violet radiation wavelength'useé in this experimént is slightly
highér than that required to excite.fiuorescent emission from a
perfect diamond. However, it was anticipated that the doping proc-
ess had introduced an electronic excitation level with a separation
of considerably less than 5.6 eV. No fluoreséence was detected.
Another attempt to measure fluorescence from the doped diamond
sample was made using a Hitachi MPF-2A fluorescence spectrophoro-
meter. The sample was first observed visﬁally for fluorescence as
the exéitation waveiength was scanned from 2000 to 7000 R. ife]

‘fluorescence was observed. The sample was then exposed to several

discrete excitation wavelengths while the sample emission was

Q

scamned from aéproximately 3000 to 7000 A -for cach excitation wave-
length.. The few, weak emission peaks Pbsefved were investigated
further by setting the emission wavelength corresponding to the
peak and scanning the exciéation wavelength from 2000 to 7000 R.
A Hitachi QPD-33 was used to record the emission spectra generated
for both the doped and undoped diamond samples. -An investigation
of the spectra revealed nc significant fluorescence peaks, and the
spectra for the doped and, undoped diamond samples were essentially
identical.

We have no ready explanation for the lack of fluorescence.

51 .
Other workers™ have feound that fluorescence is not always observed
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in semiconducting diamond. Perhaps the presence of other impurities

such as nitrogen are necessary for fluorescence.

6.11 Oﬁticai leasurements

The Hitachi MPIF-2A fluorescence spectrophotometerﬂ which was
used in the fluorescence tests desc?ibed in the previous section, was
also used to measure the reflectance‘of undoped diamond, boron doped
diamond, boron, and boron carbide samples. Each powder sample was
exposed to incident radiation over a rangé of wavelengths from 2400
to 7000 A. To obtain a partic;lar reflectance measurement, the in-
cident wavelength a§d the wavelength sgnsed by the photomultiplier
were made identical. This process was repeated at 200 A increments
from 2400 to 7000 R. The spectr;photcmetgr sensitivity was initially
adjusted at each wavelength to maintain the spectrum of the undoped
ﬁiamond within the limits of the recorder. This sensitivity setting
schedule %as then maintained for reflectance measurements on the
Pther three samples in orxder to simplify spectrum comparisons.

The resulcs of this iﬁvestigation are given in Table 6.13 and
Figure 6.15. The relative reflectance given in Table 6.13 is the

1

ref}ected energy sensed by the photc&ultiplier tube for the sensi-
tivity level employed. " In-order to ;ompare the reflected energy of
the four samples, the doped diamond, boron, and boron carbide rela-
tive reflectances vere normalized with tespéct to the relarive re-

flectance of undoped diamend at each wavelength. The results show

that the doped diamond sample reflects less energy than the undoped
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diamond sample at wavelengths less than 4000 A and greater than
. .

5600 A. Both the boron and boron carbide samples reflect less

energy ithan the undoped diamond sample over the range of wvavelengths -

(-

invgatigatgd. Furthermore, the normalized relative'refléctance spec—
ti; of the boron and boron carbide samples are quite different from
the boron doped dlamgnd spectrum. This can be more readily seen in
Figure 6.15. Whereas the doped diamoﬁd spectrum increases rapidly
at shoff wavelengths the opposite trend is observed for the boron
and boron cadrbide smaples. Furthermore, the normalized daﬁéd dia-
mond spectrum decreases after reaching a maximum at approximately
4600 A while boron and boron carbide spectra maintain essentially
a constant value after reaching their maximum level.

The results of these reflectance measurements are consistent
with the élue color of thg aiamond observed after boron doping
since the doped dismond cample apparently absorbs more of the orange

and red wavelengths than does the undoped diamond sample. The blue

color of six type IIb diamonds investigated by C. Clark et als2 ha

S
also been shown to result from absorption which increases from the
orange, through the red, and into the near infra-red portions of the
spectrum. Furthermore, the boron and boron carbide spectra are
sufficiently different from the doped diamond spectrum to indicate

that the blue color resulting from the boron doping process cannot

be attributed to surface boron or boron carbide.
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1
i

The inereased absorption of the éoped dizmend in the vltravielet
can tentatively be attriﬁuteﬁ to a shifrc of the absorvprion eége to
slightly higher wavelenths by the presence of the acceptor level.
Unfortunately, it was not possible to make measurements at wave-
lengths less than the absorption edge of undoped diamond (2200 i ox
5.6 eV} to éest this hypothesis. Another useful measurement would be
to measure rhe photoconductivity of the doped diamond over the ultra-
violet, visible and near infrared regions to obtain information re-
ggxding the energy levels existing within the enexrgy gap of the boron
déped diamond.

The optical absorption measurements may be perturbed by the

effect of particle size on the light scatteriﬁéhéfficiency. :The mag-

.

nitude of the effect may be eatimated by comparing the inteﬁsity of

scattered light of the undoped and doped saﬁples in the region of the
spectrum where no absorpiion oicurs, i.e,, in the blue-green region
at about 4500 A. From Table 6.13 vne. can sea that the doped sample
seatters slightly more light, at mosi 6 percent more. This indicates

that particle size effects ave probably rather $mall and that the ob-

served differences in intensifty are caused by absorption.
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TABLE 6.1

X-RAY DIFFRACTION DATA

Lattice Spacing (2) ) Relative Intensity  Possible Impurities
‘UndoEed Doped

5.867  Not detected Weak Not identified
4.310 4.314 Very weak 'SiOZ

3.813 3.801 Very veak 8102

3.685 3.672 Weak Hot identified
3.195 3,180 Weak . Li2B204

3,035 Wot detected Weale CuB(Ge,Fe)Sé,BaSnO4
2.905 Hot detected Wezak LizBZOQ,BaSn04
2.313 2,317 Weak Cr

2.056 2.057 . Very strong Diamond, BaSnOA,NiFe,

COBV,CF
1.938 T 1.947 ) Very wesk Not identified
1,924 1.915. -Very wealk ) QO;V

1.863 1.873 Very weak Cu3(Ge,Fe)S4,Cr
‘1.782 Not ﬁetected Veak NiFe,CoBV

1.711 1.708 Very weak Not identified
1.592 1.594 -Very weak LizBZOZ},Cu(Ge,Fe)S4
1.537 Not detected Very weak Not identified
1.521 Hot detected Weak Not identified
1.449 Not detected Very weak Not identified
1.324 1.338 Weak ‘ Not identified
.1.301 1.285 - Very weak ‘Not identified
1.279 Not detected Very weak Cr

1.260 7 1.260 Very strong Diamond, NiFe

1.234 1,228 Very weak " Crx
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TABLE 6.%
'ELECTRON DIFFRACTION DETERUINATION OF LATTICE SPACINGS
FOR UNDOPED DIAIIOND

Angular Lattice Plane Spacing

. . (Angstroms)
Indices D%ffractlon and Relative Line Intensities
(h k 1) of Electrqn . - .
Beam, © Experimental . Theoretical
(dEEIeeS), Spacing Intensity(a) Spacing Intensity
111 0.5127 2.067 v.s. 2.060 100
© 220 - .8397 1.262 s . 1.262 ©27
311 . 9854 .1.976 =] 1.076 16-
111 ,1.0208 1.038 V.W. (b)
400 -1.1885 .892 VW, 0.892 7
331 1.3021 . 814 W . 819 15
422 1.4598 .726 W .728 -
511, 333 1.5457 .686 W 087
440 1.6779 632 v.W. .031
531 1.7616 .602 v.9. .603
620 d,8761L V565 VW, .564
533 1.9509 .543 V.V, 544
444 Not detected . 515
711, 551 2.1136 .502° V.. 500
642 - 2.2147 479 V. AF. LAT77

731, 553 2.2806 <465 V.V, 465

) |
(a) Abbreviations: v.s., very strong; s, strong; W, weak
vV.W., very weak.

