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w.Frank, U.Gosele,and A.Seeger

Max~Planck- Institut fiir Metallforschung, Institut fiie
Physik, and Universitdt Stuitgart, Institut fiir Theore-
tische und Angewandte Physik, Stuttgart, F.R.G.

ARer having reviewed the mechanism of enhanced
diffusion in crystalline sclids from the view-point of
a new classilicalion, the paper concentrates on cur-
rent developments in the field of enhanced diffusion
in semiconductors. As illustrated by wvarious exam-
ples, the energy-release-type mechanisms appear to
be most effective in raising the mobliity of directly dif-
fusing defecls in silicon, germanium and gallium ar-
senide. Particular emphasis is given to the spatial
redistribution of substitutional dopants in silicon un-
der particle irradiation as well as to the enhanced
dopant diffusion induced either by high phosphorus
concentrations on the surfaces of the silicon speci-
mens or by surlace oxidation. In these cases the
diffusion of dopants is enhanced, since the concen-
trations of self-interstitials, which serve as ditiusion
vehicles for the dopants (interstitialcy mechanism),
are raised above their thermal- equilibrium values.
Finally, a suggestion is made how information on the
mechanism of the well-established substitutional- inter-
slitial interchange diffusion of gold in silicon may be
obtained from enhanced-diffusion studies,

1. Introduction arki definitions

E is considered {0 be established that diffusion in crystal-
line solids takes place via the motion of crystal lattice de-
fects [1-5/, The conceptionally simplest example is the ' di-
rect! diffusion of foreign interstitial atome (i.e. their jumping
from interslice to interstice), sihce here the only defects in-
volved are the foreign interstitials themselves, By contrast,’
' indirect! diffusion {@.f., of radioactive isotopes of the mat-
rix atoms [= seli-atoms] or of foreign substitutional atoms)
requires intrinsic defects as diffusion wvehicles, Important
examples for such vehicles are vacancies in metals or ger-
manium {vacancy mec iam), or self-interstitials in silicon
at high temperalures (interstitialcy mechaniam) l6l.

-
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' Normal' diffusion in sallds is thermally activated and
may take place under thermal- eqyi.librhun or qufasl-themm‘la-‘ .
equilibrium: conditions, In normal diffusion the diffusion cosi~

ficient D may be wrilten as a weighted average

' (1)
peFR Do .
diffusivities of the lorm c

of aifus! Dy - %nzﬁexp(s‘MIk)exp(-Hgl[kT) (2)
(b.-laltice coﬁstant. k=Bolt n' 8 constant, T-temlaerust, ia,-
B = geometrical factor; Yy =aitempt [requency, HyY .O,? e
enthalpy [entropy]of migratior), The physical mearrl;ngd the
diacritical paramelter o and of the weight _ic_sctor:a wdepe -
on whether we consider direct or indirect diffusion. i

In the case of normal direct diffusion, the dltruls vi-

ties D refer to different stotes o' of the defect species hli?:h
“volved, e.g. to the different electric charge states In whicl
a given foreign interstilial in a semiconductor may pceur,

Then the B, denote the probabllities of population of these

- gtates in thermal equﬂlbrh.un. normalized according to
' Yp =1 (3)

endi H : i { the foreign in-
Depending on whether the Vconcerﬂ.rahon o
ter:t)ﬂinlé is_equal to their aclubllity or not, one has ntlarmnl
direct diffusion under equllibrium or qu.nshequlhbrham con=
itions, respectively. .
ditions, Femp e e o normal indirect diffusion, the Dy €3
given by (2) dencte the diffusivities of the intrinsic defects

of type o promoting diffusion, The quaniities Py are related

to the thermal-equilibrium conc_.trations C, ot these ce-
fects according to

Py = GGy - o (4)
where . SF . H .
Cy = oxp (91-‘-) exp (--%[J. (5)

F . ormakion enthalpy {entropy) of -
Here H SF) denotes- the [ .
th:rintr (sléd--type -defects. In the practicaly unporta;l.ct
case C_<1, the factors {, are independent of the del
concenirations, With (4), eq. (1) may be re-writen as
D o};f*c‘pu . . GY) '
. In the case of self-diffusion, D 1s the tracer seli-diffusion

implici ) ic crystals. 7
* For simplicity, we confine nurselve;s to cub.

In crystals of l'ower symmetry, diffusion coetficients are
second-rank tensors.

L]
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coellicient i, disregarding numerical factors of an entirely
geometrical nature, the quantities [y are identified with the
correlation [actors 2,5/, These account for the iact that,
contrary to what is true for directly diffusing defects, the
indirect diffusion of marked aloms (e.g., radioactive isctopes)
is not random, Rather, successhve jumps of the marked °
atoms are correlated in a manner that depends on the na-
ture of the irtrinsic defects invalved, This holds also if D
is identified with the diffusion coefficient of foreign substi-
tutional atoms, with the additional festure that the correla~
lion effects just described may be slrongly influenced by
interactions between substitutional atoms and intrinsic de-
fects, :
Whereas In the case of direct diffusion the subscript
& discriminates between different states  of the same defect
species (see above), In indirect diffusion o distinguishes
both between different states and between different kinds
of intrinsic defects. This is Mustrated by the following
example: In the self~diffusion of silicon both seli- Intersti-
tials () and vacancies (V) have to be taken Into account,
the first mechanism dominating above, the second belew
about 1220 K [1,6,7-9;,, Both mechanisms may imvolve dif-
ferent electric charge states with different diffusivities D
(for seli-Interstitials ot « I*,I°, and I; for vacancleso = V¥,
Vo, Vv, and V), The populations of .these states, lLe, the
concentrations C,, are determined by the position of the
Fermi level, heénce the sell~diffusion coefficient is sensitive
to chemical doping /1,7,9,10/,
. Deviations from normal diffusion enforced by external
influences, such as particle Irradiation, lluminatjon, carrier
injection, or quenching, are referred to as ' enhanced dit.
fusion' .* Direct diffusion (compare eq.(1)) may be enhanced
either by establishing norr equilibrium populations By which
favour equilibrium states o« with high diffusivities Dy
{(whereby the form (2) of thel}, remains unchanged} or by
the generation of new (non-dquilibrium) states** in which
the defect mobility Is high (but, in general, no longer de-
scribable by(2)). At any rate, due to'its very nature, direct

