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| ABSTRACT

“h

Vd,'%-7j;1 A study of the klnetlcs of prec1p1tat10n of excess

"fﬁ*ﬂd;lde in PbTe was made by the use of Hall measurements,

;r“;The objectlve was to flnd how excess Pb precipitated,
‘ArEarller work done by Scanlonl3 with Teerlch PbTe 1nd1catedf
| 'that prec1p1tat10n was occurring at dlslocatlons due to
the solute 1nteract10n with the stress fleld of the dis~
| locatlon. The results of this study indicate that this is
not the case in Pb rlch‘PbTe. In addition, the uncoverlng o
of a mistake in Scanlon s calculations invalidates hlS
_clalm that prec1p1tatlon is occurrlng at dislocations in

- Te=xrich PbTe,

The results from this kinetic study of pre01p1tat10n

show that. the data at a. glven temperature fall on two
,stralght 11nes, when the data are plotted on a = log ln
[l-f(t)] vs log t graph, This 1nd1cates that the kinetics
can be described by an equation of the form
£(t) = leexpl (~t/7)0]

where;f(t)_is the fraction precipitated at a given time,
'and n is equal to the slope of the line on a = log 1n
[l«£(t)] vs loctmgraph, Since at each temperature there )
are two values of n, two stages of prec1p1tatlon are -

present. The flrst stage of prec1p1tat10n had values of o ff

4\-\

nh= 1.3 .78 and ,60 at 462°C, 406°C and 340°C, respect«

uively.' The value of n for the second stage was equal to




sites is changing with temperature, Wert17 working with

The  explanation given for the increase in n was that aging

" The only.plausible‘explanation_foxfa variance in n

values for the first stage is that the number of hucleating_---?ea»iw

‘~”préCipitation in o iron found that the value of n at 50°C

~ could be significantly increased if aging at 50°C was

precéded by a short period of aging at room temperature.

/.ﬁ

- at room temperature introduced more nuciei, than could

__have formed at 50°C in the same period of time, ‘Wheﬁ'the

specimen was brought up to 50°C, the nuclei didn't dissolve

and strongly influenced the aging behavior at 50°C,

The results of this investigation show an increase of

'n with temperature, indicating that as the temperature of

precipitation was increased the number of nuclei also
increased, This is contrary to what classical nucleation
theory predicts, However, Abrams20 found that nucleation

in PbSe, a compound very similar to PbTe did not behave as

theory predicts,

Since the number of vacancies increases with temperas

. ture, vacancies are posfulated as the nucleating site for

precipitation. Dislocations are ruled,out as a major site
of precipitation since the observed kinetics was two orders.

of magnitude faster than predicted by stress-induced

precipitation theory. 1In addition, the observed value of —

. 2

g




»dda'spher01dal partlcles._ Spher01dal prec1p1tate partlcles
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fn of l 3 at 462°C ‘is evidence of the formatlon of

]are closely 11nked w1th prec1p1tatlon at vacan01es,

The explanatlon glven for the observed second

stage pPrecipitation process 1s that due to surface energy

effects the ve1001ty of solute atoms cr0351ng the matrix-

prec1p1tate~1nterface is decreased,
The precipitation'theories used to develop these
conclusions and the methods used in obtaining the data

are discussed in the main text,
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<. I, INTRODUCTION IR

. a) STATEMENT OF THE PROBLEM

,as PbS PbSe, and PbTe have been used as thermoelectvic ' -

hole“conEentration} Thus the concentration of defects can

. As of the present IV«VI semiconductor compounds such _

devices and infrared detectors, However, with the ever
increasing need for-new semiconductor devices, it is quite
1ikely that the applicabilityiof this group of materials
will increase, One interesting property of this group of

materials, is the retrograde solubility of their respec~

tive components,(l) This property makes it possible to

control|the carrier concentration with precision. For
practical reasons, studies were made on PbTe to determine
if the desired carrier concentration could be-attained
more.rapidly by an internal precipitetion'process, rather
than by a vapor diffusion process, For scientific reasons,
the kinetics of the ptecipitation were studied to_determine
the mechanism of precipitation and to give a clue as to how
excess atoms are incorporated 1nto the crystal lattice.

PbTe is thermodynamically stable over a narrow range

near its st01chiometric comp051tion.(l) This deviation

from the stoichiometric proportions is due to defects such
as vacancies or interstitials, In semiconductors, such as

PbTe, the amount of such defects change the electron or

R

be accurately determined by carrier concentration measure=

- ments, One way of determining the carrier concentration

4




 77x1s by maklng Hall effect measurements, Brebrick and

establlsh the comp031tlon 11m1ts of PbTe from 400°c tollfv
*its melting P01nt at 925°C It'was found that at '.#ffm-fsg"“7
temperatures of around 800°C the crystal could 1ncorv o -]»“? -

porate an excess of'Te of about »,013 at % and an excess

of about ,006 at % Pb. Such narrow composition limits
could not have been established by conventional“EHemical
means. Below 800°C, the excess amount of Pb and Te de~
creases with decrea51ng temperaturé1ﬂ At a temperature of.
400°C they found the solubility of Te in PbTe is reduced
to 100257 at $ and that of excess Pb to ,00027 at %, Above
800°C the amounts of excess atoms decrease until-an ine
variant melting point is reached at 925°C The fmregoing
facts are schematlcally shown by the phrase diagram of
PbTe shown in Figure 1,

- Brebrick and Allgaier, were ablé to obtain the | ¥
maximum amount of excess atoms at a desired temperature
by a vapor diffusion process, By equilibriatin§ a crystal in
contact through the vapor phase nith a Pb rich ingot that
is partially solid and partially liquid at the desired
temperature, equilibrium conditions according to the

Gibbs Phase Rule are satisfied when the composition of the

erystal has the maximum concentration of Pb for that par=

ticular temperature, As can be seen from Figure 1, the
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temperature at which the maximum amount of Pb is in~

’.corporated into the crystal is 800°C A crystal equlllu

'brated at 800°C and quenched to p01nt B, would no 1onger

4

have the equlllbrlum concentratlon of defects, 1In order
for the crystal to adjust: to the new equilibrium cone
ditions, the excess lead must precipitate,

In addltlon to belng able to quantitatively determine

'801Ublllty llmlts by electronlc measurements, it is also

possible to measure quantltatively'the amount of precipi~

tation that takes place over a given time period, By

- Mmeasuring the carrier concentration at various time

1ntervals between point B and C in Flgure 1, the amount

of excess Pb in solution is directly found. A one to® one

Since those atoms which leave solution are precipitating,
one can measure the kinetics of prec1p1tat10n by measuring
the decrease of excess Pb in solutlon. The information
one obtains on the precipitation process bfa study of the

kinetics of the Process, is discussed in the next section,




~ B) REVIEW OF PRECIPITATION THEORIES

- they found that at temperatufes of 400°C, samples that ‘

To achieve equilibrium conditions, precipitation will - fi_}‘

Dislocations and grain boundaries are sites where the. — —
precipitation process is sometimes initiated because of.

the disregistry of atoms in.such a region, Thus thé strain .
energy caused by the solute‘atom in s61ution and the stfain ‘
energy associatédﬂwith thevdislocation; caﬂ be relieved by

the anm migrating to the dislocation, That precipitates

do in fact nucleate at-dislocations and grain boundariles

- has been confirmed hz%numerous'investigators, Dash (3) has
shown‘that precipitation of Cu in Si occurs at dislocations

by using infrared techniques, Various phenomena, such as
yvyielding and strain aging have been explained by the locking
of dislocations by impurity atmosphe;es,(4) However, in )
certain systems it has been found that precipitation occurs at
imperfections other than dislocations or grain boundaries,