(b) This line is believed to be a weak second order reflection
from the 111 plane. )
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TABLE 6.3

.ELECTRON DIFFRACTION DETERMINATION OF LATTICE SPACINGS ~
FOR DOPED DIAMONWD

~Lattice Plane Spacing

Angular A .
, Diffraction - (Angstroms)
Indices o R and Relative Line Intensities
h k 1) of BElectron L '
Beam, © Experimental Theoretical
(degrees) Spacing Intensity(a) Spacing  Intensity
111 0.5114 2.073 V.S. 2.060 100
220 8383 . 1.264 s 1.262 27
311 . 9852 1.076 s . 1.076 16
111 1.0269 1.032 VW, (b) :
400 T 01,1847 . 894 V.W. 0.892 7
331 +1.2986 .816 w .819. 15
422 1.4585 727 W 728
511, 333 1.5460 .. 686 W 687
440 1.6817 630 VW, 631
531 - 1.756% . 604 V.W. .603
620 1.8785 .564 LYW, <564
533 1.9484 544 V.W. 544
444 Not Detected ’ .515
711, 551 2.1188 .500 V.W. _ .500
642 2.2192 478 v.W. 477
731, 553 2.2737 ° L4606 V.W. A65
(a)

Abbreviations: v.s., vexry strong; s, strong; w, weak;
v.w., very weak, ’

(b)Thls line is believed to be a weak-second order reflection
from the 111, planes.



05

TABLE 6:4

THEORETTICAL LATTICE SPACINGS FOR BOROGN CARBID

Indices Lattice Plane Spaciﬁg Relative Line

(h ¥ 1) (Angstroms) Intensity
101 4. 49 30
003 4,02 40
012 3.79 70
110 2.81 30
104 2.57 80
021 2.38 100
113 2.30 10
006 2.02 10
211 1.82 10
205 1.714 30
116 1.637 10
107 1,628 10
303 1.505 20
125 1.463 30
018 1.4406 30
027 1.407 30
220 1.403 306

" 009 : 1.345 20
131 1,342 20
223 - 1.326 20
208 1.286 10
306 1.261 20

042 1.191 10



. I e
TABLE 6;‘.5

OBSERVED LATTICE SPACINGS. FOR WHITE CARBON

Lattice Spacing Relative Intensity(a)

(Angstroms)

- &.47 V.V.S.
4,26 V.V.S5.
4.12 V.S,
3.71 g
3.22 m -
3.03 s
2.94 w
2.55 s
2.46 m
2.28 8
2.24 i1}
2,10- ™
1.983 W

T 1.210 W
1.496 ‘W
1.370 w
1.289 W
1.26 w
1.197 Sm
1.184 m
1.080 v
0.8642 w

(a)

Abbreviations: v.vis., very, very
‘strong: v.s., very strong; s, strong; -m,
medium; w, weak
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TABLE 6.6

CHEMICAL ANALYSIS OF DOPED AND UWDOPED DIAMOND

-

-

s CABLE ADDRESS “LLDOUX TEANECH®
Fﬂﬁf‘%ﬁﬁ%“? @' EG‘E“E %%‘?‘@% 3 T viK 20t £33 0075
/ b J}w&w &C‘: 1FUELE :.L,-s'e.‘él.'ly
LEY. 1060 u
ﬁ 359 Alfred Lvense, Teaneck, New Jercey 07656+ Telephonas: .;,?é :Zi; z;gg
TRDEFENOLRE CORTRGL, JKD RESCARCH CPLHISTRY, 1 STRUNFPIAL JAD CHEMISAL ARALNYSIT & FAMFLIAG,
REMGHIAG, $HIPFLFS' REPUESCKIATION, FEAEFICIATION, FfhD STORACE OF OKRLCL AKD KLTELF
i REPORT OF ANALYSIS
bo. . 905202 October 26, 1870
Our analysis of the sample of  pTAMOND POWDER Date Received:3/21/70

From Case Westexn University

Marked: gamples :6-0(undoped Diamond Powder) and 6-6{doped Diamond Pouder)

P.0,»F=22252
and submitted to " us, shows:
BY SPECTROGRM’IFC AWALYSIS
#6-0 - F6m6
DORON macocesamwan.s (0017 6.01%
STILICON woocammmu= 0.006% 0.02%
PHOSPHORUS cwm=w 0.0065% - 0.,0002%
Hote: Other elements not detected
e % W
To  Case Western University

FORM B &0 G-70 F. E.
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TABLE 6.7

THEORETICAL CCGMPOSITE DENSITY OF DOPED SAHMPLE ASSUMING 8,98 PERCENT
WEIGHT INCREASE IS DUE TO DEPOSITION OF VARIOQUS SPECIES

Theoretical Density of

’épecies Species density Doped Sample Assuming
g/cm3 Growth Attributed to a

" Given Species

Surface boron 2,34 ~ 2,37 3.364 - 3.369

Boron .carbide 2.52 3,395

Boriec oxide 2.45 - 2,47 3.383 - 3.387

Roron nitride 2,25 - 3.346

Graphite - 1.3 -~ 2,265 3.049 — 3.349

Quariz 2.60 3.416

Silicon carbide 3.20 3.486

S5ilicon nitride 3.43 3.508
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TABLE 6}8
MEASURED DENSITY OF DIAMOKD BEFORE AND AFTER DOPING
Run No. Density (g/cmg) Pycnometer
Undoped Doped

1 3.510 3.515 72

2 3.507 3.511 ‘72

3 3.498 3.499 72

4 3.487 3.490 6

5 3. 492 3.495 6

6 3.518 3,511 6
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TABLE 6.9

(SEEBECK COEFFICIENT FOR BORCK DOPED DIAMOND AFEER ONE DOPING kUi
(4,57 PERCENT WEIGHT GAIN)

Temperature (OC) Temperature Seebeock Relative
Pifferential Voltage, Seebeck
Cold Junctlon Hot Junction oG +V(yol%s) Coefficient

(uv/oC)
22,8 . 22.8 0 0 -
13.¢9 22.8 8.9 0.0023 258
10.0 22,2 12.2 T .003L 254
7.5 20.3 12.8 .0037 28¢
5.0 19.5 14.5° L0042 . 290
3.3 18.9 15.% .0052 334
0 i8.3 18.3 0057 311
~2.8 18.3 21,1 0064 306
~5.5 17.8 23.3 .0068 : 262
~8.1 16.6 24,7 0072 291
-10.6 14.4 25.0 L0077 308
~13.3 12.8 26.1 0082 314
-16.1 i2.8° 28.9 0087 301
~21.6 L 10.6 32.2 ,0095 295
~25.5 10.0 35.5 .0105 296

ave = 296 uV/OC
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TABLE 6.10

SEEBECK COEFFICIENT TOR BOROW DOPED DIAHOND AFTER SIX DOPIRG RUNS
(9.86 PERCENT WEIGHT GAIR)

-

Temperature (OC) Temperature Seebeck Relative
. s . . Differential Voltage, Seebeck
Cold Junction Hot Junction oc - +V(ﬁolts) Coefficient
(uv/9¢)
22.8 22.8 0 "0 e
13.9 19.7 5.8 0.0005 86
8.4 19.2 10.8 .0014 130
4.5 19.2 14.7 .0017 116
1.7 18.2 17.5 . 0020 114
-3.9 19.2 23.1 0027 117
=7.8 18.6 26.4 . 0030 114
~-11.1 18.3 29.4 .0037 126
=14.7 17.7 32.4 L0042 130
=15.5 17.2 32.7 L0042 128
-18.9 16.7 35.6 L0048 135

-23.3 16.7° 40,0 .G050 125

ave = 296 uV/OC
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TABLE 6.{"11
I
SEEBECK, COEFFICIERT OF BORON CARBTDE
Temperature (°c) - Temperatufe Seebeck Relztive
. ) . . Differential Voltage, Seeheck
Cold Junction Hot Junction og - 4V (volts) GCoefficient
(uv/ec)
23.9 23.9 0 0 i -
10.6 20.1 9.5 0.0004 42
-11.1 18.1 29.2 .0013 45
~14,2 17.6 31.8 L0015 47 -
~16.1 17.2 33.3 0018 54
~—21.6 16.4 38.0 L0020 53
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TABLE 6.12

ULTRAVIOLET RADTATION® USED FOR FLUORESCENCE TEST

=] .~ . -
Wavelength (4) Relative Energy Energy (eV)

