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ABSTRACT

Carbon diffusion coefficients have been determined in both

hexagonal single crystal and dense polycrystalline silicom carxbide

using Carbon-14 as a tracer. Diffusion data in black crystals (con-
taining about 600 ppm aluminum) along [0001] between 1853°C to 2060°C

can be represented by the equation

D = 3,014 x 10° exp t“’l'sg 16.6 ch_lj

whereas that for a lighte-green hexagomal crystal (containing about 100

ppm nitrogen) between 1977°c to 2088°¢ along the same direction can

be representsd by

17 -302.4 3 48.6 Kca]_._}
M —

=
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The petype {(black) material is thus found to have a higher diffusion coef-
ficient than the ﬁ-type (green) material within the temperature range of

measurement conforming to the nature of carbon vacancies in SiC.

Carbon diffusion coefficients in dense black polycrystalline

material between 1927°%C to 2063°C can be represented by the equation

J <+ 14,2 Kcal
< -13/7.,1i <+ 5 ca
D = 2.36 x 10° exp | a —(

which, when compared with that in black single crystals, indicate a

lattice diffusion process,

These data of carbon lattice diffusion coefficients in silicon
carbide are in good agreement with the apparent diffusion coefficients
obtained by creep measurements in polycrystalline silicon carbide (at
and below 2000°C) using the Nabarro-Herring relationship. These studies
indicate that carbon diffusion in silicon carbide is lattice vacancy

congsrolled,

A method has also been developed for determining silicon diffusion
cozfficients in silicon compounds using a stable-tracer technique.
Rough values of silicon diffusion coefficients at 1927°C and 2017°C show
¢ilicon about 1 to 1.5 orders of magnitude faster diffusing than

carbon in siiicon carbide at these temperatures,

Thesis Supervisor: R. L. Coble
Title: Associate Professor
of Ceramics
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I, INTRODUCTION

Diffusion is the transport, due te thermal metien, eof atoms of an

impurity or ef a major constituent; it can eccur in any material, what-

cemm— 2 Ao . —do o B (1) Tt —mee 2T e e At i 3 - m W ———— - — o~ -8 L WY .
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an equalization of concentration withir a single phase or, more broadly,
the process wherein atoms or ions migrate through a crystal under the
impetus of some thermodynamic force.(z) For a fuller understanding of
such diffusion-controlled kinetic processes as sintering, grain growth,
solid state reactions, ionic conductivity, oxidat;o; and high temperature
deformation, direct studies of diffusion rates and mechanisms as a
function of various commonly encountered variables are considerabliy help-
ful, Amalysis of kinetic processes have provided diffusivities inferred
from models describing the particular kinetic ptﬁceas which can be
compared with the directly measured diffusion coefficients for the purpose
of evaluation of the prcposed models. -

Thermal energy keeps the atoms of a gas in randcm metion and

constantly intermingles them. In the presence of concentration gradients,

however, a directed diffusional flow arises and tends t£o even ocut any
concentration gradient. A directed flow also appears when temperature

gradients are present; this is the go-called thermal diffusion or Soret

effect. 1In general, an organized diffusional flow is observed whenever
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a chemical potential gradient appears in a medium. The diffusional current

J, due to a concentratiom gradient, is givea by the differential equation
J = =D grad C {Z.1)

where D is the diffusion coefficient, and C is the comcentratien of the

diffusing species in suitable units. This equacion (I.l) becomes, for

the c2uc £ coa-dimansianal diffwveion

8C
J_=-D & (1.2)

The negative sign in the abeve equation (known as Fick'e first law)
indicates that diffusion takes place im the direction of decreasing cen-
centration. The parameter D has the dimensions Lzr'l and is usually
expressed in cm®sec 1.

A second differential equation (known as Fick's second law) is

often used in problems of solid state diffusicm:

2
g_g.n?g < (1.3)

For a given diffusion coefficient, this equation describes the spatial
distribution of the Jdiffusing species as a function of time, t. The
diffusion coefficient is the material parameter which characterizes the
rate of diffusion. For solids, this coefficient usually increases steeply
with temperature and can be described as an Arr henius-type activated

pProce3s!:

Dy = D, Exp (-Q/RT) (1.4)
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where R is the universal gas constant, DT is the diffusivity at the absolute

temperature T, D° is a constant frequexntly termed the frequency factor,

and Q is the activation emergy for diffusion. Their values are determined

by the physiochemical properties of the medium in which diffusion is taking

place and by those of the diffusing species. Occasgionally, the diffusion

coefficient i£s found to depend on the concentration of the diffusing particles.
The present understanding of diffusion im ionic systems has been

mainly derived from the study of imperfections in crystals, particularly

the alkali halides. The relationship among diffusion coefficient, elec-

trical conductivity and transference number is given by the Nernat(3)-

Einsteinca) equation:

D, tikT

BTk -

where Di is the gelf-diffusion coefficient of the ith ion, ¢ is the total
electrical conductivity, £y its transference number, o, the number of ions
per unit volume, e the electronic charge, k the Boltzmann comnstant, and T
the absolute temperature.

The early experimemtal work on ionic conductivity suggested the
concept of intrinsic lattice disorder and the existence of equilibrium defects
following the laws of thermodynamics. Frenkel(s) suggested that ions were
capable of occupying interstitial lattice sites, leaving behind vacancies
Zad migrating through a crystal by jumping to like neighboring sites until
they recombined with vacancies left in the aormal lattice by cther migrating

iocns. This type of disorder (Frenkel defects) is found inm silver halides(s)
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as well as other compounds. Schotcky(7) developed amother model for intrinsic
lattice disorder (Schottky disorder) which postulates equivalent numbers of
vacant anion and cation sites, or vacancy pairs for electromentrality require-
ments.

In addition to equilibrium imperfections, non-equilibrium lattice
defects can be formed by the introduction of impurities. Depending on the
sign and the valence of an impurity atom vacancies or interstitials can be
introduced in both types of normal sites. For example, Caz+ plus a vacancy
can replace two Na+ ions and the crystal remains electrically neutral. The
effect of the impurity introduced vacancy is to shift the equilibrium
existing between positive and negative ion vacancies. The concentration
product is constant, the alternate vacancy concentration is decreased.

The presence of large amounts of impurities introduces imperfections in
numbers greater than are normally present under equilibrium conditions.
Consequently, an Arrehenius plot of the diffusion ccefficient versus the
reciprocal of temperature is divided into two distinct temperature regions.
At low temperatures, the mobiiity of iomns is via existing vacancies not
thermally introduced and in such a temperature range the diffusion is
referred to as extrinsic. At higher temperatures, the thermally introduced
imperfections predominate and diffusion is referred to as intrinsic. 1In the
extrinsic temperature range, gross imperfections, such as dislocations,
affect diffusion phenomena and this region is also structure sensitive.

By exiteasive studies of conductivity, diffusion and tramsisTemcs
numbers in alkali halides as a function of impurity type and level, prior

heat treatment and deformation, a satisfactory interpretation of ionic arnd



atomic mobility has been developed. Excellent reviews of the details of
such studies have been given by Jost(z) and Lidiatd.(s) Among other solids,
those that have been intensgively investigated over more than a decade for
diffusional properties;, are the refractory oxides(g); this field 4is still
in its process of developwent.

In coutrast, diffusion in covalent solids is only of recent interest;
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work in the diffusion of elements of the secomd, third, and fifth groups

of the periodic table in silicon and germanium semiconductors has led to

some appreciation of the variables and mechanisms operating in these
materials.(l) Interest in III-V and II-VI compounds is very recent and

the data available are not amenable to any sort of quantitative understanding.
From this point of view, diffusion data on high-band gap refractory semi-
conductors constitute a major necessity for a general analysis of this
phenomenon. The work undertaken heré was to determine the diffusion coef-
ficients of both species in SiC, selected because of its utility as a

refractory and as a mid range choice of high band-gap covalently bonded

semiconductor.



II. GENERAL THEORY AND LITERATURE REVIEW

A. SOLUTION OF THE DIFFUSION EQUAT ION

A Llazge part of the diffsicn iliciciuce is. coacerned withl che

solutions of the partial differential equations (I.2) and (I.3) for various
cenditions. They have been treated in detail by.Jost(z), Crank‘lo), and

others. In general, the solutions of equation (I.3) for constant D fall

into two forms. When the diffusion distance is short relative to the

dimensions of the initial inhomogeneity, C(x,t) can be most simply

expressed in terms of error functions. When complete homogenization is

approached, C(x,t) can be represented by the first few terms of an infinite
trigonometric series or Bessel functions (for a cylinder). Our interest

will be in the former type (non-steady-state solutions).

l. Diffusion from an infinicesimallz thin layer into a semi-infinite
body wit% a reflecting boundary (i.e., planes impermeable to
mtter[ .

et a quantity a of solute be plated as a thin film on cne end of

2 long rod of solute-free material and the rod be then annealed for time

t so that diffusion can occur. The concentration of solute along the bar

will be given by the equationm,

2
[0 4 X
c(x,t) = T exp (- Dt (11.1)

wvhere x is the distance normal to the initial solute film. The value of

the function exp (-x2/4Dt) and, therefore, alsc the concentration e(x,t)



decreases with increasing distance from the souxce of diffusiom and approaches
zero asymptotically for x . 4+ o0.

To show that equation (IX.1l) is the correct solution, two steps are
necessary, Firsat, differentiation shows that it is indeed & solutiom to
equatiom (I.3). Second, the equation satisfies the boundary conditions of
the problem since

x>0 for ¢ —- O as ¢t = 0

x =0 for ¢ - o ast - O

yet the total quantity of solute is fixed because

f (x,t) dx = «

1

Thus, 1f a thin layer of solute is applied to one ead of a bar and
allewed Zo diffuse, the resulting solute distributiom is deascribed by
equation (IXI.1l) with x > 0 and x = 0 at the solute-rich end. After an
appropriate anneal, thin sections are removed parallel to the initial inter-
face. There are sections of constant x, and after the solute concentratioan
of each is measured, a plot of £n(c) versus xz is made. From equation
{IZ.1) it is seen that this is a straight limne of slope (éD;)‘l so that
if £ is known, D can be calculated.

This procedure has been highly developed and is currently used for
all the more accurate determinations of D for substitutiomal atoms. It
is invariably used with a radicactive tracer as a solute since the con-
centration of a tracer cam be determined with orders of magnitude greater

sensitivity than is possible using chemical anzlysis. This means that D



can be measured with such a small quantity of solute that the compositiom of

This technique is dealt im
{12)

the original sample is egsentially unchanged.
detail im the articles by TomizukaCll) and Hoffman In the case of self-
diffusiom of radicactive isotopes, the diffusion equatiom is written in terms
of the comcemtration gradiemt of the radiocactive species which, accordimg to
Zener(13), has a small dependence on the isotopic mass. The solute distri-

bution under this boundary cozditiom is schematically shown im Fig. la.

2. Diffusion in & semi-infimite bodv with a bounda acti as a
paerfect nk (capturi bounda and with uniform initial distri-

bution.
In this case, we assume that the diffusing species is uniformly distri-

buted throughout the isotropic body.at time t = 0, {i.e., ¢(x,0) = const. = Cys

but we impose the condition that the concentration at x = 0 i8 zero for all

values of t > 0. We refer to boumdaries which act as perfect sinks as

capturing boundaries. This condition 18 represented by the equatiom

X (11.2)
2V Dt

c(x,t) = Co grf

This is schematically shown im Fig. 1lb.

In gereral, problems of this type are encountered in comnection with
the evaporation of solute from an initially saturated body or with the extrac-
tion of solute by surface getters of various kinds. An important exampie
of the latter case is the diffusiom couple made with a thin film deposited
on ome face (of a semi-infinite bDody) which 18 nearly compietely depleced
of ome of its natural isotopes and then diffusion annealed. This depleted

isotope them diffuses out of the bulk as a functiom of time following a



o
CT + 1’4>1‘3> 1’z>"'|
o2
—~
~T3 ta
¢
(0] X—>

Fig.la CONCENTRATION PROFILE FOR DIFFUSION FROM A THIN-FILM
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pattern shown in Fig. lb. After a suitable a2mneal the sample is sectioned.

The concemtration of this particular isotope in each of these sections can

then be foumd (as a fumctiom of distance from the surface) eithsr by mass

spectrography or by activatiom amalysis.

MECHANTSMS OF SPIP-DIFPIISTON TN SON-OYTIE CTUTCONTWIOTOD o

Self-diffusion im all solide have been identified to occur primarily

by the following four mechanismscla).

1. Interstitial mechamism

2. Vacancy mechamism

3. Imterstitialcy and crowdiom mechamism
4. Ring mechamism

Of these; the first two are of predominant importance. Because the self-

diffusion mechanisms ia metals and metal-oxides are quite well understood

,12,14) only a sghort discqssion of the mechanisms in nom-oxide semicom-

ductors is imcluded heresl).

a. Elememtal Semiconductors. The majority of the research work

comcermed with the transistor has been dome om germanium and ailicom. The

novel diffusion effects which are peculiar to these materials occur because

of the effect of ome solute om the diffusion of another. The first of

these "'ternmary" effects is due to the imteraction between ionized acceptors

and domors. A secomd effect appears if an impurity of valsmce other thanmn

4 ig diffused into very pure material. The solute iomizes at the high
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diffusion temperature, and the electrons, or holes, beceme the third component,

Due to much higher mobility of electroms or holes than the ioms; a local field
Ls set up by the separation of charges by diffusion. The result ig that

the ions diffuse inward under the effect of a concentration gradient, plus,
the electrostatic attractiecn of the electrons, or holes, which have diffused
farther into the macerialgls).

Among the elemental semiconductors, self-diffusion in germanium has
been most extensively gtudied using the radioisctope germanium-71. The
coefficient of self-diffusion of germanium was found to be very low; at least
50-100 times less than the diffusion coefficients of the slowest diffusing

foreign atoms. The temperature variation of the most recent data can be
represgented by(16):

68,500 cal
D; e ™ 7.8 exp (- —‘hRT ) (II1.3)

The mechanism of self-diffusion in germanium is8 by no means established. A
vacancy mechanism seems the most probable, with the germanium atoms moving
inte lattice vacancies. The self-diffusion coefficient would then be deter-
mined by two factors: the equilibrium concentration of vacancies and the
rate at which the vacancies can exchange places with neighboring atoms. The
latter quantity is the diffusion coefficient of vacancies, Dv . Now, if

Dsd is the experimentally observed self-diffusion coefficient,
N§
DSd = DV E (I1.4)
where Nv and NL are the concentrations of vacancies and of germanium atoms

at lattice sites, respectively. Using the results of Mayburg and Rotondi(17)

for the temperature variation of the concentration of vacancies in germanium,
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23 46,300 Cal 3

Nv = 3 x 1077 exp (= BT ) cm (XI.5)

and equation (II1.3), we obtain the following equation for the temperature
variation of Dv:

22,200 Ccal
- . ELys L oo
D 2.3 exp { BT ) (TX.6)

Thus, the emergy for the formation of vacancies is about 2 ev (46,300 Cal

ek nm ehewm~roh tha
cuga The

mole_l ), and the activation energy iIor ctie moLion of vacamcics throw
crystal is about 1l ev (22,200 Cal moleol).
The effect of impurities on the self-diffusion of germanium was
studied by Valenta and Ramasastry(ls) who found a dependence of the activation
energy for self-diffusion on the impurity tyée (donor or acceptor) and level

and can be represented by a general equatiom of the form:
. QoA
D= Do exp [: BT (11.7)

where Ap is the change in the Fermi level from the intrinsic material caused
by the presence of impurities. A theoretical justification of this type of
behaviscr is given by Boltaks(l). At high temperatures, vacancies in germa-
nium are electrically charged since they behave as acceptors with an energy
level 0.2 ev abova the valence bandﬁ}g). Or. the other hanﬁ, the solubility
of acceptors in germanium at a given temperature is increased by the presence
of domors and decreased by the presence of other acceptorsszo). It should,
therefore, be possible to control the concentration of vacancies by deping

ror imnurities. According to equation (IIL.7)

cnd bmle T nan A AN
UWLAV A wa agse

germinium wain
+he self-diffusion coefficiemt in an impurity semiconductor should be highez

shan in intrinsic material. The effect may be enhanced by an increase in

/1)

the value of Do following an increase in the entropy of the system‘
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Though no measurements have been made on the self-diffusion of silicon,

Bolcaks(1> has agsumed an equation of the form:

D = 10 exp (- 97,000 Cal ) (11.9)

51 -—+s1i RT
He has compared the behaviors in silicon and germarium based on the measured
diffugivities of impurities im these elements. It has been found, in general,

thar acceptors diffuse more rapidly 040 dOuers in siilcun; Lhe vppusiic is

true in germanium. It is to be remembered that the Coulomb interactions

between ions and vacancies 18 mnegligible in gsilicon because most of the vacdncies

are neutral. Since the difference in ionic radii between acceptors amnd the
solvent i3 much larger than that between donors and the solvent (silicon or
germanium), the rate of diffusion of acceptors should be higher than that of
donors. In silicon, where the effect ié not masked by Coulomb interactions
between ions and charged vacancies, this behavior is indeed observed. 1In
gzermanium, however, Coulomb interactions increase the rate of diffusioen,
the effect being larger for donors CAHC<0) than for acceptors (Aﬂc>0), where
Aﬂc is the Coulomb interaction energy between ‘charged vacancies and charged
ions. In this case, the effect of Coulomb interactions exceeds the effect
of the difference in ionic radii.