For instance in germanium, vac%nt germanium lattice sites o
act as nucléationmcentefé for lithium precipitates.(i)

Tylei and Dash(é) in studying precipitation of lithium in
gerﬁénium found that above 575°C, the kinetic of precipie

tation were independent of dislocation density, However,

were deformed and consequently had a higher dislocationm *

‘density, showed more rapid precipitation, In samples with




ja‘low dislocation dens:l.ties,I evidence eX1sted that precipi~

~ tates eXisted both at dislocations and at random sites in.
the matrix, :

To understand'the nucleation‘and the crowth of pre-
icipltates more fully, methods other ‘than v1sual bbservation
have been emplo§ed\ One of the most powerful techniques
is following the kinetics of the precipitating constituents,
The interpretation of such kinetic datasrest”on various

theories, : | ")

One of the earliest theories of prec1p1tation kinetics
- was put forth by Cottrell and Bilby, when they explained
straPF\aging. ThlS theory which considers the kinetics ot
precipitation on dislocations, has been called the Drift
Approximation because they consider the flur of solute
‘atoms to the dislocation to be due only to the strain field
of the dislocation interacting with the strain field of the
solute atom, This is obviously an oversimplification,
. since when the solute atom precipitates, the region around
'the precipitate becomes depleted of this solute . constituent
and the established concentration gradient will result in
a flux of atoms due to diffusion processes,

Thus, a more adequate theory must account for the

flux of solute atoms to a dislocation by considering

diffusioen and drift, The Ham Analysis(7) of precipitation

~in a stress field of a dislocation does this,>but at the
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| same time makes many Simplifying~aSSumptions, The analysis

centers around the concept of “effeCtive capture radius!,

, v‘fdenoted by R, r/ﬁ?ls is the radius of a cyllnder which for

certain problems has essentlally the same probablllty of

capturing dlffus1ng atoms as the dlslocatlon with its

-_ assoc1ated stress fleld. The physical Justlflcation for

replacing the dislocation and its associated stress field
by a cylinder which has the boundary condition of zero con-
centration of solute at R and has zero value of potential
for all values of r, is as follows, Thetd1510cation due

to its interaction with the solute depletes a region around

it of'solute. When all the solute initially in the region

r = R, where R in the capture radius, has pre01p1tated the
movement of solute in reglons outside of R is due only to

the existing concentration gradient, Thus, R is approxi-

cmately equal to the range over which the 1nteract10n of the

s®@lute atom w1th the dislocation is appreciable, Ham shows
that the equation describing the amount of precipitation
with respect to time using these boundary walues gives the
same result as numerically integrating the diffnsion ~oniat
equation, | l | |
Ham uses the concept of effective capture radius to
simplify the calculation of precipitation when there is an
array of dislocations, This problem has been previously
considered by Harper(8) who in analogy to the work of

Johnson and Mehl, (9) proposed that the decrease in pre«_

10




’. ,c1pitat1on rate is prOPOTtlonal to the fraCtlon already

o prec1p1tated The prec1p1tated fractlon W, or excess
: e

>

solute should then satlsfy the equation

Dt 2/3, h, (l_lfj

'~"‘:’-'

=1 - exp [-3( 1r/2)l/3LA

where:
W is the precipitated fraction
A is a constant dependent on the size of the atoms

and the elastic properties of the solvent

-

'1s the solute diffusion coefficient
1s the time

is the absolute temperature

is the Boltzmann constant

I, is the dislocation.denSity

In this expression, the ekponent is obtained by considering
e Solute current to an isolated dislocation as derived in
the Drift Approximation, Ham criticizes this procedure
from two standpoints. One is that the expression for solute
‘curient to an isolated dislocation from the Drift Approxi-
mation is wrong, Secondly, Ham contends that the assumption
of a decrease in precipitation rate belng proportional to
the fraction precipitated is wrong. All that he shows is
- that the curve obtained for W from equation (1vl) does not
-yield the same curve as obtained in the Ham analysis for

a regular array of dislocations, even when the solute current

11l




a square centimeter,

L

R

In Ham's treatment of the competltlve situation,_a.
regular array of dlslocatlons is replaced by an array of

cylinders, 1In place of each’dlslocation,pthere is now a

‘lpgylinder whose radius, rg, is defined by Lv=-(nrsz)"1,-

where L is the number of dislocation 1ineslintersecting
Since each cylinder is' identical, the precipitation_*

rate equation for the entire array can be solved by

mathematically considering only one cylinder by using an

eigenfunction expansion Ham derives the -following rate

equation,
W= l-exp 1%) ) (1«2)
nhere £ = o SO J (1-3)
\,2D ) |

In the above expression D is the~solute'diffusivity

s

at the temperature of precipitation and Ao 1s given by

3/5 -1 .
Ao =r._2_7 [1n (22 /%11 (1-4)
. S

Using equation (1~2) Ham derives a curve relating DT/rSZﬁ
to r /R, Dr/rs2 is called the.rednced time and it is a
parameter without units, Since T is the time it takes for

the fraction (1—£) to precipitate, T can be found experl-

mentally. By determlnlng T and rg experimentally and

‘using. his derived curve, a value of rg/R can be determined.

Although Ham's theory appears to be.more sound than

that of Harper's, there are no experimental data that

12




i # asupport the Ham theory, Thisaisahot the case for the

TJQif@f‘Harper theory..'Data takénzby'Piﬁséh and Lﬁcke(lo) Onythe

'pre01p1tatlon of carbon”and nltrogen in cold~worked. alpha

iron fit the [1nexp (-at2/3)] form of Harper very well,

”Thomas and Leak(ll) also found that the klnetlcs of carbon =

prec1p1tat10n on dlslocatlons follow EPe Harper equations,
Thls.agreément is considered quite fortuitous.,

Ham‘s criticisms ofrHarﬁer's theory, as previously stated,

are théoretically justifiable, In particular Harper's

neglect of considering the”COntfibution of concentration _,a

gradients to the flux of solute to the precipitate

particle, makes his theory untenable, Because of these

raasons, Bullough and Newman(lz) attempt to explain these

experimental results in light of the Ham theory. They

modify the Ham theory by introducing a parameter, d, to

represent any rate limiting procass occurring at the

matrix-precipitate”interface. When a—+« they have the

same boundafy conditions as in the Ham analysis. A

value of aaequal to zero corresponds to the situation

where an "“impurity atmospheye" is created around the

dislocation Without any precipitation occurring. By .

using a value of o between ,03 and-.,l they give a

theoretically derived result that coincides with the

data'Thomas and Leak obtained, Their argument that a

rate limiting process, other than diffusion, is occurring —

is sﬁpported by the fact that a plot of precipitated

13




" fraction Vs, reduced time does not brlng the curves from

‘dlfferent temperature into c01nc1dence. They malntaln that

for the process to be dlffuslon llmlted this c01nc1dence is

necessary.