5.58

2224 1420 -
2320 8.0 5.35
2360 6.0 5.25
2380 8.6 5.21
2400 7.3 5.17
2482 8.6 5.00
2537 16.6 4,89
2571 6.0 4,82
'2652~2655 15.3 4,68-4,67
2700 4,0 4.59
2753 2.7 &,50
2804 9.3 4,42
2894 5.0 4,29
2967 16.6 4.18
3022-3028 23.9 4.10
3126-3132 49,9 3.96
3341 9.3 3.71
" 3650-3663 100.0 3.40-3.39
4045-4078 42,2 3.07-3.04
4358 77.5 2.84
5461 93.0 2,27
5770-5790 76.5 2.15-2.14
10,140 40.6 1.22
11,287 12.6 1,10
13,677 15.3 0.91

a . e

The ultraviolet radiation source was a
550 watt Hanovia .Type A medium pressure mercury
Llamp,


http:2.15-2.14
http:3.07-3.04
http:3.40-3.39
http:4.68-4.67

TABLE 6.13

OPTICAL MEASUREMENTS

Relative Reflectance e Normalized® Relative Reflectance
Waviisngth Sensitivity Undoped Doped Boron  Boron Doped Boron Boron

Diamond Diamond Carbide Diamond Carbide
2400 6 36.0 14.2 17.5 15.3 0.532 0.486 . 0.425
2600 5 62.0 34.7 26.2 23.1 .560 523 . 373

2800 4 32.5 20.7 ° 11.3 10.7 .637 . 348 .329
3000 3 79.7 . 75.8 10.8 . i0.7 .9451 135 .. 134
3200 2 40.2 38.3 6.0 5.3 .953 .149 .132

3400 2 53.2 51.9 10,2 8.1 .975 .192 .152'
3600 2 66.3 64.5 15.0 11.0 973 .226 166
3800 2 72.8 72.4 19.3 13.0 .995 . 265 178
4000 2 70.8 70.8 2L.2 13.5 1.00 . 299 L191
4200 2 66.7 66.9 21.7 131 1.00 325 . 196
4400 2 57.5 ¢ 58.1 20.4 11.9 1.01 . 355 207
4600 2 57.5° 61.0 22.3 12.9 1.06 .388 224
4800 S 2 53.3 55.8 21.2 12.0 1.05 .398 .225
5000 2 33.0 34.2 13.1 7.0 1.04 . 398 .212
5200 3 91.0 93.2 38.0 21.1 1.62 418 .232
5400 3 71.3 72.0 29.8 15.4 1.01 .418 . 216
5600 3 53.6 53.8 22.0 12.1 1.00 410 .226
5800 3 39.9 39.0 16.6 8.9 .978 416 .223
6000 & 75.8 T 73.3 32.2 17.8 L9567 377 .208
6200 & 60.7 56.8 24.8 14.1 .936 <408 .232
6400 4 31.3 28.5 12.8 6.9 .91L .&08 .220
6600 5 67.3 60.9 28.0 15.7 .905 416 .233
6800 5 36.3 32.0 14.9 5.1 .882 410 L2253
7000 6 47.7 40.7 19.0 12.0 .853 .398 .252

aormalized with respect to undoped diamond.

20T



CHAPTER VII-

SUMMARY OF RESULTS

7.1 Summary of Diamond Doping Expeximents

The first known atfempt to grow boron doped diamond by vapor
phase deposition has been accomplished by passing a gaseous mixture
of 0.83 percent diborane in methane over a bed of nonconducting
natural diaéénd seed crystals of 0 to I micron nominal size at
1050° C and 0.2 Torr. Tﬁe growth of diamond at this temperature

; R
and pressure by vapor phase deposition using methane has been pre-
viously demonstrated.l’2

A consistent decrease inlgrowth rate, resulting eventually in
zero growth rates, limited the cumulative weight increase to approx-
imétely ten percent during the boron doping runs. Although this
growth rate trend was also observed-during the expitaxial diamond
growth experviments of H. Will,2 it was not neafly as pronounced,
Since initial growfh rates during the boron doping runs were &as
large or larger than those obtained in the epitaxial diamond growth
experiments, "it appearsithat the boron doping process alters the
diamond surface in such a way as to decrease the rate of diamond

L

growth. The mechanism responsible for this affect is not known.
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i

However, it is probable that active surface sites are filled up as
growth proceeds,; waking further growth wmore difficult.

A distinct change in color of the diamond samples was observed

e

-

except for initial samples of diamond which weré highly contaminated

. ‘ .
with tungsten. The diamond seed crystals, vhich were initially a

gray or off-white color, turned light blue as a result of the boron

doping coxperiments. The blue coler appeared after one doping run and

became somewhat more intense during subsequent doping runs.

7.2 Summary of Experimental Analyses

In order to evaluate the physical, chemical,; and electrical prop-

erties of the blue dlamonds resulting from the boron éoping experi-

merts, the following tests were performed:

Chemical etching tests

Scanning electron microscopy
X-ray diffraction

Electron diffraction

Chemical analysis

Density measurements

Seebeck coefficient measurements
Induced electron emission spectroscopy
Electron spin resonance
Fluorescence tests

Optical absorption measurements .:

- . -

}...,I

HOWEeS Ot L b

.

A. Chemical Etching Tests

Chemical etching tests were made using aqua regia, hydrofluoric
acid, nitric acid, and fused alkali. No weight change or visible
change in the blue color of the doped diamond was detected after the

chemical etching tests.
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B. Scanning Llectron Microscopy

Scanning electron microscopy was'uscd to obtain surface details
‘cn diambnd samples before and after dgping in an attempt to use this
information” to explain the decreésing.growth rates obscrved during
the doping experiments. Although the scamning electron microscope
photographs did not show sufficient detail to distinguish differences
in diamond surface detail before and after doping, the superior reso-
lution obtainable for the boron doped diamond sample qualitatively

demonstrates the increased conductivity of the doped sample.

c. Y-yay Diffraction

X~ray diffraction powder patterns were obtained on diamond sam-
ples“before and affe; boron doping experiments. In addition to the
- LwWo inténse diamond lines, several otﬁer weak diffraction lines
appear in both the undoped and doped diamond.samples. The weak lines
are mostlikelﬁ due to smiall quantities oé imgurities in the X-ray
targeti méterial since no lines other than those of diamond were ob-

served in the electron diffraction studies.

D. Eleectiron Diffraction

Electron diffraction on diamond samples before and after the
boron doping experiments revealed the first fourteen 1atticevplane
spacings of digmond. No lines othef than those of diamond were
Ecund for either the undoped or doped diamond samples.- This indi-

cates that the weak impurity lines observed in the X-ray diffraction
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i . . y
patiterns were most likely due to impu¥itles in the X-ray target

material.

E. Chemical Analysis

Emission spectrographic analysis indicates tﬁat the boron concen-
tration increased from 0.001 to 0.0l percent during a series of six
boron doping runs. This increase in boron concentration corresponds
to a boron doping level between 10L0 and 100 ppm depending upon the
extent of boron diffusion from the new growth layer inte the original
diamond seed crystal. The concentration pf silicon also incressed
from 0.006 to 0.02 percent after six doping runs. The inecrcase in
gilicon content may be due either to the chemical dissﬁciation, LT
vigrification,‘or méchanical abrasion of the quartz deposition ap-
paratﬁs. The concentration of phosphorus decreased from O.OOSDper~
" cent befo%e doping to 0.0002 percent aftef the six doping runs. No

]
other elements were detected by spectrochemical analysis.

¥, Density leasureménkts

The density of a diamond sample‘before and after six boron dop-
ing runs was measured. The average of six density measurements on
undoped diamond sample was 3.502 g/cm3, whereas the average density
after six boron doping runs was 3.504 g/cm3 indicating that the den-

"sity of the diamond sample ‘is essentially unchanged by boron doping.

A statistical analysis using the Student's t-distribution excluded

the possibility that the weight increases during the boron doping
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experiments can be attributed to the formation of B, B,C, £203, BN,

SiO23 or SiC al a conlidence level of 95 percent. The dénsity

measurements alone do not eliminate the possibility of silicon ni-

-
- -

tride, however, since its density is very close to that of diamond.