Cuddeback and Drickamer?1) have studied self-diffusion in rhombic
sulfur between 309° and 374°K with radiocactive sulfur-35. The strong aniso-

tropy of self-diffusiﬁn in this msterial is strikinmg. Their data can be

represented by:

Dy = 8.32 x 10712 exp ¢- 3’:—033—"11 ) (II.10)
= 1.78 x 107¢ exp (- 18.000 cal , (11.11)

b RT

11



and Ql

pendicular to the c-axis.

where D11 represent the

The
sulfur, measured by Hauffeczz)
by:

Ds ;.s = 2.8 X 10

13

14,

self-diffusion coefficients parallel and per-
gself-diffusion coefficients in momoclinic

at various temperatures above 100°C are given

46,800 Cal 3

BT (TX.12)

exp (-

Due to the presence of diffexent allotropic modificatioms of selenium,

the measured self-diffusion coefficients have beem found to be structure-

sengitive and depends on numerous factors outside the control of the experi-

menter. The results of Boltaks and Plachenov(zs) for the gelf-diffusion

in amorphous (am) and polycrystalline (cr) hexagomal selenium can be repre-

sented by:
-10 3,200 cal A 11,800 cal
= - e S
Dse . seery = 7-6 X 10 77 exp (- =5 ) + 1.4 x 107" exp (—=2222-C22 )
(II.13)
25 53,000 cal
- -
Dse _. se(am) 6.3 X 107 exp (= =———20 )
(II.14)

According to the explanation furnished by these authors, the break in the

curve for crystalline selenium is probably due to a change from a lattice

diffusion mechanism to grain boundary diffusion.

the amcrphous modification is consistent

had Aleae N

ot do Lo
SRME AN -ai

——— hhree e ml. w~wn Taen
SomoTpalis o=, - et T sl wWa

different mechanism of diffusion; in the

The higher D° value for
with the higher entropy of the
| Ny —d

o o e - emmdmmemL Al 2 L b =
VUYL PHUIUS GMRLELLAL: JINWLCELSD a

crystalline modification self-

diffusion can oeccur by the motion of atoms along lattice vacancies, whereas

in amorphous selenium atoms have to be transferred between disordered chains.
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Nachtrieb and Handler's(24) data of self-diffusion in white poly-

crystallime phosphorus between 0° and 43.86°C can be described by:

D=1.0 x 10" exp (- géﬁgg_ggg ) + 2.0 x 10%° ¢ §9&§§9=9§1 ) (II.15)

The break at around 30°C 1s explained on the same basis as that for crys-

talline selenium, ‘477

Self-diffusion in graphite has been studied by Feldman et al(zs)
using polycrystalline material; their data have been accepted with consgi-

derable resetvation(l). Dienes(26), however, has computed the activation

energy for three possible self-diffusion mechanisms in graphite. The

lowest activation energy (90.4 Kcal/mole) was found for assumed direct
exchange between the atoms in the plane of a layer. Due to a unique layered
structure of graphite a strong anisotropy of diffusion is expected in this

material. Measurements om natural crystals of graphite by Kan:er(27) give:

D = 40 £2 exp (=163 3;2 Keal (11. 16)

where f is a geometry factor lying betweemn 0.1 and 0.6. These data seem

to indicate a vacancy mechanism of self-diffusion in graphite.

b. Cowmpcund Semiconductors. Interest in the self-diffusional

properties in thesge groups is very recent with the result of very few
available data and very poor understanding of the mechanism of self-

diffusion in these materials.
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®

crystalline PbS between 733° and 1043°% using radioactive lesad:

Andersom and Richsrds(za) studied self-diffusion of lead in poly-

D = 1.3 exp (- ﬁ?ﬁ%—ﬁ‘i‘ ) (I1.17)

Pt — pPbsS

and found a strong dependence of observed D values on the excess concen-

tration of either lead or sulfur at various depths in the diffusion layer.

This can be explained by assuming a vacancy mechanism of lead diffusion

with excess sulfur generating additional catiom vacancies and facilitating

the transport of lead ions. HNo measurement for the diffusion of sulfur

 in PbS is available, howaver. It is to be remembered that heat treatment

in an atmogphere of sulfur-vapor inereases the p-type conductivity of

PbS, whereas, heat-treatment in a vacuum increasesz the n-type conduccivi:y.(zg)
~Similar -conductivity type changes are observed in PbSe and PbTe,

therefore, the p-n junction method can be used for the measurement of

self-diffusion in chen.(30) The data for single crystals can be repre-

sented by:

= 2.9 x 10™° exp (- E:%TW_CLI) (II.18)

DPb*PbTe
and,
-6 17,290 Cal
Dteq?bre = 2.7 X 10 exp (- -—JEE--—-) (I11.19)

In PbTe, an anomalous behavior of lower activation emergy for self-
diffusion than for impurity diffusiom (Sb,Sn) is observed. By comparing
the self-diffusion coefficients with the results of electrical measurements

on doped specimenz, it is suggested(3o) that the interstitial mechanism



17.

is operative here as in PbSe which can be represented by:

-5 27,700 cal
_DSeaebSe = 2.1 X 10 ~ exp (- ——455————- ) (1X1.20)

As in PbTe, impurity diffusion is energetically favored in PbSe. This is
explained by the formation of stable complexes of the type SnTe, Sb,Teg,

and sb23e3 with the donor atoms residing in cation vacancies.

Self-diffusion data of Zn in Zns(31) crystals and their comparison

with those of Zn in Zn0(32’33’34) have revealed some interesting facts:

Temp. (°C) Exptl. Relaiéion System :zggzzzi:
<940 D = 3.0 x 1074 exp (- 32000 Cal Zn-Zns -
940-1030 D = 1.5 x 10* exp (- -7—5-4-2-%’—9‘;1) Zn-Zns Interstitial
>1030 D =1.0 X 1016 exp (- 222;%22_921 ) Zn-Zns Vacancy
<940 D = 3.0 x 1077 exp (- 200D 2L Zn-zno -
940-1025 D = 5.0 exp (- Zf’-*-g—oc—"i) Zn-Zn0 Interstitial

Even though the game interstitial mechanism is operative between 940°-1025°
in both Zn-ZnS and Zn-Zn0 systems, their Ty values are different as are

their absolute D values. No explanation has been furnished for these

discrepancies.
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Among other data available for pclycrystalline intermetallic compound

gemiconductors, gome are given below:(35’36’37’38’39)
Dy gasp = 30 exp (- 1.8.e¥ ) +4x 1071 exp (- 222  (r.2D)
Dlnnsh = 1.8 x 1070 exp (- 22327 (11.22)
Dy gasy = 1+4 X 107 exp (- 2225% (I1.23)
Dy casp = 87 X 1073 exp (- 133-¥ ) (11.26)
Ds casp = 3+2 X 10° exp (- 2&%-2!) (IL.25)
Do cans = L1 X 107 exp (- 32-=% ) (11.26)
Dy, cans = 36 X 102! exp (- %22V (11.27)
Do ap = Do °XP (- 292 e (II.28)
D, rup = Do XP (- 222 (1Z.29)

Efforts have been made to explain the mechanisms of these gelf-diffusion

data with conventional interpretations but considerable controversy still

exists.
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III. OBJECTIVES OF THE PRESERT INVESTIGATION

The objectives of the present investigationm may be divided into

the followine parta:

1,

2.

3.

To develop suitable techniques for the direct measurement
of diffusion coefficients of both species in both single

and polycrystalline silicom carbide.

To determine the slower diffusing species between silicon

and carben in single crystal silicon carbide.

To measure diffusion coefficients of glower diffusing
species as a function of temperature, impurity cype and

level, and crystal orientation. .

From the measured diffusion coefficients of the slower
diffusing species understand the mechanism of the process

in this predominantly covalent refractory compound.
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IV, MATERIALS AND PROCESSES

A, SILICON CARBIDE SAMPLES

a) single Crystals. Single crystals of hexagonal gilicon carbide
were obtained from several gources: 1) Norton Company, Worcester,
Magsachusetts; 2) Carborundum Company, Niagara Falls, N. Y.; 3) Westing-
house Research Laboratory, Pittsburgh, Pennsylvania; and 4) Philips
Research Laboratory, Eindhoven,Netherlands. They were primarily of three
colors: dark blue to black, greem to yellow-green, and light grey to-
almost transparent. Black and‘green cryetals from Norton Company were
the largest ones and could be used under the sensitivity of the method.
Crystals from the Westinghouse Research Laboratory were smaller and more
impure than the Norton green crystals. Philips Research Laboratory
provided the best impurity content-and-type controlled crystals. Since
they were too small and very thin, they were not actually used in the
diffusion experiments but only used to compare the impurity type and‘
content of the Nortom crystals.

Typical SiC single crystals, from the Norton Company, (Crystolon "s'T)

They were handpicked from large batches of elec-

IN
"

are ghowm

in Fig
tric-furnace produced abrasive quality SiC; SiC vapor escaping from hot
furnace core deposit as single crystals in cooler parts of the furmace.

They are up to 0.5 inch across by 0.1 inch thick. They are almost all of
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the 6H polytype. The large flat growth faces ars the (0001) faces and the
bounding growth faces are the {liOh} faces, where h coﬁnonlé varies from
0 to 5.(42)

Typical spectrochemical analyses for the commercial crystals are
g:lven(43D in Table I in Appendix E, whereas that of the crystals used
are given in Table II in Appendix E. The major coloring agent to give
dark blue to black appearance is aluminum (which also gives the p-type
conductivity) and nitrogen produces yellow-green to green color (giving
n-type condgctivity at the same time).(aa) The large amount of free 5i0,

46
observed in grey and black SiC is thought to be a surface oxidation produccsas’ )

¥
b4

b) Polycrystalline. Only one variety of polycrystalline material

was used. This black sample was supplied by the courtesy of Dr. T. vasilos
of AVCC Corporation, Wilmington, Massachusetts. It has a uniform grain
size and very little porosity, as shown in Fig. 3; its density is quoted
in excess of 99 per cent of the theoretical demsity (3.210 gm/cm3).0u0

It is a self-bonded material which is produced by lot pressing at about

2600°C and it i{s of comparable purity to black S5iC simgle erystals from
which it is produced. It has an average grain size of 10-3 inch. This
B (47)

polycrystalline material came from the same piece from which Farnswort

made samples for creep measurements.



FIG. 2 TYPICAL SiC SINGLE CRYSTALS

ELECTROLYTIC ETCHING IN 20% KOH FOR 30 SECONDS,

22,
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B. EXPERIMENTAL PROCEDURE

a) Sample Preparation and Evaluation. Silicon carbide single

crystals of sufficiently large size were selected with ome plane side
which were almost perfectly on the (0001) planes (basal). The samples
were ﬁounted with this plane down and carefully cut with a thin

diamond wheel to a square or rectangular shape. These samples were

then mounted with the basal (0001) plane side down on an accurately
machinéd hard-steel cylinder of 0.50 inch diameter and 1-1/2 inch long
which fitted closely inside a soft steel guard ring of 1.00 inch 0.D.
and 0.50 inch I.D. The ends of this sample holder (guard ring plus the
cylinder) were machined exactly parallel to each other and perpendicular
to their common vertical axis. The other sidesof the samples were thus
ground and polished to a fine finish with plane parallel sides. The
mounting was then reversed to the polished side and the (0001l) plane
side finished. The crystals were then dismounted and the edges finished
on a lapping wheel. To compare the accuracy of this sample preparation
technique, a set of reference samples was made to specified order by

the Van Keuren Company of Waltham, Massachusetts. This is8 given below:

Specifications for Silicon Carbide Wafers made by

Van Keuren Company of Waltham, Massachusetts

1. Shape - square, 1/4 inch on each side.
2., Thickness - about 40 mils.
3, Finish - 2 micro inch on both faces.

4, Flatness ~ within one light wave band (11.6 X 10.'6 inch) omn
both faces,
5 Parallelism - 20 millionths of an inch between two faces.
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The samples were then evaluated for mechanical size with a micrometer
reading up to 0.0001 inch. Each sample was then checkad for orientatiomn by
Laue back-reflection pattern. A good amount of imperfectioms was introduced
on the sample surface by this method of surface preparationm, but they were
found to amnneal out very fast even at 1400°C. Some of the crystals were

found to have some grown in porosity and were discarded. A few nearly

- c = e e e . - -—— - ~ -
irensparcai 1ight gTeem orystals woTs founmd to contain gome groum-in nryva-

tallites deep inside the crystal which had the same orientation as the main
crystal. This is showm in Fig. 1, in Appendix E. For all mounting purposes,
colorless neutral solidified canada balsam was used on a hot plate., Poly-

crystalline samples were prepared in the same way.

b) Depositiom of Thin Film. An intimate stoichiometric mixture

of silicon-28 and carbon-14 igotopes was made in a''diamonite" (A1203)
mortar with two to four drops of reagent-grade glycerol as the suspending
medium., Complete search for a high density-high viscosity wetting suspending
medium was made as shown in Table III in Appendix E. The best medium
should not separate the isotope mixture into.-its constituents on standing
and should mot run down the sample sides at drying temperatures or below.
The sample surfaces were cleaned with absolute alcohol and acetone., The
isotopic paste was then brushed onto one surface of the sample with a very
fine camel hair brush to a uniform layer. This was dried at about 64°c
in air-owen for about 48 to 72 hours to remove glycerol as completely as
possible. These samples were then carefully put inside covered green

SiC crucibles (made by the Nortom Company with 0.5 inch diameter X 0.5 inch
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high x 1/16 inch wall) and sintered in 0.6 to 0.8 atmospheric pressure of
pure argon for 3 hours at 1400°C and 2 hours at 1600°C. The initial part
of sintering just below the melting éoinc of metallic silicon (142006)
supposedly made a uniform spreading of liquid silicon to engulf fine carbon-
14 particles to form SiC before most of the silicon vaporized out. The
latter part of sintering sintered thisg thin SiC film on to the simgle
crystal. This schedule produced the most uniform thin film covering the
entire surface, sufficiently strong to withstand subsequeant treatments and
having adequate C-14 activity for diffusion run. The thickness of the
thin film produced this way was calculated toc be about 1/4 +1/4 u (from
weight gain) which gave an average ratio of diffusion penetratiom to film
thickness of about 80 to 100:1; thus satisfying the boundary conditions..
Incidentally, in deriving equation (II.1l) it was assumed(z) that d/2v Dt <<1
where d is the thickness of the thin film. A comparison of the sample
surface before and after thin film deposition is ghown in Fig. 4a and 4b.
Films deposited at higher temperatures or longer times or both produced
uneven growth steps (up to 60 u thick) and/or crystallites on the surface
as shown in Fig. 5. -

The sampleg thus sintered were weighed, counted for surface activity,

and edges ground to remove traces of activity which might have developed

by either surface diffusion or by vapor-phase transport of carbom-14 during

edintarina
p-P---1u—-ap-1p -V 2. 9%

c) Diffusion Annealing. The samples thus prepared with 2 thin

£ilm were put into silicom carbide crucibles (to reduce sample deccmposition
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NB/IO

FILM DEPOSITION (500X)

BEFORE THIN=-

4a A VIEW OF THE SURFACE OF SAMPLE S/

FIG

4b A VIEW OF THE SURFACE OF SAMPLE S/NBIIO
WITH SINTERED THIN-FILM (500X)

FIG.