As of the present no experlmental work justlfies
‘Ham's stress-a551sted prec1p1tatlon theory. ~Scanlon, (13)
studylng PbTe, made an attempt to correlate hlS data of
precipitation of Te with the Ham theory. Monltorlng the

pre01p1tatlon by thermoelectric power measurements he

- obtained a graph of fraction prec1p1tated vs reduced time,

As shown in the paper his experimentally determined points

‘lie scattered afpund the curve derived by Ham, Héwever,

Scanlon_made a mistake in calculating the diffusion
coefficient at the temperature of precipitation, Using
the diffusion data of Boltaks and Mokhovs,(l4) Scanlon
calculates a diffusion coefficient at 204°C of 3 x 10~12
cmz/sec. This writer using the same data calculates a
coeff1c1ent equal to 3 2 x 10714 cm2/sec, at 204°C, which
compares reasonably well to the value of 4,7 x 10~14
cmz/sec found by extrapolating Boltaks and Mokhovs curve
to 204°C. Applying this correction to Scanlon's data re
results in a 162 decrease in the value for the reduged
time, Whereas, Scanlon preyiously—obtained a value of
rz/R - 8, by referring to Ham's derived curveﬁrelatlng

DT/rg to rs/R, his value of rs/R changes to 1 when one

corrects for the mistake. With a dislocation density of

\r

105/cm2, as reported by Scanlon, the rg value is

1.78x_105 A, Accordingly, the R value has the same

14
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'magnitude. ThlS result is not compatlble Wlth modern“v'

dlslocatlon theory, The range over whlch a dlslocatron

'exerts a stress, as represented by R in Ham's theory is

- considered to be of the order of 20 to 100 A, Slnce

Scanlon didn'‘t directly observe if prec1p1tatlon occurred

at dislocations one can't assess if this dlscrepancy is
due to Ham's theoretical model, It is more reasonable
to assume'that‘precipitation wesn‘t-occurring at'die-‘
locations. If such were the case one would find ie
ﬁnlikely that the precipitation data of“Soenlon'would fit
Ham's model, “ | | -
Another model conetructed by ﬁ£m<15) that has found-
much greater applicability for work in precipitation, is
his theory of diffusion limited precipitation,_ To some
extent, he is able to get away-from some of the problems

that lead to the idealized model for precipitation at

dislocations., In his solution for a spherical precipitate

| his model,could be made to approach physical reality more

closely. To deal with precipitation at dislocations, Ham

worked with two dimensions. One could ignore the third

preclsely what Ham does, However, the assumption of

parallel dislocations throughoutwthe crystal is
questionable, Such an assumption .need not be made in
dealing with spherical particles, since each dimension is

symmetric to the other dimensions, In addition, he no .

15




lovers1mp11f1es the problem by not deallng at a11 w1th the IR
particles are already present and con51ders only the *'pf, ______ },_

“problem of the growth of these particles under diffusieni

Wert(16,17) Bypassuming that the decrease in the rate of

. cylindrical and spherical particles, respectively,

flonger has to contend Wlth the problem of the dlslocatlon : ij}[,;fj;

and 1ts interaction with a solute atom, However, Ham -

problem of nucleatlon, He assumes small spher1ca1

limited conditions,

This problem had previously been treated by Zener and
precipitation is proportional to the amount already pre-
cipitated. Wert obtains the following equation to describe

the kinetics of precipitation - .

f (t) = leexp *%)n

(\ This equation has the same form as the one developed

;—-)’.i'/
.
N

by Ham in his analysis of diffusion~limited precipitation.
In both theories, the exponent“n is related to the particle
shape, but according to the Ham theory will be influenced
by pre-precipitation, However, the theories differ in
ascribing what value of n belongs to a certain particle
shape. Wert ascribes a value of n of 1l to cylinders, or
precipitates at dislocations, n of 3/2 to spherical
particles, 5/2 to disks, and 2 to rods, Ham's more rlgerous —

mathematlcal analy51s yields a value of 1 and 3/2 for

However, the analysis yields n values of 3/2'for disks
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” Ffefd;‘rand<rods,i The last two values are 1n dlsagreement wrth
the values Wert obtalned

;;A\ - Experlmental evidence supports Ham s position, - _,*#lf;d

- T (18)

Hardy and Lankes and Wasserman,(17) both of whom

working on- aIUmlnum—copper alloys found values of n'=,1;5
for pre01p1tate particles found to be dlSkS by Gu1n1er
"using electron mlcroscopy. Ham's derlvatmon also shows
that when the initial volume of the precrpltate 1s
approx1mately 1/10 the flnal volume, n takes on a value
between 1 and 1,5, This reconciles the'value of n =1,15
found by Pitsch and Lueke studying carbide precipitation.lO
A value of 1,15 could not previously be explained, However,
it should not be thought that the Ham dlffu51on—11m1ted
theory is complete, Wert' s(17) experiments with nitride

precipitation in o iron showed that'the kinetic of precipi-

tation, and consequently the n values, were drastically
effected when-precipitation at a higher temperature was
preceded by a very short Precipitation period at a lower
temperature. Wert concluded that more -nuclei had a chance
to form at a lowerwtemperature than would have formed at

the more elevated temperature during the same period of

time. The presence of a greater number of nuclei, than

would normally be present at the elevated temperature J —
caused an increase in the precipitation rate,
Provided that a process can be shown o be diffusion~

limited, Ham's theory in general should be very useful

17




',q“ 1n correlatlng n values with the shape of the precipltation

A
%

.partlcle. In addltlon, the Ham analysis of dlffu51on—

llmlted pre01p1tatlon allows one to calculate the partlcle

-.31ze and dlstrlbutlon from an experlmentally determined

value of T. Use of this expre551on‘was made by Abrams20 |

in studylng the precipitation of Pb and Se in PbSe,
In addition to showing that the process is dlffu51on—'”

llmlted two other criteria must be met to apply the Ham

'_theory. One is that the density of solute be verywlow

and the other is that the‘rationof solute density in
solution to that in the precipitate phase Po/Ps be less
than 1072, Both are satisfied when excess Pb precipitates
in PbTe. ﬂ o

| For this reason, coupled with the'fact that.kinetics
of precipitation could be accurately determined by Hall
coeffigient measurements, it was felt that,a kinetic

study would provide knowledge of lhe Precipitation pro-

cesses of Pb in PbTe,

18
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.~ II. EXPERIMENTAL PROCEDURES.

Ay PREPERATION‘OFSINGLECRYSTALSAMPLESOFPbTé";ar;]ifﬂj,;a

The preparation of single crystals proved to be the

most time consuming aspect of the project, mainly due to
lthe fact that there was no ex1st1ng equipment to grow the
'lcrystals by the BridgmanvStockbarger technique. It was
decided that this technique was'best for the following
reasons: - ‘ - ~
l. It was used with previous'succesein'groming
PbTescrystals.21
2., Fumes of Te which are very hazardous can be centained.
3. Conetruction of apparatus is easier than for éther

methods,

4., Less expensive,

Basically, the Bridgman-Stockbarger technique consists of
lowering an evacuated vacor capsule containing the material
to be made monocrystalline, through a sharp temperature
gtadient at the melting point of the material. To
accomplish this a vertically upright furnace with a sharp
temperatute gradient had to be cdnstructed;”a mechanism
for lowering a capsule sldwly through this gradient had to

be developed and a capsule containing Pb had to be encap-

sulated in vacuum Wlth Te.

