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this phenomenpn dre offered. First, aw%yclical change in léttice

AT

geometgy of the base material couid increase the pfobability of - h“  ?1
reducing thé activation energy for diffusion. It is expected that - {
such’an enhanéement hbuld'beanisotropic and result from a reductioncs E _ %?
in the isothermal'work required(for an atom to jump in a'PartiCular 5 ?
S~ ~direction. Secbndi&y it is possible for localized temperature : | é@

increases at points of structural impérfections and high strain to

increase the diffusion coefficient from an increase in the atomic | N

kinetic energy. Finally an excess of vacancies could be generated

by'the.movement of dislocations as a result of the high strain rate

- gssociated with ultrasonics.

mmmmmm

In order to determine which effect is predominant the

diffusion of copper acceptors in germanium in the presence of ultra-

P sonics is examined. This diffusion couple was chosen for its high
diffusivity, ease of measurement; and extreme structure sensitivity.

i stn o p 1 ot

'ngﬂ%he temperatmrewggnge of 5OO°Q#tQ 700°C ultrasonic energy at a

.......

strain maximum of approximately 0.001 at 40 Keps had no effect on

the. diffusivity or<solﬁbility of copper acceptors. It is pbstulated_




Lor alter their moblllty to any 31gnlf1ca.nt degree. It is deduced

that ultra,sonlcs dia not 1ntroduce point defects and d1slocat10ns

from ultrason’ic straining. Finally, it is suggested that ultrasonic
eénergy enhances the 1nterst1t1al dlffusmn of copper by alterlng

the geometry of the germanium lattlce.

I

.......




INTRODUCTION

.

destructive testing, soldering, and welding;

destructive testing enploys the fundamental laws of physics con-

ultrasonic welding is more complex.

and breakup‘ofUOkides reSult

a weld usually shOWing no signs of recrystallization.

"parative to a compressed spring

The applications of ultrasonic energy are, 1n this decade,

g

solVing many industrial problems such as material cleaning, non- ‘w
Ultrasonic cleaning

results baSically from the violent action of caVitation, While non-

el

“ cerning the propagation of mechaniéal waves through various media.

The advantages of ultrasonic énergy obtained during soldering,“
result from efficient cleaning and wetting in one step while

. In this case surface cleaning
in‘nearly-pure material contact; this

combined With frictional heating and material seizure will result in

Hence, a

solid state weld is Formed with both similar.and\dissimilar materials.

The field of ultrasonics in general involves the production

land use of mechanical Vibrations at cyclic frequenCies above the

audible range. As a compreSSive force is applied to a crystalline

substance, the lattice 1s strained in the direction of the force.

—_

Upon removal of the force the lattice will Vibrate in a manner com-_.

The resultant tensile and
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1
: tra\reling wave. When the dimenmons of a crystalline body are of a :
. reﬁonant length a pressure wave is reflected at a surface l80~outﬁ—~ | -
of phase with the impinging wave. This results in 8 standing o | ‘ o '
pressure wave of a sinusoidal natu_re havingnodal point-s of zero o
- .st;ain and antinodes of maximum strain which alternate between
'compress:Lon and \tens:Lon. - The 1ntegral strain of the half wavelength
section between stress nodes gives rise to a displacement or excurs:Lon
of one node when the other is held stationary. Such an excu‘rsion
‘oceurs at the driving frequency and is -used as the tool ;‘fo,r.soldering
and welding. . .
Objectives of This Study L |
In view of the su /g;cess achieved with the appllcation of
ultrasonics to the above processes, a s-‘grefater emphasis is being
placed on its effects l,durin_g solid state metallurgical reactions.
- The reac)tions. of principle interest are diffusion, p_reci'pitation, o
and age :hardening and re'crystallization. The effect of ultrasonics
on these solld state reactlons, as discussed below, is dependen“t on; ) é
~the high frequency cyclic straining of the structure of the materials
1nvolved rather than the net excurs:Lon of a resonant length of
P

understanding of the changes found in these phys1cal mechanisms

during the application of ultrasonic straining.

aterial A general obJective of this work is to obtain a better
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’Allfof,thefahove-solid,State reactions involve;atom trans-‘_ - .

—_——vixnﬁbfa&éfieésebestkexaminedwin1aStudyof»diffusion. For this -

reason the specific objective of this endeavor is to study the effects

-of ultrasonic energy on diffusion in the solid state. It has been

'revealed'from,a reView of the literature, cited below, that ultra-

Y

sonic straining increases case depth during carburlzatlon. —In V1ew 5

of this,_itlis dmplied“that“diffusion reactions in general are en-

hanced with ultrasonicsj hOWeVGT)iHO direct analysisdfor diffnsion
weeefficients Was performed. In this study an attempt will be made
to analyze proposed mechanlsms of ultrasonlc diffusivity enhancement,

both theoretically and experimentally.

Ultrasonically Enhanced Solid State Reactions,

‘ One‘of.the earliest reports of enhanced diffdsion,dﬁringﬁ
cyelie-straining, is the work of Schenck and Schmidtmann (1) who

were concerned with the effect of QYClic stressing upon diffusion. o
B : . el ?{\ . ) .- R .
In their*firSt‘experiments, plain carbon;steelfwas oarburized'under

'When |

.....

comparing the case depth achleved durlng stralnlng Wlth samples-

treated 1dent1cally Wlthout the cycllc load the former depth was

_ ,4__.4“‘

1ncreased and the 1nfluence was more effectlve at higher temperatures

and greater strain. Static-straining before*pulsating did'not;altep

e o S e P eV A e R N AT S T BT T T
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'pulsatlng only durlng an anneal, after a prev1ous carburizatlon

‘where cementite was decompOSEd by ultrasonic vibrations. Hence,

e ety
o bR v e emeir 4

¥

the results 5 while the 1ncrease in case depth was also noted when

treatment._‘__ Thus, it was concluded that cyclic stressing aided

diffusion and it was not merely improving contact between‘ the iron o

and the carburizing medium.. They'next— ‘e@0Sed specimens to-.

carburlzlng while loaded ultrasonlcally at 1&50 kllocycles per second

"(chs) Even though the strain was less in thls instance the case

|

depth was greater than at SOO cpm. It was concluded that the total

12
]

energy, 1nvolv1ng both frequency a.nd amplltude y 1nfluenced carburlza-

[

Rozanski (2) studied carburization under the influence of

ultrasonics as a means of aiding the process’ without increasing the

‘temperatur'e.i His main interest was to determine more about the
s:Lmultaneous occurre}nce of graphltlzation with 1ncreased dlffusmn s

under ultrasonlcs as reported by Tanaka, Yoshida and Tagaki 3),

Rozanski e_-xcited small diamet'erﬂ-, acoustlcally resonant one half |

wavelength bars ultrasonically in a furnace for carburizlng. At

28 chs, several samples of smallest dla.meter falled one quarter

s ,-q @

‘_wavelength fromthe end. Here at the point of max:Lmum stress and

strain g,raphi_t'e was found; the amount decreased near the center and

S

_.fvtit_h lower '=tvé»'mperature.  Case d’.e._pthz in __‘general -did increase in the
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fprecipitation.of excess solute from it.

1

llarger'diaméterlspecimens‘which did nbt‘fail and'no graphitlzation

'was found in the unexcited spec1mens. It was concluded that the _IWWQW;;; --------------- T
grabhltlcatron uas accelerated by the increased rate of carbon W
diffusion due to the ultraSonic strainlng,’and a critical value of
stress was required‘before graphlte partlcles were fornedJ |

| Pogodin-Alekseev (4) verlfied an increase in- case depth
durlng carburization with ultrasonics, having a direct proportlonallty
with the stress amplitude. It'was also possible to accelerate pre-
cipitation hardening of nickel based alloys at both elevated and
ﬁfoom‘temperatures. He suggested that changes occur in the lattlce

parameters which accelerate dlffu81on, saturation of the matrix, and

~'Ir"i:a‘_s".tud;-y'of the influence of ultrasonics'onfprecipitationm;

hardeningwof.ironfbaSe;alloys,'a reduction, by a factor of 50, in

’the time required;tO obtain“a“fixed hardness was found‘ vAlsof

alumlnum alloys were ‘age hardened 20 25 tlmes faster with ultrasonlcs,
w1th the final hardness obtained belng greater in the alded.spe01mens.
The effectlveness of ultrasonics appears to be 1ndependent of frequency

between 3OO cps and 1500 chs but dependent on 1ntens1ty;d These

?flndlngs were those of Gudtsov as. reported by Ermakov and Al ftan (5)."