FIG. 5 GROWTH-STEPS ON A SAMPLE AFTER SINTERING
THE THIN-FILM AT 1600°C FOR 22 HRS, (500X)

FIG., 6 PHOTOGRAPH OF HAND LAPPING DEVICE

27.
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loss) imside the induction-furnace. A detailed description of the furnace
The furmace vas then pumped dowm to 1.0 x 10°° cm

The

is given in the Appendix B.
of mercury overnight and purged with pure argom four to five times.
furnace was then sealed with pure argoz inside to a static atmospheric

pressure of 55 to 60 cm of Hg. During heat up, the furnace was kept

i sghers from saysen

stationery for some fime at about 85¢°0 en orify irae otma
and nitrogem by -8 + 35 mesh spongy titanium "getféis" put inside. After the
furnace was slowly heated to about 1500°C it was very rapidly heated (in
about 10 minutes) to the diffusion annealing temperature between 1850°¢C

and 2100°C. The temperature was comtinucusly recorded by Leeds and Northrup

Optical pyrometer calibrated against a Siemens and Halske Laboratory

Standard calibrated by the Bureau of Standards. The absorption of the

vycor end window was found to require a correctiom of 36 ¢2°c throughout

the range of interest. The effective emizsivity of about 0.99 between

1850°C to 2100°% required no correctiom of temperature for black-body

conditions.
The sample was soaked for a predetermimed time at the anmealing

temperature with a very accurate coatrol of congtamcy of temperature. The

total variatiom of fs°c during the ru=m was probably possible due to

practically thermostatic watercooling (comstant rate of flow of water) azd

was well withia the limits of visual observation by an optical pyrometer,
After the anneal, the furnace was quenched at the rate of about

47S°C/min. The samples were them weighed and counted for surface activity.

Then the edges were ground tc a depth of more than the anticipated penetration
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mounted with the diffusion side down and the backside groumd and polished
to attain parallelism of the two opposite faces. The samples were thenm

weighed accurately to am accuracy of +0.0l1 mg and surface coumt recorded.

d) Sectioning and Counting. The procedure for removing layers

from the samples perpendicular to the direction of diffusion for determining
Most important in this process was grinding off sections parallel to the
original surface. Due to some decomposition from the backside of the
sample, the cﬁo surfaces were not parallel any more. What was required
was a method of flatteniug ghis surface and making it parallel to the
original surface using the thin-film coated surface as a reference plane.

Cylindrical hard-steel cylinders were prepared for mounting the
sample with the active side up. This was a 0,50 inch diameter X 3/4 inch
long hard steel cylinder tipped with 1/8 inch thick sintered pure boron
carbide on both faces fitting tightly inside tabular 1.00 inch O.D,
x 5/8 inch long hard steel guardring tipped with 1/8 inch thick sintered
pure boron carbide on one face only. The two faces were parallel to each
other zud pe:pendicular to the cylinder axis conforming to the same type
of specification as that for the samples made by the same Van Keuren
Company of Waltham, Massachusetts, and given under sgample preparation and
evaluation part. Reference is made to Fig. 6 which shows the sample
mounting assembly for sectioning with the lapping block.

Following the experience of sectioning by Paladinocas), a hand-
lapping technique was selected. The lapping block selected for this

purpose was & 99.999% pure aluminum disc of 4 inches in diameter and
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1/2 inch thick with a 1/8 inch wide canal running around the disc-edge

(/4 inch away from the edge) and slowly sloping to a 1/8 inch diameter hole
pressure fitted with a pure aluminum tubing protruding 1/4 inch from the
bottom of the disc. The top surface of the lapping block was machined to

1 band flatness. The lapping block was supported on a carefully machined

3/4 inch thick hard steel plate. This design was made to collect the

grindings as quantitatively as possible. The selection of materials for

the lapping block and the sample mounting asgembly was mainly made on the
onsideration of non-interference by the contaminations of the ccllected
grindings upon irradiation in the reactor.

The sample mounting was done on a hot plate with Canada balsam.
Molten balsam produced a viscous uniformly spread liquid onto which the
sample was put and pressed by a 1/2 inch diameter flat steel cylinder weighing
about 20 gms. This set up was then allowed to cool slowly to room temp-
erature. The excess mounting material was removed from the sides of the
mounted sample by wiping off with an acetone-soaked tissue paper. The
sample was ther placed on the lapping block and slowly lapped with 4-8 p
size virgin diamond powder. The parallelism of sectioning was periodically
checked by both micrometer and reflected light. After each sectioning,
the sample was dismounted, wiped clean, and weighed. The thickness of the
removed gection was calculated from this change in weight of the sample (to
n uracy of C.01 mg) amd the surface area of the sampie which was deter-

mined by low-power photomicrography (about 16X). The entire sectioning

procedure is illustreted in Fig. 7.
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The grindings were collected onto a 1/8 inch cupped stainlegs steel
counting planchet of 2 inches in diameter by washing down the canal with
absolute alcohol and rubber policeman. Any remaining altivity was removed
by a paper cleaner. The lapping block was cleaned of any activity in

between two successive sectionings. A uniform loss of sectiom material

e e . O 2T - - - - . A ~ay
durdisg €his eramsfor woz sotimatad &6 Le abown Sh.

The grindings were then freed of any alcohol over a hot piate and

put into the windowless proportional counter and flushed with P-10 gas

for about 2 minutes. Complete flushing of the detector chamber was taken

when there was no change in count rate with flushing. The center wire anode
wag. then subjected to 1.85 KV and the sample counted with a gas flow of

about 15 bubbles/min. for an extended time or total count to reduce the

statistical error of counting. This 1.85 KV is at about the center of the

beta plateau for 0.155 MeV C-14 B -radiations in this particular agsembly,
The determination of this plateau as also the positions of pulse-height
discriminator and attenuator, were predetermined by calibration of the
assembly against a standard C-14 sample supplied by the Nuclear Measurements
Corporation. The calibration curve is s¢hown in Fig. 8. Comsiderable
reproducibility in the count rate was found and no difficulty due to either
static charge build up on the sample or any other effect was observed.
After counting for C-14 activity, the sections were transferred to
1/2 inch diameter polyethylene vials and irradiated in the M.I.T. reactor
for 1/2 hour.at an average flux density of 2.0 X 1013 neutrons/cm2 (neutron

energy = 0.4 ev). Blank samples were simultaneously irradfated with the
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sections which were prepared exactly the same wvay. On the completion of

irradiation, the sample slices were transferred to new polyethylene vials
and subjected to scintillation gamma spectroscopy for finding out the
relative concentrations of silicomn-31 in cach section. After this step,

the sezples, which were still very hot, were disposed of properiy.
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V. RESULTS AND DISCUSSION

A, DIRECTLY MEASURED SILICON DIFFUSION COEFFICIENTS.

Aman~ +tha acmalon anhdomtad o thavmnl nacteman ‘veadd abd e ~T
s==Cng =2T ZI=EFLSZ S5 2T ST SITTE=D . ST .TTT STSSLISAER, T4

two produced any meaningful data. These samples were subjected to both
scintillation y-spectrometry and long time proportional counting to identify
the impurity radionuclides produced by irradiationm.

The possibility of the presence of any undesirable radioactive
isotope in the irradiated product can be considered from the sources of

contamination of the samples which are:

1. Aluminum lapping block.

2., Diamond powder.

3. Lubricants and solvents used during sectioning.
4. SiC sample.

5. Boron Carbide tipped sample mount.

6. Isotope mixture.

Of these, the analyses given in Appendix E shows the impurities in aluminum
lapping block, SiC sample and isotope mixture. Of the solvents and
lubricants used, absolute alcohol, ethanol and acetone were of A.R, grade
and iso-octane was of spectrographic quality with 0.001% (as S) of sulfur
compounds. Analysis for Norton Boron Carbide was not available but was
claimed as hot-pressed high purity type. Very minute amounts of boron

carbide hardly could contaminate the sample, however.
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Proportional counting of the different sections (with blanks) over
a period of 25 days identified the following f-emitting rédioisotopea from

their half-life determinations:

Most grohable~radioisotoge

Half-life
Radiation Determined Half-life Element
N 2.83 + £.22 Zdz3s 2,70 4oy Au=-l08
B~ 15.0 + 1.2 days 14.5 days P -32

The presence of both of these isotopes can be properly explained. According
to Freeman(“g) the gem-yellow coloration of natural diamond is due to minute
amounts of gold in solid solution. He irradiated some natural diamond

and identified Au-198 in the irradiation product formed by the reaction:

197 1 198
sohu’ + ot —e au 9 w.1)

Gold-197, with a thermal neutron capture cross-section of 97 X 10-24 cm;

and a natural abundance of 100%, is one of the materials most easily acti-
vated in a reactor. Amplex 4-8 p virgin diamond (natural) powder, used in
exactly equal amounts for making each section of the diffused sample, is
the carrier of this impurity. 1Its activity constituted a very large percent-
age of the total activity of each section during the first day of counting
of the irradiated samples. Presence of Au-198 had also been identified by
the irradiation of pure Amplex 4-8 u diamond powder.

Regarding the presence of Phosphorus-32 in the irradiated product
there could be two sources. First, it is a by-product of the irradiation

of Silicon-30 by the following series of reaccions(A 16):



30 1 31
1451 + ot 148i decay

37.

31
15F

(v.2)

15 ot~ s decay 16

According to Koch(A 16) this is an accepted interference in the determination

of Silicon-31. The activity of the sections, due to Phosphorus-32, was also

found to be dependent on the time of irradiation with longer irradiation
intervals (up to 10 hours) giving more activity due to Phosphorus-32,
Secondly, comsidering the most widely accepted theory of the origih of diamond
from petrified vegetations, a sizeable amount of phosphorus 1s expected in

it. This natural phosphorus in diamond, as also in SiC ( made from coke and

sand), is 100% Phosphorus-31. Phosphorus-31, having a thermal neutron-

absorption cross section of (.2 x 10-24 cmz, could be very easily converted
to Phosphorus-32 under the irradiation conditionms.

Typical representations of the proportiomal counting data are given
in Figs. 9 and 10 which show the extremely large percentage of impurity

activity. These data are only indicative, however, of the presence of

Silicon-31 in all the sections in different amounts increasing in the

expected direction.
To avoid the interference of all B - and 7-emitting impurity radio-

nuclides, the samples were then subjected to multichannel analysis as

tandord v aoamd{tbama
&2 C Y-sermitier S,

described before. The analyzer was calibrated againgr 2

av shown in Table 1I.
This calibration curve is shown in Fig. '11. The samples are then

counted in 400 channels for 10 minutes and the results plotted (from print

out data) as shown in Fig. 12. The nine major peaks are identified as shown

iu Table II.
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TABLE I

Calibration of the Multichannel Analyzer

Isotope Ener eV Channel No.
Bi-207 0.088 -
0.570 74
1.064 146
1.771 248
Sn-113 0.393 47
Cs~137 0.662 87.5
Na-22 0.511 65.5
1.274 177
Zn-65 1.114 153
Thc" (T1-208) 2.620 369
TABLE II

Identificatica of the Radioisotopes in Irradfated Sections

Corresponding
Peak No. Channel No. Energy in MeV Identity
1 66 0.511 From pair production
(2.75 MeV 7y of Na-24)
2 115.5 0.850 Mn-56
3 180 1.29 Si-31
4 190 1.37 Na-24
5 231 1.65 Ccl-38
6 255 1.80 Mn-56
7 304 2.15 Mn-56, Cl-38
8 316 2.24 Na-24 (2.75 MeV ¥

first escape pulae)
9 388 2.75 Na-24
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The uppermost curve im Fig. 12 xepresents Section IV, whereas, the middle
curve represents Section III with the lowermost curve representing blank
diamond powder. The absence Qf 1.26 MeV peak in channel ne. 180 for the
blank indicated the feasibility of Silicon-31 counting. All the sectioms
were irradiated and analyzed along with a blank under the same conditions.
The count rate of the blank in the channel corresponding to Silicon-31
1.26 MeV y was subtracted from each section. Count rates of each section
thus obtained were then used in equation (II.2) to determine D values
from each section. Here Co is taken corresponding to the count rate of a
section well within the sample beyond the penetration depth. All these

data were, however, corrected for the decay loss using the following

equation:
cl
[ = _____0 (v 3)
t C/Té_ y
2
where Ct = the count rate at time t after the completion of -irradiation.
C; = the decay corrected count rate.

t = time interval between the completion of irradiation and counting.

half-life of the radioisotope.

b
toj 4
1

All the time values are in the same unit. Since for all practical purposes
after an interval of 10 X T%, all the activity of an igsotope had decayed,
counting was done as quickly as possible after the samples were céken But
of the reactor pneumatic tube. The data for the two samples are given in
Tables III and IV.

As is seen from these data, there is considerable variation of D
values from different sectioms. This is probably understandable from the

fact that Ct and Cé were obtained by the subtraction of two large numbers
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(one corresponding to the count rate of a section in channel no. 180 and the

other corresponding to that for the blank in the same channel). To obtain

a greater accuracy of these D values, extensive radiochemical separation of
gilicon in any section from the impurities (mainly sodium) will be necessary.
Since the accuracy of these data is only within a factor of two

(at best) no attempt was made to obtain more D values as a function of the

temperature of diffusion. They, however, confirmed the fact that silicon

is by far the faster diffusing species in silicon carbide and 1is, thus, of

very little importance in SiC formation. This is against the prediction of

Tomonari(so) from a study of the kinetics of SiC formation. Thege data are

shown in comparison with those of carbon in Fig. 21.



B. DIRECTLY MEASURED CARBON DIFFUSION COEFFICIENTS.

(a) Description of the Experimental Resultg: The concentration

profiles obtained by sectioning black hexagonal samples are shown in Figs.

13«15 as logarithm of specific activity versus the square of the penetration

distance at each section. The specific activity of each sectiom was calculated

——t o oo -
L VYW

from tne cwuni rai€ & Lis weigni OL Che 4SCiidiie Thc ooums
determined with an accuracy of more than 1.0 C/M(B-S) with counting

times varying from 30 minutes to 6 hours. The background rate was
periodically checked and found almost constant. The net counting rate

was obtained by subtracting the simulated background rate from that of

the sections individually. Sectioning was generally discontimnued when

a section showed an activity only a few counts above background. The
average penetration was calculated at the central point of any section

by adding the total thicknesses of preceding sectiomns. The average accuracy
of determining the penetration of each section was 1.5 X 10'5 cm. Detailed

sectioning and counting data are presented in the Appendices C and D.

The sample orientations (relative to the diffusion direction)
and the dislocation densgities are reported in Table V., The concentration
profiles for a light-green crystal, a faint yellow-green crystal (both
hexagonal) and polycrystalline material at different temperatures are

shown in Figs. 16-20.

An important feature of all the concentration profiles is the
presence of a high gradient near the surface (1-2u) which has been observed
in many other syscemacSl-ss). Many attempts have been made to explain

these effects of which the following may have bearing on this particular

investigation:
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TABLE V

CHARACTERIZATION OF SINGLE CRYSTAL SiC_SAMPLES AS TO
ORIENTATION AND DISLOCATION DENSITY

Avg. Separation

Orientation Dislocatiog2 of Dislocation
Sample (off C-axis) Densgity {cm 7) Cores (microns)
S/Ny/3 0° 7.4 x 10% 36.8
SN /5 2.0° 1.0 x 10° 316
S/NG/7 0.5° 1.1 x 102 952
S/N,/8 1.0° 4.1 x 10> 156
S/N, /10 2.5° 2.3 x 10t 2,080
S/N,/12 1.0° 1.1 x 10° 301
S/N/14/A 1.0° 7.1 x 10* 1,190
S/N,/14/8 1.5° - -
S/Ng/11 22,5° 5.5 x 101 1,350
S/N,/2/A 22.0° 9.2 x 102 330
S/N,/2/B 22,0° 6.5 x 102 392
S/Ng/5/A o° 2.1 x 102 690
S/N/5/B 0.5° 1.8 x 1of 746
s/N;/5/C .- 1.0 x 10° 1,000
S/N/S/E 1.0° 8.0 x 10 1,120
S/N/S/F 0.5° 8.0 x 10t 1,120
s/ 4lA 0.5° 3.8 x 10t 1,620
SN /4/B 1.0° 3.3 x 10% 1,740

SING/4/C 0.5° 2.9 x 10t 1,860
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(1) Eq. (II.l) has been derived from Fick's law for tracer diffusion
on the assumption of unit exchange coefficient between the surface and the
matrix atoms. Any deviation to a lower value of this exchange coefficient
should result in a steep drop near the surface in the concentration profile,
This would be possible for an impurity diffusion study by a tracer amd also

for self-diffugsion from a poorly formed thin film,

(2) The existence of a steep drop near the surface in the concen~
tration profile indicateg the presence of a resistamnce layer. In the case

of silicon carbide, a thin layer of oxide film on the surface, which is

known to form even at room cemperature(44), might provide this resistance.