_ To obtain a sharp gradient, a grooved core, obtained

from Norton Refractories, was wound for its entire length

19
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.  ‘wi£h Nichrome wire with an»gdditional second winding that; =,{;ff f

. started from the top of the core and terminated in the

- middle. Thus a capsule starting at the top of the furnace. f'”

"woﬁld be molten and pass through;a freezing interface
’soméwheteyin the mid—Section of the furnace.
To Successfuuly grow a single crystal it is necessary
'that'growth préceedislowly. Since in this particular
-‘techhique, the furnace remains statibnary, it was necessary
to build an apparatus that Would lower the capsule contaih-
ing the charge into the furnace at a very slow rate, As
.mfeported in the 1iterature,22 a rate of two inches a day.
was requifed. This was accompliéhed by reducing the
| revolutidns transmitted from a motor to a worm geaf by
a factor 57,000 to 1, This reduction was made by the use
of two gear boxes, The worm gear moved a table on which
a pulley was attached. This pulley transmitted the mbtion
of the table to a capsulé via a stainless steel cord, The |
- rate of descent of the capsule could be controlled by a
variac cohnected‘to the motor,™
Another, important condition that has to be met to
grow crystals by the Bridgman-Stockbarger technique is
to nucleate a seed crystal in the capsule, This condition

o To isdlate>the tip fiom.thé stainless frame that held the

capsule, a neck was produced in the middle of'the~capsu}e.

Such isolation was desirable due to the fact that the

20

can be met.by having a fine point at the end of the capsule.'




”‘istainless steel frame could cause thermal disturbances
' around the tlp. |
Before plac1ng a st01chiometric charge of Pb and Te

~1nto the quartz capcule, it was cleaned with hydrofluoric; _‘

and nitric a01ds, It was then‘rinsed numerous times with S

de-ionized water, To prevent the sides of the capsule |

from constraining the crystal growth, the inside of the~

eapsuleiwas coated with Aquedag; After inserting the

charge and necking down the quartz aboVe it, the system m—fe

was attached-to‘a.vacuum pump; After two daYs, the cap-

sule was reﬁoved'fromtthe,pump by sealing otf*the necked

portion. A period of four days was used to grow the

crystal. |

The crystal obtained on the.first attenpt was cut at

Western Electric in.Allentown using a diamond blade, Since

the test samples were cut to small dimensions, additional

attempts were made at growing single'crystals. Thermal

grooving occurring during the vapor diffusion process

indicated these attempts failed to produce single crystals,

Consequently all the date-was taken:from the crystal grown

on the first run,

The as grown crystal for the most part was p- type,

Since in this investigation, n-type or Pb rich PbTe wes

‘being investigeted, the eerrier-concentration had_to be
f* | adjusted by a vapor diffusion process:; As previously dis-

dussed in the introduction, this required eqﬁilibrating

21
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2 test sample with a Pb rich ingot at a temperature of

h800°C By malntainlng the system at this temperature for

the required time and then rapidly quenching it, a max1mum

| concentratlon of carriers was 1nsured

“The initial procedure adopted for the vapor d1ffus1on'

was that Brebrlckfz) A Vycor capsule 3 to 4 1nches in

length w1th a 15 mm diameter was cleaned and coated with
Aquadag, ,To.prevent the crystal_and the ingot from coming

into contact, they were separated by a dike made by pushing

one side of the tube in, The capsule after being evacuated,

was placed horizontally in a furnace. After a heat treate
ment of 48 hours, the capsule*was removed andyrapidly
quenched. 1In all cases, the dimensions of crystals after
the diffusion process, were seriously altered. The apparent
explanation for this is that vapor from the crystal cons-
ldensed at cooler parts of the crystal. 1In an effort to
minimize this effect, the capsules were shortened and

Placed in a lavite fixture, Lavite being an excellent
insulator minimized the effect of the inherent thermal
fluctuations in a furnace, 1In addition, capsules were piaced
vertically into the furnace, since it was found that thermal
gradlents were less in the vertical direction, Using this
procedure, the dimensions of the test samples were not
appreciably altered, However, Without an Aquadag coating

- ¥ PR A
present, the test samples either had their dimensions

drastically changed or disappeared completely,

22




To restore samples to thelr previous rectangular

geometry, they were carefully pollshed on French emery

grade 4/0, The flnal width and,helght of test samplescm

| varled frem 65 mil to 60 mil, The iength was in the

‘range of 370 mil to 400 mil,
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~ B) PRECIPITATION OF PbTe SAMPLES ~ — .

& T

_HoweVer, the experimental difficulty in.performingthis

Originally, it was desired to perform measurements
"in situ". 1In other words, measurements were to be made

ét’the'temperature"at which the sample was precipitating.l.

proved to be insurmountable, At the temperature of-intereSt,
PbTe oxidized, Hence, it was necessary to enclose the “
system in a vacuum, But’the?fixture and 1éads‘used ih
making the measurements, could not be made compact enough

to prevent the pfesence of a thermal gradient in the en-

‘closure. Thus the problem of loss of material due to

vapor transport, was recurring, The dilemma was resolved;.

- by making room temperature Hall coefficients measurements,

The sample was allowed to precipitate at the temperature

of interest, for a certain period of time, and then quenched,

After measuring the amount of precipitation that occurred,
by Hall measurements the sample was again re~heated to
allow for precipitation, This procedure was performed at

temperatures of 340°C, 406°C, and 462°C.

24
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" C) -MEASUREMENT OF HALL COEFFICIENT I

| As has been stated,"Hallcoefficientmeasurements
’*Erovided an accnrate means for determiningnthe amount of
precipitaticn occurring over a given time span at e given
temperature, The measurements utlllze a phenomena known
as the Hall effect, The Hall effect arises when a
transverse magnetlc fleld acts upon an electric current
to pProduce an electric field in a—mutually perpendicular
dlrectlon, By carefully measuring all the parameters

involved, one can calculate the Hall coefficient. This

coefficient is related to these parameters by the following

expression -
R, = Yt x 108 (2-1)
“IB
where:
RH = Hall'coefficientiin cm3/coulomb
Vg = Hall voltage in volts
~ t = specimen thickness in centimeters
B1='magnetic field in Gauss .
I = specimen current in'amperes

At room temperature PbTe w1th excess Pb is extrinsic, .
RH is thus related to the electronlc concentratlon by the

fUilOWlng relation

-
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'on the next page, ThlS flxture made at Western Electrlc

n = electron concentratlon 1n carr1ers/cm3

'de‘# electron charge 1 6 X 10 -19. coulomb R 'fnli -

;Measurements were made by using a plex1g1ass flxture, shown

- in Allentown was carefully machined to insure allgnment

- of contacts. The screws were plated with gold so that

ohmic contact resustance was minimized,
| A watervcooled'barian V3700 6"'electromagnet_and power
supply provided the magnetic field. The maximum attainable
field on this unit is 40, OOO gauss, The field used for all
measurements in this project was 7 1000 gauss, By us1ng

a gaussmeter, it was found that a gradient of about 4007

gauss per half inch existed in certain regions between the

pole pieces. Thus the fixture was always placed in the

same position, The field strength at this position as

measured by a gaussmeter was the same as that set on the
Fieldail controlled power supply. A potentiomerrie circuit.f-
was used to make the various electrical measuremenrs. The

salient features of this circuit are: ) -

l. Current through the specimen could be reversed

/\
2. The current could be accurately -measured by usin

a .01000 ohm standard resistor, - -

"3« All.voltages could be read with extreme accuracy by
the potentiometer being hooked to a HoneyWell Model

3972 Microvolt Null Detector, A schematic of the

26
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FIGURE 2.

FIGURE 3.

I-5 Hall leads
7-8 Current leads

Schematic representatidn of
test sample.

Fixture used for room temperature Hall

effect with test sample.