A s1mllar study by Ermakov and Al ftan (5) 1nvolved the

faglng of half wavelength spec1mens of an alloy ComPOSed of 78.6% Ni,
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l ’4% Ti, and 20% Cr at temperatures from 700 C to 800 C. At a

- 4 stress ma.x:.mum (a,ntlnode) of 3.5 Kg/mn2 at 700°C with 23 26 chs i
a Rockwell B hardness of 98 lOO was obtalned in 20 25 m:Lnutes which

would require 16 hours without ultrasOnics. It was claimed that

’ stressmg of the lattlcelncreases.the dlfqu].OIl coefficient of ) o

- alloylng elements due t'e 8 decrease in the actlvation energy. L

" | - "Al'ftan (6) &tte‘nmted to determine which of the tw_o “falctors:, ,

'frequen‘cy and intensity, is most important in the enhancement of 5

solid state reactions. Diffusion is a function of the kinetic i
energy of 'the “atoms and their respecti've positions, With the kinetic
- energy being ;'oportio‘nal to temperature and the position related
to deformation. Under ult;ra,rsonic compression a unit volume of
".ma't:'e'r_iai will increase in temperature while in tension the temperature
' nll decrease. Ac;cording to 'A_l-'fta.n the strain or pressure is pro;'
portlonal to the product of f‘requency and amplitude and the speed
of pressure change ”1s proportlonal to the product of (frequency')" |
and amplitude. In a complete cycle, th_e change in temperature of
“a unit volume of material is minimiée'd as a result of the heat |
'tr.ensferfbetween zOnes-o}f tensi,on and cei‘irpression.. This change in
teﬂperature varles dlrectly with the rate of pressure change and
1nversely 'with the ,p-ressure. D1ffus1V1ty is proportlonal t0 this
:ci'ha“.nge in,_.t'emp'erdture. In view of thims, static elastlc deformatlon
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will not accelerate dlffusion in agreement'with the work of “Schenck -

lllllllllllllllllll [ K

(l),‘since fr@m thls analysis, diffusiV1ty is proportional to

R
AN R

TRt

[N &« S

frequency.- |
The iniﬂuence of ultrasonic”high tempereture heating on
phe‘structure.ofbtechnicaliron was studied by Balalaev (7), An
i - annea;ed, one half wavelength’rod of iron (0.0M%C).was subjectea
- ‘ ’,,to high temperature heating due to internal friction caueed by
.ultrasonic sfréining. The microstructure per&llel to the longitudinal
‘axie‘was‘examined.before and after the application of ultrasonies.

"fﬁa VUponfexaminatipn, they'fcund:thatfultrasonic heating introduced

“points of active structural defects which intensified the dissipa-
tion of energy during ultrasonic straining. The increase in
temperature at the defects was Sufficiept to induce localized

‘recrystallization by heating toethe.9lO°Q_transformation’temperature.
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HYPOTHETICAL EXPIANATIONS -

—_—

L A

4
RS

The'fundamental nature of diffuéionjis\expressed by Flck'

i1y

Th1s is expressed by the follow1ng, Fick's First Law, where D the

T "

5t " B&x o

 Under non-steady-state .coh-c'i:-it.ion_s;;it is found that <L = p

Accordlng te Lazarus (8) these laws dre only 1deal in that

certaln condltlons are 1mp11ed but in reallty arejpractlcally non-

| exlstept. Experlmentas observatlons.ra ly~&§ejr613£edftojtﬁeseJ

K2




N

pfactors'in such a simple-manner., For example the dlffu31v1ty is-
usually not a constant but a functlon of one or more of the parameters —

.zof 1nstantaneous tlme, temperature, position, and compos1t10n.

Geometric and Probability Analysis f . n /

.ing=thrgéﬁ&SSuMP@iOﬂSv =Fifst~allfatgmcstates are in thermal.- S _*

'equilibriunlwith.the l&fﬁiCe; Secondly the 'energy band of each state

pay

) . e . . o . s K - . . <
e . . . . L
. - B - .. ,‘v. . .. N
o . : = e B . B . .
.

o

Another obJectlon (8) is the,implication that the driving force is
only the chemical concentration gradient ofetge diffusing;componént.
In additiontbth@s,the chemicai.potential gradient affects atom
tranSport, and tbe'chemical potential of each component is not
independent but=afunction,ofthe other components. In view of
thls,_lt is found that the fundamental equations are suff1c1ent | .f
only for thelllmlting_case of infinitesimaliy small'gradients in the

. | | /
prime parameters. J : | ;

: P S,
: ORI mie

/

/

Lazarus (8) develops two basic approaches to the problem of/

/

determlnlng the characterlstlc features of dlffu81on. The flrst 1s§

based on malntalnlng thermal equlllbrlum.durlng atom transport | | ET

- Al
bet#éen‘stateS'ef;different:energv. If an atom is considered to pass o fi

1 : 5

from.one lattlce Site where it possesses free energy Gl to‘anOtner- N B

4

"'site of energy Gl , it must pass through an unstable pos1tlon of o '§

o

o A relatlonshlp between Jump frequency (W)

hlgher free energy G

‘and. State free energies (Gl)'and (6,) 1is developed W1th the follow- - |

yyy

1s small compared to the dlfference in energy between states. Finally" Lo




Y

ﬁfft' : i 1_#; 72’  _;;;» ;;t;,n 5;
j:itheftime required.t0~change‘Statesisulang cOmparedato the thermal
relaxation times of the lattice.. The relationship developed by
:Lazarus is shown.below1 L,
- T-(}' -G *
g 2 1 B
W — nv E)(P - kT .

The equrllbrlum state of'each atom was considered to be a.s1mple

\\harmonlc oscillator of Frequency v 3 k=‘Boltzmann's constant, - TN /

T 1is the absolute temperature,

and n is the number of independent

*paths from.state 1 to state 2. If the 1sothermal'work (G2 Gl)

& required to move atoms from state l to state 2 is reduced """ the jump | ?
frequency and hence diffusivity'would be increased. | n_w. %
) | The second approaeh of Lazarus was based enzthe dynamics
of the dlffusing atom and the position of its nearest neighbors. ;
- The highest probabltlty of an -atom jumping.lattice sites is composed
| of the simultaneous occurrence of the following two reduirements.
The firSt isthat the thermal vibratdonjof the atonbe‘sufficdent to

the passage of the atom to 1ts new positlon.

mhe p0581ble effects of ultrasonlc stralnlng on the above

pr1nc1ples can best be explalned with the a1d of a s1mple geometric . *

nodel. Con31der a body centered.cublc unit cell w1th a vacancy in




4 L ;
i:".” L ‘
- - - -
1 — | - . S i
B
the _central atom site. If an atom of radius R3 were to dlffuse to

| R - this 81te it must pass through & constrlctlon of radlus Rl in;the l
H (100} plane between the four corner atoms. Swalin (9) considers such |

a model in his report on an‘elasticity concept of diffusion. The
prime concern here is the calculation of the enthalpy of movement
to the COnStriction'in'the (100) plane.

The bas1c.Arrhenius equatlon, below, relates the dlffusiv1ty

D to the actlvatlon energy Q and temperature T: e

-~ SoD - DOEXP'%E)

W

,lngthis case ‘DO anuik‘ are constants. Swalin states»that
,m;Qz.AHl + AH2 where AH is the enthalpy of vacancy formation and
‘ Aﬁé is the enthalpy change of Jumplng to the saddle p01nt 1n ar

’revers1ble manner., ThlS enthalpy of Jumplng consists -of the elastic

shear straln energy of pass1ng through the saddle p01nt. This is

| s . the sum of the stored energy of constriction enlargement from Rl

| tOf:RE and the energy of COmpress1ng the atoms from radius R to

3
= ‘fRé y (R3 > R2‘> R, ). By assuming that QAH,, is independent of
| o temperature, Swalin approximates. AHé by-»AG‘

.Qf-jumping. ThlS is also the 1sothermal work of Jumplng used by

the free energy change

Lazarus and is deflned by the follow1ng.‘ - o

4

w2 MR
S .2 31+ BR3 |
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In thls.relatlonshrp A and B are constants. When considerlng

(R ) the constriction diameter to be only sllghtly'less than the

ahamfsrze*“tﬁ3z y it is found that the free energy change is reduced
with an expans1on of Rl' This reduction in AG2 will reduce Q
and increase D of the Arrhenius equation.

| - In cons1derat10n of the analys1s of Lazarus and the above
model of Swalin, a straln in the [lOO] direction will extend the

cell 1n & manner such that the constrlctlon in the (100) Planes

parallel to the straln axis is expanded cycllcally more than the

N
e
¥

remaining two planes. “Hence, with four passages changing size

9

LCyCliC&lleétnultrasonic frequencies, it should be evident that at

Gl) as above, should be minimized. This should lead to an
1ncrease in d1ff181v1ty with the increase belng more ev1dent normal
to the stralned dlrectlon, than in any other dlrectlon.