(3) For the polycrystalline material, a grain boundary high-
diffusivity path may be an important comtributing factor to this effect as
has been explained by Shewmon(la) in the case of Wajda's<55) data of zinc=-

tracer penetration in polycrystalline zinc.

(4) According to Ballufi and Ruoff(SG-ss) vacancy supersaturation

either inside a grain in polycrystalline material or within a single
crystal may be respongible for a steep drop of the concentration profile
near the surface. Since tracer diffusivity is proportional to the vacancy
concentration (assuming a vacancy mechanism operative) they have suggested
that an accumulation of tracer at the surface (within a few microns depth)
occurs under such circumstances leading to a nbn-caussian tracer concen-
tration distribution. This hypothesis, however, postulates no formal

limit of the lifetime of the supersaturation (after an initial fast drop
(58)

at a given temperature). For silver-110 diffusion in silver they
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calculated a ratio for the resultant surface tracer concentration to that
extrapolated from the interior of the crystal. The calculated value is
about an order of magnitude higher. Supersgaturated vacancy corcentration

may be conceived to exist in crystals due to quenching at the completion
of growth.

Melngailis and 0'Hara‘">’ showed that up to 3/4 4; vacancies
(where ¢L = equilibrium vacancy concentratiom at the melting poirnt) can
be trapped inside silicon and germanium by only radiation quenching with
less than 1d4 dislocationa/cmz of the sample, Quenching=-in of vacancies
in platinum was studied by Bacchella et a1(61) and in gold and platinum by

Lazarev et 31(60).

Ballufi and nnoff(SB) have also shown that, im the cage of self
diffusion in silver, roughening of the isoconcentration contours of the
tracer (before the start of the diffusion anneal) may produce a final

surface tracer concentration in excess by a factor of 2-3,

(5) In explaining this effect, it should be remembered, however,
that the main cause of this effect has been traced to dislocations(SI) in
most systems. The single crystals used in this study had surprisingly
low dislocation densities. The average distance between the dislocation
cores is more than an order of magnitude higher than the penetration
(shown in Table V). Therefore, in this study, disiocations cannot be che

cause of the sharp drop of concentration near the surface.
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Diffusion coefficients (Dz) calculated from the deep section of the
concentration profiles using Eq. (II.1l) are given in Tables VI and VII

and are plotted im Fig. 21. The functions arve:

L, For black hexagonal single crystals alomg [G301]:

D, = 3.014 X 10 exp /_141 2 :{6 6 K‘:‘a_]'—7/cvn /sec vv.4)

na

“

2. For black dengse polycrystalline material:

= 2,36 x 10 E‘” L 414.2 Keal / cm /sec (¥.5)

3. For the light-green hexagonal single crystal along [0001] :
D, = 2 x 10]‘7 exp E02.4RT48.6 Kca.l} cmzlsec (v.6)

£

Due to the insufficiency of the data no effort was made to obtain
a relation either for the faint yellow-green hexagonal crystal or for

the black hexagonal sample where the direction of diffusiom is 22° to @oog.

(b) Violation of Boundary Conditions: Two of the boundary conditions

imposed by the solution (II.l) were found to vary during the diffusion

runs. They are: (a) Decomposition of the sample and consequent movement

of the original surface and, (b) Large decrease of surface concentration

of tracer. 1In the following analysis, the effect of the violation of the

boundary conditions on calculated Iy values will be evaluated.
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TABLE VI

DATA FOR THE ARRHENIUS PLOT OF SINGLE CRYSTAL SILICON CARBIDE

1. Black SiC along [oo01] :

Sample !gggeratureﬂcd 1/T % 104(°K) D(cmzlseg)
S/N,/10 1853 + 5 4.703 + 0.011 9.83 x 1013
S/N/14/B 1892 + 5 4.619 + 0,011 2.17 x 10712
S/N,/7 1937 + 5 4.525 + 0,010 3.25 x 10”12
S/N,/8 1962 + 7 4.474 + 0.014 2.88 x 10732
S/N/5 2017 + 5 4.367 + 0.010 8.40 x 10712
S/N./14/A 2038 + 5 4.327 + 0.009 9.82 x 10712
S/N_/12 2060 + 7 4.286 + 0.013 2.29 x 10-11
2. Black sic at 22° to [0001]:
S/N,/2/A 1907 + 5 4.587 + 0,011 7.94 x 10743
S/N,/2/B 2088 + $ 4.235 + 0.013 3.07 x 10711
3. Light Green sic along !0001!:
S/NG/5/C 1977 + 5 4.444 + 0,010 8.36 x 10713
SIN/5[F 2007 4 5 4.389 + 0.013 2.58 x 10712
S/NG/5 /A 2028 + 5 4.327 + 0.009 3.50 x 10712
S/N /3 /E 2063 & 5 4.280 ¢ 0.013 1.26 x 10”1
S/N,/5/B 2088 & 5 4.235 + 0.013 2.35 x 10711
4, Faint Yellow-green SiC along [0001]:
SIN /&/A 1937 + 5 4.525 + 0.011 4.61 x 10713
_1
SIN /&/C 2007 + 5 4.389 + 0.013 2.64 x 107~
-11

S/N /4/B 2088 + 5 4,235 + 0.013 4.05 x 10



TABLE VII

DATA FOR THE ARRHENIUS PLOT OF POLYCRYSTALLINE DENSE SILICON CARBIDE

Sample Number Temperature(°C) 1/T x 104(°K) DgcmZZBec!

P/AL/1/B 1927° + 5 4.545 + 0.010 6.60 x 10712
P/A,/2/B 1927° + 5 4.545 + 0.010 5.23 x 10712
A i/A 1077° 4+ = L k4h + 0,010 1,20 » 10711
P/AL/2/A 1977° + 5 4,444 + 0.010 9.81 x 10712
P/AL/LIC 2063° + 5 4,281 + 0,010 3.81 x 101
P/A,/2/C 2063° + 5 4.281 + 0.010 3.38 x 10711

TABLE VIII

VAPOR PRESSURE OF C(g) IN EQUILIBRIUM WITH C(graphite) AT 1700°-2200°k

Vapor Pressure in Atm.

Temperature

Sample Number

S/NBIZIA
S/Ng/7
S/NG/4/A

S/N,/3
SIN,/8

S/NG/S/A
S/NB/14/A

1700%K 10-13.78
1800°K 10°13.29
1900%k 10712.81
2000°K 10°12.33
2200k 10711.37

Temperature ()

1907
1937
1¢37
1943
1962
2038
2038

o e a4 a4 14 a4
[V IV, B V. BV RV IV

o4

TABLE IX

DATA FOR THE DECOMPOSITION PLOT OF SINGLE CRYSTALS

1/t x_104°%) Rate (Mg/cm®/sec
4.587 + 0,011 2.05 x 107°
4,525 + 0,011 2.80 x 107°
4.525 + 0,011 3.10 x 107°
4,513 + 0.011 3.10 x 1073
4.474 + 0,014 3.30 x 107°
4.327 + 0.009 8.80 x 107°
4,327 + 0,009 9.65 x 107°
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The predominant decomposition reaction for silicon carbide 18(89):

S8iC(hex) ——= C(graphite) + si(g) ~v.7)

Other vapors in the system: Si2Cs, Si2Cpz, SiasC, 5iC, Sig, SiaC, and SiCp
(as shown in Fig. 22) have vapor pressure so small (compared to that of
si(g)) that they may be neglected. TInis siliicou iuss ifrvw the thia films

is considered to be primarily responsible for the poor reproducibility

of the silicon diffusion coefficients determined.

Only about 30-40% of the total tracer activity was retained by
the sample. This loss has presumably taken place by the evaporation of
different vapors of carbon and silicon carbide and by isotope exchange

with the carbon-containing atmosphere,

Carbon contains three vapor species at high temperatures: C(g),
Ca(g), and Cs(g) of which C(g) is predominant, From the thermodynamic
data of C(graphite) and C(g)céz), the vapor pressure of C(g) in the region
of interest is given in Table VIII which, when compared with Fig. 22,
shows that the vapor pressure of C(g) is lower by 6-7 orders of magnitude
than that of Si(g). Thus, the loss of tracer is predominantly by the
evaporation of different silicon carbon species. A certain amount of
tracer evaporation loss is an inherent disadvantage of thin-film technique
with dicactive :racers(l). Feldman et 31(25) reported a loss of more

than 507 of tracer by evaporation in their study of diffusion of C-1l4

in graphite.
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The decomposition rate for single crystals was calculated from the
surface area, weight loss and annealing duratfon. Some data (Table IX)
are plotted as a function of temperature in Fig. 23. (Samples where an
effort was made to decrease the decompositioh rate by putting SiC crystals

all around the samples(63) were omitted). The decomposition rate is:
k = 2.96 x 10° exp (LLlef 3l0:5 Kealy )02, 0, (v.8)

The activation energy (111.4 +16.5 Kcal/mole) compares favorably with

the heat of formation of hexagonal silicon carbide by the reverse reaction
of Eq. (V.7) (123 43 Keal/mole at 2000°k®?)). Als0, the activation
energy for evaporation of silicon is 104 RCallmole(64). So, all these

activation energies (111.4, 123 and 104 Kcal/mole) probably describe
the same process mechanistically,

The principle of the modified Lely technique®3) in which sic
crystals were placed all around the samples, is to maintain a vapor pressure

of silicon over solid silicon carbide sufficient to arregt the decompo-
sition reaction,

From the observed Si(g) vapor pressure dependence of the decompo-
sition rate of SiC, the rate controlling step in the decomposition of

hexagonal silicon carbide is concluded to be the egcape of silicon (gas)

from the solid surface. It is also noteworthy that the

of carbon-14 in polycrystalline graphiteczs) is about three orders of
magnitude higher than in silicon carbide (1800°-2100°C). Thus, the layer
of decomposition-produced spongy graphite 1is assumed to contain no concen-

tration gradient of tracer. Complete decomposition data is presented in

Table E IV of Appendix E.
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FIG. 23 ARRHENIUS PLOT FOR THE DECOMPOSITION OF SINGLE
CRYSTALS OF SILICON CARBIDE.



(c) Computation of the Effects of Varying Boundary Conditions: The

effect of surface decomposition on the concentration gradient of carbon-14

has been calculated and is shown schematically in Fig. 24. The exponential

£nC vs. X relationship described by the curve ACD is that for an ideal

case, i.e., no (evaporated) tracer loss and no surface decompositicn (no

™ Eana mntnd e S = - =
2 Surxlas batoretotody] wevi: GnCaCao<o

ntarfaoral
nrterlacey . -z ITT STRSILCES

movement of the initial 1

with 1,4/t as predicted by Eq. (II.1l). The insert in Fig., 24 describes

three ways the surface concentration can change with time, This result

only affects the bump (near the surface) of the resultant profiles, as
shown by the calculated curves BED, BE'D or BE"D; it does not have any
effect on the constant slope part of the £4nC vs. XZ curves where the
resultant profiles meet the ideal profile, The aforementioned ideas were
verified by a numerical analysis of the second order differential equation
(diffusion equation) under a given gset (fixed by experimental data) of

varying boundary conditions as described below.

Fick's second law states that:

2

5cc 5 ¢
5S¢ D %2 (1.3)

where ¢, x, t, and D have usual meanings.

Substituting the following difference equation for above:

c(x,t + At)=c (x,t) = &c _ D c(x + At,t)-2¢c (x,t) + c(x=O%,t)
At

At CAX)Z

or

c(x,t + At) =D L(%E)z{c(x + Ax,t)ﬂ + 1-2D(%x2)2/c(x,t) + D[_(%:')z {c(x -Ax,tﬂ



CONCENTRATION ———>

A 08,0S' = SURFACE POSITIONS A BEFORE AND AFTER
A,B = SURFACE CONCENT‘RATIONS} DIFFUSION RUN.

AX = AMOUNT OF DECOMPOSITION.

ACD = IDEAL CONCENTRATION PROFILE WITH NO CHANGE
OF BOUNDARY CONDITIONS.

BED, BE'D,BE"'D = RESULTANT CONCENTRATION PROFILES UNDER
l THREE DIFFERENT RATES OF SURFACE CONCENTRATION DROP.

SURFACE CONCENTRATION ——>

TIME —>

\D

o] o DISTANCE ———>

FIG.24 SCHEMATIC REPRESENTATION OF THE EFFECTS OF DECOMPOSITION
AND EVAPORATION ON A CONCENTRATION PROFILE FOR TRACER DIFFUSION
AFTER ANNEALING FOR TIME t AT TEMPERATURE T.

A X~
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It is convenient to choose Ax and At such that

(Ax)2 = 2D At (v.9)

So that

cdx,t + At) = 1/2 /:(x-!- Oox,t) + ef x-Ax,t:)7 (v.10)

i.e., at time t + At, the concentration at x is equal to the average of
the concentrations at x-Ax and x + Ax at time t. A grid with x and t
as coordinates can now be conceived with Ax and At as units (following
the above condition) to produce a numerical solution of the diffusion
equation under varying c and x as observed in each case. An assumption

is to be made, however, that the surface concentration changes linearly

following an equation of the form

Ccs(t) = CO - RCS X TTOT (v.11)
where, cs(t) = surface concentration at any time t.
co = original surface concentration before diffusion anneal,
RCS = rate of change of surface concentration calculated from

initial and final values ascuming linear decrease with

increasing time,

TTOT - = total duration of diffusion anneal.

The concentration profiles for each sample thus obtained using the
experimental data for the original ard final surface concentrations, total
shift of boundary by decomposition, total duratfon of diffusion anneal

and the apparent diffusion coefficient for a total distance of 30-40 microns
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at increments of 0.2 micron show all the types of behavior visualized in

Fig. 25. Concentration profiles of 4nC vs. 22 show non-conformity to
the solution given in Eq. (II.1l) near the surface but are linear at large

distances from the surface where theoretically the real profile approx-

imates the ideal.
These computed profiles were obtained by first using the experimentally

obtained D value to obtain a profile for each sample., The congtant slope

part of this profile produced a lower D value in all cases. The D values

to be used to obtain a profile numerically were then increased stepwise

until the D value calculated from the constant slope part of the computed
profile is within 1.0 - 1,57 of the experimental value. The corrected

D values thus obtained are given in Table X for the black crystals. They

are described by an equation of the form:

-138.6 +18.0 Kcal

2 exp (1138:0.218.0 Kealy 2/ gec v.12)

D = 2,19 x 10

which is essentially identical with Eq. (V .4) within the limits of

experimental error. The computer programs used are given in Appendix E.

All profiles were obtained using an initial (CO) and final (CF) surface

tracer concentrations (calculated). The data for CO and CF for black

single crystals are also given in Appendix E.

N
n

Four corrected profileg obtained by this method are shown in Fig.

our corrected n
with an ideal profile for the sample indicated. The reasons that the

calculated ideal profile did not exactly coincide with the corrected

experimental profile in absolute numbers are probably due to the facts:
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TABLE X

CORRECTED DATA FOR THE ARRHENIUS PLOT OF SINGLE CRYSTAL

NPT AN v e wen
O LiLWVIE WOAND LD
————

1. Black SiC along [0001] :

2 2
Sample Temp. (°C 1/T x 10k D_App. (Cm”/5ec) Deorr, (Cm”/sec)
S/N,/10 1853 + 5 4.703 + 0,011 9.83 x 10713 1.20 x 10712
S/Ng/14/B 1892 % 5 4.619 + 0,011 2.17 x 10712 2.45 x 10712
S/N, /7 1937 + 5 4.525 + 0.010 3.25 x 10712 5.20 x 10712
S/N./8 1962 + 7 4.474 + 0.014 2.88 x 10712 5.15 x 10712
S/N,/5 2017 + S 4.367 + 0,010 8.40 x 10712 9.40 x 10”12
S/N/14/A 2038 + 5 4.327 + 0,009 9.82 x 10712 1.63 x 10711
S/Ng/12 2060 + 7 4.286 + 0,013 2.29 x 1071 2.85 x 10711
2. Black sic a2t 22° to [0001]:
S/NG/2/a 1907 + 5 4.587 + 0,011 7.94 x 10713 1.16 x 10712
S/N/2/B 2088 + 5 4.235 + 0,013 3.07 x 10711 3.45 x 10711
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i) that the corrected experimental profiles were obtained with
CF (final surface concentration) calculated from the activity
of the first section which is not repregentative of the rest
of the experimental profile (as seen earlier) and thus the
corrected values have an élevated position compared to the
caperimcniai pruiilié, dud

ii) that the ideal profile was calculated with respect to a value
of original surface concentration calculated from the original
surface count rate and is thus probably lower than the real
original surface concentration (due to C-1l4 B-absorption by

the thicknesgs of the thin-film).