27
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.~ circuit is shown in Figure 4,

— - . . S . s [——

In measurements of the Hall voltage.-certaln
"’ assoc1ated effects g1ve rlse to potentlals. The largest ';r,
of these effects is the IR drop due to the mlsalignment

;_.of the contacts. Of a smaller magnltude, usually on the g ’d-.
order of 20 to 30 mv,.are the voltages caused by galvanic
- and thermomagnetlc effects, These effects, 51m11ar to

the Hall-effect, are present whenever a magnetic field is

- ~perpendicular to an electric or thermal current, To

accurately determine the Hall voltage, the following'prOv
_cedure was nsed referring to Figure 4, The voltage
between leads 1 and 5 was measured with current having

~a + directionality and the magnetic field having a +
polarity. Another voltage reading was taken without
current flowing through the specimen. This voltage caused
by thermomagnetic‘effects was subtractedcfrom the original
voltage reading., The direction of the current and the
polarity of the field were then changed. In an analogous
procedure voltage readings were made with and without
current. The voltage reading made without any current

Q

flow was again subtracted from the larger voltage. To

obtain the Hall voltage, the adjusted voltage values were
then averaged to eliminate the IR drop. From the Hall

voltage, and the measured current, magnetic field strength

and sample dimensions, the Hall coefficient was caiculated.

28
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- FIGURE4. Electrical test circuit Wthh
_ could be used for both Hall effect

and Seebeck measurements.
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Hall effect

ing

Apparatus used for mak

measurements

FIGURE 5

L4
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) MEASUREMENT ‘OF PbTe ‘DISLOCATION DENSITY

As was stated in the 1ntroductlon, dlslocatlons often
- act as nucleatlon centers, In order to find out if dis~
locations are acting as centers for nucleation, it is
necessary to know the dlslocatlon density, The dlslocation

density, or the number of dlslocatlons intersecting atanit

Precipitation on dislocations,

The method used was to etch a freshly cleaved snrface

7

of PbTe. It has been established that a oneatoéone cor-

respondence exists between etch pits and dlslocatlons.23

The dlslocatlon etch solutlgn used is that of Coates.24 ‘It'f

is prepared from 10 volumes of aqueous KOH (saturated at
20°C), 1 volume of 30% szzrsolutiOn, and 10 volumes of
ethylene glycol. It was found that the prescrlbed time of
flve mlnutes was insufficient to properly etch dlslocatlon
pltS. A_ten minute etch gave better results,

All dislocation density meaSurements were made on
crystals that had not been vapor dlffused, since as grown i
crystals could be readlly cleaved It was félt that per-
forming similar measurements on Vap0r diffused samples
wouid be dnnecessary, since Abramszo'establlshed in h1s

work in PbSe that the vapor diffusion process does not alter

the dlslocatlon dens1ty.
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 III, PRESENTATION OF RESULTS - AT e T

® ——

This chapter of the dlssertatlcn presents the results gfj"ﬁfrb i
.of the electronic and dlslocatlon etch measurements.' The |
'klnetlc data s portrayed in two ways. The reasonlng for Q*t"}f 4;

this- 1s made more evident in the dlscussion. | T 5 ]

A. KINETIC MEASUREMENT RESULTS

1. Fract;on\ygecrpgtated Versus LogﬁTime

The most straightforward way of presenting kinetic -

data is to plot ‘the fraction precipitated versus log time,

The fraction precipitated is defined by equation (3.,1).

N C '-C
f(t) = “o7%t
CoCe

where: |
f(t)'isathe fraction precipitated
Cb is the carrier coneentration at t=0 (i,e,, after
diffusion tor maximum saturation),
C¢-1s the carrier concentration at time t,

Co 1s the carrier concentration at equilibrium

(i,e. t = » effectively), - )

As ‘an example, the fraction precipitated at 406°C

~——after 1.5 hours is found to be : S | T

v

| - - f(t) = 1,64.-0001  _ g o4c S
. - . “ = ' - ""'!"T':g's-v——*-w—— | e - i;..__




.tf UA o C. = 1,64 x 1018 cafriers/cm3’ ‘ -
o C, = 5,01 x 1018 carriers/cm3

- C,, = 1,55 x 1018'carriers/cm3

The fraction precipitated is plotted versus leg time
for Pb saturated PbTe at temperatures of 462°cC, 406°C, and

340°C in Figure 6,

2, \nggLn ..... {lef(t)]\Vers g\Time

P ———

According to existing theories on precipitation in
solids the kinetics of precipitation should have a be-
havior described by the formula

£(t) = leexp - [(-t/T)*]

The shape of the Precipitate particle is related to

n and according to Ham(ls) "the size and den51ty of the

prec1p1tate_part1cle is related to 1, Transppsrng the

numeral 1 and taking the natural logarithm of both sides
the equation appears as:
In [1-£(£)] = ~-(t/7)" (3.2)
Thus, if the process occurs bf“a single meehanism,
- - the data when plotted on an 1ln log graph should give a
- straight 1iﬁé whose slope’équals n., As can be seen in
“Figure 7, the data falls on two straight lines at a given

,temperature. ~After 50% has pPrecipitated there is a dramatic

decrease in slope, indicating that a different pre01p1tat10n"

becomes predominant
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| At ‘46‘2‘°C, ,th‘e n -v.‘alue changes f]:"o[ﬁ U]_‘.3 to | 0-5‘185,' e |

at~4oéo¢,i£he change is from 0,781 to 0;206"and a;'34ooc.;
- _h changes fme 0,606_to 0.182,4 The kinetics beyond the 50%1‘ ,
- point, will be referred to as seCOnd*stage precipitationf |

———

in the discussion, - -

B, DISLOCATION ETCH COUNT

The dislocation densitijés bbEéinéd by examining
many randomly ;élected samplesaatwvarious magﬁifiCations
and counting the number of isolated dislocations. The
counting was restricted by randomly selecting ab5iXxs
centimeter square and counting the number of etch pits
inside the»square. To obtain the dislocation density, this
number was mﬁltiplied by the magnification and then divided

‘by 25, As an example; Figure 9 shows etch pits at a mag-

nification of 800,

| ' . 2
‘No, of Dislocations/cm2 = ié'x gsx 10 = 1,35 x 103 a

As can be seen in Figures 8«10, when the time of etching

was increased from five minutes to ten minutes, the

pyramidal nature of the pits became more evident.

Sampling taken frpmimany cléavage planes indicated

(308

that 6n the average about 1,4 x 103 dislocations/cm2 exlsted,

ghisuié a much lower count than would be expected from a

'crystal grown by the BridgemanFStockburgér technique,

34




 However, the author feels the dislocation density

wa%accurately determined to within an order of magnitﬁde,“

since increasing the etching time did not increase the
number of dislocation etch pits, ﬁ
‘ -
<
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FIGURE 8, Dislocation etch pits in as.grown PbTe at

magnification of 1200X, and etched for five ~
minutes,

FIGURE 9 Dislocation etch Pits in as grown PbTe at

magnification of 800X and etched for ten
minutes,
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FIGURE 10,

Dislocation etch pits in as grown PbTe at
magnification of 1200X and etched for ten

minutes. Note the pyramidal nature of the
pits,
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In this particular study,<igiiéwimportant to'éstablish

whether the precipitation process is diffusion limited, As
‘6ut1ined in the introduction, if diffusion is shown to be
- the raté limiting Stép, then the kinetic data can be very
useful in determinigg'the shape of the precipitate particle

and whethef or not a prevprecipitation‘phenomenggﬁis

taking place, ' To show that a process isxafffusion limited,
the experimentaily determined activation energy has tov
have é value equal to.thewgiffusion activation energy of the
diffusing constituent."To obtain a Valué for the activa-