3

Temperature Considerations

It is obvious from the Arrhenius ‘equation, the work of

i iag

Lazarus (8) and atomic kinetic energy cons1deratlons that an 1ncrease
~in temperature w1ll increase the dlffu51v1ty Whenever work is done

"‘on a rmterlal durlng ultrasonlc stralnlng, heatlng‘w1ll occur and

every'cycle 1nvolves one quarter of ajperlod each of the follow1ngx

applydng tension, relaxing ten81on, agplying.compression~and.relaXing

\ -y » . ‘ ' -
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compression. During the half periode of relaxing of stress cooling

should occur, with the emount of eooling dependent on the heat

d

'scale, is insignificant in compari

transfer rate of the material involved. USualiy the cooling rate

is slower than that of forced heating and net heatlng is fﬁﬁnd. Sl

Balalaev (7) heated.spe01mens to temperatureS‘of ‘the

~order of 1000°C with ultrasonics.‘ However, insuffl ient information

is avallable concerning his equxmment and 1t is the author's oplnlon
that an unreasonable amount of strain must have been exhibited at

' k]
erience of the author,

20 chs. It is expected, based on past

that the degree or percentage of heating by ultrasonics, on a macro

son to the temperatures involved

for most Solid State reactions/end in consideration of fhe normal

power densities of ultrasdn{e transmission lines.‘
The p0551b111ty may ex1st for locallzed heatlng at p01nts

of structural defeeps and hlgh straln as observed by Balalaev (7).

P LN L VE L TEIRTpY

.;These effects cqﬁld be reSP0n51ble for increased dlfflSIV1ty' it

is expected tﬂet these localized hlgh temperature areas could not .
be measu;ed wi th thermocouple 1nstrumentat10n and hence their

presence known or controlled;

.Sfrdin.Rate Effects - | o -

The enhancement ofxdiffusion in metalsty @eans'of simul-

taneous plastic deformation has been a subject of much eontr0versy

[ TN DR
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.+ over the past decade. The controversy is due to both contradictory =~ = |

-experimental evidence and thgqry.' The,mechaniSm.of interest is the

'poSsibility of Creation of point defects during straining of the

base material,‘with the diffisivity_increase'being dependent on

" the amount of Strain or strain raté.

'The most coﬁmoh diffusiOn mechanisms invblve point_4§fects:
| pfimarily-vacancies. :Substituional diffusion can.oécur by annihila_
4tion of vacanciés in a direct interchange with a neighboring atom
" or by their combination with diffusing interstitial atoms which
prefer to come to rest substitutioﬁally. Hence, if point defects

c;;ﬁﬁéwgggatéd dur{5§;geformation,diffusivities.WDuld be ﬂigher “
| due to an—excess‘of'vacancy siﬁes.
é' | | S | Dislocation theory,.in its normai &gpli@atiOn, explains
é 1( | . rthe'cbnéept of slip and plastic flow as resulting from thé movement

of dislocations. However, limited movement of dislocations .and the

resultant vacancy creation can occur in the elastic region as

§ 4 suggested by Read (10) and Cbttrell:(ll).; Stress fields of’éis-

% | : | B locations interact and lock dislocations into'metastable positioné.

§ " ;In brder to cause’unitvslip'the externally'applied force must”bé'~

3 v . | . - o -

| " ﬁ sﬁfficientAté breék these dislocatipns apart and promote gliding by *
overcomingall,oth;robs;géles.If the‘applied stress is n9ts N

| tsufficieﬁt to overcome all'obstacles it is expectedﬁﬁat thé-dis-

é locationsfmay move to‘new metastable positions. It'is.also known
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—== with-silvers In.partlcular their results 1ndicated a greater in-

»&sfluence of strain at low temperature and'highistrain rates. The

‘:7that stresses lower than the crltlcal slip stress may cause revers- k
\llble displacement of dlslocatlons, this rever51ble strain is added ’ |
to _the elastic strain which in effect lowers the apparent elast1cI° | i
moduli.~ Creep, which normelly occurs at high'temperatures underv & - é
‘;streSSes'within.the elastictlimlt,;is nothing more than limited |
‘plastic flow Which decreases with time as the dislocations come upon h %
. obstacles. 1_,_ | L - | . . §
Because of these.tossibilities of dislocation movement ?ﬂ
w1th1n the elastic reglon, ultrasonlc elastic straining could pro-

?hvfdeﬁthe limit;d dislocation'travel required to create point defects.
Buffington and Cohen (12) reported the enhancement of the zelf- ‘ |
diffusion of alpha iron“by'a,uniaxial compressive plastic‘strain. é;
The ratio of strained to unstrained diffusiv’it;k (D,/p,) was found
to be a llnear functlon of strain rate and independent of the %;
.magnitudelof the strain. Supersaturatlon of the iron w1th‘vacanc1es i
at the high strain rates was postulated as belng the mechanism of ?%
enhancement.' At the lomer“strain rates the vacancy‘source and}sink éé
actions of the dlslocatlons approach thelr thermo equllibrlum.level. gi
Forestlere and Glrlfalco (13) offered a theoretlcal ' %é
analysis of the llnear relatlonshlp of the dlffu51v1ty ratio w1th a é}
‘straln rate.and backed up their theory with d1ffus1on enhancement t %
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'vacancy supersatu.ration effect of Bufflugton and Cohen, above, Was - a

'applled with the addltion of the follow:mg concept to explaln the

FERRY

Bt ISP

‘Also it vas demoiStrated that the diffusivity (D_) "is proportional

to the *producti-_on '_rate

—tempe atarem@ 0: ancement. At low temperatures vacanc:Les »

are produced by a geometry mechanlsm and mlgrate to fixed s:mks
while at higher temperature the productlon 1s thermally activated

and annihilation is by 8 cbmbining_ with divacancies to form g stablé

and immobile trivacancy.

“ -

The enh'ancement of - self-diffusion in single crystal silver

while undergoing plastlc tors1onal strain was reported by Lee and

,kMadd:Ln ( lh) A supersaturatlon ef‘fect wa.s clalmed to be the reason

.
-p

for ‘their results and in an analysis 81m1.lar to Forestiere and

Girifalco (13), it was determined that the number 'of‘ excess vacancies
(Nx) isyproportional to the product of strain rate ( é) , vaca‘ncy
lifetime (7\) y and the mole fractlon of vacancies per unit straln

(n) ThlS is shown as follows. ~

N = ¢n . A

of excess vaoanc1es and the number of

- vacancy lifetime jumps (J). Thls is related as follows:

SN

D = PJ

When c1t1ng the work of Ham and Seltz » Lee and Maddin (lh) reported

i

the productlon rate of vacanc1es to be 1ndependent of temperature but -

[
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dégendent7dn‘dis16catiqn'geometry'effects; also the number Ofllifétimej

jumps increased with temperature, thus aiding diffusivity.

-

Darby et—al:

’lf) reported results contradlctory'to Lee

-and Maddln, in their self dlffus1on studles of s1ngle crystal silver

At

while underg01ng plastlc tensile and compress1ve straining.- They
reported no dec1s1ve enhancement w1th1n the limits of experlmental

 error. It was cqncluded by'Darby'et al. that the number of excess

vacancies created by deformation is insignificant to the number

generated by temperature alone. Their results 1nd1cated the ratio

- Ly

ajof (p /D ) to be on the order of 1.5 as compared to 100/1 for

Leewand Maddin. The experlmental results of Darby et al. indicate

®

that the number -of vacancy'gumps per ce per 1% strain was less than
o 5 | .

<l03 . The number of vacancies produced per ce per 1% strain is
approx1mate1y 1O 7 for face centered cubic materlgls. Further‘” | . @

studles show the number of lifetime Jjumps to be lOlo as determined

by anneallng studles of quenched in vacancies. Thus;~atllow
temperatures the number of vacancy jumps per lp strain per cc is 10 7 |
a factor of 105 lower than the experlmentally calculated maxnpnn

fvalue of lO32 at higher temperatures. It 1s not expected that N . |

thermal energy would account for uhlS dlfference and certalnly not

i Laccount for addltlonal Jumps requlred for the Lee and.Maddln D /D L
uof 100. In v1eW'of this Darby et al. dlscounted.thelr 1.5 ratio as d". : }2

being'the;result of experimental error.

R e e e S |
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M ’Qi..Derby et al;,(l6); initheir‘negatiVe result attempt tO‘. %
dupiicate the‘torsional experiment of Lee aﬁd.Maddin (14), pre- §
sented the following equaclon.relatlng the numbereﬂextrastr&1n~#f—————4~‘f——~
induced vacancy Jjumps required.per 1% straiﬁ’for the-corresponding - » L N
f_ N - strained ‘(Ds)'.and ﬁnstrained. (Du) diffusivities: . |
N (1%) = Du[(gﬁ) - 111 h85,] T o
| u 100a” € . | N é
In this equation, (a) is the.iaftice pepamete; in A and (é)_,is‘ |
'the strain rate. 'Aecerdinglyy using the data of Lee and Maddin,
-5 X 1032 extra jugps per cc per 1% strain are required.fer their
100/1 difquiyity ratio. .Again this is an unreasonably iarge.ﬁumber

to'expee£, in coﬁparison to the 1027 extra jﬁmps/ce/ﬂz strain near
Toom temperature.
In view of the dpovemdiscuSSien it is the"author's conten-
tion that an(excees of point defects’coﬁld be”responsible for —
% _‘ ©  enhanced diffusivity with high ultrasonic strain rates. As an
illustrative example:censider an acoustical transmission line
operatlng at 40 Keps with a half'wavelength excursion of .001".
ThlS would have an average‘straln of approximately 0006 glving a .
max1mum.sttaln of nearlyJ.OOl At hO.chs the perlod of one cycle

~1s .25 X lO'h seconds W1th the max1mum straln occurrlng in l/h of

a cycle or'in;.0625 X 10 4 sepoﬁds. Tt is evident that the maximum




- to Darby's analysis for the number of excess vacancies required for

b

~

strairi rate would exceed .’160/_ sec ( é'v).. By applying this st”réin rate

~

ultrasonic straining can be approximated by (qu) below.