All assumptions for the time-dependence of the drop of the surface
concentration produced the same copstant slope part (from which the
corrected D values were calculated), The exact behaéior, therefore, has
no influence on the corrected D values reported in Table X. Use of

different relations for this drop, however, facilitated the identification

of the comstant slope part.

So, the apparent values of Dz obtained by ignoring any decomposition
will represent the actual diffusion coefficients quite realistically.
Another correction which was neglected in the data presented is that due

to thermal expansion of the sample at the annealing temperature.

pLag Yty 3
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C. DIFFUSION COEFFICIENTS CALCULATED FROM CREEP DATA.

Recently, Farnsworth(47) observed viscous deformation of polycrys-
talline silicon carbide. Assuming a lattice-diffusional model the

apparent diffusion coefficients are given by:

1. Aglack, dense SiC:
1.27 x 10™% exp | =L3 g Real | . Z/gec (V.13)

DApparent =

2. Greem, porous SiC:

-2 =104 420 Kcal 2
DApparent: = 6,0 X 10 exp BT cm /sec (V. 14)

These data are compared with the directly measured diffusion
coefficients in both black single and polycrystalline silicon carbide
obtained in the present investigation in Fig. 26. Aluminum diffusion
(65)

coefficients in silicon carbide are alsgso pregented in the same.

So far as the parameters Q and D° are concerned, there ig apparently
no agreement. But Farnsworth's calculated D values are approximately
thin the range of error of the pregent investigation. His data at and
below 2000°c are in surprisingly good agreement with the data obtained

in polycrystalline samples in the present investigation.

The following considerations are presented to explain the difference
between the Dz values obtained in single crystale and the D values obtained

from creep data and in polycrystalline material,
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a) Grain boundary diffusion, which is a few orders of magnitude
higher at these temperatures (indicated from the long tails of the concen-
tration profiles in polycrystalline material as shown in Figs. 18-20) has
an appreciable contribution to both the apparent measured D values for
tracer diffusion in polycrystalline material and the apparent D values

mnlawwtlabid Cmam swann dasa
W - N . G - Bt o Bt o -— - .

b) Surface diffusion along the uniformly distributed pores
might also have decreased the slopes of the £nC vs. iz plots. Since surface
diffusion is in general several oxrders of magnitude higher than both

lattice and grain-boundary diffusion even a fraction of a per cent of porosity

would be important.
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D. DISCUSSION IN THE LIGHI OF RELATED DATA,

{a) Some Important Properties of Group III, IV, V Elements and SiC.
In the following Tables and Figures, a few monotonously varying properties

of the Group IV semiconductors are compiled in comparison with the same
properties for the Group III acceptors and Group V donors (which are

usually present in these semicomductors). These are pertiﬁent to

further discussions,

TABLE XI(66)

Tetrahedral Radii in R

Al = 1,26 si = 1,17 P=1,10
Ga = 1,26 Ge = 1,22 As = 1,18
In = 1.44 sn = 1,40 sb = 1.36
Tl = 1.47 Pb = 1.46 Bl = 1,46
tapie x11¢67)
Heats of Atomization gxcalgmoleg from their
Standard States at 25°C

B = 100 C == 138(7) N &= 86(?)
Al = 75 si = 89 P =75
Ga = 65 Ge = 89 As = 60(?)
In = (58) Ssn = 70 Ssb = 61
Tl = 43 Pb = 46 Bi = 50(2)



Element

Al
Ga
In
Tl

TABLE XIIX

(68)

Ionization Fetentials in Flectren-Volts

1st

8.26
5.96
5.97
5.76
6.07

11.22
8.12
8.09
7.30
7.38

14,48

10,9

10.5-
8.5
8.0

2nd

25.00
18.74
20.43
18.79
20.32

24,27
16.27
15.86
14.5

14.96

29.47
19.56
20.1
18)
16.6

3rd 4th
37.75 258.1
28.31 119,37
30.6 63.8
27.9 57.8
29.7 50.5
47 .65 6422
33.35 44,93
34.07 45.5
30.5 39.4
(31.9) 42,11
47.40 77.0
30.01 51.11
28.0 49.9
24.7 44,0
25.42 45.1

LS

390.1
165.6
93.0
80.7
69.4

97.4
64.70
62.5
55.5
55.7
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Band gaps (EG) of the Group IV semiconductors are plotted as a function
of their umnit cell dimensioms in Pig, 27, whereas the available diffusion
data of various acceptor and domor eclememts im germanium and silicon are
reproduced in Figs. 28°31‘69). From thesge property values, silicom

carbide is found to be intermediate im position between diamond and

silicon.

(b) Diamond, Germanium and Silicon Semiconductors and the Nature
of their Vacancies:

1, Diamond. Diamond has been least invegtigated as a
Group IV semiconductor(7°). Structurally, it is the ideal of all cubic
Group IV semiconductors. However, from the presence of a (222) x-ray
reflection, it can be said that the charge distribution sufrounding
carbon atoms is not spherically symmetrical., In Fig. 32, each solid
lime conmecting two atoms represents a single orbital, whereas each
dotted line represents only one electron. To a first approximation, at
2 point such as A, the atoms are still supported by normal bonds, whereas
the nearest neighbors te the vacancy, B,C,D, and E are each left with
one unpaired electron. One way these unpaired electrons can behave is
to attempt to form quasi-covalent bond (or paired orbital) with the
unpaired electrons of the two nearest atoms surrounding the vacancy as
shown in Fig. 32. Or each may romain sgsnsiated <«
carbom nucleus or it may orbit around all the four unsgatisfied atoms, A
wave mechaniczl solution will imvolve a certain probability im all these

configurations (final positions of the mearest neighbors are shown in
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FIG.32 A SCHEMATIC OF A LATTICE VACANCY IN DIAMOND LATTICE.

FIG. 33 FORMATION OF VACANCY IN A DIAMOND CuBIC LATTICE.
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FIG. 34 A SCHEMATIC DIAGRAM OF AN I[INTERSTITIAL CARBON
ATOM IN DIAMOND LATTICE.

FIG. 35 A SCHEMATIC DIAGRAM OF DIAMOND LATTICE SHOWING
AN EMBEDDED VACANCY —-INTERSTITIAL PAIR
(NOTE THE LOSS OF SYMMETRY)
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Fige. 33)571) But all of them will have the common feature that the unpaired

orbital will be less tightly bound to the solid than those electrons which

constitute a mormal bond. Atoms like B, C, D, and E will have higher

potential emergy than the normal lattice atoms. A vacant site will normally

be neutral. But by trapping holes from the valence bonds, they will

acquire virtual domor properties im dimmcmd(IU}. A good percentage will

also trap electroms (or exitoms finally) from the conduction bond. The

effective ionization energy of thias electrem is about 0,2 ev(7o).

Fig. 34 shows the interaction of an interstitial carbon atom

into a2 normal lattice, The surrounding atoms of an interstitial carbon

atom would necessarily suffer bond distortion and a variety of defect bonds

are created. These levels are all higher than those for normal bonds

and; hence, these too would act as positive hole traps by the same

reagoning as that applied to vacant sites. Considering the open structure

of diamond, the diagram of Fig. 34 is probably a little exaggerated. Both

the positive hole trapping level and the electron affinity levels associated

with an interstitial atom are, therefore, likely to be even shallower

than those for the corresponding vacant site. Fig. 35 shows the presence

of a vacancy-interstitial pair inside the diamond lattice, No diffusion

measuremens have been reported in diamond. But nitrogen impurity has

been shown to bhe present at the lattice sites of natural diamond as a

docuble layer of nitrogen every 6000 atomic planes, Impurity bands in

diamond lie between 0.3 and 0.5 eV above the valence band, leading to

p=type conduction,



2. Germanium, Germanium, as a semiconductor, has been most
extengively investigated in Group IV, It has the same cubic structure as
diamond and thus the formation of atomic and/or eleectronic defects can
be similarly visualized. However, the electrical nature of the lattice
vacancies are completely opposite in germanium, where the vacanciesz
behave as acceptors (in €ontrast to the virtual donor properties of
diamond vacanceies). This fact has been comfirmed by the self-diffusion
studies of Valenta and Ramasastry(ls) in heavily doped (arsenic and
gallium) material., They observed n-type material (As-doped) to possess
higher diffusivity than p-type material (Ga-doped) and the activation
energy for self-diffusion a functiom of impuri:y type and level, If
self-diffusion does occur by means of vacancies, the diffusion coef-
ficient at a given temperature will be proportional to the concentration
of vacancies, By changing the concentration of vacancies by a known
amount, ome would then be able to predict the variation in the self-
diffusion coefficient. A method for varying the concentration of
vacancies is suggested in the work of Reiss and Fuller(2°’72) if ome
further assumes that vacancies act as acceptors. They(72) have been able
zo confirm the predictions of the former author(zo), namely that the
solubility of a donor increases with increasing acceptor content and that
the golubility of a donor decreases in the presence of another donor.
Similarly, Reiss(zo) predicts that an acceptor would be more soluble in a
donor emvironment than inm an acceptor enviromment, Consequently, if

vacancies behave as acceptors, ome would expect that at a given temperature
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the equilibrium concentration of vacanciesg in n-type germanium would be

(73), i.e., germanium self-diffusion should

greater than in p-type germanium
5e greater in m-type tham p-type germanium in the cage of diffusiom via

(18)

vacancies, That, indeed, has beem observed by Valemta and Ramasasty

whose data are reproduced im Fig. 36, Thase authors explained their

observed dependence of activation emergy for self-diffusion im germanium

on the volatilizatiem of the dopants at the diffusion annealing tempera~
. 4

tures., Boltaks(l) attributed the effect tc a change of the positiom of

the Fermi level from the imtrimsic to doped material, As discusased in

Chapter II:
D = D° exp E@RT._AEZJ (11.7)

where the change in Fermi level (Au) 1is dependent on the impurity type

and concentration, Q is the activation energy in intrinsic material.

Further evidence indicating that vacancies act as acceptors is

found in data obtained from irradiated germanium(74’75). A good fraction

of the accentors generated by quenching germanium from high temperatures
(76,77)

have been interpreted as vacancies

3, Silicon., Silicon, being the second member of Group IV, is

in the boarderland of metals and non-metals, Its properties are inter-
wediate with regpect to diamond and germanium. This is also the case

for the electrical nature of its vacancies. From the diffusiom data

reported im Figs., 28-31, 8walin(77) has recently pointed out that the

apparent inconzistencies skown by the rates of diffusion of various
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elements in germanium and silicon are attributable to a difference between

the emergy levels of vacancies in the two semiconductors.

Vacancies in the crystal lattices of both silicon and germanium
behave as acceptors. However, the acceptor level of vacancies in germanium
is located in the lower half of the forbidden band, 0.26 eV above the
valence band, whereas in silicon this level is found im the upper half
of the forbidden band, 0.16 eV below the bottom of the comnduction band(78).
At comparable temperatures, therefore, there will be more charged vacancies
in germanium than in silicon. This situation must be reflected in the
mechanism of diffusion in the two semicomductors which involves the
neighboring vacancies for elements of Group III and V. In germanium, this
gilves rise to Coulomb interactions between the charged impurities and the
charged vacancies; positively charged impurity ions are attracted towards
the negatively charged vacancies, which thus assist their motion, whilst
negatively charged ions are repelled. This effect, of course, hinders
the motiom of negative {ons through the crystals, 1In gilicon, on the

other hand, most of the vacancies are neutral and there is no Coulomb

interaction between vacancies and impurity ions,

(c) Interpretation of Diffusion Data in Si and Ge.
1, Commconts on the Available Experimental Data: In contrast

to diamond, silicon and germanium have been intensively invesgtigated

mainly because of their practical utility. Table XV shows the position

of the domor and acceptor levels in silicon and germanium in terms of



their ionization energies.

iie further from the valence or conduction bands.

S3

The levels due to other impurities gemerally

Imperfections introduced

intc Ge and Si by bombardment with high emergy particles (equal number of

interstitials and vacancies) behave differemtly: n-type Ge is converted

to p-type, and with further exposure, the conductivity increases while

both n-type and p-type Si tend to become more nearly intrinsic with

prolonged bombardment.

Impurity

levels just above the top of the valence band.

tasie xv¢’9)

IONIZATION ENERGIES OF GROUP III AND GROUP V IMPURITIES

IN Ge AND Si (T INDICATES VALUES OBTAINED BY A

THERMAL METHOD AND O BY AN OPTICAL METHOD

Donor (D) or

Acceptor (A)

O U o o>»>» > >

Ionization Ener

eV

—Ge
0.0104(T)
0.0102(T)
0.0108(T)
0.0112(T)
0.0120(T)
0.0127(T)
0.0096 (T)

The situation is more

0.045(T),
0.047 (T),
0.065 (T},
0.16 (T),
0,044 (T),
0.049(T),

0.0039(T),

0. 069 (T),

S

0.046 (0)
0.067 (0)
0.071(D)
0.154(0)
0.046 (0)
0.056 (0)
0.043(0)

This shows that in Ge acceptor centers are created with energy

complex for silicom; it is clear that both deep lying hole traps and electromn
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(81)

traps are creacedfso). Silicon-germanium alloys have also been looked into
The band gap (Ge and Si alloy) increases to 0.93 eV at 15% gilicon and then
at a slower rate to the Eg value for pure silicon. The segregatiom coef-
ficients for Group III and V impurities in Si and Ge are algo different

hut darwrenae {n the same direcfion in either of them(so). In silicom

and germanium, Group III and V elements have relatively higher solubili-
tieg but lower diffusien coefficients tham other elements, whereas group

I and transition elements have the lowest solubilities and highest diffu-

givities of all the elements scudied(69).

The III-V active impurity elements are incorporated in substitu-
tional positions in the semiconductor lattice while the tramsition and
Group I elements tend to occupy interstitial positions. It might reason-
ably be assumed, therefore, that the transport or motion in the lattice
of these two tvpes of atoms will be governed by different mechanisms.

In the first case, a substitutional diffusion process takes place, while

in the second, a mechanism of interstitial diffusiom is believed to occur.

.av=s:igations have been carried out on a wide variety of
impurity elements in both Ge and Si and, depending om their activation
energies, they cam roughly be divided imto two groups: a) those elements
with energies less than or approximately equal to 1 eV; and b) those with
epergies greater than 2 eV. The :first group includes the group 1 and
transition elements which presumably diffuse by an interstitial mechanism,
whereas the second comprises the III-V elements which diffuse by a

subztizutional mechanism including the additiomal emergy due to vacancy



formation. The experimentally determined values of the diffusiom coef=

ficients of various impurity elements as a function of temperature are

shown im Figs. 28 and 29 for Ge amd in Figs, 30 and 31 for silicom. 1Im

the case of Ge, it is evident from the data that the donor impuricies

diffuse faster than the acceptors, whereas the opposite appears to held
in silicom with the exception of phosphorus.,
No experimental data are available for self-diffusiom im silicon,

However, Boltakscl)assumed the relation:

D = 10 exp ( <2LKealy p240ec (v.15)

for self-diffusion in sili¢on. The value of Q in this relation lies

between that predicted by Fuller and Diczenberger(ga) (110 Kcal/mole)

and that assumed by Elbaum(IOI) (90 Rcal/mole).