- tion energy a procedure, developed by Wertl6 is followed,
The reasoning that led to this procedure will now be dis=-
cussed, . Wert obtained kinetic data on the precipitation of
C and N in iron by measuring the internal friction peak
associated with the stress-induced interstitial diffusion
of the solute atoms, A curve of the amount of'precipitate
as a function of the tempering time can be obtained since
only atoms of C or ﬁ which remain in éolid solution con~-
tribute to the internal ffictioﬂ. fhe height of the internal

friction being diréctly proportional to the amount of C or

N remaining in solid solution, By using an apparatus

.- developed by Ke?® to measure the internal friction peak,
*“*_ Wert was able to pldtpa set of curves similar to those

shown in Figure 6 of this paper, The similarity between
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‘ﬁhecurvesobtained ~~~~~ by'Wer£ aﬁd thpée beihgpresented'in
'._this paper, is the dependenéé'bf the;raté of precipitation
 jon'témperature,” Wert felt that this dependence manifestéd-

'itself’ih two_forms;‘ Temperature'éould change the rate of
precipitation-by changing the.réfe of diffusion or by -
chéngihg the'numbef_of nucleating sites, Thus |

T = 1°/p ‘ | ‘. (4-1)
where: L | = “. ‘

T is the time it takes for a constant fraction of
solute to precipitate, This constant fractioh'is
taken as (1;%0which equals 0,63,

L is proporticnal'to the mean distance of diffusion
and hence related to the mean‘distance between the
~éarticle of precipitate, |

D is the diffu?ion coefficient

D =D,

QQfAH/RT, one may write -

‘1= L2 _-AH/RT
D.

(4«
- o) (4«2)

In Wert's paper; AH is the heat-of-activation
associated with the interstitial diffusion of the solute
atoms. WTflthe rate of precipitation is defined as being
inVersely proportional to T, equatiq?.(4-l) may be re=-

writéen as

FR(T) 2\\96 ePAH/RT | |
L2 | ; (4-3)

4




'QT“"~wThus the Value'ﬁof H may be obtainéd by plotting '.'
»the,réciprocal of the experimentally.detefmineé Vaiue of -
.I)on the 1ln scale vs, the reciprocél of témperature.,&u
'These points will yield a straight line, the slope being
‘equal to the activation energy of diffusion érovidednthat -'
L is not temperature dependent, If L is temperature de-

'pendent, it would mean that the number of nucleation sites

obtaining a value of 1, which is needed for calculating

hensive view of kinetic data. For one, if the data fall
on a straight line Figure 7, one is assured that the equas.

tion 1-5 is obeyed,

+

changed with tempenaturé, since L is the distance between

particleé. Any determination of an activation energy when

L is not a constant would give an erroneous result.
Although the curves in Figure 3-1 are helpful in

the activation energy, these curves can be misleading,

The curves plotted in Fiéure 7 give a far more compre-

f(t) = 1-exp [(~t/T)*]
Secondly, if the slope of the curves plotted in a
log 1In (1-£f(t)) vs. log t graph are not équal,.ohé'will not

obtain a true Qalue for the activation energy.

This has been shown by Barford’,’.26 in his study of the

kinetics of NbC precipitation in austggite.' Theéystem

\ ——

Barford-worked with circumvented the possibility of more

than one carbide forming, since niobium is a stable i

carbide~forming element, Barford's data when plotted on
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"a r*log lh [1éf(£)] VS 1o§ t éurve,showed,one straight
line for“the'entiréprepipitation process at a given
ﬁémﬁérature. Aé shown'in Figure 2 a and.2 b in his ‘ ~.?fﬁ_;rv
,paper, the slope of the lines vary Slightly. By finding‘

- -_the activation energy at different constant fractions of

precipitation, Barford showed that the value obtained for

the activation energy depended on what fraction of preé
cipitation was chosen, Had all the curves on a - log 1lnn
[1-£(t)] vs. log t plot been parallel, only one value of
activation need have been calculated, Thus, if one is to
calculate a value for the activation energy, by usé of
Figure 6, it is fiyst necessary that the slopes in Figure
.7 are equal,

As shown in Figure 7 the"310pes of'thé curves for the
first part of_the_precipitation process vary considerably
with the temperature at which precipitation occurs, At a
temperature of 462°C, the slope for the first stage is
1.3 Qhereas for- a temperature of 340°C it is 0,68, Thus,
an activafioh energy cannot be calculated, from the T
values obtainable.in Figure 6. Although an activation
energy cannot be calculated over this range in temperature,
it should not be assumed that a different precipitation

“process is operative at each of the three temperatures
used in;this investigation.. As was pointed out previously,

an accurate determination of the activation energy depends
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~ on the number of nucleating Sitesiremaining constant with

ﬁtemperature.

[

<7  kinetics is most dramatically shown by an experiment per-

nuCiei don't dissolve, and strongly influence the aging

formed"bygwert. In this experiment, the‘kineticsgof

‘precipitationjof N in o iron at 50°C were monitored by'

internal friction peak measurements.- After measurements
were taken for the complete prec1p1tation process, the
specimen was reheated to re-dissolve all the precipitates;
The specimen was then quenched and the same experiment

was again performed with one exception, The aging of the

specimen at 50°C, was preceded by a.precipitation period

‘0of 100 minutes at 27°C, During this length of time,

approximately six per cent of the nitrogen precipitated.
The specimen was then heated up to 50°C, and the kinetics
of precipitation again monitored by internal friction
peak measurements. As can be seen in Figure 5 of Wert's
paper, there is a dramatic increase in the rate of pree=
c1p1tation when aging at 50°C 1s preceded by a short aging
period at 27° . The only explanation for this behavior is
that more nuclei are present when a specimen is;aged at

27°C, When the specimen is then aged at 50°C, these

behavior at the more elevated temperatures. Thus if the
number of nuclei is dependent on temperature, the slopes

of the curves on a - log 1n [l f(t)] vs., log t plot are
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1n [l~f(t)] vs, log t plot should 1ncrease as tne aglng

'1nfluenced in the following manner 1f- the number of nuclell»"

increase with decreasing temperature, the slopes on vlog

temperature range is singularly aCtivated Graphs'as shown

'in the Wert paper 111ustrate this p01nt The value for
the actlvatlon energy as calculated from these graphs 1s -

- 14,000 cal/mole. This is con51derablyﬂlower~than the

valuekof 20,000cal/mole for nitrogen precipitation in g

iron. However, as has been discussed any determination of

) cod ] o “ | .
an activation energy from curves where n varies with tem=-

\

perature would be erroneous; In an effort to see if the
slopes could be made parallel by keeping the number of
nucleation sites .constant with temperature, Wert ran

the same tests again but each specimen underwent a short

__aging period at 27°C., 1In this instance, the activation

energy as calculated.from.these curves gave a value that

matched the activation energy of nitrogen in a iron,

‘These experiments prove that nucleation does in fact in-

fluence the slope of the lines in a log 1n [1~f(t)] vs. .

log t plot., Wert's determination of the true activation

-energy when the number of nucleating sites remain‘constant,

clearly shows this;  As a consequence, the author feels
that the variance of n.with temperature as found in the
system PbTe for the first stage of:precipitation or the.