N'x;_-.s x 163° for Lee and Maddin with € = 25Lv><,lO-5/s.ec -

but . o |

N
XU
N

X

me | m e
>o

T 160

= ‘0.8’ X 1027/cc/l% "st‘r”ain.

Thus, with ultrasonic straining the number of excess vacancies

required per cc per 1% strain is of the order 10 7. This is of
the order of magnitude expected at room 't,emperature as discussed above
in the work of Darby et al. (16). It is therefore reasonable to

expect the high strain rate associated with ultrasonics ’to be fc'_ap,a‘ble

of 'introduc%ing an excess of vacancies for supporting a 100-fold

increase in diffusivity. | e

g v ' ' ' o :
Three extensive reports by Balluffi and Ruoff (17) (lB)xfi\Q)

were written in an attempt to clarify the confradi,ctions of Darby'

'_"andm-. Lee and Maddin.' It is s'uggeS"ted- Ithét within each grain or

_f-s;,in.gle crystal there exist subgrains posséss‘ing & negligible dis-

location densityAwith a boundary of high dislocation density. If

eﬁh&n%menﬁ—&m%h@abﬁmiaﬁonﬁhemmﬂﬁemmth——————
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W1th1n the subgraln a homogeneous array'of scerew and cllmb type jogs

- existed w1th an equlllbrium between the source and s1nk actlons of %57

the boundary, a small applled stress could override the balance to

the p01nt where excess1ve productlon occurs. This is the model

generally accepted for the explanation ofjposs1ble enhancement of -

dlffus1on by plastlc strainlng

After a final analysis of some fourteen experiments Ruoff

and Balluffi have concluded that there has been no evidence ofJen-'

: o . . |
hanced diffusivity due to the creation and annihilation of point

defects; other parameters were responsible for past resnlts. These

iremarks hold for strain rates used in past WOrk up to the maximum

of 25 X 10™ /sec, applled by Lee and Maddin (lh) but not necessarily

for ultrasonlc straln rates approaching léO/sec. S | S
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- _EXPERIMENT DESIGN 1
) In VieW-Of the hypcthetical;explanations of expected en-
| - —hanec ment~of"d1ffuslv1ty3 this investigation was des1gned With‘thgw;““"‘mfmﬁvf_‘-gid
.intention of checklng for p01nt defect temperature, and geometrlc
effects of ultrasonlcs. There are several general requirements .

s avcrororeg g,

______ o Nthh would aid in the selectlon of materlals for thls study:

~¢;(1)‘a high diffusivity diffusion couple, requiring short penetration

. times, would minimize most heating and control problems associated
with the uitrasonic equipment; (2) the examlnatlon technlque of .

,determlnlngmthe concentration gradlent should be accurate, versatlle,

poss1ble anlsotroplc effects of dlffu81on in the varlous gralns of

a polycrystallléedspec1men and short clrcultlng of diffusing atoms

L i and.avarlable, (3)” avSlngle crystal is reQuired to eliminate - -
along grain boundaries; and (4) information should be available
3

concernlng the unalded dlffu31v1ty and its probable mechanism.

o

Material Selectibn

» Shewmon (20) and: Crank (21) have developed a th1n fllm

solutlon, for the accurate determlnatlon of the dlffHSlVlty'Of - | B 473

- ': _.substdtutlonal atoms which uses the~fbllowing-relationship: s R 1

B [y

| = -— = m . .
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It is therefore possible to calculate the diffusivity (D) from the
“slope (m) of a plot of the natural logerithm of concentration (C)
"vers-us"the !.square' ef 'the penetration distance - (xg*) for a given

time  (t).

In order to eliminate excessive heating of the ultrasonic

L4

_equipment and to reduce experimental time, amaximum time of 1800

seconds-was selected. For macroscopic diffusion a minimum x- value

of 0.1 em is required to reduce surface effects. In achieving good

resolution of solute concentration a minimum of one order magnitude

change is acceptable. With these parameters and the thin film

an_al-ysis it was .ealculate-d that a diffusivity of .6 X ~166_cm2/sec

is required. A literature review indicated }ﬁost D wvalues for

the diffusion of metals were of the order 10 10 to 10 12 cm ._/:se;c;,
a value ‘‘‘‘ much smaller than desired.

YN

Higher diffusivities are obtained with the semiconductor

family of materials such as silicon and germanium. According to

%

~ Boltaks (22) 'element‘s such as gold, silver, zinc, coi:per and iron

form substitutional solid solutions in germanium while lithium is

| ..1nterst1t1al. At 800° C the diffusivities, 1nto germanlum, of Groups

| I and VIII of the Perlodlc Table are larger by a fector of 106 to

8

107 than those of Groups III and v. Spec:Lflcally at 800°C: D of

copper, Group I, is 2.8 x 10” cm /sec, and ‘that of 1nd1um, Group III

oy
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is‘fulfilled with the couple of copper into germﬁnium.

mThrouéh.consideration-of the fund&mental properties of

o5

,,?5'13 2 x'16513qm2/sec.'eThus;-théffirst requirement of.high diffuéivity‘f

semiconductor physics the second requirement of easy measurement -

‘was solved, since.diffusivitieé can be determined from conductivity

 data; Copper behaves as an acceptor in‘a substitional-solidfgolutioh N

with germanium. Heénce, when filling vacancy sites in théngermanium;

lattice, éach COpper atom accepts an electron which leaves behind

o

a positive hole, cauéing the germanium to be p type. By doping
germanium with a donor impurity such as antimony, an n-type

extrinsic semiconductor material is obtained with an excess of elec-

trons over that of intrinsic germanium. If copper is diffused into

the n-type germanium the holes soon outnumber the electrons in the
vicinity of copper atoms and the carrier type is reversed. A narrow
but.di§tinct'junction is formed between the two types of carriers;

this is designated a p-n junction. By measuring theAconductivity

‘JOthhé germanium the concentration of copper~accept0rs can be

~determined. In the”experiments to be citéd below, the diffusivityﬁ

of copper into germanium as determined from the acceptor concentra-

tion, just described, has had excellent agreement with the radio-

Wactive tracerqmethod. This method has been used most freQuently

for its precision and agreement with Fick's laws.
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Other added adVantages to us1ng this particular dlffu51on

couple are related to the requlrements proposed. The results of

hthls study can be discussed in terms of the wealth of informatlon

¥ o @y

—available om this system, accumulated since the early 1950's. A

.'correlation exists between the electrlcal propertles, 1mpurity con- -

centratlon,-and crystal perfection (dislocatiOn conCentration).
Common etch pit techniques of dislocation counting are available
and single crystal specimens are readily available.

Y

Cu-Ge Diffusion Studies

Germanium was found to undergo a reversal of carrier type
“when n:type was heated to 800°C and rapidly cooled, The new p
'type would reyerse back when heated at 500°C for a prolonged

period. Fuller et al. (23)vinvestigated the cause of this conversion

- and found an advancing p-n Junction, indicating the diffusion of

impurity acceptors into the germanium. The diffusivity of these

Y

acceptors was foind to'be of the order lO-Scmz/sec' near 750°C,

T S M PR Cor Ny

and their concentratlon ‘was assumed t to be equal to1 (l) the reduction

of n carriers in n- -type materlal (2) the number of n electrons

of the orlglnal materlal at the Junctlon and (3) the sum of the
orlglnal n carrlers plus the added holes 1n the converted materlal.u

Fuller and Struthers (24) found the d1ffus1v1t1es of the

thermal acceptors and copper to agree w1th1n the llmltS of
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'experiméntal erforZWhen-diffuséd into germanium at 654 to‘9l9°C;'

Copper was diffused'into.n}type germanium from & thin film.deposited

from a copper nitrate solﬁtion;»ahd the conéentration'gradient'was

e
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techniques of measuring diffusivity below 700°C. The meximum

measured with both radiocactive tracer and condu V1Ey o Cenn1au T

During a 48 hour anneal at 500°C the copperjbrecipitated.oui of

solidfsolution“éﬁd changed the germanium back to n-type of nearly

the original resistivity. - Slichter and Kolb (25) verified the
- S - |

equality of copper and thermal acceptors. Germanium examined at

various stages during and after crystal growth were found not to

-~

convert when reheated. Exposure to air or dbubly distilled water

following growth had no influence, but after immersion in a dilute

solution of copper nitrate (0.001 atomic percent) excessive con-

ﬁversibn was found. Again the.ratio*of radioactive coﬁper atoms to
hole carriers Was»found.to beapproximatelyJone..