2. Possible diffusion mechanisms operating in Si and Ge:

The most probable mechanism, accounting for the relatively high activation
energies of diffusion of the substitutional impurities, is one involving

vacancy reaction. By this means the movement of the solute atoms in the

crystal, or the solvent atoms in the case of self-diffusion, takes

place in a particular direction by a sequency of jumps into vacant lattice

siteg. This can be regarded as a drifi of che vacancies in the opposite

direction in a manner somewhat analogous to the behavior of the electrons

and holes in the electrical conduction. On the assumption that the

binding energy between the solute atom and its neighboring solvent atoms
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is less than that between the atoms of the host lattice, it has been shown
that it is energetically easier to produce a vacancy near to an impurity
site(sz), Simce both the solute atoms and the vacancies individually
strain the lattice structure, this reduction of emergy presumably results
from the decrease of the straim produced by closely associated impurities
and vacancies. The vacancies will, therefore, associate preferentially
with the impurity atoms and the lattice can be regarded as containimg a
certain concentration of solute-vacancy molecules. This hypothesis appears
to be supported by the fact that the activation energies for the diffusion
of the substitutional impurities in germanium Zg;(2.3 eV), As(2.4 eV),
In(3.0 eV), Ga(2.6 eV) ‘83) are relatively low coﬁpared to that for self-
diffusion (3.0 ev)(ls).

This idea has been further developed theoretically(77). These
calculations have indeed shown that the diffusion rate of the n-type
impurities in Ge is about 2 orders of magnitude greater than that of the
p-type impurities, in excellent agreement with the experimental data
shown in Figs. 28 and 29, In the case of Si, in which the acceptors
diffuse about an order of magnitude faster than the donors, reasonable
agreement between theory and experiment was also obtained by taking into
consideration the contribution to the activation energy due to the lattice
strain energy of the ioms. There is strong evidence that self-diffusion
iz Ge also occurs by a vacancy mechanism, The enhanced effect of vacancies

on the diffusion of impurities has beean demonstrated by the enhanced
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diffusion of As in irradiated Ge(84) and of Ga in irradiated 31(85). According

to James and Lark-Horovitz(gg), di-vacancies are probable with high impurity

content to some extent.

(c) _The Mechanism of Self-Diffusiom im SiC. Before drawing amny

conclusion about the possible mechanism of self-diffusion im SiC, a few

salient poimts of this work are recapituliated below:

1. p-type (black) Al-doped material is observed to have
higher diffusivity of carbon than the N-doped n-type
(green) material,

2. The data is assumed to lie in an impurity controlled
range.

3. The average impurity content of the p-type SiC used
was about 4.28 x 1020 Al/cm® (600 ppm) and that of
the n-type SiC used was about 1,38 x 10° (=100 ppm).

4, Silicon has a much higher diffusion coefficient than

Carbon in SiC.
5. Diffusion data obtained for carbon in SiC are all

along [0001] in 6H SiC.

1, Some available informations pertiment to the Conclusion L &h

Mechanism of Carbor Self-Diffusion in SiC.

Compared to Silicon and Germanium, the electronic and other

properties of SiC are very little known and understood(ss). The donox

energy lewvels of Group V elements are all about 0.08 eV beleow the conduction
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band and the acceptor emergy levels of the Group III elements are all about
0.25 eV above the valence pand, Other tham the pfééent work, only alumimun
diffusion data alomng [@00%] in 6H SiC are available(65). As expected,

the activation energy for this impuricy diffusion has been found lower
than that of carbom in SiC. The sbsolute D walues at a given temperature
{within the range of experimental measurements) are higher than (but

near to) that of carbom im SiC following a patterm as in silicom (Fig. 30).

Woodbury and Ludwig(87) have studied the position of borom and
nitrogen in 6H SiC by electron-spin resonance. They conclude that both
these impurities substitute for carbon and occupy the three non-equivalent
carbon sites with equal probability. These three carbon sites are shown
in Fig. 37. Again, from the work of Seace and slack(ss) on the solubility
of carbon in liquid silicon and from the thermodynamic study of the
binary system carbeon-silicon by Drowart and De Maria(sg), it 18 concluded
that there is a certain amount of carbon in solid solution& ismost probably
placed substitutionally in silicon lattice sites. Moreover, a good amount
of stacking faults are known to be present(47’91) in all SiC scructures.
Thusg, the SiC samples used have a considerable number of structural
imperfections.

Calculations have been made(go) of the nature of Si~C bond.

This showed that SiC can be considered as a resonance hybrid of the
following two structures of which the ifonic structure (A) contributes

about 127 to the final hybrid at room temperature:
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(a) Basic silicon -carbon layer "A sites

{b) "B" sites for next layer c)"C" sites for next layer

FIG.37 THREE TYPES OF CARBON LATTICE SITES IN 6H SILICON
CARBIDE CRYSTALS.
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An experimemtal fact pertiment to this point will be mentiomed
here. Durimg dislocation etching (either eleetrolytically in 207 KOH
or in fused NaOH and/or in Borax) always only one side of a single crystal
was etched at random. Since only silicon was dissolved out of the crystal
(under the etching conditions) leaving a graphite residue it is conceiv-
able that the negatively charged OH ions attacked only the surface
containing an outermost layer of partially positively charged Si+x ions

and probably establish an electrical double layer on the crystal.

The electrical nature of the lattice vacancies in Group IV semi-
conductors changes from the virtual donor nature in diamond to almost
fully acceptor character in germanium with silicon vacancies occupying
an intermediate positiomn of partial acceptor to near neutral nature.
Thug, carbon vacancies in silicon carbide can be conceived oi being
partially virtual-donor in nature though to a less extent than carbon
vzzancics in diamond. Thig would produce 2z higher gelf-diffusivity in

the petyoe matarial thza in netype material with a change in the pesition
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of the Fermi level following Eq. (II.7), Lif the diffusion of carbon in SiC

is assumed to occur by a vacancy mechanism.

According te Friedel(az) the proximity of an impurity cemtre lowers

the emergy for the formation of a vacamcy by an amount OH given approx=
imazely he the formiia:

6 132

x(rs-ra e

8 "
AH = (v.186)
Z(1 + a)x'’

where

@ +p)x .t

2(1 - 2p)'r,

1

with L and LI the ionic radii of the impurity and of the semiconductor
particle, respectively, x' and X are the compressibilities of the two
substances, p is Poisson's ratio for the semiconductor, and Z is the coor-
dination number of the semiconductor crystal., A typical calculated

value of OH is 0.25 eV at 790°K for the case where Mg is dissolved in

Ca. For elements with widely different valencies, sizes and crystal

structuresg, the value of OH, may be of the order of an eV,

2. Concluded Mechanism of Carbon self-diffusion in SiC. Combining

_ (87) ) - -
an extension of Woodbury and luadwig’'s®™ ~° observation to AL and N impu-
rities in SiC (i.e., Al and N both substitute for carbon in lattice
(82)

gites of SiC) with Friedel's idea of relative ease of vacancy forma-

ticn zdjacent CO & substitutional impurity, it can be said from the experi=-
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mental data that all the measured D values lie in an extrinsic or impurity

controlled region exactly as in germanium(la). Thus, carbon lattice

vacancies can be created (at high temperatures) in the immediate vicinity
of the impurity sites. These vacancies assume virtual donor properties

by subsequent hole-trapping. This is a Schottky-type atomic defect

and electronic defect complex and can be produced independently of
silicon lattice vacancies (there is no requirement to charge balance

by equating vacancy concentrations). The donor or acceptor impurity

being positively charged will be repelled by the positively charged
vacant carbon lattice site; thus, impurity atom-vacancy complex pro-
duction is ruled out. Again, due to the fact that Si-C bend is more
than 507% stronger than Si-Si bond, there will be practically no sub-

stitutional disorder between the vacant carbon site and the neighboring

lattice silicon atoms; C orn.Si site leads to bond energy higher than

SiC however,

Z}}7.2(=69.3 X &) Kcal/molé) 250.6(=83.1 x 4/2 + 42.2 x 4/2) Kcal/mo{é7

This consideration also suggests that few or no multiple carbon vacancy
complexes would exist except at high impurity content and at low
temperatures (if the decrease in strain energy for multiple vacancy
complex formation exceeds the Coulombic repulsion energy between like=-
charged carbon vacancies plus the energy required to produce substitu-

tionzi disorder of the type mentioned),
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A fraction of the impurities occupying carbon lattice sites may
form strong impurity-impurity complex (viz., of the form AlIN). There~-
fore, the entire concentration of impurity sites may not be availszlbe
for the formation of adjacent vacant carbon lattice sites acr high
cemperatnres. In other words. due to considerable strengths of N-Si,
Al-Si, and N-Al bonds, the removal of lattice carbon adjacent to the
impurity centres to produce lattice vacancies (carbon) will bes 2
function of temperature. From the experimental fact that the diffusion
coefficients of carbon in both p-and n-type SiC become almost identical

at around 2100°C, it can be guessed that aluminum and nitrogen impurity

controlled vacancy formation is complete at about that temperature.

From the fact that some amount of carbon is soluble in SiC
(about 10-50 ppm at 2000°C) some disorder is expected i{n the ideal
6H SiC structure which will provide more carbon lattice sites for
ozcupancy by the Group III and V impurities if the carbon in solid
solution in SiC is taken to be substitutional. Because of the high
volatility of Si compared to carbon more carbon is expected in SiC

(in solid solution) than the stoichiometry of SiC demands.

The order of value of the activation energy obtained in this
work {(which is more than twice the Si-C bond strength) appears to
upport the vacancy mechanism of carbon diffusion in SiC. Dienes(zs)
mads theoretical calculations for the activation energies for different

m=~han-smsof self-diffusion in graphite. His treatment is based on

carbon=-carbon bond strengths and their variation with carbon-carbon



distances., His values 119.4 Kcal/mole for the formation of a vacancy
and 71.4 Kcal/mole for the motion of a vacancy do not take into
account the possible relaxation of atoms around the vacancy. The
activation energies for the different possible mechanisms of self=-

diffusion in graphite are:

Q(Kcal/mole) Mechanism
190.8 A Vacancy
90.4 Direct Interchange
417.0 Energy of formation of

interstitials for inter-
stitial mechanism,

giving direct exchange as the probable mechanism in graphite. Kanter(27)
observed Q = 163 Kcal/mole for the diffusion of C=14 in natural
graphite crystals, very near to that calculated for vacancy mechanism .
Kanter recalculated the activation energies following Dienes (using

a different value (170 Kcal/mole) for the heat of sublimation of

graphite). His value is Q = 263 Kcal/mole for self-diffusion in graphite

by a vacancy mechanism.

Following the same line of reasoning as Dienes, the vacancy

formation energy is estimated to be 138.6 Kcal/mole in SiC (69.3 X 2 =
138.6 ngth(66))_
Since the strength of SiC bond is not known as a function of their inter-
atomic distance and since Si=C distance along C-direction in SiC is

about double the value of C=C distance in graphite perpendicular to

the Cedirection (3.08 & vs. 1.42 3)(26’91), about 60 Kcal/mole or more



195

can be estimated to be required for the motion of a vacancy in SiC. This
makes a total of about 200 Kcal/mole required for the self-diffusion of
carbon in SiC which is about the value expected for carbon diffusion in
intrinsic SiC from the experimental data (between 141 and 302 Kcal/mole) .
Thus, a sequence of zig-zag Jump-motions of carbon between lattlce vacancy
sites created around the impurities at high temperature (as also the
intrinsic carbon lattice vacancies controlled by the 1mpurit} type and
level) is concluded to be the mechanism of carbon diffusion in SiC.

This vacancy mechanism also explains why p-type SiC has higher diffu-
sivity for carbon than n-type SiC whereas n-type germanium produces
higher diffusion coefficieni of Ge than the P-type material. It is hard
to speculate on the nature of the moving carbon species but with all
probability it is atomic carbon with about 0.12 e of negative charge
(attracted by the positive vacancy) rather than an ion (due to high

ionization energy of carbon).

So far as the region of the experimental data is concerned,
the use of the term extrinsic is probably improper, The extrinsic range
for self-diffusion in ionic materials refers to that where the vacancy
concentration is fixed by the impurity concentration (at any temperature)
and the activation energy for diffusion involves only the energy required
for mobility. Whereas in SiC in this somcailed extrinsic range, &
activation energy term includes the energy necessary for mobility and
for the formation of carbon lattice vacancies around the impurity centres

{probably temperature, and impurity level and type dependent to some

extent) .
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3. Postulated mechanism of Silicon self-diffusion in SiC. From

the aforementioned mechanism for the diffusion of carbon in SiC some idea
can be made of the mechanism of silicon diffusion in Silicon Carbide. If
we assume a lattice vaczancy @ilicon) mechanism for the diffusfion of Si

in silicon carbide the experimentalrfindings of higher absclute D values
for silicon in SiC compared to that of carbon in SiC (at any given »
temperature) can be explained. According to the atomic theory of diffu-
sion, the D value is directly proportional to the concentration éf vacant
sites. Since even at the lowest ;xperiﬁental temperature (about 1850°C)

silicon carbide has been observed to decompose substantially with the

volatilization of silicon and the deposit;on of spongy graphite(loz), a

larger amount of Si vacancy creation (compared to carbon) at the SiC

surface and their subsequent diffuaioﬁ inwards 18 very probable,

Group III and V impurities do not affect the silicon lattice
sites and the silicon vacancies are partly negatively charged to neutral
in character with practically no effect by the presence of either donor
or acceptor impurities on vacancy concentration. The concentration
can be described by an equation of theVSchottky-type involving only one
species, i.e., silicon. Thus, the concentration of silicon lattice
vacancies in SiC is: much larger than.that of carbon. Even without
Gsion of silicon lattice vacancies it should be much
a vacant silicon site (which are closer to an impurity
than the lattice carbons nearest to the impurity site) than a

vacant carbon site. However, due to larger size of silicon compared to
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carbon; the energy required for diffusion mobility should be somewhat higher
for silicon than for carbon in SiC. Again, in general, the energy required
for vacancy formation 18 a much larger fraction (about two-thirds) of the
total activation energy than the energy required for mobility (abouc one=
third Q ~ eor less). Therefore, due to presumably lower energy require-

ment for the formation of silicon vacancies in SiC (and consequently

higher vacancy concentration than that of carbon vacancies in SiC at a
given temperature) silicon should have higher diffusivity in SiC than

carbon. This is what is8 observed experimentally.,

From this mechanism, it can also be concluded that the activation
energy for the diffusion of Si in SiC should be lower than that for
carbon in the so-called extrinsic ramge. This conclusion falls in exact
line with the observation that in compound semiconductors, in general,
the higher electropositive species has a lower activation energy for
self-diffusion (Chapter II). However, in the intrinsic range (or at all
temperatures in the intrinsic material) both silicon and carbon will
require thz same energy for vacancy formation under the proposed vacancy
mechanism of self-diffusion, But partly due to the opposite electrical
nature of carbon lattice vacancy and of the carbon diffusing species
and partly due to the smaller size of the carbon diffusing species (than
that of silicoh) energy for mobility will be lower for carbon self-
diffusion than for silicon self-diffusion either in intrinsic range in

doped material, or in intrinsic material at all temperatures.
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4, Projected mechanism oquluminum Piffusion in S1iC, From the

pieceeding discussion of the mechanisms of carbon and silicon self-diffusion
in S4C and keeping in line with the existing interpretations of the
diffusion mechanism of Group III and V impurities in silicon and gerxmas-
nium, a proposal can be made of the mechanism of aluminum diffusfon in

SiC. This is suggested to be a vacancy mechanism proceeding in a manner
exactly as carben self-diffusion in SiC (in the extrinsic range) . But,
covalent SiC structure is qaite open (which permits interstitial move-

ment of aluminum) and the diffusing aluminum species is much smaller

3 (66)

than the carbon species (radius of at’ o 0.5 & and radius of C = 0.77 ).
Therefore, the difference in the diffusivity of these two species (in the
extrinsic range) lies {n the energy required for mobility which is
concluded to be much higher for carbon than for aluminum. Most of the
aluminum, however, diffuses through intrinsic carbon lattice vacancies
whose concentration is progressively increased with increased aluminum
content, Thus, the diffusivity of aluminum in SiC should a function of
the impurit: content of the sample and at very low {mpurity concentra-
tions even the minute amount of concentration change produced by diffusing
aluminum might lower aluminum diffusion rate further along the direction

of diffusion. Since donors increase the solubility of acceptors in

semiconductors, they should decrease the diffusion rate of acceptors(20’36).