Pb-rich side, is probably due to nucleation and not be-
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If indeed nucleatlon is influencing the value of nj
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%Pe expects the slope to increase as the number of nucleatlng

- sites increase, . In the results shown in this paper, the T
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number of nucleating sites would be increasing with ine~ C
Creasing temperature, since the maximum.slope is obscrved o

at the highest temperature, ThlS is contrary to what Wert | f' 7f‘ H
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observed and is also contrary to cla551cal nucleation theory L

P b it Per Lot

which statestthat as the temperature of aging is increased
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have been reported instances where the number of nucleating | :

sites increase with increasing temperature, Dehllnger and 1|

Knapp27 have observed this behavior in aluminumesilver T

e T e e o e <
A A S e S R e s

MRl

alloy for the first decomp051tlon product, Ag rich clusters,
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Abrams20 working with PbSe, a. system of close chemical
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nature to PbTe, found similar precipitatﬁ%nbeﬁavior. As

ey

T e

‘was done in the present work, Abrams followed“the precipi-
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~tation of Pb in PbSe by use of Hall effect measurements,

When Abrams data were plotted'on a log 1n [1-~f(t)] vs log t
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tively, Qualitatively, this behavior is the same as in
- - PbTe, however, the decrease in slope with temperature .is

not as severe, Using the diffusion-limited theory of Ham,
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| i"temperatuse; To Justlfy the use of the theory, it is of

‘nece551ty that the process can be shown to be dlffu51on

”tllmlted As has been discussed earller, one does this by -
shOW1ng that the actlvatlon energy of the process is equal
to the activation enerqy of the dlffu51ng species, Abrams-i

| flnds an activation energy of .84 ev. for the process which -
compares qulte favorably to the activation energy of ,83

ev, for the dlffu51on of Pb in PbSe single crystals as re—

" ported by Seltzer and Wagner,28 Abrams then uses the

folIOW1ng formulas of Ham to find the particle size and

number,
T =\ 1 -
7 R (4-4)
A, D | :
where: _ —
2 3. . 9 % .
Ad* = 3¥, (1L + 5 rs ) for spherical particles
3
r
° s

U31ng a trial and error method, Abrams finds the value
of r, that gives a calculated value of T wh1ch corresponds
to the experlmental value ofﬂT that is associated with a
2 o certain‘aging temperature, By knowing the size of each T — ..E
particle, the number of atoms associated with each particle -
can be calculated Slnce the number of atoms/cm3 that

have prec1p1tated are known from Hall measurements, one

can calculate the number of precipitate particles/cm3 by
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"t7f737d1v1d1ng the total number of PreClpltated atoms/cm3 by

‘equation (4~ -4) , Abrams calculated the number of precipltate |
”'partlcles/cm3 to be 2,39 x 1013,§4.7 X'lOlz,.4,50px 1012 _'pglﬁ'

for temperatures of 390°C, 303°C, and 242°C, respectively. -

for the lower two temperatures, In this instance, there is

the number of nucleating sites increased. Yet, according

from the Ham analysis, even though the n value increased

the number of Pb atoms in a prec1p1tated partlcle. Using

Since at time T, prec1p1tat10n is in the second stage for

the lower two temperatures, Abrams extrapolates on a log
1n [1~f(t)] vs. log t the first stage behavior to time 7. . _f

He then recalculates the number or precipitate particles/cm2

not ‘an increase in the number of nuclei with an increase

in temperature, as was true for the nonextrapolated caSeg

For the extrapolated case, the,number of precipitate

particles/ém3 are 2.39 X 1013, and 2,81 x 1013,‘ for 390°C,

303°C, and 242°C, respectively, It is the latter values 8
that Abrams accepted, as valid, This is justifiable since
the second stage kinetics are so much different from the
first stage that its inclusion in the calculation will
affect the outcome of the calculations, o

- One is now faced with explaining why the Ham equation
gives a result that cannot be explained by the results of

the Wert paper. According to Wert as the n walue increased
to the calculations performed by Abrams using an equation

with temperature of aging, the number of nucleating sitest
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" at both 390°C and 303°C was lower than at 242°c In the

author's opinion, 1t could be for elther of two reasons,

 One is that Abrams' determination of the activation of
'the activation energy was not entlrely accurate, Bothv '
'the varlance of n values with temperature and the cal-

" culation of the number of nucleating sites showed that

the number of sites changed with temperature. As has been
previously discussed, the prime.prerequisite.fpr an

accurate determination of the activation energy is that the

‘number of sites remain constant, Thus, it is possible

/mthat the true activation energy for the process is not

,,,,,,,

close enough to . 84 ev, the activation energy of Pb dif-
fusing in PbSe,-to conclude that the process is diffusion-

limited, If this were true, then any conclusions drawn

from Ham's diffusion-limited theory would be erroneous,

However, since the n values of Abrams do not vary that.

econsiderably, 1.00 at 242°C to 1,35 at 390°C, it is more

reasonable to assume that the process is diffusion-limited;

than to assume it is not, With such an assumption the only

other explanation for the discrepancy between Wert's ex-
perimental results and the results of Abrams' work ex-
plained in light of the Ham analysis, is that the Ham

formulation has shortcomings, Such a stand is not un-~

reasonable, when one considers that the effect of the number

of nucleatlng sites has on the value of n is not considered

in the Ham theory,
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Sihdé nucleatioﬁ’has.a strong-influence‘bn.thé observed
kinetiCs; it.isbof interestth consider, wheré it occufé._wl—,
Grésé imperfeCﬁions, such as grain boundaries and voids

can be excluded, since froméli indications the‘material
*wés a single crystal. Although an X-ray determination
wégﬁnoqjmade, every.specimen that was used'had parallel
cleavagé planes along an edge. Furthermore, there was no
indication of thermal groovingion the specimen used, 1In
the polycrystalline crystals that were grown, thermal
grooVing occufred on nearly every test specimen. Other
sites where nucleation would be energetically favorable
could be dislocations and vacancies. That nucleation is
occurring solély at dislocations is Qery doubtful, For o
one, the experimental value for t does not correspond to
the values of T predicted by the thediies dealing with pre-
cipitation at dislocations, As explained"in the introduce
tion, theValue of T does not correspond to the values of
T predicted by the theories dealing with precipitation at
dislocations; A8 explained in the intwoductibn, the value
of T can be related to rs/R by a defived curve from the Ham
analysis, Using the véiueléf T, the reduced time, was
calculated to be.0,073, The reduced time is related to T

and r, by the following expression

T = >~ DT

rs’




t

e

’dBy u51ng-Ham's derived curve, th;s value of- T correspond51
to a value of 1 for rs/R. Since rs is equal to 1,4 x 10 .ﬁ
a value of such magnitude for R, the effectlve capture
radius, would be totally 1ncompat1ble with dlslocatlon )
theory. A dlfferent formulatlon by Morin and Relss4 1ngt
‘their experiments, also rules out the possibility of pre--
cipitation occurring solely at dislocations in the. present
investigation, This formula, is identical'to equation (4-1),
which was used by Wert under diffusion-limited conditions.
It would appear that using the same formula for a situation
‘Wwhere motion is due’only to diffusion and also for a sit-
uation where‘motion 1s due to diffusion,and the drift
associated with a stress‘field is inconsistent, 'However,
Ham showed in his analysis that motion due‘to drift is only
‘influential in the very learly stages of prec1p1tatlon.
U51ng equation (4~1), a value of T equal to 8.85 x 105

is calculated, This value 1is twozorders:or magnitude
greater than the experimental value found of T, ‘in order'
that the experlmental value of T correspond to that cal-
culated by equation (4~1), the experlmental value for the
dislocation density would have to have been four orders

of magnitude greater than what was found. The n value of
1.3 for the first stage of precipitation at a temperature
.of 462°C, 1s_add1tlonal"ey1dence.for precipitate. not belng
solely at dislooations. Allexisting theories or kinetics
attach a value of n = 1 or less for precipitation at‘dis-

Jlocations,
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. Morin and Reiss

W1th the exc1u81on of dlslocatlons as act1ng as the sole

'Slte for nucleatlon, it-is quite 11ke1y that prec1p1tat10n

is predominantly occurrlng at vacancies, There have been

numerous reported 1nstances of pre01p1tat10n at vacanc1es.