* ' Enhanced diffusion' comprises negatively enhanced
diffusion, Le, reduced diffustvities,

** Such new states may be electric charge states which
do not oceur in thermal equilibrium, excited electronic
stales, or exciled slales of vibration, '

sitive

2rnal
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diffusion can be enhanced only by raising the average mo-
bility of ihe diffusing defects. Indirect diffusion may be ' mo-
bility - enhanced' , too, if D {compare eq(6)) is enhanced be-
cause of an increase of the average mobility of the intrinsic
defects without a change in the total intrinsic-defect concen-
tration 1:.:. Cx » Alternatively, indirect diffusion may be !'con-
centration-enhanced', namely if the increase of the diffusion
rate originates from an Increase of E:Cd . Mechanisms and
examples of mobllity-enhanced or concentration- enhanced
diffusion will be preserted In Sects, 2 or 3, respectively,
A further way in which indirect diffusion may be en-
hanced is the following: The factors f, accounting for the
correlation between the indirectly diffusing stoms and the
intrinsic detects promoting ditfusion may be changed by ex-
ternal influences, These changes give rise to ! correlation
enhanced' diffusion (compare (6)), This is particularly im-
portant if the correlation is mainly due to interactions be
tween the indireclly diffusing aloms and the intrinsic defects,
As sugdested elsewhere [11f, corrslation-enhanced diffusion
appears to play a role In experiments on photorr- irradiation-
enhanced diffusion of dopanta In silicon /12,13/ (Sect. 3.1.1),

2, Mobility- enhanced diffusion
2.1, Collision~enhanced mobility

" The mechanisms of collision-enhanced mobility to be de-

scribed in Sects, 2,1,1, to 2.1.4, are not specific for semicon-
ductors but may operate in other cryslalline solids as well,
E.g,, following Urban and Seeger [14/ we suggest that the
diffusion of radiation~ induced intrinsic defects in metals
well below the temperatures ar which these defects undergo
thermally activated migration takes place via these mech&-
nisma of collision-enhanced mobility, since other mechanisms
of mobilily-enhanced ditfusion (Sects, 2.2 to 2,3) can ex-
clusively operate in non-metals, .

2,11, Direcl collision displacement

K in an Irradlation experiment an incident particle (elec-
tron, neutron, etc.} hits a lattice defect, e.g., an interstitial
atom, the momentum transfer may sulfice to directly displace
the defect to ancther equilibrium position (direct Urban- Sce-
ger mechanism [14/). The displacemunt barrier strongly do-
pends on the crystallographic direction and, in general, is
larger than the enthalpy I-I_’&I required for thermally activated
migration, Temperature is expected o play a minor role in
this mechanism.
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2.1,2 Indirect collision displacement

Adefoct, say a scli-interstitial, localed at A moay be dis-
placed in the following indirect manner (Fig. 1): At B, which
is inside the interstitial' 3 recombkination volume lor vacan -
cies, an atom is ejected by an incident energetic particle
and deposited in the interstice at C. Then the interstitial

at A will recombine with the vacancy generated al B, Le,
the net resull is the transport of an interslitial from A to C
(indirect Urban- Seeger mochanism [14f). & is emphasized
that this mechanism may work even if the energy trans-
ferred to the alom at B is less than the threshold energy
for the production of stable Frenkel pairs [15{: in this case

a mechanically unstable Frenkel pair BC may be generated, |

and the interstitial al A may recombine with the vacancy at
B befure spontanecus. recon):bination ol BC takes place.

| Y c ff;';n‘.;;‘e’lﬁi'}i%‘:i“féﬁ?

. The complementary mechaniam of Indirect collision
displacement of vacancies is obvious, Similar mechanisms

r;ay give rise to indirect collision displacements of foreign
oms, )

2,1.3, Thermally assisted collision displacement via excited
states of vibration,

Excited slates of vibration localized at defects may be pop-

" ulated by irradiation-particle-defect collisions. Provided

Fig.2, Thermally assisted collislon displacement (Sect.2,1.3)
or thermally assisled energy-release mechanism(Sect, 2,3,2)
;na the excited vibrational state marked by the fat horizon-
al line.

AP EN OQS
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that the hali-lives of.these states are long encugh, the
defects can undergo thermally activated diffusionzl jumps

from these exclied states into neighbouring equiliorium po-
sitions (Fig.2), The efficiency of this mechanism is tempe-
rature-dependent. If only one excited state with sufficiently
long half-life is populated or exists, a well-defined activa-
tion enthalpy Hot' (<H£l) may be measured, .

2.1,4. 'Mobility enhancement by irradiation heating

The overwhelming portion of the energy introduced into sol-
ids by irradiation erds up as heat, particularty if the ener=
gy per mass unit of the incident particles is high. Along
the trails of such particles mainly electronic defects - are
generated, These recover to a large extent in a very short
time, E.g., In metals electronic perturbations relax even
completely within about 107 14 g, The energy released from
these electronic excitations gives rise to an increase of
temperature and thus o an enhancement of the mobility of
defects migrating with the ald of thermal activation.

Mobllity enhancement by irradiation heating is expect-
ed to play a particular role in radiation- induced recombi~
nations of Frenkel palrs. At the ends of the projectile
trails, where,in addition to electronic healing, nuclear siop-
ping becomes imporiant, the local temperature and hence
the mobility of defecta may temporarily become so high
that & considerable fraction of the Frenkel pairs produced
in these regions may recombine. .