In an analysig similar go that uséd in‘thiS‘study,Fuller
et al. (26)_found &ﬁfaverage diffusivity of 2.8 +.3 X'lO-che/séc

for the temperature range of 700-900°C. Solubility studies verified

‘the close agreement'between‘the conduc@iyi?yand r&diqactive

solﬁbility‘occurred at 875°C with 4 x1016‘ho1eg or copper atoms
per cc. This agrees with the peak value of 8 ><:J_O'-‘5 atomic peréent

.0f Thurmond and Struthers (27). - Due tb the scattef of the diffusivity

z
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ing temperature-dependent‘Arrhenius eQuationJwas;developed;uy;EdLhar. |

results, the temperature dependence of diffu81v1ty was not accurately
determlned; however, by a statlstlcal analys1s of the data, a%maximum

activation energy'of_thO cal is obtained, Accordingly, the follow-

\difqu1v1ty5“ 2.8 x 10 =) at 7OO 9OO C, indicate an 1nterst1tial

.stitutionallyrhad very low diffusion coefficients of the order

et al. (26) for the 700 to 900°C range:
D = O‘OOOl9yexp(-hloo/RT) P - : - -

Their attempts to measure d1ffus1v1ty below 650 C indicated a much - ~
lower- d1ffus1v1ty. It 1s their oplnlon that this may be due to 8

lack of equlllbrlum below thls eutectlc temperature. Esaki (28)

"has reported a hlgher actlvatlon energy of 35 000 cal for thermal

acceptors below 650°C; this leads to & lower d1ffus1on coeff1c1ent.

Fuller_et al. (26) suggest that the low actlvatlon energy and ‘high

mechanlsm of diffusion. Also, atoms known to enter germanium sub-
-12 2 ;

10 /sec. However, as with normal interstitial diffusion of

acceptors, the copper,shOuld diffuse as -a negative ion, since it

has an added_electron. It is’ found that the diameter of the negatlve

o

glon is greater than 1.5A which is larger than the 1nterst1t1al site
~dof 1. 22A. It was thus suggested that the copper dlffuses inter-

Stltlally as Cu  or Cu at high temperatures andwtakee“on an ERR
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acceptorflevel,etlower°temperatures; Thls wss'hased on the evidence
‘that in the presence of a.dc field copper dlffuses as a pos1t1ve 1on
at . 850 900 C and as an'ancharged atom at 700 C. | -
f | The poss1b111ty of 1nterst1t1al d1ffus1on with a return
. to-a substltutlonal lattfce slte has been cr1t1cally examlned by

van der Maesen and Brenkman‘(EO) ~ They déveloped the concept that

both Cu; and Cu_ (ig' 1nterst1t1al and s = substitutional) exist

together and are in temperature-dependent equilibrium, with only Cu

acting as an acceptor. This is wrltten as follows, where Q is the

-

energy of reactiont

L S
oy | ‘
Prolonged heating at SOO C allows excess Cul togpreeipitate with

Ge as. & second phase of Cu3Ge. This is shown as:

The :CugGe is formed from 1nterst1tlal copper s1nce 1t moves freely

in the lattlce and as it is formed the 1nterst1t1al copper is

replenished by the.substltutlonal copper;

From an analys1s of the concentratlon gradlent of" copper

dlffused 1nto germanlum,
(c) and copper d1ffus1v1ty (D) were not related

van der Maesen and Brenkman (29) found that

'the‘conCentration

by the common error function:




e . x
— = l- erf

.in this equation 4 is the surface concentration while (x) and
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Zf)ware'the.diffusionndistance'and.time respectively. It was

concluded that the dlffu31V1ty'was not a constant- but instead a
»functlon of the copper~concentration. This was venlfled by applylng

an enaly31s developed.tw'Hall (30) for variable diffusivities.

Hall in His ana}f31s, assumed the- fundamental relationship of

Boltzman which required,the concentration to be a function of-the - ’
. | (%) es described by the following:

T @iffusion time. (t) and distance

C(,]§: ) .

It was shown by van der Maesen enngmenkman that-—c

(x/ )

validity of the Hall analysis is questionable. °

function of . but 1ncluded some unknown factors. Thus the'

A

the analysis of concentration.gradients for‘difquivity is complicated
ﬁby the'interacﬁion ofintepstitial.andisubstitutionei‘modesof )
'2& diffusion{ |
- 'Theabovertheory'was‘expanded by FrankandTurnbull(Bl)'
who,included tnerequirement of e supply of Vacancies for_the con?t)

myersion of;interstitial to eubstitutional copper in germanium. The.

———— e
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'apparent hlgh d1ffus:w1ty of substltutlonal copper is eas:Lly

| ach:reved in 1mperfect germanlum, s:ane an excess of vacancies exists‘ '

at the dislocations. HoWe'Verpit s thedriZed that y in a ‘perfect

erystal structure, substltutlonalnopper atoms near the surface )

mst dissociate into vacancies and interstitial atoms. With each

dlffusmg 1ndependently and subsequently recomblnlng, the hlgh

apparent diffusivity can be obtalned. It was therefore concLuded

that the diffusivity of cOpper into germanium was highly structure-

dependent

Fuller and Ditzenberger (32) confirmed the deviation of

Cu-Ge diffusion from the basic Fick's Law as reported by van der

Maesen, and proceeded to study the effects of structural defects

on the diffusivity of copper. Their thoughts were closely reiated

to the theory of Frank and Tu.rnbu,l in that a Wlde range of d1ffus1-

tives which are generated at su_rfaces and dislocations, i.e., D

would vary even within the same crystal with an inhomoéenous dis-

location array. In the first phase of ,their investigation copper

was dlffused into bent and unbent Specmens of germanium at

temperatures of 760° C to 875° C. The samk}les were from the same

crystal and bent at room temperature.. The resul-ts 1ndic‘ated a

greater rate of saturation with deformation and & more pronounced

-"“effect at lower temperatures. " The diffusivity increased from the
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copper and the abundant vacancies introduced by the dislocations,

fém?/séc 'duénto'deformétion.v,In the bent germanium

the copper rapidly becomes an acceptor by combination of interstitial“fx|[ 

wccal b e RO A _

el e

“but inmthe.unbent'thé copper essentially remains interstitial for

a longer time. Acceptor formation and eventual saturation.was more

rapid,in high etch pit count samples, l3,000étchlpits/cm?, when

Qompared to a medium count of 1800 etch pits/cm?. This verified the

| relationship'between déformation, dislocationsand>diffusivity.e

Another study indicated that the acceptor concentration is less

than the total amount of radioactive ¢0pper. The discrepancy. de-
creases with both an increase in time to saturéﬁion and temperature.

Fina%ly,‘evidence from.autoradiographs, etch pit’patterns; and p-n

'junctions conclusively prove the mutual existence of 'Cu", etth'
- pits, and copper acceptors'in proportions corresponding to the

~diffusion rates and concentration gradients.

Frank and Turnbull (31) suggested the following relationship

“for the acceptOr.diffusivitﬁ (DS) for dislocation free germanium,

~where recombination of Cu, and vacancies depend on vacancies

entering from the surface.
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 In this equation D, is the vacancy diffusivity; ¢, and C_are

“the vacancy and aCCethr concentrations, respectively. In germanium

of high dislocation count the copper diffuses interstitially to the

——internally generated vacancies resulting in the following equation:

In this case Di.is theintgrstitial'coppéf diffusivity and ’Ci is
o ,A -;thé inferstitial copper,concentratidn. It should be evident that"
in_the aétual crystal both préceSses_may occur simultaneousiy.
It is the opinion of;Fuller'aﬁd Ditzenberger (32) that .
this meéh&niSm.may apply. to solid,Stafe diffusion in other conven- |

tional solid cryStals. 'This also provides a method for long-range

transport of substitutional7atoms'With‘a;dgpgndenggggn.thédis.ffA%__M,

location array involved.

2

- Equipment

The wltrasonic equipment designed for this study, shown
»SChematically'in Figure 1, is,df'a_versatile nature and hence can

be adapted to other studies iﬁvol?ing thé effects of ultrasonic

energy on the physical prbperties of ﬁéterials.~fBasically it requires
no métallurgié&l;joining of the specimen involved to the acoustical

transmission line. In this respect, fhe.ﬁﬁ"KCps‘ult}asonic driver,
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o shom as part (l)‘ and the full Wavéle"ngth follow-up section (2)

-~

clamp the specimen (3) in position by means of the constant pressure

air cylinder located at (5). The one limitation to this arrangement

" is that the specimen.cannot be placed in tension, but in a compara-

.tive 'study this may not be Aneeessar.'y. The transmission line,

composed of members (1), (2), and (3), has a standing wave with

stress nodes and antinodes as illustrated.