G. Seebeck Coefficient

The Seebeck coefficient of the diamond before boron doping could
not be measured due‘to its high resistivity. After one doping run, a
Seebeck coefficient of approximately 296 uV/OC was observed, indicat-~
ing a'catrier concentration of approximately 1018 Lo 1021 per cm3 de-
pending on ‘the effective mass of the carrier. This concentration of
carriers is consistent with the observed boro; welight increase deter-
mined by chemical-analysis. The measured Seebeck coefficient of this
sample dropped to approximately 120 uV/OC after six boron doping runs.
The doped. diamond behaved as a p~type material based on the sign of
the induced Seebeck voltage; Similar measuvements on a sample of
boron carbide indicated that it was also a p-type material;)however,
its Seebe;k coefficient was only 48 uVIOC.

i
H. Induced Electron Emission @

Induced electron emission spectroscopy was used to determine the
boron content and the nature of its chemical bond in doped diamond
samples. Initial doped diamond samples analyzed by this technique

[

indicated a high level cf boron doping with a bonding encrgy of the

boron atoms near the surface approximately equal to that in 3B,0,.
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Since Lhe binding energy of B dissolved in diamond is not available
from independent measurements it is not possible to say whether the

surface boron atoms -are oxidized or not.

.T. Electron Spin Resonance

_High temperaturé annealing effects tended to mask the changes
in electron spin resonance spectra due to the Horén doping process
in diamond. Compariscn of ESR data for an undoped sample and one
that h;d uﬁdergone one boron doping run indicated a slight increase
ia paramagneric spins after doping. However, the subsequent de-
crease in ﬁhe ESR signal after six doping runs camnot be explained
unless it is atiributed to the annealing process still being in ef-
fect after approximétely 150 hours at temperatures in excess of

1030° ©.

J. TFluorescence

Samples of diamond before and after boron doping runs were ex-
posed to ultraviolét and visible radiation to determine if fluores-
cent emission could be observed. No fluorescence was observed and’
there was essentially no difference between the fluorescence spectra

of doped and undoped diamond samples,

K. Optical Measurements

Samples of undoped diamond, boron doped diamond, boron and
boron carbide were exposed to incident radiation having wavelengths

[+]
ircm 2400 to 7000 A, and the reflected energy spectra were obtained.
\
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The results show increased absorpti?é bx the doped diamond in the
red end of the optical spectrum and in the ultravioiet, thus con-
firming the visual observatiﬁn of a blue color. These tests also
gave further evidence that the propeftiés exhibited by the boxon
doped dlamonds can not be attributed to the formation of boron or

boron carbide during the doping process.

7.3 Concluding Remarks

The boron doping of nonconducting matural diamond seed crys-
tals b§ vapor &eposition produced blue d;amonds which appeared to
be p-type semiconductors based on the sign of the measured Seebeck_
voltage. It is believed that the blue color obtainéd in these ex-—

periments indicates that boron doping of diamond has occurred since

11,12

beron doping by the growth or diffusion methods also resulted

»

in the preduction of blue semiconducting-diamonds. Emission spec-—
t

trochemical analysis of the dia@ond before and after doping indi-
cares that the boron conpentration increased tenfold during the
boren doping runs. Carrier concentrations estimated from measured
Seebeck coefficients of the doped diamonds are consistent with the
boron concentration determined by chemical analysis. WNo impurities
other than silicon and phosphorus were detected by spectrochemical
analysis and no crystalline impurities were detectéd by X-ray and
clectron diffraction studies of diamond before and after doping.

Yurthermore, density measurements eliminate, at the 95 percent con-

fidence level, the possibility that the veight increascs obtained
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during a series of boron -doping runs can be attributed solgly to the

formation of B, B C, B,0,, BN, 8i, 8i0,, or SiC. "Silicon nitride,

4 273

r . ) {
however, cannot be ruled out on this basis alone; however, the pres-

ence of silicon nitride was not detected by X-ray or electron dif-~ ,

-

fraction patterns.and only trace émounts of silicon were detecteé-by
spectrochemical analysis. 1In addit;on,‘fhe chemical etching tests
indicate that the observed weight increasés during the boron doping
experiments cannot be attributed to subsﬁahces soluble in aqua regia,

nitric acid, or hydrofluoric acid such as B,5203, and Si.N Scan- -

3747

ning election micréséopy qualitatively indicated the increase in con-
ductivity resulting from the boron doping rgﬁé although an explana-
tion for the decrease in g;owth rates could not be obtained by exam-
i%ation of the diamond surface using this technique. Optical meas-

urements provided additional evidence that the properties observed

for the boron doped diamonds cannot be attributed to the formation of

boron or boron carbide during the boron doping process.

The runs using one percent BZHG in H2 at otherwise identical

conditions gave no indication of doping or the formation of boron car-
4

bide from the reaction of diborane:with the diamond. Furthermore,

there was no evidence of the formation of boron carbide on any por-
tions of the deposition apparatus during either the B2H6 in CH4

or the BZHG in H2 doping runs. This is further confirmation

that the boron is incorporated into the new structure as it is grown.
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Although the data indicate that boron doped semiconducting dia-
mond has been obtained by the boron doping experiments performed in

this study, the ESR -specira and the absence of fluorescence in the

boron doped samples cannot be explained at this time.



CHAPTER VIIIL

FUTURE WORK

The optical absorption study was limited to a minimum wavelength
of 2400 A. Additicnal data should be obtained for wavelengths less
than 2400 E to compare the absorption spectra of doped and undoped
diamond in the rcgion of the energy gap. Furthermore, photoconduc—.
s tivity meaéﬁrements should be made to determine the positions of
energy levels within the energy gap.

:

The requixement to use'fine diamond powders for these boron dop-
ing experiments in order to obtain measurable growth rates, pre-
cludes ;nalysis of the doped ?iamond layers by conventional methods
guch as resistivity and Hall éﬁfect measuremenfs. A method must be
developed to increase diamond growth rates during vapor deposition
and to prevent the decreaging growth rates observed for successive
doping runs, If growth rates dre improved, thén boron doped layers
can be deposited on diamond macle surfaceé. Measurements of con-
ductivity, électron mobility, carrier concentration, and activation
energy can then be readily made.

Attempts to grow n-type diamond semiconductors by vapor depo-

sition should also be made. When the growth of n-type layers has

demonstrated by this process, the formation p-n junctions can be

114 .
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attempted. Selective masking procedures may lend themselves to pro-

.

duction of p-n juncticns by successive depositions of .a p-Lype layer

-

followed by deposition of an overlapping n-type layer.



AEPENDLX A

EQUILIBRIUN CALCULATIONS

The equilibrium composition of the C-H-B system Was'calcu— '
iated over a range of pressureé, temperatures, and initial compo-
siﬁiogs in order to determine the conditions under vhicp solid boron
and Qiamond phases would be present. The célculations were also
made to define the gas phase equilibiium composition that woulé exist
during the boron qoping_experiments on diamond. The results of these
calculations were used to define in a general manner the proper con-
ditions of temperature, pressure, and composition of the reactant
" gases for bo;on ‘doping of diamond. Equiligfium mole fractions for
the C-H-B system were determined for temperatures from 1000° to
1600° K, pressures from 0.01 to 0.0001 aém., and initial concentra—
tions of BZHG in CH4 from Q.01 teo 0.0001 percent by volume.

All chemical equilibrium calculations Wére made using an exist-

ing computer program cbtained from NASA.ls_Zl

This program is based
on determining the equilibrium composition of a reacting chemical
system by minimizing the total free energy. Equations for the con-
servation of ﬁaés, the change in free energy across reactions that

define the formation of cach reaction product from its elements, and

Dalton's law of partial pressures comprises a set of nonlinear

116
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Tables A-2 through A-13., This temperatuxe range adequately'spans

- . - o N
the boron doping temperature of 1325 K that was used for all boron

"

W
doping runs in this jnvestigation. Only those species whose equil-

ibriuvm mole- fraction exceed 1}{10“8 are given in Tables A-2 through\
A-13., For rhose mole fractions that are less than 0.1, the negative
exponent. of 10 associated with the mole fraction is given to the
righ I.'.-(

The equilibrium mole fractions for a mixture of ‘B2H6 in CH4
at ptessureé‘of-0,01, 0.001, 0.000263, and 0.0001 atm"éor a 0.0L
percent by volume initial concentration of BZH6 are given in Tab-
les A~2 through Aré, respectively. Two solid ;hases, boron and dia-
mond, éte present at all temperatures’ from 1200° to 1450° K. The
primary gas phase species presenf under these .conditions are Hz, H,
CHZ’ CHa;'and CQHZ' The major borom species present in the gas
phase is Bﬂz. The mole fractions of all gas phase species, with
the esception of H,, are. less than 0.7X1073 over the range of tem—
peratures and pressures specified in Taﬂles A-2 through A-13.