Presumably, collisjon-enhanced mobility always in -
volves some contribution of mobillty enhancemert by irra-
diation heating, even In cases in which other mechanisms
of mobllity ~enhanced diffusion are rate- controlling,

2.2, Electronic-staie-controlled mobility changes
In non-metals defects may occur in different electronic
stales o, namely in different electric charge states and, in
a given charge state, either in the electronic ground state
or in an exclted electronic slate, In general, the Gibbs
free energy of migration of a defect :

| M. pM_ rsi (2)
and thus ks mobility depend on the electronic stale of the
defect, This may be realised from the following examples:
The electron, density may be more or less corcentratod on
the defect, iL.e, a defect may exhibit different degrecs ol
extension; the coupling between a defect and the matrix
may be affected by the alectronic state of the defect; cven
the geometrical configuration of a delect may depend on
its electronic state, e.g.,, on is charge slate,
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An example for a delect whose migration enthalpy
strongly depends on jts ﬂectrongﬁ state is the sell-intex
stitial in Si: /G,%‘e,u[ HF or 4% is 0.35 eV or 0,85 ev,
respectively, H_  Increases from 1.5 ev to 2 eV between

quence of the delocalization of the electrons of 2 with i
Creasing temperature, -

As discussed already in Sect. 1, deviations of the
electronic- state populations Py of a given defect species
from their equilibrium values can be achieved by particle
irradiation, illumination, etc, As a consequence, the aver-
age mobility of the defecls increases or decreases in
comparison to normal diffusion f18/, This Is a significant
difference belween electronic- state- controlled mobility
changes and the other mobility- enhanced diffusion mechanisms:
The lalter can not give rise to a reduction of the diffusion
rate”, A further specific feature of electronic- state- con-
trolled mobility changes is that they are restricted to the

mobility interval limited by the mobllities in the slowest and .

fastest diffusing electronic state of the defect species comn-
sidered,

2.3 Mobility enhancement by electronic- energy releasé_

2.3,1. Direct energy-release mechanism .

It conductlion electrona and {or) holes in a semiconductor
recombine at {are trapped by) defects via non-radiative
transitions, with the aid of the energy released In these
processes the defecta may be displaced 119,20/, The only
difference belween this direct energy-release mechanism
and direct collision displacements Sect, 2.1.1) is the

sion displacements it originates from irradiation-particie -
defect collisions, whereas in the direct energy-release
mechanism the energy comes {rom the energy reservoir of
the free charge carriers, These may be generated by ir-
radiation, illumination, carrier injection, elc, Since the max-

* Note thal in the case of concentration- enhanced diffu~
sion the enhancement is always positive, whereas in the
casce of correlation-enhanced diffusion it may be negatlve,
.4, If a rapidly diffusing impurity—\.racancy pair is decom-
‘posed by irradiation into less mobile constituents,

....Iq —-—

the
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imum  energy which may be releused‘ from the elcfctronic—
energy reservoir of a semiconductor in a non-radiative
transition is given by the widith E:g of the energy gap, the
direct energy-release mechanism works only if the defect
migration enthalpy does not exceed Eg [11/.

2.3,2, Thermally agaisted energy-release mechanism via
excited states of vibration. .
lnxthis mechanism the energy released from the electronic
reservoir via non-radiative transitions is used to populate
defect-localized excited states of vibration, Then by ther-
mal activation the defects can jump from these excited
states to neighbouring positions (Fig.2) like in thermally as-
sisted collision displacements {Sect, 2.1.3 ), Tll;a;la* mechanism
is controlled b{dactivntlon enthalpy barriers H {9 which are
smaller than HM [19,20/,

2,3.3. Bourgoin- Corbett~-type mechanisms )

A prerequisite for the operation of Bourgoin- Cprbett—t e
mechanisms [18,21f is that in different electronic states
the equilibrium positions of the defects are c_e.-nlr:ed on )
crystallographically different sites, If the equilibrium posi
tions in one electronic state lie symmetrically betwggn
those belonging to a different state, repeated transxhon§
between these states may give rise to fully athermasl dif
fusion (Fig. 3). In more complicated cases some thermal
activation is usually required,

Fig. 3. Athermal Bourgoin-Corbett diffuslion of_.? defect .in-
duced by repeated transitions belween its positive and its
neutral charge state {thin arrows 1 to 4). The fat arrow
indicates a transilion which is assisted by Jahn-Teller dis-

tortion,

* Originally, Bourgoin and Corbett regarded different elec-
tric charge states only.
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The present authors [6,11/ have pointed out thal, con-
trary to what might be implied by the original papers on
the Bourgoin-Corbett mechanism, even the purely athermal
mechanism may work if the enthalpies for thermal migra-
tion in the various electronic states are larger than Eg,
This is s0 since a change in the electronic struciure of o
defect may induce a direct relaxation from the eauilibrium
position in the initial electronic state to that in the linal one
(Jahn-Teller effect), as Indicated by the fat arrow in Fig.a.