. w

The other significant features of this equipment layout

are: the vertically movable fuz"nac(e (8) y coolin“g heat exchanger\s

-

(7), and the nitrogen quench supply jets (9). At (4) a soft iron

segment, attached to the titanium tfansmission line (2), supports

the magnetic field of the permanent magnet incorporated in the

amplitude detector. The magnetic flux passing through dvariable

air—gap permits=the calibration and measurement of the excursion

of the end of member (2) by a commercial Hall cell. An estimated

30% loss of acoustical energy was noted at the velocity node of

member (2), hence the excursion of the half wavelength specimen is

'larger'fchan that measured by the Hall cell by a factor of 1.43. A

photograph of the actual equipment is shown in Figure 2. | :

The conductivity measuring equipment consisted of a-

“Dumas four-po’int probe, of . 025" point 'spacing, ‘a one milli- "

ampere constant current source, and an Electronics Associates

Incorporated digital voltmeter. A lO:l vdl’bage a.mpliﬂier‘wa_;s'




 Jrequ1red to increase they;easuredvoltage such that +2% accuracy :
ﬁcculd.ce obtained when readlng less ‘than 10 mllllvolts. By u51ng -f_ -
v&ricus cqmbinations;Of.’iQ% deviation in actual measured_data; (
_ vleSs:than i?%.error‘was obtained in the subsequent‘diffﬁsivity‘
.calculations; chis,is believed to.beofsufficient accuracy for N
'ﬁhis stﬁdy. e s o } . )
E%Eérimental Procedure o S .A  R . (

be determined. Temperature and geometric influences should also

this diffusion in the presence of ultrasonic energy.

In view of the literature available on the couple cheseﬁ

PR
o B

it is expected that the effects of ultrasonics on diffusion may —-—==

be apparent. The diffusion procedure and analysis used by Fuller
et al. (26& was followed and the basic format of -this study_coﬁSists=

of difﬁusingwcoppef into germanium withfand'without ultrasonics

under the conditions of constant temperature, pressure, orientation,

and time. This will permit a comparative study of the behavior of

Single—crystal germanium having the follcwing properties
Was used throughout}thisstudy. It was zcne_leveled, n-type,_end
gTOWn parallel to the [100] direction with a d?slocation density
of 2000 to hOOO'countS/cm?..The.resistivity of 3 chm_— cm.iEO% was

obtained by dqﬁiﬁé'With antimony. The crystal_was'cut into

v ") . .
L vt 2 et e > o -
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 péra1lelepipéd$;.250" square by 2{500” long with the 2.500" length ';?
.parallel to the [100] direction. All faces were cut to be {100} |
cfiétallographic plahes and were lapped by the supplier to remove
saw damage. The acoustical half wavelength was determined tobé\\-~~wrt~fa%—_zﬁm.:
2. 43" at~hO.chs frequency by the’following relationship given by 5
Mason (33): | | S f
| w
A _ vlao0] _ Cy,/p I
2 o f | o f I 5. . |
. a * . . " ' - E
g - | E
- For a longitudinal wave in germanium with the strain and wave ;
'f _vélocityﬂin the [lOQ] direction a stress constant Cll is given | | §

) 12

/ by Mason as being 1.292 X 10 | d;y'nes/cmg. In this relat"ionéhip -

A is the wavelength, 'V is the velocity of sound, P is the

density of germanium :(5.323_gm/cm3) and f is the 40 Keps | o %
driving frequency. A length of 2.500" was usedwsincé'théﬁgiﬁﬁﬁ%ly ;
shorter length at an elevated temperature could not be accurately

Wfpredicted, and several temperatureé from™ 450 to 700°C‘were to be
used.
' The bars of germanium are hand lapped successively on

ary'A16Xité abrasive paper of 320, 400 and 6QO'grit. After each

'Step they are washéd in'doubly'distilled~water~and finally cleaned -

“in Freon. This was found to be both necessary and sufficient to

~ eliminate surface contamination effects during diffusion. Following N fg_%
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rather a comparison with and without ultrasonics. The assumption

P R . Smiee

fthls, a copper nltrate solutlon; 2% by'welght, was applled W1th an

_eyedropper on one 250" by 2. 500" surface. After 2 to h mlnutes

the excess was carefully removed W1th.the edge of a'blotter. Wlthout'

touchlng thls surface, the spec1men was loaded into the acoustlcal B ,;
equipment for diffusiOn; |

/ The dlffu31on.time was taken as the time from.insertionf
into~the furnacevto removal“frdm“the furnace and start of queuch.

No correctlon factor was applled to this tlme 1nterval since the

objective was not to determlne a precise value of d1ffus1V1ty but

&

~was made that the heat-up tlme approximately equals the cooling

AP A1165 1 e, %
Y

time;»this offseta most of the time—temperature error. A nltrogen
gas jet waS'used as the quench.and it was-assumed that this was

sufficiently repeatable for the comparative study and also rapid

J
enough to av01d preC1p1tatlon of copper acceptors from.solution.
;Slnce it had been reported that the d1ffus1r1ty ls‘much lower below
650°C, the nitrogen must in reallty'suppress the precipitation for .

| wa drop of about 100° C, as from 725 °c to 625°C. This ls valid if

diffusion is the mode of atom transport during prec1p1ta€ion.

¥

For examinatiOn of the copper acceptor concentratlon, the

bars'were'cross;sectioned, with a diamond saw, parallel to the 7

L]

ilongltudlnal dlrectlon ‘and perpendicular-to thE surface of applled

copper.' After;sawing,the germanlunxsurface was lapped as before to

7
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.remove'saw?damage‘to the'sﬁffaoe. ‘The surface was then‘probed for'

cOnductivity~measurementswWith a four-point probe. This analysis

: is to be dlscussed.ln a later sectlon.‘l,-v — —.
] A.typlcalspe01men was used for temperature calibration of
»the°furnace. Five holes, .Ol7"'d1ameter and .062" deep; were ) ';
ahrasively'drllled at equal. spacing along the longltudlnal length %
of the bar. ThermocoupleS'were placed in these hoﬂes to check the %
temperature contour relative’to a surface thermocouple used for the ?
; fnrnaee temperature controller. The controllerwas/found to maintain
é ”‘&g | ) tenperature variation with +8 C when set for 715 °C and the variation V %'
a _ | _ | ;
| - | aﬁbéé}édﬁtéfﬁé cycllcal.. Figure 3 1llustrates the temperature con- o | %!
tours used.for various settings of the controller. It is to be - | 'd° . %;
noted.that although a rather steep gradient exiSts due to cooling | |
from.the a53001ated equlpment, the 750" central portion varies by
4about 10°C maximum. The germanlum was noted to reach operatlng
temperature in less than 40 seconds at all settlngs.- ThiS'was due ]
mainly to the transm1ss1on characterlsticslof germanlum to infrared
| P . | .
radiatiOn,from.thewglow>bars.of the furnace, whloh”enhanoedfdeepr
‘and uniform heatlng of the spec1men. ‘ H '/““
‘Dew-Hughes (34) reports that germanlum.creeps abovethOO°C
1and gives the tensile curves for 650°C. ‘His creep results at 650°C |
| 1nd1cate a straln of 03 after S‘mlnutes under a stress of 1. 28 Kg/mm.»
Since the_specimen is under a compress;ve'load in the acoustlcal




: éqﬁipméﬁtHi£'i§ hécésggry.to.stay beloW'tﬁé.yiéid.point za.nd"coxvn:ln:l.-'‘“k;i~
3 )J'ﬁlzecreep for experlments bf 10 mlnutes tlme duratlon. Bésed on | i
'fg-the data of Dew-Hughes, an applied pressure of 1200 PST (. 8#5 Kg/mm ) : ?
__ vas assumed to be reasonable at 700 . I é
- ,Although c&pper-germaﬁium.diffusion has“not been studied E
o in the'presenée ofia compressive stressv0rvthermal gradient, it isf ;
neXpected that these effects, if preSent, should be eliminated by =« . . ?
‘this comparative étudy.- . | h %

‘Diffusivity Calculations

The thin film analysis deveiopedhby Shewmon (20) and Crank
(21) was used; a Fortran program was written which allowed the use

of an IBM l620 computer for the computatlons. In this analysis it

1s assumed that Fick's Laws are obeyed and consequently _(D) 'the“

diffusivity is constant. This'was’foundnot'to be true byfvaﬂkder~

Méesen and‘Brenkmah (29) whqvused the Hall analysis for a vafi&ble .

diffusivity solution. However,-as previously described in the dis-

cussioniof the Cu-Ge diffusion couple, there was an uncertainfy in

the éppligation.ef Boltzman's rule for variable - D~in§the Hell

analysis for thiS‘couplea;%Since theobject.ié not to find a precise
~;'value of  D, but to-uSe a comparati#e«Study, it is even mére

reasonable to use the-basic.thin film'analysis. It'canvbe shown

that a semi-infinite system can be assumed for this .250" diffusion




¢, distance for diffusivitives as high as 8.9 X 10 cn /sec if 3%

réflectionis aliowed. o . B -' ‘ o
'l The copper acceptbr cancentraﬁiénisdetermined from the
- e eonductivit§ data—as—follows; The four points of the probe are _
. 'held'parailel to the initiai~cqppef sgrféce, at a distance . L from
?; | ’f%  ~ the surface. Wiﬁh a point spacing of S. £he resistivity' p is
- .lfbﬁnd as follows, as developed by Valdes (35). -
o = -é%— SnFs(é) .