Finally, it should be remembered that the above discussion of
impurity effects on diffusion (by vacancy mechanism) in SiC is in addition
to the effect of impuwities in increasing or decreasing (as the case may

be) zhe intrinsic lattice vacancy concentration. Thus, donors {(by



contributing an extra electron to the conduction band) decrease the intrinsic
carbon lattice vacancy concentration (which are virtual-donors in SiC)

and acceptors (by accepting an electron from the valence band) increase
c(20)

the intrinsic carbon lattice vacancy concentration in Si . It also

follows from this conclusion that there would be a considerable asso-
ciation of intrinsic carbon and silicon lattice vacancies in SiC (from
the considerations of both the factors responsible for vacancy association

viz., reduction of lattice strain energy and possessién of opposite

electrical charge).
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VI. CONCLUSIONS

From the measured diffusion coefficients it is evident that
silicon, the higher electropositive component of SiC, is the

higher diffusing species (in the temperature range 1853°C to
2060°c) .
Carbon diffusion coefficients measured in SiC single and poly-

crystals were characteristic of lattice diffusion in the temp-

erature range 1853°C to 2060°C.

Carbon lattice diffusion coefficients measured appear to be in

the extrinsic (or impurity-controlled) range.

The experimental results for carbon self-diffusion in black hexa-
gonai 3:iC single crystals (=600 ppm Al-doped) along [0001_'] in the

temperature range 1853°C to 2060°C are given by:

D = 3,014 x 102 expL.uu' 2 RT16’6 Kcaﬂ cmzlsec.

The same data in a light-green hexagonal crystal along [ooog

is given by:

—
) x 1017 exp /—-302.4RT: 48.6 Kca‘l_/ cmzlsec.
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The carbon lattice diffusion coefficients measured in black dense

(>99%) polycrystalline material are given by:

D = 2,36 X 102 exp EI”']’ RT14.2 Kca—-f] cmzlsec.

Carbon diffusivity in SiC is found to be higher in p-type black
material than in n-type green material (in the temperature range
1853°C to 2060°C) .and becomesequal at around 2100°C. This is in
exact reverse or&er to that found in Germanium in the extrinsic

range.

From the existing interpretation of the electrical nature of

the lattice vacancy sites in diamond, silicon and germanium, the
author concludes that a carbon vacancy site in SiC lattice has
virtual donor properties and is thus opposite in nature to that

of germanium lattice vacancy in germanium.

In the absence of any contradictory evidence, it is suggested

that the self-diffusion of carbon in SiC proceeds by a vacancy
mechanism involving the intrinsic Yacancies plus the gradual
formation of carbon lattice vacancy in the vicinity of the
impurity sites (which occupy the three non-equivalent carbon
lattice sites with equal probability) and movement of carbon
along the vacant lattice sites by a sequence of jumps. Other

than the imperfections already present in SiC crystals only carbon
lattice vacancy-hole complex is concluded to be formed at high

temperatures (significantly affecting carbon diffusion).
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VII. SUGGESTIONS FOR FUTURE WORK

A detailed and precise study of silicon self-diffusion in SiC can
be made using radidactivation analysis technique in conjunction
with Silicon-30 stable 1sotope.(rather than Silicon=28 used in

this study). This will increase the sensitivity of silicon

detection ﬁany fold.

From this study (in both intrinsic and doped single crystals) a

verification can-be made of the proposed mechanism of silicon

diffusion in SiC.

Different authors have predicted different rates of self-diffusion
in semiconducting silicon (intrinsic). These can now be verified
using the technique developed here. This will considerably
clarify the mechanism of self-diffusion in intrinsic Group IV

semiconductors which are of immense practical utility.

In the near future, better impurity type and level controiied
(asalso intrinsic) silicon carbide single crystals of different
structural modifications may be available. This would allow more
accurate determination of self-diffusion coefficients (for both
gilicon and carbon) as a function of impurity type and level,

crystal orientation and crystal structure.
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7.

For a better understanding of the mechanism of carbon self-diffusion
in SiC single crystals, studies on different types of defect formation

(in SiC) are required.

Diffusivity studies of different commonly encountered impurities

in S4C will ranafdarably haln to undaratand the diffusicnal prorara

ties of SiC in comparison with other Group IV semiconductors.

Segregation coefficients of acceptors and donors as a fupctiou of
temperature and the determinationvof the exact positions of impurity
energy levels have not been ascertained to date, These determina-
ations, in conjunction with the diffusivity studies suggested above,
will produce a firm basis for developing SiC as a practical special-

purpose semiconductor (with controlled properties for high temp-

erature applications)..
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APPENDIX A

N

SUPPLEMENT TO THE GENERAL THEORY

(a) __Diffusien Theory

Although a satisfactory theory for diffusion in simple solids has
not been derived, there are at least qualitative theories available to
provide a rational basis for discussing atomic mobility.

Mott and Gurney(Al) have discussed a simple model for the diffusiom
of vacancies or interstitials in a simple sodium chloride lattice. If
U is the energy barrier for an ion to jump to a neighboring site (vacancy
or interstitial) and )* is the frequency of its vibration, the probability

Py per unit time that it moves to a neighboring position is given by
Py ~ y exp (-U/KT) (a.1)

where k is the Boltzmann constant and T the absolute temperature. Let
us consider two planes separated by a distance A equal to the distance
between adjacent sites, and a concentration gradient dC/dx between the
planes. One plane has a concentraticn of C ions per cc and the other

has a concentration of (C + A dC/dx). The number of ions contained in

a slab of thickness A will be A (C) and A (C + A dG/dx), respectively. -
The difference between the latter two times the jump probability Py> will
be the net number of ions migrating across the slab per unit areabper
unit time.

g~ p A% $E (A.2)



Jsing Fick's first law for the definition of flux J from equation (I.2)

J =D, %5 (1.2)

the ion diffusion coefficient will be

2

D A

1 =P

2 -oser
=N e (A.3)

Equation (A.3) is the diffusion coefficient of the ions (vacancies or
interstitials) diffusing, but only & fraction of the lattice ions are
adjacent to a vacancy. From Frenkel‘s(s) and 8chottky'a(7) thermodynamic
treatment of the formation of interstitials or vacancies in simple lattices,
the ratio of the number of vacancies or interstitials, n, to the number

of normal lattice sites, N , is given by

2 _ . -F[ZkT (A.4)

where F is the free energy of formation of a pair of Frenkel or Schottky
defects., Therefore, the observed diffusion coeffecient D is equal to

Di times the fraction of defects present.
' n 2 [T F _u®
D= N Di =y N exPZE;Zkf 4--252:] (A.5)
Now, since from thermodynamics F = H + TS the above equation reduces to
2 S
D =) A exp =5 exp -(U + é'H)IkE:Z (A. 6)

where H and S are the enthalpy and entropy of formation of vacancies or
interstitials, respectively. Equation (A.6) is subject to considerable

refinement, but its qualitative features are considered to be correct.



Comparison with the Arrhenius equation (I.4) provides some basis for
interpreting the pre-exponential term, Do’ the frequerncy factoxr, and the
activation energy, G. The energy required for diffusion is made up of
two parts: the energy necessary for the formation of the defects and
Diffusion data

the energy necessary for the migration of the defects.

in alkald halides(s) and in some oxides(Az) overwhelmingly support such

a viewpoint.
A second approach to the problem of developing a suitable diffusion

theory is found in the applicacion of absolute reaction rate theory to

(AS). (See Kingery(A4)

the diffusion process by Glasstone, Laidler and Eyring
for a brief summary of the theory applied to diffusion).

The diffusion coefficient for defects is given by:

2 kT AS* N
D =X h exP B exp (- ’T ) a.7)

where AS* and AH* are the entropy and eathalpy of complex formation.
Equation (A.7) is the diffusion coefficient for motion of either vacancies
or interstitials. Only the process of passing over an energy barrier

was considered in the activation process, and the digordering procéas

was not included.(z) This equation, as does equation (A.6), shows that
the diffusicn coefficient has an exponential temperature dependence,
consistent with the experimentally observed results. Although comparison
of experimental results can be made with the fundamental terms in
equation (A.7), the atomistic details of the diffusion process cannot be
obtained from this analysis. If the activated compléx ig relatively

simple, AS* in equation (A.7) is small and sometimes negative, and if it
(A.3)

is complicated in atomic configuration, AS* is large.
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{(b) Diffusion .coefficient from other Measurements .
(3,4
1. Nernst-Einstein Relationship ¢ The relationship between

the diffusion coefficient and ionic conductivity has been given in
equation (I.5).

D t kT
—14- i 2 (T.5)

o oy (2 €)

This has been a particularly fruitful relationship in the study of
atomic mobility in alkali halides, specially sodium chloride.cas) The
only oxide system which have been successfully studied using this

relationship 1s Zr02-Ca0 solid solution.(A6’A7)

2. Diffusion Coefficients From Creep Data: An important kinetic
process requiring diffusional flow of material is the high temperature
deformation of oxides under an applied stress. tharto(AB) and
Eerring(As) model postulates that in a polycrystalline material
deformation results from diffusional flow (due to the self-diffusion of
the slowest diffusing species) within each grain away from these boundaries
where there .s a normal compressive force (high chemical potential)
toward boundaries having a normal tensile stress.

The Nabarro-Herring theory predicts an effective viscosity for

aggregates of quasi-spherical grains with tangential stresgses relieved

at the boundaries by the relation

kKT (GS g
1= 36p 1 =3 (A.8)



from which the diffsuion coefficient is given by

_ & (gs)? 4.9

? = Tox1 o
where,
GS = grain size
n = effective viscosity
k = Boltzmann constant

absolute temperature

]
n

.£1° = atomic valume of diffusing vacancy

¢ = strain rate

Recently, Parnsworth(47) has made creep measurements on poly-
crystalline silicon carbide from which diffusion coefficients can be

calculated and compared to those measured directly.

3. Diffusion Coefficients from Sintering Data: Sintering is

another kinetic process which is controlled by bulk diffusion in many

systems(Alo’All) toward grain boundaries(Alz) acting as vacancy sinks.

The models proposed for diffusion sintering contain within them explicit
expregsions Zor the bulk diffusion coefficient in terms of geometric

and surface tension parameters. The two approaches for studying sintering
are by measuring neck growth between two spheres, or a sphere and a

plate, or by isothermal shrinkage studies of powder compacts. The two

models widely in use are proposed by Kingery and Berg(Ala) and CobleSAlo’Ala)
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(AL5,A16,A17) as Applied to Diffusion.

(e)_Radicactivation Analysis

The technique of radioactivation analysis is based on the formatiomn
of radioactive nuclides as a met result of reactions between nuclear
particles and the isotopes of the trace elements of interest. There are
s2zy Suclear wesctdana which, in principle. can be utilized for this

purpose. However, only some of thege reactions are of practical interest.
In the great majority of cases, two particle reactions are utilized; ome
particle being a reactant, and the other being a product. The particles
which are available in sufficient intensity for general use as reactants
are neutrons, protons, deuterons, tritons, alpha particles, and photons
(or electrons). However, irradiation by thermal neutrons in a moderated
muclear reactor is the most convenient and widely used technique for
radioactivation.

The rate of formation of a particular activation.product, Rg, in

a given sample is given by the equation
R, = %o = 9—“;%3-&’- (A.10)
wvhere
n = the number of target atoms
¢ = the neutron flux (n/cmz-eec.)
m = the mass of the trace element in the specimen (gm)
A = the atomic weight of the trace element (gm/gm~atom)
f = the fractional isotopic zbundance of the target nuclide
N = Avogadro's number (atoms/gm-atom)

¢ = the reaction cross-section (cmzlatom)



The decay rate, D, expressed in atomic disintegrations per secound
of the product radionuclide in the specimen is given by
D = AN (A.11)
where N = the number of atoms (radioactive) of the nuclide in the
specimen,

A = the decay comstant of the nuclide (aec-l)

Therefore, the rate of change of the quantity of the activation

product in the sample during the irradiation is given by

dN ¢mR°fo
T¢ = Rg=D = ey (A.12)

which upon integration over the irradiation interval, t, yields

- ¢ mNofc a

ol - e M (A.13)

N

Therefore, the amount of activity, D_, in units of disintegrations per

t
second, exhibited by the atoms N produced up to & time, t, is given by

the expression

o
D, = AN = DmNfo 4 .- Ay (A.14)
t A
. =0,693t
=D (1-exv.;\-——-1.%. ) (A.15)
¢m N°E0 .
where D ® = A = saturation activity, produced by an infinitely

long irradiation and A = O. 693/'].‘% with T% the half-life of the radioisotope.

ML o mma AL
AME VoS Va SO SRe S8Rl oo Lo =LT SA2=|ETRRET

agua ("A" 15) €nv tha actimatrinan af trarce oloameanta

by radioactivation was first suggested by Boyd(Als) whereupon Ledicotte (419)

reported his initial success for a few elements to a much higher sensi-

tivity than was available by the most sensitive physico-chemical mechod.(Azo)



Recently, Ryskin(Azl) indicated the possibility of using this method
to determine concentrations of a diffusing element in succezsive sections
of a diffusion couple subjected to a suitable stable isotope diffusion.
This would free the tracer technique of half-life limitations and would
extend the experimental determination of D values up to 10‘17 cmzlsec. or
smaller. The determination of concentration profile of an annealed specimen
can be carried out either by mass spectrometry or by radioactivation
analysis depending on the particular system. In combination with gamma
scintillation spectrometry radioactivation of diffusion annealed specimens
provides a non-destructive and non-interferring (by impurity atoms easily

activated under the irradiation conditioms) method for the determination

of D values even with isotopes of aluminum C'.l‘lj = 2,3 mins.).



APPENDIX B

DETAILEDR DESCRIPTION OF MATERIALS AND EQUIPMENTS

I, TIsotopes.
(a) silicon: As far as it is known, silicon has seven isotopes
of which only three are scable.(Bl’Bz’BS’B4)
28,09 28 29 30
1451 1451 145¢ 18
99.99% 92.17% 4TI 3.127%
o=0.13b 0=0,1b o=0.3b o=0.1l1lb
27.98577 28.98566 29.98325
i 26 27 31 32
145% 1451 145 1451
T% = 1.7 Sec T% = 4.4 Sec T% = 2,62 hrs. T% = 710 yrs.

gt gt = 3.8 Mev B~ = 1.48, Mev ™ = 0.1 Mev
- y = 1,26 Mev no 7y
E = 4.8 Mev E = 1.48 Mev E = 0.1 Mev |

For the application of the radioactivation technique to determine concen-

tration profiles in diffusion annealed samples, the use of a stable isotope

(of highest available purity) which can be irradiated to a radioisotope

Y-Sy 7 -5 3
Ui BULLLCLT

available irradiation in a thermal reactor (n,y) is chosen, silicon-30

is the desired stable isotope:

3C 1
+ n
o

1451 -~ 14

si

(B.1)
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Silicon-31 has sufficiently long half-life (2.62 hrs.) for post-irradiation

counting purposes. Silicon-32, if available, is the most useful isotope
of silicon since it can be used as a direct tracer. The different nuclear

reactions for producing silicon isotopes with other associated isotopes

are shown below:
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Other important nuclear reactions frequently used for producing silicon-31

are:

31 1 31 1
a) 15_1’ + n (thermal) ———» 1481 + 4P (B.2)
28 2 29 1
B) 1451 + 4d —= 15t * P
29 2 3u i
1,5t + 4d - - 1451 + 4P (5.3)
30 2 31 1
145t + 4 —_—— 145t + 4P
2
32 1 N, (8.4)
e) 4165 + 0 —_— - 1458 2
31 31

Decay product of 1631 by B ~emission is ISP according to the reaction

and scheme:

31, .-
SR Y (8.5)
si*l (2.6n)
N (3/24) \,L 1.264
o.or/;n
1/2+ 4 ; Y

with only 0.07% of the disintegration producing y-radiation of 1.26 Mev,
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Instead of silicon-30 source on the surface, silicon-28 sink was
used. The material contained 0.07 +40.02% silicon-30 and was supplied by
the Oak Ridge Natiomal Laboratory in the powdered elemental form. A

complete analysis of the gsample used in givem in the Appendix E.

(b) Carbon: Carbon has the following six isoferes with obly twn

stable isotOpeg;(B4:35)

12.011 12 13
6 6 6
100.007% \al 98.89% 1.11%
0=0.0032b o=0,0032b o=0,0009b
12,00380 13.00748
10 11 14 15
6 6 6C 6
T%=19 sgec. T%=20.5 min. T%=5600 yrs. Thk=2.3 sec.
ptel.9, .. Mev gt=0.96 Mev. B-=0,158 Mev. B =4.3,9.8 Mev.
y = 0.72,1.03 Mev. no ¥ no y 7y =5.3 Mev,
] - . X 10-6b
E=3.6 Mev. E =1.98 Mev. E=0.158 Mev. E=9.8 Mev.