2.4, Examples for mobilily- enhanced diffusion,

As already mentioned in Sect, 2,1, in metals mobllity- en—
hanced diffusion can occur exclusively by the mechanisms
of collision-enhanced mobility (Sects, 2.1.1 o 2,1.4), ie,
under particle irradiation. The observation that radiation-
induced mobility-enhanced diffusion (e.g., of vacancies) in
metals increases with temperature can hardly be accounted
for by direct collision displacements alone {Sect. 2.1.1)
Hence, we presume that in metals other mechanisms of
collision- enhanced mobility (Sects, 2,1.2 to 2.1.4) must be
significant,

In semicornductors, mechanisms - of mobilily- enhanced -
diffusion which operate in non-metals only {Sects, 2,2 and
2.3) appear to play the main role, This is indicated by wvar-
ious examples in which mobility- enhanced diffusion has
been demonstrated to occur ‘under conditiona hot involving
particle irradiation: (i} Dlumination of low-temperature-irradi-
ated n-type germanium with germanium-filtered light induces -
migration of self-inerstitials at liquid~helium temperaturef23/,
This has been concluded from the fact thal such an iliumi-
hation extinguishes the recovery stage at 65 K which is
found in unilluminated but otherwise equally treated n-type
germanium, and which previously had been shown to be
due to lhe thermally activated migration of self- interstitials

“f24). (i) Aluminium interstitials n silicon undergo mobility-
enhanced diffusion under carrier injection and laser illu~
mination [25/. (i) The same is true for inlrinsic defects in
GaAs. In lighi- emilting dicdes and lasers based on GaAs,
light-induced defect migration is an important tlink in the
chain of processes leading to degradation 26,27/,

The most detailed understanding of mobility- enhanced
diffusion in a semiconductor has been achieved In the case
of the carrier-injection- induced migration of aluminium inter-
stitials (Al) in silicon [25/, There the thermally assisted
energy-reloease mechanism via an excited stale of vibra-
tion is realized (compare Sect. 2,2.2, and Fig.2): By car-

-al—-

* mobility (Sects. 2.1,) may be exclu
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in the usually populated charge stale Y t.lvated defect
v HY™ corresponds to themmally 870" Tal¥ has
‘.Nhethef)w. SILE an excited vibrational stete © i L
et =sible intrinsic dé—
not yet been possible. ced diffusion of intrinslc
mobility- enhan oy~
(‘:oncti:aAsemmgthe operation of the Y nggﬁ?::eder:o:)’
e oo mechanisms (Sect.2.3,2,) has been 95“; e:j diftsion
:l":nlxe?l the defects undergoing mobllit; manner [26/[. -
ha gnot yet been identified In a dir e fos-bese
However, according to R c;;s:lrwadamo thon Mo o e G
ted recently 1 of
bsers'ilgiﬂ the As vacancies must be capa: ‘:n hanism
hﬂer;t'lt sby a thermally asalsted energy-releas
migrating . .
via excited iﬁ;:.:;ﬁ:ﬁo r‘.t:llt,'mslon of sell-wi:s:tlnli ”1:-
a’f:ti]:;nmor silicon below liquid-hetium echearni:ms. too
imably takes place via energy-release Dision- induced
sumably 2,3.2): In germanium collision- - cod -
(Sects, 2.3, and 2. ded, since mobmty-enh;_nc
bove, W.on
iffusion occurs under Mmomnoés?e :Mng)ﬁa;ne;.z.z)
g th electronic- state-controlled ity (Sect,2,3.3) can be
" Bourgoin- Corbeti~-type mechaniams. ;non enthalpy
and Bouw g The former wi require an activ; . ldl
ruled outi least equal to Hy.= = 0,36 eV and there oricv;?ld
Which I8 o e id- helhuln temperature; the lottar o ials
Tocire that the squilibrkin positions “m‘“..‘li on the same
|'req:i"le‘-}wu'ioua charge states are not ¢ I self-iner
ol contrary to what ls the case for thet 315’\ ailicon and
Bltes, o icon/6,16/. Hence, provided tha Rvpre g
e aalum_ mobility— enhanced diffusion of sell- Interstl
mank e y e
) marmlow temperajures is governad b‘lr u;ee type de-
e}:crehaniy this must be of the energy-re e:’um tre therrsal
p Sl::' Secta, 2.3.1, and 2.3.2. In B ) (correspand-
scrlbedancl of this mechaniem is axtremely smal be  even
?5515: Hﬁd*'- 0.0044 eV) {28/, in silicon R mr).rani:m may oe
i;\esro !C; g [,“LB-- the direct energy-release rnec .
realised, ’

- ed diliuslon ] _ y
> C%1mcemiﬁ&em concenirations of Intrinaic doiccts
31, ont

by lrradiation
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3.1

'}ndlrect diffusion in soljd
ff a4 Super-saturation of - intrinsic der
Irradiation [30,31/, & onl
accourt, the expression (3
diffusion reduces to

D =f .
Wy Syt I D (8}
ad under steady-state condRions /31,
DFy =B ¢, ' ©)

further to :
D = (fv+ £ )'DV_DV -(tv+ f,)nI Cp {10)

The well-known Lomer-Dienes-Damask th
whic.h has recently been reviewed by Sdzmmio ;—gl/ 3.123‘2.
straightforward rate- equation  treatment of cmcenh’-atlon-
-enh_anced diffusion for a spatially homogenecous syatem
provided the above-mentioned simplifications are justlﬁecz.

. The main results of this theory are the following: Dj Cp=Dy Gy
is temperature-independent if the disappearance of the
radiation- induced defecls is sirk-.ﬁ:ruro.lled; by contrast, this

. N H
quantity is proporlit.:nal tc exp (~ —gﬁ:’—k‘%- ), where HA:!ow is
the r.nigra_tion enthalpy of the less mobile intrinsic defect
sp9clesl, if the Intrinsic defects mainly disappear by mutual
rc.ecombmotion. According to (10) these features should be
dfredhf r-te;‘ﬂected by the tracer self-diffusion coellicient,
8ince In the case ol sell-diffusion
ure-independent correlation feu:ton!fvaml ft ore tempera-

Unfortunately, to the authors! knowledge measure~
ments of radiation- enhanced self- diffusion on semiconductors
have not yet been performed, However, measurements of

- the radiation- enhanced diffusion coefficlients of substitutional

dopants in silicon show both a tem
¢ pPerature- ind ol
sink-controlled regime [12,34-237; iyl

dent recombination- controlied regime [12f, from which an
aclivation enthalpy of M 2 1.5 eV has been extracted