4 give considerable evidence that the
nucleation centers for lithium in germanium are vacant

germanium lattice sites, Abrams?’

contends that vacant

Pb sites act as nucleatihg‘sites to explain the lack of a
second stage precipitation phenomena in Se rich PbSe, It
has been_shoﬁn by H, Gobrecht and A, Richter29 that Pb rich

PbSe is most likely accommodated by Pb vacancies. If

vacancies acted as nucleating sites, many more sites would -

-]

be available for nucleation in Se rich PbSe, Thus, with
the precipitating atoms being distributed at a greater
number of sites, the precipitate particles.eon't reach the
necessary size for the onset of secohd stage precipitation,
That Pb vacancies also act as the predeminaht'nucleating

sites in PbTe is supported by the experimental evidence of

this investigation., These results indicate that the number

of nucleating sites are increasing with temperature, If

the nucleating sites were dislocations, the number of sites

¥

would not change with temperature. Howewver, according to

thermodynamlcs the nhmber of vacancies 1ncrease with the

temperature of aging. This relatlon.ls true accordlng to

‘the law of mass action, even if excess Pb were to occupy

interstitial sites,
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'Atfinal consideration,‘is to discuss the reason feria second
- stage precipitation'process.” As was pointed out in Chapter
- III, there is a dramatic decrease in the n value after 50%
of the atoms hate precipitated, The same phenomena was

" observed by Abrams in studying the kinetics of Pb rich'PbSe.;ﬂ

~ processes are occurring. LoOSS of carbon from sdlution is

Butler,30 among others, observed a two-stage precipitation
process with carbon precipitating from ferrite, Butler
attributed the first stage to be due to the precipitation
of ¢ carbide, The loss of carbon from solution in the'
second stage was attributed to the growth of cementite,

In contrast to the preCipitation in ferrite, the evidence
of this iﬁveStigation indicates that the second stage
kinetics is not due to the formation of a precipitate of
gifferent chemical structure, Butler's kinetic data shoﬁ
a plateau existing, Qhere no loss of carbon from solution

is occurring. Butler states that during this time, two

occurring due to the nucleation of cementite, and simul-

taneously, unstable € carbide is dissolving. Thus, there

is a period where the kinetic measurements show no net

loss in carbon from solution, 1n this investigation, no

~time delayswas observed at any of the temperatures for the

onset of the sedond stage. ,Stronger evidence supporting

the view that the pre01p1tate of the second stage . is | Rasnund

chemically the same as that of the first stage, is the

fact that the final precipinate.is Pb. The data showed that ”
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lthe solublllty of Pb in PbTe in equlllbrlum with the pre-

01p1tate, was the same as the solublllty of Pb in PbTe

-when PbTe was in equlllbrlum through the vapor phase w1th
"-Pb-rlch ingots, Had a Precipitate dlfferent from Phb formed,
- .a solubllity relation dlfferlng from that found on a PbTe

phase diagram would have been observed That anything but

Pb could have Precipitated in the first stage is doubtful,
since the process was in all llkelrhood diffusion controlled,

It still remains to consider the cause for a second

stage precipitation step, Uml8&en, has a t1/3 power de-

pendence, The n values obtained in this experlment are
about 0;20 This indicates an exponential t1/5 power de~
pendence, The most plausible explanation is the same one
given by Bullough'and Newr‘nanl‘“l to account for n <1 values
in stress~assisted Precipitation at dislocations, ‘Bullough

and Newman, introduce a parameter o which is dlrectly re~

'lated to the veloc1ty of transfer of solute atoms across

the prec1p1tate matrix 1nterface ‘ They propose that V may

~ be large in the early stage of prec1p1tatlon and gradually

decrease due to increased strain Present at the precipitate=-

" matrix interface. These,strainsfprovide an additional acti-
*vatlon barrier which has to be overcome, before prec1plta§/oh
occurs, When transfer across the 1nterface is slower than

the arrival of solute to the velocity of the Precipitate,

'the actlvatlon barrler at the interface becomes the rate

bl

controlling StGﬁ% Thus, n can assume values from 0 to 1

depending on the height of thlS add1tiona1 barrler.
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- There have been numerous instances where experimental T

~ data have been expiained using this theory, As already
20 ysed it toexplaiﬁ a'second'stage pre- - fﬁfi

11

mentioned, Abrams

cipitation PbSe. Bullough and Newman™~ use it to shOwuthat__

“the data of Thomas and Leakl® would conform to the Ham T

theory when the parameter o is introduced. R. C, Dorward

31 also used the theory to'éxplain why

A Y

and J. S. Kirkaldy

they obtained n <1 values ‘'in their work with Cu precipi-
‘tation in silicon, As in these experiments, iélis most
plausible to assume that the slow rate of precipitation
in the second stage is due tb a rate-limiting process at
the precipitate-matrix interface, The cause of thié
rate—limitatiohﬁis due probably due to thé precipitate
reaching critical size beyond which'surface—energy effects
reduce the velOCity‘of trgnsfer of solute across the
interface, |
One final consideration of this;program was to find
if an internal precipitation process would be a mdre rapid
method to obtain desired electron concentrations. It was
 obserVed that to obtain the equilibfium concgntrétion ét
" a given temperature, the same tiﬁe was needed for the in- -
ternal precipitétion process as fdr vapor diffusion, This
- is primarily because second stage precipitation occurs ak =
_—;uch a slow rate. HoWever, if One'Wére to precipitate and‘
quench at the termination of'thelﬁirst»stgggj a rapia metth | -h -

for attaining the desired electron concentration is achieved.
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CONCLUSIONS

Hell Effect measurements provide an excellent way to‘

V. -

monltor pre01p1tat10n in the compound semlconductors.

_PbTe

An activation energy fior the initial stage of pre-
cipitation could not be calculated because the number

of nucleation sites varied with temperature of pre-

- cipitation. -

The variance in slope with temperature on a £log 1n
[1-f(t)] vs, log t plot is considered to be due to
nucleation and not bedagge the process is differently

activated at each temperature,

The fact that the slopes of the curves on a -log ln
[1-£(t)] vs. log t plot increase with temperature indi-
cates that the -number 6f nucleating sites increases

with temperature.

Vacancies are considered to be the predominant nucleating,
51tes, since the amount of vacanc1es increase with tem=~
perature of aging. 1In addition, the formation of
spher01dal partlcles as indicated by an n value of 1.3

at the highest temperature of aglng supports the view

that prec1p1tat10n is occurring on vacant sites,
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. 6)
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7)

8)

- 9)

[ )

e

'Dislocatlons are dlscounted as a prlmary site for

nucleatlon for the following reasons: the number of

nucleatlng sites would be a constant with respect o

- to temperature if precipitation was occurring at dise

locatlons. The n value of 1,3 found iéian aging tem-
perature of 462°C, is too high for prec1p1tatlon at
dislocations. Lastly, the kinetic data showed that -
précipitation during the first stage was faster than
predicted by any of the theories dealing with pre;

cipitation at dislocations,

Precipitation during the first stage is.donsidered g @6‘

to be diffusion-limited,

The slow rate of precipitation during the second stage
is attributed to surface energy effects decreasing the

velocity of solute atoms crossing the matrix-precipitate

interface,

Even though precipitation during the second stage is
exceedingly slow, precipitation is a more rapid way

to obtain desired carrier concentrations,
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