Injfhis equation,? V is the measured‘voltage in millivolts with a o | .é

. constant current I in milliamperes; F3(L/S) is a surface

correction factor3given as follows:
e
) = e 5 —

14— -
L+ &2 i+ BF
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The number of carriers, either holes or electrons, is found from the

Y
.

- relationship shown below: o
no=_ o or p o= oo .
o Q- N ‘ q P
| ‘Lf?%In'the case of n-type materi&l, ‘n equals the ntmber of electrons
having a mobility u -~ equal to 3900 cmzﬁvolt sec. With p-type
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L_Ngermanium;’ D jisfthe'guMber of holes of mobility'-gp equal to
';1900 cm?/volt.sec; The choice of mobility values agrees with-the;'

o ' .“ work of Prince (36) when no séattering of carriers from.the copper

~1s found. The'value of thé'charge of‘the.carriers is_given by
L fnw 2am19 .. B B -
g =1.60 X 1077 coulombs. - | . o - ;
.In;thié study with.unconverted n-type germanium the . o %

coppericdncentration is found from the following equation, when

:' 'éssuming one copper acceptor for each added hole:
* Cu acceptors = N, + N, ~ (for n-type Ge) .
It is merely the difference between the initial (N,) end final  ° o
(Nf) electron carrier concentration. If the germanium converts §
from n-type to p-type, the copper., acceptor concentratibn equals é
the sum of the original electron concentration (Ni) and the finaliﬂ ”E? ‘

hole concentration. (Pf) as shown below:

I

N, +P (for p-type Ge) . B S

| Cu aeeeptors ,

- . The final part of the calculations~inv0}ves the thin film 1
solution. This required the slope (m) of the 4n ¢ vs. distance

. : -
x curve which was related to the diffusivity (D). and diffusion

o ) ——

~ time (t) as follows:
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- The minimum concentration level was subtracted from the
. concentration data, to provide a normal concentration gradient, -
which would reduce to zero as X approaches infinity. This solution

was used'b§ Fuller et al. (26). This corrected value of concentra-

-

tioh was used in the thin film solution, and a linear regression

| | . |
analysis was performed on the fn ¢ versus x data to find the

s .

best value of slope m.

b

e ——

e
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aversage ‘results are
summarized in Table ITI. .Also, typlcal copper acceptor concentra-
tion gradients are glren in Flgure h The diffusivities of copper
acceptors in the temperature range of 692°C to 699° C, as shown in
Table I, d;d not appear to 81gn1f1cantly change with the applled
ultrasonlc stralnlng. Figure 4 illustrates the consistency of the
Surface copper acceptor concentration and the similarity of the
concentration gradfents, for this temperature range, with and with-
out ultrasonics. It is apparent that no significant increase in.

the surface acceptor concentration is caused by ultrasonlcs and

therefore, this can be interpreted as no increase in“substitutional

copper atoms. The lack of response to ultrasoniecs can be explalned

by either no increase in vacancy concentration or no change in the o

recombination rate of vafancles and 1nterst1t1al atoms., Thef
increase in the minimum concentration level with ultrasonlcs will
be examlned in a subsequent“dlscuss1on.

A substltutlonal copper solubllity study was performed

in order teo determlne p0531ble changes in vacancy concentratlon' a

and temperature of the germanium due to the applied ultrasonlc

stralnlng. Fuller (32) found the ratio of copper acceptors to total _
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! coppér'to'Bé:a-linéafwfunctiéﬁ of température. In particular, a 244

increase in this ratio occurs with a 50°C temperature increase from

- 700°C. In view éf'this; two bars of germanium were dipped into a

49, by weight copper nitrate solution for five minutes. One bar was

*\

diffused for one hour at 695°C_withoutﬁg;trasonics;‘while the second

bar was diffused in the same manner with ultrasonic straining at a
measufed amplitude of:O.IS-mils excursion; By using the four;point
probe and a resistiwity analysis, the,original n carrier, finals_

p carrier, and total acceptor concentrations in both bars were found

direction of the acousticai transmission line. Thiswindicatés éven
heating‘across these various sections. In all:measurements, at-
various tempefaﬁurés.(i;é., longitudinal positions) the copper
‘acceptor‘solubility wiﬁh ultrasoni¢swas§qual toor‘;essthan_thevu_

solubility without ultraéonic,straining. This-rééult'leads.to two

important'deductions. First, no additional vacancies are introduced

4

since interstitial copper should combine with them to increase the

Y
L4

-acceptor concentration. Secondly, with no increase in the acceptor

<

Céncentratiqn the.temperature risé'must be insignificant; ih~view.
Jéf the temperatﬁregdepeﬁdeﬁce of'th§5ratio of cqpbér'acceptors to
' ﬂ.fA= | ﬁbtal‘copper éxpressed by Fuller (32). .’
“ .~ . At a distance of>0;3’to 0.4 cm, the acceptor concentration

reaches &, non-zero, minimum value as in Figure 4 for 695°C. An




':increase in this minimum level occurs wath.applled ultrasonics,
the difference belng l70% and.220% for 8, measured'ultrasonlc

amplitude of O 1 and 0.2 mils, respectlvely, for the average

results of T&ble III. An increase in in

T

as explalned below, may account for thls.

Accordlng to Fuller (26), this minimum level is due to

Jor R, ur-'*

;residualioopper diffusing‘fromthe various exposed surfaces of the

g_specimen. ;In~spite of-careful'specimen preparation, it is possible

" that durlng prev1ous manufacturlng steps, traces of copper may have

"dlffused'lnto the germanlum.and pre01p1tated durlng the zone -
refining heating and slow cooling oyclesf Reheatlng of this type

of material:would result in diffusion of the coépper from the

‘precrpltate in a homogeneous manner throughout the spec1men.

%Homogeneousediffusronlofcopper from this source has'been observed
by Fuller (26) and the author suggests that thls phenomenon may
falso acoount for the minimum level of copper acceptors observed

without ultrasonlcs.

Based on the woTk of Frank ‘and Turnbull (31), another
exblenation of this minimum.level isqpossible. The effective
eopper'diffusion in germanium.is oomposed of both interstltlal and

(l

‘substitutional modeS‘of diffusion,‘where'vacan01es are requlred for

“the . conver51on of the interstltlal to substltutlonal copper.

| Accordlngly, 1t was stated by Frank and Turnbull that the 1nter—




,'stitial copper diffusivity was uszlo

. - = . Ll - . . - - B » : .
. . B . \
3

. - R

-3

~cm?/8ec, which is nearly two

B orders of magnitude higher then the effective‘diffusivity‘at-700°C-

This high interstitial diffusivity'accounts,for the deviation from

Fick's law at the depths beyond the p-n junction. Upon checking_

the conductivity type along\the_concentraticn gradient, using the

conventional Seebeck effect, it was found.that'therp-nqjunction

occurred at the minimum concentration'value. Hence,. it is assumed

that the acceptor concentratlon obtained at depths greater than the

TR

p-n Junction is due mostly'to the high diffusivity interstitial-,

$

copper.

According to an analysis cf the thin film solution for

these specimens of 0.250" diffusig;fdepth.after 480 seconds at

700°C, pure interstitial diffusivities of 4 X 1073em"/sec’ would

result in 7#%:Of*the interstitial copper being reflected from the.~‘ .
surface oppos1te the orlglnal thin film. Reflection.is due-to
the 1mpermeable boundary (the opposite surface) for the dlffus1nga M;MWWW

S ntrse i o

| 1nterst1t1al copper atoms at this depth and a resultlng build -up

of 1nterst1t1al copper concentrat10n.w1th1n the spec1men. Hence,

in effect 74 of the interstitial copper is increasing the

apparent‘concentration.withinjthe specimen rather than diffusing

to an infinite»diStance,as\in-the theoretical thin film analysis.

This phenomenon 1s mathematically treated as a reflected diffusion

gradient. VThe'reflection of interstitial copper would tend to
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"~ calculated diffusivity is greater by a factor of five (Table IIT). — —

it}

* ocecupy vacanc:LeS in a near homogeneous maenner throughout ‘the sample

‘and result in ‘the minimm level as shown in Flgure ’+ Without ultra--'

" sonics. ‘Fol,lowing this 'concopt it is reasonable that ultrasonics
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increase the minimumflevels as experienced during this study. The
increase in the minimum level of approximately 4 X lOll'L acceptors/ce

is about 16% of the surface concentration and hence tﬁé effect of

this increase is to some extent masked by the variances of the

data at“higher~concentrd£ion due to experimental error. However,
in Figuréh, a_nearly'homogeneouS'increase in acceptor ooncentrution -
of this magnitudo is observed.fOr'695°C With 0.2 mils ultrasonic

amplitude, whilo the surface concentration essentially remains = -~ -
@onstapt’as discussed before.