2/, This value is in ag:?égment with the migration enthatpy
of the less moblle intrinsic defect, the high-temperature Y
conliguration of the self-interstitial [6/. These are unexpected
resulls, since at first sight the temperature dependences

of the radiation—- enhanced diffusion coefiicients of substitu-

‘-925_5’
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tional dopants are expected to differ from those of .
DyCy = DyCy The reason for this is that in the case
of indirectly diffusing doparts the factors [, and f; In (10)
ought to be temperoture-dependent as a result of the
interaction between the dopants ard the intrinsic defects,
The fact that this Is not the case appears to indicate
that effects of correlation enhancement, which ' switch off'
the Interaction between the dopants =nd the intrinsic defects
“during Irradiation’) may play some role (Sect.1) f11f,
Although, in principle, investigations of concentration-
enhanced diffusion under irradiastlon can yield valuable
information on point defects in semiconductors, a number
of ditficulties may complicate the evaluations considerably:
(i} In general, vacancles end self-Intersiitials enhance
diffusion to different exterts, (ii ) Effects of mobility-en~
hanced diffusion andfor correlation-enhanced diffusion,
ed, via radiation-induced changes of the electronic states
of the defects, may be intermixed, {iil) Ih practice, the
defect concentrations use to be spatially inhomogeneous, so
that the Lomer-Dienes~Damask theory Is not applicable,

3.1,2, Spatially inhomogeneous defect concentrations

The production of intrinsic defects in semiconductors by
irradiation with charged particles, say protons, Is concen-~
trated. in the vicinity of the average penetration depth Ry
of the irradiation particles (Fig.4a), The spatial inhomoge-
neities in the concenirations of vacancies and seli-inter-
stitials built up in this way lead to a redistribution of
initially nomogeneously distributed dopants, e.g., of boron
in silicon {38,398/, This Is a consequence of the coupling
between the indirect diffusion of these dopants and the
diffusion of the Intrinsic defects,-

Depending on the strength of the interaction between
the dopants and the intrinsic defects two different approaches
to the dopent redistribution phenomenon may be considered,
both of which have originally been Invoked in order to
describe segregation In binary alloys under irradiation;

The formation of intrinsic-defect-dopant complexes/40,
41/ is expected to be Important if a strong altraction
between the dopants and the intrinsic defects exists,

*

* A ' swilch-off ' of interaclions between point defects dur~
ing irradiation may occur if the eleclronic states (e.g.,
lhe charge sltales) of the defects are changed
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In this case mobile vacancy-dopant q{ru;ﬁfor self- interstitial-do-
- pant complexes may be formed at a high rate.in the vicinity o Rp
where the concenirations of intrinslc_defecta are high, B
pre!erentia!.ly migrating in the dll‘ecuon of their negative v
concentration gradients, these” complexes leave the region
around Rp, thus produging there a dip {between two smaller

rhu_mps) in the dopanl concentration {Fig.. 4c) ~..

Fig. 4. Redistribution of
_‘_dopam- as a consequeénce
of spatially inhomogeneous
. concenjrations of intrinsic
defecisi Production rate ¢’
of intrinaic defects’as a
function. of depth x below
the Irradiated surface at
- x = o {p), Uniform dopant
‘concenttatlon Cp before ir-
- radiation (b} Cylx) after irra-
.. diation In the case of com-
plex formation or of an inter-
_stitialcy mechanism {c) Cplx)
alter irradiation In the case
of a vacancy mechanism’ (d).

The inverse Kirkandall effect 40 . is
to a redistribution of dopanta wi::loutl a&;lmtg‘r:eb;ieeena
the dopanta and the intrinsic defects. This effect is a con~
sequence of the conservation of malter during diffusion,
Ju'fh.ich requires that, in the case of a vacancy mechanism,
:t ;::aa-c :nu: gg} m-.us,zj be balanced by fuxes of matrix

. pants D) in the opposite direction [42f,

Le, FR
: by=~Gp +iDh - 11)

‘whereas, in the "me of an interstitialc i
& y mechanism, a flux
of seli- Interstitials. {i) produces & combined Mux of matrix

. atoms and dopanis in the same -directions ard’ sam
- magnitude [42/, Le. o e g of the ©

, _ iyt gy + D) ()
Am a consequence, the out-flux of intrinsi :
- : ¢ defects fro
::e reiion around RY in which Cy; and C; are high, ger::rh
es R, & peak (between two smaller dips) or a dip

- L

- in Sects., 3.2 .and 3,3 suppos the pred
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{between two smaller humps) in the dopant concentration,

. depending on whether the doposa dilhugy. via a vacancy or
. an injerstitlalcy mechaniem, vupoéﬂvelgm

5 4d or c),

- Prolon lrradiation of both.. boron- abd-. phosphonis-
doped silicon produces a dip In the dopant- concentrations
/38,39,43/. This mcans sither that the complex-formation
mechanism oparates or, if the inverse effect is
roalized, thal at high tempe atures’ baron and phosphortis:
In silicon diffuse preferentially via an interstitialcy mecha-
nism. Presumably, the latier {8 the case, since the altrec-

" ton between dopanis and intrinsic delects, which . is ‘a pre-

requisite for the operation gf;&v\g’f‘bomplex-gomdtinn macha-
nism, appears to be switched &qur%mmn leradiation
(Sects, 1 and 1,1.1.), Moreover; the oliservations reported
e of inten-

stitiatcy diffusion. in silicon at_high tertiperature.

3.2. Oxidation as a tool for studying cencentration- enhanced
diffusion. S _

There are various materiale-{e.8., Zn, Mg, or si} into which
intrinsic point dalecia are injected when nxide layers are
grown on the surfaces [44-47]. I the case of silicon “hin

oxide suriace layecs grown"b'eloyil"about" 1400 K inject

self-interstitials /48[, As a consequence, for dopants dif-
fusing via an Interstitialcy mechanism (e.g., boren or phos-
phorus at high temperotures) concentration- enhanced diffu-
Gion has been achieved by surface oxidation [41f. Unior-
tunately, attempls to demonstrate & different. behaviour of
arsenic [49/, which might diffuse via a vacancy mechanism’
| 11 { have falled for the tollowing reason (41): With ir-
creasing thickneas of the oxide surtace layers the efficien-
cy af these layers as aelt-interstilial pources decreases.
Above a critical thickness (which depends an temperature)
the oxide layers even become sinks for asi~interstiticls.
This is the case belore arsenic has ditfused over & mea-
surable distance, contrary’ to what,:Is true for the fasier
diffusing phospnorus or boran, -- .