Tables §r6 through A-13 give chemical equilibrium data gimilar
ta that presented in Tables A-2 thgough A-5. However, the data in
Tsbles A-6 through A-9 pertain to an initial ]321-16—(3}{4 gas mixture
. that is 0.001 pexrcent B2H6 by volume while the data in Tables A-10
rhrough A-13 refex to an initial Bzﬂﬁ concentration of 0,0001 per-

cent by volume. It can be seen that the gas phase equilibrium com=

posicions in Tables A-6 through A-13 are identical to the



compositions given in Tables A-2 through A-5 for the same temper-
ature ;nd pressure when potﬁ éplid phases are present. This result
is consistent with the Gibbs phase rule.
F=C+2~P ©(a-1)
nfThe number of components, C, in a reacting chemical mixture is nor-
mally equal to the number of chemical elements -constituting the sys~
tem,. Only when the elements appear in a constant ratio in all the
pquuéts of reaction will-tbe number of components differ from the
number of elements: Three phases exist, two solid and one gas phase,
over -the range of temperature, pressure, aﬁd initial composition
given in Tables A-2 through A~9. Therefore, two degrees of freedom
exist. fhus, whenever two solid phaées a?g present in the C-H-B
system.the equilibrium composition of the gas phase is fixed for a
given temperdture and pressurxe. For awn dnditial BZHG concentraticn

of 0.0001 perceant by volume the solid boxon phase is not present at

5

remperatures above approximately 13060'K for a pressure of 0.01 at-
mosﬁ%eres. The solid boron phase is also not presént at temper;tures
above approximately_l3500 K for pressures of 0.001, 0.000263, or
0.0001 atmospheres. However, the diamond phase was present at equi~
librium for all pressures, temperatures, and initial B2H6 composi-
tions investigated. -

The temperatures, pressures, ;nd initial compositions of the

BOH5—CH4 reaction mixture for which the solid boron phase is pres-

ent are defined in Table A~l4&. It is obvious from this table that
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the equilibriuvm calculations did not/have to he extended to initial

mixtures of BzﬂﬁwCHé

by wolume since both solid'phases would always be preseni for the

‘that contained mare than 0,01 percent B2H6

temperatures and pressures of interest. The gas pbase is therefore

definad and is the same as that presented in Tables A-2 through A-5.
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TABLE A-1

CHEMICAL SPLRCIES CON;‘SI-DERED IN TilE C-H-B SYSTEM

QO QO O, 0 O O 0

i ® - Gl (e) Cshy €3]
Hy (g) C.H, (&) Cell, (g)
.Cl (s) CZHZ . () 03115 (g)
c, (8) CJl, ) A (g)
c, (g) C,H, (8 C e (g)
5  ® Cy  (8) Ci, (8
. @ CH, (2) c,i, (8.
5 (g) 0752 (g) CoH, ‘ (g)
6 (® Cell, (&) Ceie (8
;. (@) Coll,  (8) C Hg (g)
g (& C1ofy (&) Cllg (8
9 (g) C iy (&) C,H (&)
ClO (g) C,H, (g) B, (s)
c,H, (8) C3H3 (g) B, (1)
C,Hy (g) 0433 (g) . By (g)
G,y (8) G, (8) B, (g)
¢ () Cotly  (8) B By (g)
CHy Fg) CH, - (g) B, (2)
CGHI (g) \ C2H4 (g) B:LHB (2)
CH, (g CH,  (2) B (2)
Cgli, (8- C,H, (8) B ot (g)
C,H, (&)

o
=



Chemical

Species

K, ().
H (gl
CH, (8
C.H, (&)
§H3 (g)
cH, (el
CH, (&)
B, (g)
BH, (g)
B (s)
C (s)

EQUILIBRIUM MOLE FRACTIONE FOR
FOR A 0.01%7 BY VOLUME B?H

1200

.667
.132-05
.100~-07

.294-06

.215-07
.209-03
.365-07
.134-06
.662-07
.665-04
.333

1250

.667
.322-05
.100-07
.707-06
,352-07
.144-03
.418-07
.292-06
.957-07
.663-04
333

TABLE A-2

6

1300

0.667
.737-05

<.100-07
.159-05
.556-07
.102-03
47407
4600—06
13406
.660-04
.333

&

' Temperature (%K)

1350

.667
.159-04
.118-07
.336-05
.848-07
.743-04
.533-07
.117-05
.184-06
.653-04
333

THE B H ~CH " SYSTEM AT 0.01 ATM

INITTAL CONCENTRATION

- 1400 .

0.667"
. 32404
.282-07

.672-05 _

.126-06
.552-04
.594-07

.217-05
.245-06

.643-~04
.333

1450

0.667

.630-04

+636-07
-129-04

.181-06

.420~04

. .658-07
. .385-05.
.321-06,

.625-04
.333

A4



TABLE A-3

EQUILIBRIUM MOLE FRACTIONS ¥FOR TEE B,H.-~CH SYSTEM AT 0.00L ATM

FOR A 0.01% BY VOLUME BH, 2 rriar CONGENTRATION
. Chemical Temperature (9K}

Species 1200 1250 1300 1350 1400 1450
E, (g)  0.667 0.667. 0.667 0.667 0.667 0.667
i te) .416-05 10204 .233-06  .502-04 .103-03 .199-03
CH, (g)  <.100-07  <.100-07. ‘<.100-07 . 118-07 .283-07 .636-07
CH, (8) 29406 .708-06 .159-05 .336-05 .673-05 .129-04
CH, (g)  <.100-07  .111-07 \176-07 .268-07 39707 572-07
cE, (2 . 209-04 . 144-04 .102-04  .743-05 .552-05 . 419-05
C,H, (8)  <.100-07  <.100-07 ' <.100-07  <.100-07  <.100-07  <.100-07
B, (g) . 134-06 .292-06 .600-06 .117-05 .217-05 .385-05
BE, () .209-07 .303-07 425-07 .581-07 .776-07 .101-06

(s) .665-04 .664-04 .660-04  .655-04 644-04 . 627-04

(s) .333 2333 .333 .333 .333 T .333

€71



TABLE A-4

.~CH, SYSTEM AT 0.000263 ATM

EQUILIBRIUM MOLE FRACTIONS FOR THE B°HC 4

FOR A 0.01% BY VOLUME BZH6 INITTAL CONCENTRATION
‘Chemical Temperature (CK)
Specles 1200 1250 1300 . 1350 1400
H, (g)  0.667 0.667 0.667 0.667 0.567
H () .811-05 £199-04 45504 .979-04 .200-03 -
ci, ()  <.100-07  <.100-07  <.100-07 118-07 . .282-07
CH, (g) . 294-06 .708-06 15905 .336-05 .673-05
CH, (g) .<.100-05  <.100-07  <.100-07 .138-07 . 20407
ci, (8 .551-05 .379-05 .269-05 .195-05 14505

C,H () <,100-07 <.100-07 <.100-07 <.100-07 <.100-07

BH, (g) .134-06 .292-06 .600-06 © .117-05 L217-05
BH, (2) .107-07 .155-07 .218~07 .298-07 .398-07
B (s) .665-04 .664-04 .661-04 .655-04 L645-04

C (s) .333 .333 .333 «333 .333

1450

0.667
.388-03
.636-07
12904
.293-07
.110-05

<.100-07
. 385-05
.520-07
.628-04
.333

7¢T



Chemical
Species
B, © (&)
()
CH, (g)
C,H, (&)
c, (g
CH, (g)
CZHQ (g)
BH, (g)
B,  (8)
{s)

(s)

1200

667

.132-04

.100-07
.294-06

.100-Q7
.209-05

.100-07
.134-~06
.100-07
.665-04

.333

EQUILIBRIUM MOLE FRACTIONS FOR THE- B
FOR A 0.01% BY VOLUME B,E

1250

667
.322-04
.100-07
.707~06
.100-07
.144-05
.100-07
.292~06
.100-07
.661-04
.333

TABLE A-5

276

2HG—CH

4

Temperature (%K)

1300

0.667
773704
<.100~07
.159-05
<.100-07
.102-05
<.100-07
|-600-06
. 13407
.661-04
.333