) A study of acceptor diffusion at 496°C also can be inter-

preted as evidéuCe of the enhancement of interstitial diffusion
with ultrasonics. As shown in Figure 4 forih96°c, the concentration

‘grudient,is grossly different with applied ultransonics.and the

—

However, theSe’difquiViﬁ?*ﬁﬁlues are.quéstionalﬂe since a thin

 film solution is not strictly valid. The cOncentratioB*curve of
| Figurevh shoWsla near‘consﬁant concentration of seceptors up toqa
'distance of O.2_cm'beforewa reduction occurs and appears as &

-constant SOurce. However, the gradient at a depth greater than 0.2 em |

R N T T LS R R e |




|  ép§earé-to,havé a sloﬁé-similar to the other.diffusion gradients;;!

with and.W1thout ultrasonlcs at both 496°C and 695 °C. Hence it is

deduced.*hat the effectlve dlffu51v1ty 1s not altered significantly

motion of the p-n junction and thus thewjéljgityhof the 1 X 10

,"W1th'ultrason1cs at h96 C. It 1s also mgparent from Flgure M that

an order of magnitude greater concentration is reached at a. depth

“of 0.2 cm'When ultrasonics'is applied. This concentration of'the

order of 3 X lOlu acceptbrs/éc'is greater then the'solubility of

1 X lOlh atoms/cc found by exéfapolatlng Fuller! E (26) data at

'ﬁ96°c. However; his solublllty data below 650 was determined

from concentration deta obtained from & study of diffusion by the

1k

atoms/cc value is qﬁestionablé. The slight increase in surface

concentration as shown in Figure 4 could arise from an enhancement

. of equilibrium'with ultrasonics, but in general the concentrétibn

\\}

increase is deduced to be a result of enhanced interstitial

diffusivities as examined previously for 695°C. A minimum concen-

- tration level for 496°C was not measured due to the poor resolution

by the equipﬁmnt‘used at this acceptor level. It is thus proposed

that ultrasonic energy enhances the pure interstitial diffusivity

of cdppér to the point that saturation is reached during the time

of the experiment as a result of the low solubility at L96°C. This

can explain the change in shape of the concentration curve with

“ultrasonics in Figure 4.
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It is apparent that the interstitial diffus:Lon of co;pper in

germanium is enhanced with -ultrasonics. Since no increased tem_pera- o

ture or vacancy concentration Was caused by ultrasonics during the

acceptor solubility study, it :Es unllkelrfor—d‘.tffusio to be en-=
hanced by an excess of vacancies created by the high strain rate of
ultrasonics ar frOm local _temperature effects. Therefore y & change'
in lattice paraineters is suggested.as the mechanism of interstitial
v diffusivit:); enhancement , &8 discussed in the "Hypothetical Explana- | ”*‘";
tions" section of this study. ‘k N |
Boltaks (22) reports his work with Sozinov, whereby the .
diffusivity is studied w1th radiocactive copper from 600°C to 900°C.
It is ,‘shf,own that above 700°G,. D is of the order QlO-ScmE/sec while
below this temperature D varies from lO-'llcmz/sec. at 600°C to |

10 9cm /sec at TOO°—C._“ It is thus indicated that a sharp“"'dis-r

ey

continuity exists from substitutional to interstitial at 700°C.

- iHowe'ver,’ the data obtained in this study supports van der Maesen

-

and Brenkman (29) who suggest the continuous transition from sub-

stitutional to interstitial copper with an increase in temperature.

~ As ilius'trated in Table 'III, the acceptor diffusi*vity‘decreased to
0.661 x10~ cm /sec upon decreasing the temperature to h96 C with
Aarreduction.; in surface concentration.- It is noted that the order

of magnitude of effective diffusivity is still 10° _cm. / sec, suggestin‘g .'

-




thet interstitial copper diffusivity is still operative down to

496°C.  No measurable acceptor diffusivity was found at 4h5°C, 1_ 7 ' ?f  S

indicating that interstitial diffusivity was either not operati#e |

S bt oie]

or not;detectable with the-equiﬁment used. - | : _'1_ h

by
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It was the objective of this endeavor to achieve a better

understanding of the effects of ultrasonics on solid state difquion.

-

The selection_of the copper-germanium diffusion'couplejwas behefi-

cial“in many respects because of its unique characteristics. In

this respect the effects of ultrasonic energy on the temperature

were either.measured‘or deduced from the experimental data. How-
ever, because of the interaction of manyjphysical properties of
this system, the validity of the conclusions listed below should be‘
checked With more‘conventional materials- One apparent disadvantage
of ‘this couple is that the direct analysis of either interstitial

or substitutional diffusion is not obtained. The acceptor

/\ ' ) | T 4 '=
diffusivity'measuredfis the sum of an interstitialvandAsubstitytional_

component of copper diffusion.

- The following remarks are restricted to the diffusiongof
copper into germanium in the.temperature range ofTSOOQC to 700°C.
‘Where ultrasonic energy was applied the:maXimum strain-amplitude

was approximately O. OOl at Lo chs.

(1) It is concluded that ‘ultrasonic straining had
no Significant effect on the diffu81vity of

copper acceptors. Evidence of this was shown
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'_‘,%n__#he similarity of di{ffusi.on gz%dient‘s of
samples diff‘uséd with and without ultrasonic_

 energy and also through a comparison of

results of the thin film analysis.

(2) It; was demonstrated that the svolﬁbili‘fiy of

_ copper acceptors is not increased by the

gpplication of ultrasonic energy. This was
verified with a solubility study and the

similarity of surface concentrations of the

diffusion gradients.

Tt is postulated that ultrasonics did not
introduce point defects in an amount

sufficient to enhance substitut_iﬂoznal copper

diffusion and thus dislocations were not

introduced or “éau'sed to intersect to any
significent degree. This indicates that

an excess of vacancies is not generated as

M

afresult of the'hfig’h stréiri rati'e assoéiated

with ultrasonics. The basis for this
- proposition was the acceptor solubility
 and diffusion data obtained for this

syst_em which had been reisoi“ted to be

extremely structure-sensitive.
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”f(h) -From a consideration of the copper acceptor

diffus1on gradients and a solubility analysis,

it was deduced that there was no significant

53

temperature iicreaSe inthe germanium.due to
pltrasonic cyclic straining of the crystalline
.Vlattice. This was based on .the-work of Fuller
and Ditzenberger'(32), whereby an increase in.
_*temperature of the germanium.during‘diffusion‘
aresulted in & proportional increase in the

i | | : ratio of copper acceptors to the total number

of copper atoms.

fS) It.is suggested that ultrasohic energy enhances
S | . the*interstitiai diffusion of copper'by'altering
| “the laﬁtice parameters of the germanium crystal
structure. This was deScribed,aS'a geometric

o | - andiprobability effect and was illustrated by

g’ ” | | - an increase in. the minimum acceptor concentration

level by ultrasonics.

(6)' The copper acceptor diffusivity was determined
to be of the order lO-Scm?/Sec for temperatures

from 7OO C to 496° C. No measurable_acceptor

.\,\'

d1ffus1v1ty was found at 445°C. Hence there

i R )'

i B




appears to be no step function for the change

‘from substitutional to interstitial diffusion - - ., =

. of copper in germanium at 700°C as-éuggeSted

by Boltaks (22). Acceptor

° magnitude down to 500°C supports the concept of

van der Maesen and Brenkman (29) whereby a

-

continuous transfer from substitutional to

interétitial diffusion occurs with the quantity

1]
=
i g
[ |
C
— i 1

T = T T T e T e e 4 e e s s s e i

of each mode varying with temperéture.
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| (
| Table II
- Diffusion and Concentration Data for T < 600°C at 48O sec

.~ Position Temp. Hall
- from end °C Amplitude
1" | 1%” -1%" mils '

.
B

- Specimen
Number

Conc. at
- 0.2 em

Cu-Acceptors/cec x 10

- Surface
Conc.

‘Minimum  Diffusivity ' ” f?fEL;f§if

Conc. 2, I
' em”/sec x 1077 Rt

14

8 *

10 - *
;l£’ .' *
lEJIJ : *
-iﬁ- *
£ i-”.*

16 %

t+Scatter in Datsg

¥

@

*_.
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Lho
Lho
L48
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0.20
0.20
0.20
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0.20
0.20 "~

0.20
0.20

0.20

0.17
0.17
O0.17

ttEstimated Values

3.10
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0.80 |
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0.20
0.15
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- 0.25
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Temperature
.OC

I

L

\

Table III .

Average Values of Significant Results

- Hall

Amplitude

mils

Surface
Conc.

Conc. gt
O.2 cm

Minimum
Conce.

Cu-Acceptors/ce X 10

14

(

Diffusivity
:m?/sec X 1077

- b5
- h4hs
498
| 196
530
-, 587
4 695
- 695
695

O.17

0.20

0.10
10.20

e

2

€

I

H a0

: H

: .

; 3
i
:

POTTV-I

[ ]

%H$®mmw

]

[ ]

No apparent diffusion
No apparent diffusion

0.22
1.40
0.83
3.40

0.09
0.10
0.42
1.01
- 1.63
L.4O
2+15 "

0.661

- 3.000
1.320
2.120
1.907
1.467

- 1.563 -
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Figure 2

Ultrasonic Diffusion Apparatus Used with Furnace in Raised Position
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