Investigations of oxidation-knhanced diffusion have
two big advantodes over studies of adiation-enhanced dif-

tasion: (i) By oxication, one. mpecies’ of iningic defects can
be introduced separately, Maoreover, in the case eof slicon
these are seli-interstitiala, which predominantly conlrcl nor-
mal diffusion at high temperatures, 100 J6l. (i) The enhance-
ment of diffusion by axidation is exclusively of the con-
centration- enhancement typs,, contrary to the diffusion ern-
hancement under lrradiation,; which, at leaat in non-metals,
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inevitably is a mixture of conceritration- enhanced, mobility-
enhanced, and correlation- enhanced diffusion, A disadvan-
tage of surface oxidation is that .t can enhance diffuaion
in silicon by & factor of about 2 only [47-49/, whereas
under irradiation diffusion enhancements by a factor of 109
or more can be achieved IJOI. :

3.3, Generation of sell-interstitial supersaturations In sill-
con by the in-diffusion of ghosphorus

If phosphorus is deposited on a silicon surface in a high
concentration atl temperatures below about 1400 K, a super-
saturation of silicon setl-interstitials is pushed into the bulic
in front of the in- diffusing phosphorus atoms [50-53/", 1n
turn, these extra sell-intersiitials enhance the diffusion of
dopants which diffuse vio an interstitialcy mechanism,
Examples for these so-called anomalous diffusion phenome-
na are the 'emitter-push effect' and the ' movement of
marked layers' (55-58/, .

Compared to enhanced diffusion under irradiation, en~
hanced diffusion induced by high surface concentrations of
dopanis has the same advantages as oxjdation- induced én-
hanced diffusion (compare () and (i) in Sect. 3,2) whitout
having the disadvantage of a small enhancement factor: By
in-diffusing dopants the salf- [nterstitial concentration is en-
hanced by typically a factor ot 102, in some .cases by 104,
which produces an easily measurable ' pushing' of dopants
{55~58/, The present authors therefore ‘suggest to study the
pushing of arsenic in siicon by in~diffusing phosphorus
and to compare this to the Phosphotus-~ induced pushing of
phosphorus and of boron under identical experimental con-
ditions, Should the relathve diffusion enhancement of arse-
nic turn out to be equal to the diffusion enhancements of
phosphorus or boron (which are virtually the same), al-
though normal diffusion of arsenic ls considerably slower
than that of phosphorus or boron, this would indicate that
under high-temperature thermal- equilibrium conditions arse-
nic diffuses via an interstitialcy mechaniam like borori or
phosphorus,

* The in-diffusion of other dopants into. ailicon, e.g., of
boron, produces extra seli-interstitia.is, too, although 1o a
smaller extent /54, Mechanlsms which may give rise {o
these effects aire discussed elsewhere fa1f,
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3,4. How to elucidate the diffusion mechanism of gold in
silicon by diffusion- enhancement 5tud.ies., ) L
Gold in sllicon diffuses via a subshtuhon;l—-mterstgtfal
interchange mechanlsm {59/, Under equilibrium conditions
the majority of the gold atoms sit on subst'xt_utlor!aj-sues
(Aug), only a smali fraction occupy interstitial sites (Auj).
The diffusivity of Aul Is much higher than that of Aug and‘
exceeds the diffusivity of Group~ill or Group-V elements in
silicon by several orders of magnitude [1,59/,

Thermal equllibrium between Aug and Au; may be
established via vacanciea according to the Frank-Turnbull
mechanism [59,60) -

Aup + V= Aug . () '

or via silicon self-Interstitials according to the ' kick-out
echanism [61 . .

" . fea/ Aug 4 IS Aug.. _ _ (14)

This interchange diffusion gives rise to interesting pheno-

mena, some of which are briefly described below,

K gold Is ditfused into a thin silicon_ .wa‘fer, due to
the fast diffusion of Auj the following equilibria are esle:tb-
lished within a short time: a global uniform Awu; equilibrium
concentration throughout the whole wafer and a local eqt_:l—)
librium between Ay, Aug, and V (F\rar_.k-mrnbu;pmecmn)lsm
or I (kick-out mechantsm 62/, According to (13) or (14
the formation of Aug requires the consumplion of V or the
generation of I, respectively. In this way an undersaturaﬂon
of or a supersaturation of 1 is built up, dependms on
whether the Frank-Turnbull or the kick-out mechanism do-
minates, Indeed, it has been shown that the diffusion of

Fig, 5, Distribution of
Aug in a Si wafer mea-
sured by the spreading-
resaistance technique
after Ang deposition
both surfaces (a) or on
the left-hand surface
‘only {b) and subsequent
T e e diffusion annealing for
o . 00 006 5 h at 1100 K. For
ekt theckntsd fuml == details see Ref. 62,

_'
Lol
[-]

spreoding reRsiance 5]
5 LA
T L]
(1
¥
R B
Ay conceririeon {10 om 1} =

gold in silicon induces dislocation climbing which is_com—
patible either with the existence of a V EJndergaturatlon or
an | supersaturation f63[, In agreemeni with this picture the
concentration of Au_ near the wafer surfaces is ‘consxd-
werably higher than in the cenlre ol the waler (Fig, 5),




since the surfaces may act as V sources or-I 8inks, re-
spechvely ,

A distinction between the F‘ra.nk—-Turnbull mechanism

and the kick~out mechanism should be Ieamh&,e in the fol-
lowing manner: Lel gold diflusé’ inkg a boron-doped silicon
waler., Since the diffusivity ©f boron .ls known o be e
hanced by supersaluration of ‘self-interstitials (compare the
-emitter-push effect [63,55/) bul can never be increased by
an undersaturation of vacanglies, the ouservwon of a gold-