1350

01667
.159-03
.118-07
.336-05

<.100-07

.743~06

<.100-07

W117-05
.184~07

.655-04

.333

1400

0.667

. .324~03
.282-07
.672-05
.126-07
.552-06

- <.100-07

.217-05
.245-07
c645-04
.333

SYSTEM AT 0.0001 ATM
INITIAL CONCENTRATION

1450

0.667
.630-03
.636-07
.129-04
.181-07
L419-06

<,100-07

. 385-05
.320-07
.628-04
.333

YA



TABLE A-6

EQUILIBRIUM MOLE FRACTIONS FOR THE B H_~CH, SYSTEM AT 0.01 ATM

276 4
FOR A 0.001% BY VOLUME B,H. INITIAL CONCENTRATION

276
Chenmical Temperatuce {(°K)
Species 1200 1250 1300 1350 1400 1450
H, (g  0.667 0.667 0.667 u.667 0.667 0.667
H (g) .132-05 .322-05 .737~05 .159-04 .324-04 .630-04
cH, (g)  <.100-07  <.100~07.... <.100-07 .118-07 .283-07 .636-07
CH, (g .294-06 .707-06 .159-05 .334-05 .673-05 .129-04
Ciy  (g) . 215-07 .352-07 .556-07 .848-07 .126~06 .181-06
ci, (g) . -209-03 . 144-03 :102-03 . 743-04 .552-04 . 420-04
C,H, (3 .365-07 .418-07 47407 .533-07 .594~07 .658-07
BE, () .134-06 .292~06 .600~06 .117-05 .21.7-05 .385-05
BH,  (8) .662-07 .957-07 .134-06 .184-06 . 245-06 .321-06
B (s) .647-05 .628-05 .593-05 .532-05 L 426-05 . 313-05

C (s) .333 . 333 .333 . -333 .333 333

9ZT



TABLE A~7

EQUILIBRIUM MOLE FRACTIONS FOR THE BZH6-CH4 SYSTEM AT 0,001 ATM
FOR A 0.001% BY VOLUME 3B,H

He INITIAL COFCENTRAIION

Chemical Temperature (%K)

Species 1200 1250 1300 - 1350 1400
I-I2 (g) 0.667 0.667 0.667 C.667 0.667

H (g) »416-05 ©L102-04 .233~04 .502~04 .103-03
CH2 (g) <.100-07 <,100~-07 <.100-07 .118-07 - «283-07
CZHZ (g) .294-06 .708-06 15605 ‘.336—05 67304
CHB (g) <.100-07 11107 .176-07 .268-07 L 347-07
CH4 (g) .209-04 144-04 L102~04 .743-05 .552-05

CZH4 (g} . <.100-07 | <.100-07 <,100~07 <.100-07 <.100-07

BE,  (g) .134-06 .292-06 .600-06 - .117-05 .217-05
By (@) .209-07 . 303-07 .425-07 .581-07 ° .776-07
B (s) . 65105 .635-05 .603-05 54405  .442-05

¢ (s) .333 .333 333 T .333 . .333

0.

1450

667
.199-03
.636-07

12904

.572-07

L419-05

.100-07
. 383-05

.101-06
. 349-05
.333

LT



TABLE A-8

EQUILIBRIUM MOLE FRACTIONS FOR THE . B _H,-CH, SYSTEM AT 0.000263 ATM

. 276 T4
FOR A 0.0017% BY VOLUME B, H

oHe TNITIAL CONCENTRATION

Chemical . JTempéEatﬁre (9K)

Species 1200 1250 1300 1350 1400 1450

B, (g)  0.667 0.667 0.667 0.667 0.667 0.667

B (g) .811-05 .199-04 ' .455-04 .979-04 .200-03 . 388-03

CH, - (g)  <.100-07  <.100-07  <.100-07 .118-07 .282-07 .636-07
L CH, (8) .294-06  ° .708-06 .159-05 .336-05 ' - ,673-05 .129-04

iy (g)  <.100-07  <.100-07  <.100-07 .138-07 . 204~07 .293-07

cE, (g .551-05 *.379-05 .269-05 .195-05 .145-05 .110-05

CZH4 (g) <,.100-07 <.100-07 <.100-07 <,100-07 <.100-07 <,100-07

BH, (&) .134~06 .292-06 Leoomos ©.117-05 .217-05  .385-05
BH, (g) .107-07 .155~07 .218-07 .298-07 .398-07. .520-07
B (s) 1652-05 Y636-05 7605-05 v547-05 Th46-05 . 276=05

(s) .333 - - .333 " .333 .333 .333 . .333

82T



EQUILIBRIUM MOLE FRACTION
FOR A 0.001% BY VOLUME B,E

Chemical
Species
5@
H (g)"
CH, (g)
c.H, (&
CH,  (g)
ce, (g
Coi, (&)
BH, (&)
B, . (8)

(5)'

(s)

1200

0.667
.132-04
<.100-07
. 294-06
<.100-07
.209-05
<.100-07
.134-06
<.100-07
.653-05
333

1250

0.667

.322-04
.100-07 _
.707-06
.100-07
.144-05
.100-07
.292-06
.100-07

- 637-05
.333

TABLE A-9

S FOR THE BZH6—CH

276

4

'Temperathre (°K)

1300

0.667
. 73704
<.100-07
.159-05
<,100-07
.102-05
<.100-07
.600-06
.134--07
.605-06
. 333

1350

0.667
.159~03
.118-07
.336-05

<.,100-07
.743-06

<.100-07
.117-05
.184~07
.548-05

..333

1400

0.667
.324-03
.282-07
.672-05
.126-07
.552-06

<.100-07

.217-05
. 245-07
L447-05
.333

SYSTEM AT 0.0001 ATH
INTTIAL CONCENTRATION

0.
.630-03
.636-07
.129-04
.181-07
.419-06
.100-07
.385-05
.320-07
.278~05

1450

667

67T



EQUILIBRIUM MOLE FRACTIONS FOR THE B
" FOR A 0.,00017% BY VOLUME B.H

" Chemical
Species
H, (g)
q (g)
e, (g
C,H, (2
Ci,  (8)
cH, (@
CH, (&)
BH, (&)
BHy ()
B (s)
C - (s)

1200

" 0.667

.132-05
<.100-07
29406
-0 215-07
.209-03
.365-07
.134-06
.662-07
-467-06
.333

1250

0.667

1.322-05

<.100~-07
.707-06
.352-07
144-03
.£18-07
.292-06
.957-07
.362-06
.333

TABLE A-10

276
276

H,-CH

4

Temperature (°K)

1300

0.667
.737-05
<.100-07 -
.159-05
.556-07
.102-03
474-07
.545-06
.122-06
.000
.333

1350

0.667
.159-04

L118-07 .

.336-05
.848~07
.743-04
»533-07
57606

' .906-07

.000
.333

1£00

0.667
. 324-04
.282-07
.672-05
.126~06
.552-04

'¢594“é7'

.599-06
.678-07
.000
. 333

SYSTEM AT 0.01 ATM
INITIAL CONCENTRATION,

L}

1450 -

0.667
.630-04
.636-07
-129-04
.181-06
L420-04
.658-07
.616-06
. 512-07
.000
.333

0gT



cH

EQUILIBRIUM MOLE FRACTIOWS FOR THE .B
FOR A 0.0001% BY VOLUME 32H

Chemical

Species
H, (g)
i1 (g)
ca, (g
C,H, (g)
15 ®
CH4 (g)
CoH, (g)
BH2 (g)
B, (&)
(s)

(s)

1200

0.667
.416-05

<.100-07
.2964-06
.100~07
.209-04

<,100-07
.134-06
.209-07
.512-06
.333

1250

667

.102~04
. 100-07
.708-06
.111-07
14604
.100-07
.292-06
.303-07
.345-06
.333

TABLE A-11

276
6

B, -CH

4

Temperature (OK)

1300

0.667
.233-04

<.100-07
.159-05
.176-07
.102-04

<.100-07
¢600~06
.425-07
.245-07

+333

1350

0.667
.502-04
.118-07
.336-05
.268-07
.743-05

<.,100-07

.635-06
.316-07
.000
.333

'SYSTEM AT. 0.001 ATM
INITTAL CONCENTRATION

. 1400

0.