0f these four radioisotopgs, only carbon-1l4 (having a Tk=5,600 yrs.) is of

any importance for experimental use,

The carbon C-l4 tracer used was obtained from the Nuclear-Chicago

13
laJ
i
)
ib
%
13
H
»
Jot
3
&
3
1
)
I*h
o
H
i:‘
-
&

i
a specific activity of 1.07 millicuries/millimole (Sample CFA75, lot 8).

An analysis of the material, as provided by the supplier, is given in the
Appendix E. Carbom-14 disintegrates to nitrogen-l4 according to the éﬁllowing

reaction and scheme:



- w4 a4pe (B.6)

o+

II. Furnace Assembly.

In order to obtain and maintain temperatures above 2000°C in special

atmospheres, an induction furnace was employed. The furnace assembly was

designed to meet the follcwing objectives:

1) Allow the use of vacuum and purified gases up to about
9/10 of an atmospheric pressure (static).

2) Allow the attainment and maintenance of constant tempera-
tures up to at least 2350°C for extended periods of days.

3) Allow the visual observation of the sample temperature
continuously without disturbing the temperature equilibrium.

4) Allow the removal of traces of oxygen from the furnace
atmosphere and at the same time withstand the corrosive
atmosphere of reactive metallic vapors (such as gilicon
and titanium) inside the furmace chamber.

5) Allow very rapid heating and cooling of the sample.

The entire furnace design is shown in Figs. B-1 and B-2.
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The furnace heating element consists of a pair of concentric cylindrical
sugsceptors. The outer tungsten susceptor is 1.50" I.Dp, x 12" long, comstructed
by welding of 0.40D" thick tungsten sheet. The inner graphite susceptor is
machined out of Grade AUC "National' Graphite rod. it has a dimension of
1.00" I.D. X 0.10" wall x 10" long. They are gseparated from each other by
pure alumina end rings. The susceptors are supported at two ends by molyb-
denum supports horizontally inside the vycor furnace tube. Three rolled
sheets of 0.10" thick molybdenum (separated from each other as also from the
susceptors by alumina separators) around the susceptors serve as radial
radiation shieids. At each end of the dual susgceptors, three supported
0.10" .thick tantalum and molybdenum disc-shaped fixtures (with-'a central
5/i6" dia. sight hole) serve as end heat-shields. The entire furnace
assembly, as shown in Fig. B.l, is enclosed-in a water cooled vycor furnace
tube of 2.5" in diameter with vycor optical flats sealing both ends by
full length standard taper joints. A silicon high vacuyum grease is used
for sealing the ground glass joints.

Power 1is supplied to the susceptors by a copper induction coil wound
around the furnace tube for about 5 inches and dipped directly into the
water bath. The powder unit is a 100 H.P., 50 KW, 10 Kilocycle Tocco motor-
generator set type 50 PMGlOB manufactured by the Ohio Crankshaft Coumpany.
ud NoTihrup Opitcal pyrometcer is

At one end of the furnace tube 2 Leads a

mounted for sighting directly on the sample.
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The two susceptors have been used from efficiency considerations.
Metallic susceptors, like that of tungsten, are very efficient in induction
heating from room temperature up to about 1800°C; whereas, a graphite
susceptor has poor efficiency up to about 1600°C but is very efficient at
higher temperatures. When both are employed together the outer tungsten
susceptor heats up the inner graphite susceptor very rapidly which then
takes over to make the attainment of temperatures above 2000°C possible
in about half-an-hour.

A D.P.I Model GW 25 oil diffusion pump in conjunction with a Cenco
Megavac forepump is used to evacuate the furnace chamber to about 10'6 cm
of mercury before chexintroduction of the degired atmosphere. This low
pressure can be obtained since the entire furnace tube is water cooled.
Water cooling also permits the use of a vycor furnace tube instead of
quartz. A schematic drawing of the vacuum system is shown in Fig. B.3.
The entire furnace assembly, including the vauuum and pyrometer systems, is
mounted on an angle iron-transite frame which in turn is mounted on shock
absorbers to eliminate any vibrations.

Purified gas atmospheres are obtained by evacuating the system with
prolonged degassing while the furnace is slowly heated to about 900°C and
then adding the desired gas (argom, helium or hydrogen) which is purified
tivated alumima, sad platinized asbestos (52)
catalyst. Last traces of oxygen and nitrogen are removed from the furnace
chamber by absorption in spongy -8 + 35 mesh titanium turnings at 850°¢

placed into two graphite boats on two sides of the graphite sample platform.



W3LSAS WNNJOVYA JO OJILVW3IHOS €-8 914

OVAVO3W OON3D

dANd 3404 TYOINVHOIN

—

—

v$Z39 ‘1'd'a

dNNd NOISN4410 110
ONILYNOILIOVYY X3¥Ad

L137IN1 3IY3IHISONWLY _Uﬂ

39V9 NOILVZINOI _

_ X

39vYH 3NJNOJOWHIHL

C

HILIAONYW ANNIYIW

38N1 3DVNENS YHOOAA




A-19

In operation, the furnace temperature is controlled manually by
controlliug the percentage rated field voltage of the motor generator. A
mercury arc type voltage stabilizer (''Clark Control") is used alongside.
Control circuits are interlocked for safety purposes so that the inductor
is automatically shut off if the water supply fails, if the motor or
generator bearings overheat, etc. Furnace pressure during the pumpdown
is determined in stages by mercury manometer to thermocouple gauge to
ionization gauge.

Temperature limitations of the furnace assembly had not been
determined although the maximum temperature obtained at about 80% of the

rated voltage was 2350°¢. The power output at this temperature is

approximately 15 kilowatts.

III. Radistton Counting Equipments .

Counting of 0.155 MeV B -radiation from carbon C-l4 was done in a
windowless gasflow proportional counter Model PCC-11A manufactured by the
Nuclear Mcasurements Corporation of Indianapolig, Indiana. This is a
manual equipment having 2-1/4" diameter chamber working in a P-10 gas
(907 Argom + 107 Methane) atmosphere and equipped with a built-in transis-
torized amplifier-discriminator. This converter is suitable for use in
environments where a high and variable background is present, or where
;xtremely low activity levels are being measured. The detection chamber
is shielded by an equivalent of 2" of lead; thus giving an almost constant

background of about 26 counts/minute. Its efficiency of detection of alpha
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is about 517%, beta about 55-75%, and for gamma (preferably of low energy)
varies inversely as energy around 0.5%. This is from thin samples with =z
geometry of two pi plus backscattering less self-zbsorption. Even though
it was used for only beta-counting, it 1s capable of discriminating
alvha ip the presence of beta or count both.

The signals from the propertional detector is counted by an
Atomic Instruments Company Mcdel 1070A scaler and Model 1228 timer assembly.
This scaler is equipped with Model 1201B high voltage power supply
continuously variable from 400 to 2500 volts by a pair of coarse and fine
controls. It has a mechanical four-digit recorder in conjunction with
three scaling strips with a scale selector of 10, 40, 100, 400, and 1000.
It is equipped with manual, preset time (up to 20 minutes continuously
variable) and three preset count selectors: Xx10, X100 and x1000. Among
other controls are the pulse height selector and attenuator. It has a
sensitivity of 1 mv minimum with 5 microseconds resolving time. The timer
unit has an accuracy of 4l sec. with the smallest graduation of 1 sec.

Gamma scintillation spectrometry for 1.26 Mev gamma from silicon-31
was done at the Department of Nuclear Chemistry, Massachusetts Institute
of Technology. Fig. B.4 presents a block diagram of this counting apparatus.
Tt consists of a gamma ray source, or the sample, and a large 6" X 4'' Nal
(T¢) cylindrical well crystal detector. The fiuorescence frum the <rystai
is amplified with three photcmultiplier tubes from which the signals are
linearly preamplified and zmplified to am analog to digital converter.

This data is analyzed with a RIDL Model 34-12R 400 channel analyzer and



7 —RADIATION
SOURCE

HIGH VOLTAGE
POWER SUPPLY

6" x 4" THREE 3" MATCHED
CRYSTAL P.M.TUBES
1
PREAMPLIFIER |=<
AMPLIFIER
ANALOG TO DIGITAL
CONVERTER
MEMORY AND MEMORY RATEMETER
CONTROL
4
PRINTING PROGRAMMER PLOTTING
RECORDER

1BM
TYPEWRITER PRINTER

FIG.B—4 BLOCK DIAGRAM OF ELECTRONIC EQUIPMENT EMPLOYED
AT THE NUCLEAR CHEMISTRY DEPARTMENT OF M.LT.
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printed out by an IBM typewriter set with a printing programmer. The data
can be stered in the analyzer's memory system for a simuitaneeus cemparative
display on the analyzer's monitor oscilloscope or for later print eut er
record on a pletter.

The system is capable of measuring the quanta emitted as a function
of the energy of the quanta from 0.1 to 2.8 Mev in 400 channels with an
accuracy of +10 ReV. This allows for measuring a very small energy range
of the radiation above a corresponding -small range of energies in the back-

ground.
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APPENDIX E
Calculation of Si-30 Detection Sensitivity

Lowest concentration of Si-30 that will be required to determine

= 0,077 of total Silicon Isotope

= 0,17 of total sSi

Let us assume:

Minimum Sample Surface Area = 0,2 cmz.

Minimum thickness of a section = 1lp = 10'“ cm.

Density of SiC = 3.2 gm/cm’.

Total weight of a iy SiC section
20,2 x 107 x 3.2 gm.
< 0.64 x 107 gm.

4 < 28

= 0.64 x 10~ 75 &m of silicon.

Therefore, total amount of Si-30 in a lu SiC section

~ -4 _@_
=0.64 x 10 xaoxo.lgm

= 0.64 x 7 x 1004 x 1072 gm

= 4.48 x 10°° gm

Now, according to Leddicot:téélg)che sensitivity of detection of silicon = 10'6 gm

So, the senmsitivity of detection of Silicon-30

2 1070 gm

- 0.0312 x 10°% gm

= 3,12 x 10~

Thus the factor of gsafety for the detection of silicon in a lu SiC section of

2 -6



Element:

Al

o3

Fe
Ni

Ti

TABLE E 1

Black

10,000

'-l
o

22
i5

Spectrochemical Impurities in Commerical SiC $22m2(44)

Green

370

(&}

10

23
18

Colorless

16
c
i
1

15

25
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Program used in IBM 7094 Computer for the Correction of

Concentration Profiles at M.I.T. Computation Center

*M4014~3459 , FMS, DEBUG, 2, 2, 2000, 0

*
*

START

LOOPA

Lo0oPB

LOOPC
LOOFD

LR R R R R R )

XEQ

MAD

DIMENSION CA(300),CB (300)
INTEGER IMIN, IMAX,JMAX,I,J
R'A

DATA=XP, XPP,DELX, TTOT,Q,CF,D
XP=DEPTH OF SURFACE RECOMPOSITION, CM.

XPP= ASSUMED MINIMUM DEPTH OF DIFFUSION, CM.
TTOT=TOTAL TIM® FOR DIFFUSION, .SECONDS.,
CO=INITIAL SURYACE CONCENTRATION,NUMBER PER CMSQ.
CF=FINAL SURFACE CONCENTRATION, NUMBER PER CC.
D=DIFFUSION COEFFICIENT, CMSQ FER SECOND.

Q=TOTAL AMOUNT OF DIFFUSiNC MATERIAL, NIMBER PER CMSQ.

CO=Q/DELX
DELT=DELX*DELX¥*.5/D

JMAX=TTOT/DELT -

IMAX=XPP/DELX

RS=XP/ ( (JMAX-1)*DELT)
RCS=(C0=-CF) / ((JMAX~1)*DELT)

P'S DELT, DMAX,JMAX,RS,RCS,CO
T'H LOOPA, FOR I=1, 1,X.Q.LMAXHE):
CA(I)=0.

T'"® LOOPD, FOR J=0,1,J.G,(JMAX-1)
IMIN=(RS*J*DELT/DELX+. 5)

Ca (IMIN)=CO-RCS*J*DELT

T'H LOOPB, FOR I=(IMIN+1),1,I.G.IMAX
CB(I)=(CA(I-1)+CA(I+1)) /2.

T'H LOOPC, FOR I=(IMIN+1),1,I.G.IMAX
CA(I)=CB(I)

CONTINUE

3's DN

PRINT COMMENT $ IMIN=SUBSCRIPT OF SURFACE COQRDINATE
1 AT TIME=TTOT.$

P'S CA(IMIN)...CA{IMAX)

T'O START

E'M

DATA
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Program used in IBM 7094 Computer for the Calculation of Ideal

Concentration Profiles at M.I.T. Computation Center

¥M4014-3459, FMS, DEBUG, 1, 2, 500, 0

*

START

LOOPA

LCOFB

LOOPC
LCOPD

XEQ

MAD

DIMENSION CA(600),CB(600)
INTEGER IMAX,JMAX,I,J
R'A

DATA=XPP,DELX, TYOT, Q,D

LR R RN ]

PI=3.14159

co-Q/DELx

meﬂ'rcr/nzn

IMAX=XPP/DELX

P'S DELT, JMAX, IMAX,CO
CA(0)=CO

T'H LOOPA, FOR I=1,1,I.G, (IMAX+l)
CA(I)=0.

T'H LOGFD, FOR J=0,1,J.G, (JMAX-1)
suu_o.

1"® OOPB, FOR I=1,1,I.G,IMAX
CB(I)= (CA(I 1)+CA€T-'-1))/2
SUM=SUMICB (1) )

CB {0) =CO=-SUM

T'H LOOPC, FOR I=0,1,I.G.IMAX
CA{I)=CB(I)

CONT INUE

TIMES=J

P'S TIMES

P'S CA(O)...CA(IMAX)
CAOCAL--Q/((M*D*J*DELI) P..5)
P'S CAOGCAL -

PRINT COMMENT $ CAOCAL—-ANAL!TICAL VALUE OF FINAL
1° SURFACE CONCENTRATION, AND SHOULD=CA{0).$

T'O START
E'™M
DATA

XPP= ASSUMED MINIMUM DEPTH OF DIFFUSION, CM.

TTOTr= TOTAL TIME FOR DIFFUSION, SECONDS,

CO= INITIAL SURFACE CONCENTRATION, NUMBER PER CC.

D= DIFFUSION COEFFICIENT, CMSQ PER SECOND.

Q= TOTAL AMOUNT OF DIFFUSING MATERIAL, NUMBER PER CMSQ.
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FIG. E-1 ISOORIENTED GROWN~-IN CRYSTALLITES INSILCE AN
INDUSTRIAL GREEN SiC SINGLE CRYSTAL, =cx,
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BIOGRAPHICAL NOTE

The author was born on July 7, 1937 in the village of Sribari,

East Bengal, India (now in East fakistan). He is the eldest of the two

sons of Professor Rabindra Nath Ghoshtagore and Ashoka Uma Basumajumder.
He was brough up and educated by his maternal family while his father
was fighting with the Japanese in the Far East in World War II. He
joined his parents in January, 1950, after his father returned from the
Indian Army and had only three years of formal schooling before he
graduated from Bindubasini High Schocl, Tangail, East Pakisgtan, in 1953,
securing 3rd position in order of merit among 35,000 students {under
East Beagal Secondary Education Board).

Then he migrated to India to attend several colleges in Calcutta.
He graduated with his Bachelor's Degree in Chemistry (with Honors) in
1957 from Presidency College, Calcutta (under the University of Calicutta)

securring top position in order of merit in lst Class. He then attended

the University of Calcutta, College of Science and Technology. He
graduated in 1960 with his Master's Degree in Applied Chemistry leading
the list of guccessful candidates (in order or merit), Among his college
honoxs are: Br. Jann Gold Medal (on the resulits of the Junior Degree),

Cunningham Memorial Prize (on the results of the Bachelor's Degree),
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University Gold and Ambikacharan Gold Medals (on the results of Master's
Degree} and several merit scholarships and prizes. His Master's Thesis is
entitled "Studies on Synthetic Zeolite." He then worked for about a year-
in West Bengal State Senior Educational Service as a lecturer in Inorganic
Chemistry.

He joined M.I.T. Graduate School in the fall of 1961 as a
candidate for the Doctor's Degree in Ceramics.

His professional affiliations include Sigma Xi; the American

Ceramic Society and the Indian Ceramic Society.