. induced enhancement. of the bpron diﬂqrsmn h the centre

" of the waler would be an unambigubus decision In favour

- of the kick-out mechanism, “Fhis prediction -demonstrates
the potential power of enhanced diffusion as a tool for in-

vestigaling point defects and dn([usxon processes in
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ADSTRACT

Aflter a review of the early developments in the understanding of seif- and
substitutional-solute difTusion in Si and Ge, the phenomena of enhanced and relarded
substitutionai-solute difTusion in Si a3 well as the interstitial—substitutional diffusion of Au
or Pt in Si and of Cu in Go are highlighted. The enhanced/retarded-diffusion studies lead
to the qualitative conclusions that in Si sell-interstitials and vacancies coexist under
thermal-equilibrium conditions and that small Group-111 atoms (e.g., B) mainly diffuse via
self-interstitials whereas big Group-V atoms (e.g., Sb) prefer vacancies as diffusion vehicles.
The interstitial-substitutional-diffusion studies show ihat Ay or PL in S preferentially
diffuses via the kick-out mechanism and that Cu in Ge undergoes dissociative diffusion.
Furthernore, these invesiigations provide guantitative evidence that nbove abowt 1270 K Si
scif-diffusion predominantly lakes place via an interstitialcy mechsnism  whereas
sell-diffusion in Ge occurs via vacancies in the cnlire temperalure interval investigated.

. INTRODUCTION AND EARLY DEVELOPMENTS

In Fig. | the self-dilfusion in the elemental semiconductors Si, Ge, Se, and Te is
compared with that in Cu, Ag, and Au [1]. It is seen that, compared with these metals,
in both the cubic (Si, Ge) and the trigonal {Se, Te} semiconductors self-diffusion is a very
slow process. This was slready -emphasized almost 1wo decades ago by, Seeger and Chik
{2]. These authors also noticed that the ratio of the self-dilfusivities in metals and
semicenductors, which at the melting temperatures T, amounts lo several powers of ten,
becomes even larger al lower normalized temperatures T/Tm. Ilence, in the Arrhenius

laws
DT = DT exp(-H™/kT) m
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Fig. I. Comparison between the self-diffusivities in the elemental semiconductors Si, Ge,
Se, and Te and the metals Cu, Ag, and Au [1]. In the frigonal semiconductors Se and
Te the diffusivities parallel and perpendicular to the ¢ axis are different.

(k = Boltzmann's constant} obeyed by the tracer self-diffusion coefficients DT of the
elemental semiconductors in the temperature regimes investigated, both the pre-exponential
factors DT and the self-diffusion activation enthalpies #5C are distinctly larger than in the
case of au, Ag, or Au. In Ge and Si, to which in the présent paper the discussion will
be restricted, DF exceeds 107! m?%! — which may be taken as & DT value characteristic
of metals — hyn more than one and two (0 three orders of mngnitu&‘c. respectively (Sect,
4}, :

Generally spcaking, the origin of the differences between the diffusion in metals on
the one hand and in Si and Ge on the other hand must be searched for in the difference
between metallic and homopolar bonding. Here it will not be attempted to answer this
fundamental question. Rather, as in the case of metals, we are interested “only* in whether
sell-diffusion in Si and Ge occurs directly (through an exchange of nearesi-neighbour
dtoms or a ring mechanism) or indirectly (via a vacancy or an interstitialcy mechanism)
[11. The further discussion (in particular on the relation between interstitial-substitutional
foreign-atom diffusion and seif-diffusion in Sect. 4) will show unambiguously that for Si
and Ge direct mechanisms may safely be excluded, in spite of the fact that very recently
Pandey (3] has proposed a “novel concerted exchange mechanism for the diffusion in
semicanductors”.

In the case of metals monovacancies are the dominant intrinsic point defects under
thermal-equilibrium conditions and provide the main contribution to seif-diffusion (4-6].
(In some metals, in the vicinity of T_ divacancies [4-6] contribute 10 self-diffusion, and
—~ according fo recent investigalions [’I':B] — contributions by seif-intersiitials and/or direct
mechanisms must not be excluded beforehand,) This has been demonstrated by separately
determining the diffusivities Dy, and the equilibrium concentrations Cy® of vacancies in
melals a3 functions of temperature and showing that they account for the measured
self -diffusivities, i.e., that they obey the relationship
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DT « DY = [,D, O ?)

where D$ and /., are the contribution by manovacancies to DT and the correlation factor
for diffusion via monovacancies, respectively. The corresponding way is nol practicable in
the case ol Si or Ge, since up to now none of the techniques successfully applied in the
study of high-temperature defects in metals {thermal expansion, s>ecific heat, positron
annihilation, quenching from high temperatures) has yielded reliable results on poiat-defect
equilibrium concentrations in semiconductors. It appears likety that the failure of these
conventional techniques in the case of Si and Ge is due to extremely small equilibrium
concentrations of vacancies and self-interstitials in these materials. The smallness of the
seif -diffusivities in $i and Ge may be a refiexion of this. Indeed there is indirect evidence,
which will be discussed below, that in Si sell-interstitials are the dominant thermal-equi-
librium defect species, though their concentration C;" at T, is abou: 107® or smaller. A
positive aspect of such small equilibrium concentrations of intr.ansic defects is that
contributions 10 the self-diffusion by multiple defects (e.g., divacancies) may be neglectled.