667

..103-03

.283-07
.673-05
.397-07
.552-05
.100-07
64406
.230-07
. 000

.333

1450

.667

.199-03
.636-07
.129-04
.572-07
.419-05
.100-07
.650-06
.171-07
.000

.333

TeT



TABLE A-12

EQUILIBRIUM MOLE FRACTIONS FOR THE B, H -CH, SYSTEM AT 0.000263 ATH

FOR A 0.0001% BY VOLUME B H %NgTIAg CONCENTRATION

Chemical . , :Iemperat-ure (°r)
Species 1200 ' 1250 1300 1350 1400 1450
H, (g)  0.667 ,0.667 . 0.667 -  0.667 0.667 0.667
H (g} .811-05 .199~04 .455~06 .979~04 .200-03 .388-03
CH, (g)  <.100-07  <.100-07 _ <.100-07 .118-07 .282-07 . .636-07
CH, (g) .294-06 .708-06 .159-05 .336-05- . .673~05 .129-04
CHy, ()  <.100-07 = <.100-07  <.100-07 .138-07 .204-07 .293~07
cH, (g).  .551-05 = .379-05  .269-05 .195-05 - ,145-05 .110-05
C,H, (g)  <.100-07  <.100-07  <.100-07.  <.100-07  <.100-07  <.100-07
B, (2) . 13406 . 292-06 .600-06 . 650~06 . 655-06 .658-06
B, (g) .107-07 .155-07 .218-07 .166-07 ,120-07  <.100-07

(s) .522-06 . 359~06 46307 ,000 .000 .000

(s)  .333 1333 333 . .333 L3330 333

AN



TABLE A-13

EQUILIBRIUM MOLE FRACTIONS TFOR THE B, H,-~CH, SYSTEM AT 0.0001 ATM

FOR A 0.0001% BY VOLUME B, H iNiTIAﬁ CONGENTRATION

Chemical , Temperature (°K)

Species 1200 1250 1300 . 1350 1400 1450
H, (g) 0.667 0.667 0.667 0.667 0.667 0.667

H (g) .132-04 .322-04 .737-04 »159-03 »324-03 .630-03
CH, (g) <.100-07 <,100-07 <.100-07 .118-07  .282-07 .636-04
CH, (&) .294~06 .707-06 .159-05 ©,336-05 .672-05 -129-04
CHy  (g) <.100-07 <.100-07 <.100-07 <.100-07 ,126-07 .181-07
ca,  (g) .209~05 14405 .102-05 .743-06 .552-06 2 419~06
C,H, (2) <.100-07 - ' <.100-07 <,100-07 <.100-07 <.;oo—07\ <.100-07
B, (8) .134-06 .292-06 .600-06 .656-06 :659-06 i  .667-06
B,  (g) <.100-07 <.100-07 .134-07 .103-07 <.100-07 <.100-07
B (s) 752706 2 365-06 .554-07 .000 .000 . 060

c. (2) .333 .333 .333 ..333 2333 .333

-EET



EQUILIBRIUM MOLE FRACTIONS FOR THE B
" FOR A 0,0001% BY VOLUME ‘B.H

Chemical
Species

i, (g)
ol (g)
CH, (g
C,H, (&
CHy, (&)
B, (&
C,H, (g)
BH, (g)
Bilg .(g)
B {s)
c - (s)

1200

" 0.667

.132-05
<.100-07
29406
-0 215-07
.209-03
.365~07
.134-06
.662-07
.467-06
.333

1250

0.667
©.322-05

<,100-07
.707-06
.352-07
L1446~03
. £18-07
.292-06
.957-07
.362-06
.333

TABLE A-10

276
276

H,-CH

4

Temperature (°x)

1300

0.667
.737-05
<.100-07 -
.159-05
.556-07
.102-03
474-07
.565-06
.122-06
.000
.333

1350

0.667
.159-04

L118-07 .

.336-05
.848~07
.743-04
+333-07
.576-06

' .906-07

.000
333

SYSTEM AT 0.01 ATM
INITIAL CONCENTRATION

1400

0.667
«324-04
.282-07
.672-05
.126-06
.552-04

©.594-07 "

. 59906
.678~07
.000
. 333

1450 .

0.667
. 630-04
.636-07
-129-04
.181-06
.420-04
.658-07
.616-06
.512~07
.000
.333



EQUIiIBRIUM MOLE FRACTIOWS FOR THE .B

Chemical
Species
H, (&)
4 (g)
ca, (8
C2H2 (g)
CH4 (g)
cH, (8
C2H4 (g)
BH2 (g)
BH, (g)
(s}

(s)

TABLE A-11

2

H6—CH4

'SYSTEM AT. 0.001 ATM

FOR A 0.0001% BY VOLUME B2H6 INITTAL CONCENWNIRATION

1200

0.667
.4£16-05

<.100-07
. 294-06
.lOO—OZ
. 209-04

<,100-07
.134-06
.209-07
.512-06
.333

1250

0.667
.1062~04

<.100-07
.708-06
.111-07
J144-04

<.100-07

.292-06

.303-07
. 345-06
.333

Tempera
1300

0.667

.233-04

<.100-07
.159-05
. 176-07

L102-04"
<.100-07

.Foo~oe
. 425-07
. 245-07

+333

ture (9K)
- 1350

0.667
50204
.118-07
.336-05
.268-07
.743-05

1 <.100-07
.635-06
.316~07
.000
.333

. 1400

0.667

.»103-03
.283-07
.673-05
.397-07
.552-05

<,100-07

: 64406 -
.230--07,

. 000
.333

0.
.199~03
.636-07
.129~04
.572-07
.419-05
.100-07
.650-06 .
.171-07
.000

.333

1450

667



Chemical
Species
H2 (g)
H (g}
Cil, (g)
C,H, (&)
Ci, ()
ci, (8.
CR, (&)
BH, ()
B, (g)
(s3

(s)

1200

667
.811-05
.100-07
29406

.100-07

.551-05
. 10007
.13£~O6
.107-07
.522-06
.333

11250

.0.667

119904

<.100-07
.708-06

<,10G~07
.379-05

<,100-07
,292-06
.155-07
.359~06
. 333

TABLE A-12

EQUILIBRIUM MOLE FRACTIONS FOR THE B H,~CH
FOR A 0.0001% BY VOLUME

1400

0.667
»200-03
.282-07
.673-05
.204-07
.145-05

<.100-07
.655-06
.120-07
.0G0
.333°

32H6 %NgTIAg CONCENTRATION

femperaghre (°x)
1300 1350

. 0.667 0.667

.455-04  .979-04

<.100-07 .118-07
.159-05 .336~05 -

<,100-07 .138-07
.269-05 .195-05

<.100-07.  <.100-07
.600-06 .650~06
.218-07 .166-07
.463-07 .000
.333 .333

SYSTEM AT 0.000263 ATH

0.
.388-03
.636-07
.129-04
«293~07
.110-05
. 100-07
.658-06
. 100-07
.000

333

Fa

1450

667



TABLE A-13

EQUILIBRIUM MOLE FRACTIONS FOR THE B, H _-CH, SYSTEM AY. 0.0001 ATM

FOR A 0.0001% BY VOLUME B, %NgTIAi CONCENTRATION

Chenmical Temperature (°K)

Species 1200 1250 1300 1350 1400 1450 |
H, (2) 0.667 0.667 0.667 0.667 0.667 0.667

B (g) .132-04 .322-04 -737-04 »159-03 -324-03 +630-03
cH, (8 <.100-07  <.100<07  <.100-07 .118-07  .282-07 .636~04
C,H, (&) . 29406 .707-06 .159-05 ©.336-05 .672-05 -129-04
CHy  (8) <,100-07  <.100-07  <.100-07 <.100-07 ,126-07 .181-07
CH, (&) .209-05 14405 .102-05 . 743-06 .552-06 2 419~06
C,H, (8 <.100-07 * ' <.100-07  <.100-07 <.100-07  <.100-07.  <.100-07
B, (2) .134-06 .292-06 .600-06 .656-06 1659-06 ©  .667-06
BH, (8) <,100-07  <.100-07 .134-07 .103-07  <.100-07  <.100=07
B (s) 152706 2 365-06 . 55407 .000 .000 .000

c. (s) .333 .333 .333 ..333 333 .333
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"TABLE A-14

SUIMMARY OF CONDITIONS FOR WHICH TiE SOLID BORON PHASE IS PRESENT

Percent B I, in Temperature Below
26 - P : Which Solid Boron
Original_ B.B.—CH I?SSUL.B YRLCn |.0 1 oro
g 206 ., .- . Phase is Present
Reaction Mixture (atm) (°K)
0.01 0.01 1600
.01 001 16090
.01 .000263 1600
.01 .0001 ) 1600
.001 01 1450
,001 .001 1450
001 000263 1500
00%L . 0001 - 1500
0001 .. 01 1250
+0001 001 1300
2 0001 .000263 1300

0001 0001 1300



APPENDIX B

OPERATION OF HYDROGEN CLEANIRG FURNACE

Start-Up Procedure

.

(S P

10.

Run

Shut all valves, EXCEPT valves 4A, B.

Put ‘sample in furnace and tighten fittings.

Attach hose to vacuum pump and turn on pump.

Sllght1y open valve 9 until system is evacuated in a feu hours.
Open H Lank, set regulator at 100 PSIG; set safe auto-fill
switeh*to “fill™; open valves 1A, 2A.

Shut off vacuum pump and pressurize system with H, to atmos-
pheric pressure with valve 3A and then close valve 3A.

Open valve S5A by 1/2 turn; close valve 9; slowly’ open valve 34
by 5 turps.

Slowly pleSSUrlze system to 600 PSIG at 50 PSIG intervals and
set downstream pressure regulators to 10 PSIG.

Set timer; plug Helium solenoid valve and controller into timed
outlet; plug in furnace variac (set at 75); set controller to
required tenperature and turn on (contwoller will remain cEfE
until turned on by timer}; set safe auto- -fill switeh to “auto
safe"; shut safety valve ‘IA.

Turn on cooling water; shut valve 1A; set H, regulator to ap-
proximately 150 PSIG above previous settingj shut off H2 tank,

Procedure

1f syster is at temperature, turn on HZ tank; open safety valve
2A and wait 1/2 hour. .

Light fisher burper and turn on valve 6A.

Set flow with valve 7: close bypass valves 4A, B. (Maintain flow
at less than 10 cc/min.) )

Shut down Procedure

1.

Open bypass valves 4A, B; close safety valve 24; shut off contol-
ler; uwmplug variac; put helium purge solenoid on timer (set to
turn off 5-6 hours after controller is shut off); slowly vent
system with valve 7. ‘

135,
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After 'venting, close all valves, -ENCEPT bypass valves 44, B;
turn off H, tank; sihut off {isber burner. ;' -
Start vacullm pump and slightly open valve 9. (Cool down and
evacuate system overnight.)

Remqvalfof Sample from Furnace

Unplug helium purge solenoid valve; open valve 9 all the way.
Open helium tank (regulator set at 100 PS$IG); open valves 1B,
2B; set safe auto-fill switch to "£ill"; turn off vacuum pump.
Slowly fill system with helium using valve 3B; at atmospheric
pressure close valve 3B; close valve 9; remove hose from
vacuum pump; slowly open valve 9; close valves 1B; ZB.

Unload furnace. , '

Exhaust H, from H, regulator into hood. (Make sure valves 54,
B, 9, 4B 2re closiéd; open helium and H., tanks; open valves 4A,
1A, B, 2A, B; connect metal hose to line going to hood; open
valve 3B.by 15 turns; open valve 3A by 2 turns; set H2 regula-
tor at 100 PSIG; close valves 3A, B, 1A, B, 24, B.)



APPENDIX C

LOW PRESSURE EPITAXTAL DIAMOND GROWTH

An epitaxial diamond growth run was also made in addition to the
doping runs discussed previously. This erperiment was a low pressure
deﬁositicn using methane in an attempt to improve theldiamond deposi-
tion‘rate_by precitding the formation “of graphite.

One of the terminating steps in the diamond growth process-is
the formation of gyaphite on the diamond surface during deposition.
When graphite covers the diamond surfaces, no further growth occurs
since graphite is the stable carbon phase al the temperatures and
pressures that have been used for low pressure epitaxial diamond
growth. If graphite formation duripg the diamond growth process can
be precluded, substantial increases gn growth may be obtaiﬂed. The
deposition process would £e greatly simplified since a run would nﬁt
‘have to be terminated for hydrdgen'removal of graphite and could
therefore continue until the required weight géin had béen obtained.
Lowaring the pressure at which the depositi&n is performed, should
theofetically tend to eliminate or reduce graphite formation durﬁng
the diamond érowth précess. This effect was obsexrved during the dia-

: 5
mond deposition expeviments of H. Will. As the system pressure was
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Féﬂqced below 1 Tory, the omount bf_%raphitc depSs@ﬁcd durfng depo-
sition decreased. The lowest pressure used by I. Willz was 0.15
Tor?. In an attempt to eliminate graph;te formation complétely dur-
iné.thé epitaxial growth of diamond,ﬁa deposition was made on 0.2064g
of 0-I ﬁicron natural diamond powder at a pressure of approximately
0.0}‘Torr. The pressure just upstream of.the quartz vacuum chamber
was 0.015 Torr_and the pressure downstre;m of the chamber was 1ess.
tﬁan 0.002 Torr. The pressure at the diamond sample was therefore
somewhat less than 0.0l Torr, ‘The deposition proceeded for 23 hours
at 1050O C.x There was a noticeable decrease in the amount ‘of graph-
ite deposited con the diamond and on the quartz portions of the depo-
sition cﬂambé& duf&ng this run compared with the doping rung'and the
earlier deposition experiments of H. Will.2 The diamond was &ark
gray instead .of the usual blaqk coloxr afﬁer this deposition. The
gross weight increase of the éiamond-plus the deposition éample test
tube was 0.0090 g. The sample was i1ydrogen cleaned to remove
graphiFe. A weiéht loss-of 0.0048 g occurred during the hydrogen
‘.ciganing, Based on the work of W, Stanko,zz’zq a weig£t loés of-ap-
progiﬁately‘O.B percent of the diamond saniple (i.e., 0.8 mg) can be
expectéd duriﬁg hydrogen cleaning. Therefore, approximately 56 per-—
cent of the éross veight, increase during this deposition was new
diamond. This is comsiderably larger than the usual 25 to 30 pefcent

of the gross weight gain that is new diamond.



APPENDIX D

CALCULATION OF WAVELENGTH ASSOCIATED WITH A 100 KV ELECTRON

The deBroglie wavelength associatéa with an electron which has
been accelerated thfough a 100 KV potential field can be calculated-
by eqdating the energy gained by the electrom, its kinetic energy,
to the work done on the electron.

Equating the force om the electron to its time rate of change
of momentum gives -

d'(mv) . dv dm

B o= + oy o= {(D-1)
at

The work done on the electron over an infinitesimal distance dx is

dx dx
dx = m dv EE-+ v dm It (D-2)
or
L. 2
Fdx = mv dv + v dm ®-3)

For the non-relativistic case, dm = 0 and integration of equation

i
(D-3) leads to a kinetic energy of '1/2 mvz. However, the assumptiom
that dm equals zero cannot be mad; for a 100 KV electron, since its
velocity is a considerable fraction of the velocity of light. The

. electron mass and velocity in equation (D-3) are related by the fol-

Jowing equation:

m o= — — (D-4)
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electron rest mass (9.}09X10-28 2)

I

where: m
o

C

velecity of light (2‘39?925X1010 cm/sec)

Substitution of equation {D-4) into equétion (D-3) gives

: m ) 2 mg
CTdx = e vdv +{C° - € 5 | dm (D-5)

-4/1 - v2/c2 - . m

Integration of equation (D-5) results in
2 'a
Fx = mC™ + K (p-6)
The boundary condition that when x =0, m = m gives a value of
2. . , . . . ,
~m G for the integration constant in equation (D-6). The kinetic
energy of the electron is therefore:

.K.E, = mC2 - m0C2 (>-7)

The mass and veloéity of a 100 KV electron can be readily calculated

from eéuation (D-7).
: 2
12 erps)
100,000 ev{1.6021x1072 cIes) - (2 997975x1010 < ) (m-m)
\ eV sec o

= 10.892x10°28 ¢

The elcctron veleecity is then found from equation (D-4}.

v = 1.64x10°0-Sm

The deBroglie wavelength of 100 KV electron whith was used in the .
calculation of lattice constants from the doped and undoped diamond
electron diffraction patterns can then be calculated from the fol-
lowing equation

A = 2= 0.03700 &
D mv
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deBroglie wavelength

1l

where: A

27

I
= Planck's constant (6.62554X10 erg-sec)

5
i
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