Beeger and Chix [2] have realized early that an understanding of self-diffusion in
Ge and Si has to be achieved in another way than in the case of metals. They included in
their considerations the diffusion of substitutional Group-IIl and Group-V dopants as well
as the dependence of both self-diffusion and dopant diffusion on the nature and con-
centration of the dopants, i.e. on the position of the Fermi level. They demonstrated that
the enhancement of both self.diffusion and dopant diffusion in Ge by n doping and the
opposite ellects of p doping may be understood in terms of diffusion via an intrinsic
defect species that possesses a shallow acceptor level in the lower hall of the band gap.
Since such a level had been predicted for the monovacancy [9], Seeger and Chik [23
concluded that sell- and dopant diffusion in Ge occur via vacancies. No doubts have
been raised on this interpretation until its recent confirmation, on which will be reported
in Sect. 4.2,

In the case of Si the doping dependences of self- and dopant diffusion are by far
more complicated than for Ge. For details the reader is referred to a recent review by
Frank, Gosele, Mehrer, and Seeger [1]. Hers it suffices to mention that Seeger and Chik
[2] arrived at the conclusions (i) that in Si self-interstitials and vacancies coexist in
thermal equitibrium, (ii} that Si sell-diffusion is dominated by an irterstitialcy mechanism
or a vacancy mechanism above or below about 1270 K, respectively, and (iii) that in Si
Group-lil or Group-V elements preferentially diffuse via self-interstitials or vacancies,
respectively. The main hypotheses on which this interpretation has been based are the
acceptor nature of the vacancy [9] (see above) and Blount's model E1C], according to
which a sell-interstitial introduces a donor lavel in the lower hall of the band gap and an
acceptor level in the upper half. .

Various authors [11-13] formally accounted for the doping dependence of Si
seif-diffusion above 1270 K in terms of a monovacancy meckanism by arbitrarily
endowing the vacancy with essentially the same electronic levels that Seeger and Chik [2]
had atiributed to the self-interstitial. Hence, experiments giving more specific information
on the nature of the intrinsic defects involved in Si seif-diffusion are of great importance.
In this context the discussion on the nature of so-called A-type swirl defects found in
dislocation-free Si single crystals grown by float-zone techniques at suitable rates played a
significant role [14-17). Using transmission electron microscopy it has been shown that the
A swirls are interstitial-1ype dislocation loops [16,173. Fboll and co-workers [16,18] have
suggested that A swirls are formed by clustering of the high-temperaiure equilibrium point
defects that can neither reach the crystal surface nor disappear at grown-in dislocations
during the copling of the crystals and that therefore it is very likely that the
thermal-equilibrium defects dominating in Si at high temperatures are self-interstitials,

From the concentration of sell-interstitials “precipitated® in swirl defects, the self-interstitial -

concentration i Si at T, was estimated as 2 x 107% € €% ¢ 2 x 10°° [19,201. In spite
of the rapid progress made in the understanding of diffusion in Si and Ge during the iast
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years (Sects. 2 to 4) this scarce information on equilibrium defect concentrations has not
been improved. In rerrospect two desperate attempts (o explain the generation or nature
of A swirls in 2 way that avoids the conclusion that the dominant high-temperature
equilibrium defect species in Si is the self-interstitial appear warth mentioning, Petroff and
de Kock (211 argued that A swirls may be created by frec.inp in 3 non-equilibrium
concentration of  self-interstitials, whereas van Vechien [221  posivlated  that  the
thermal-equilibrium defects in Si are exclusively vacancies and that the A swirls are
agglomerates of vacancies of a fancy structure which makes them look like interstitial-type
dislocation loops in the electron microscope. In the meantime the controversial views of
swirl-type defects have ceased to be signilicant in the discussion of the self-diffusion
mechanisms in Si, since recent experiments (Sects. 3 and 4) have clarified this question in
favour of the proposal by Seeger and Chik [2] (see above), :

The observation previously made in self-diffusion studies that in Ge and Si the
pre-exponential factors DT of the self-diffusion coefficients are considerably larger than in
metals [I1 has been con?irmed recently by another type of experiments (Sects. 3 and 4)
and therefore deserves to be briefly considered here. Seeger and Chik [2] have proposed
that this phenomenon reflects high self-diffusion entropies in Ge and Si, which they
explained in terms of a spreading out of vacancies and self-interstitials, respectively, at
high temperatures. A spread-out vacancy in Ge may be visualized as a region of, say, §
alomic voluntes having a lower density than perfect crystalline Ge and thus resembling the
amarphnus ate. Such an extended defect corresponds to a larger number of microstates
and may perform diffusional jumps via more paths than a "point” defect, ie., it possesses
larger entropies of formation and migration. The spreading out of a self-interstitial in Si
leads not only to an increase of its formation and migration entropies but to a decrease of
its formation enthalpy, too. The cause of this it the anomalous, profiounced density
increase  of Si when it melts. The compressive straing around a “point®-like Si
sell-interstitial and thus s formation enthalpy may be diminished by local "melting*. So a
spread-out self-interstitial in Si corresponds to a quasi-liquid droplet whose density is
larger than that of crystalline Si. An atomistic model of the gradual transition of Si
self-interstitials from “point® defects at low temperatures to spread-out confligurations at
high temperatures has been presented elsewhere [231.

The break-through in the understanding of seif-diffusion in Si and Ge has been
achieved by proceeding further in the direction in which the first steps had been done by
Seeger and Chik [21, namely by intensifying the interest in studies of foreign-atom
diffusion, Tt js clear that in this respect investigations of atoms diffusing via a direct
interstitial mechanism (e.g., O, Cu, or Li in Si} are useless, whereas the diffusion of
substitutional Group-Ill or Group-V elements that use intrinsic point delects as diffusion
vehicles can yield valuable information. In effect, the coexistence of self-interstitials and
vacancies in Si in thermal equilibrium has been convincingly demonstrated by means of
substitutional-dopant  diffusion experiments (Sect. 2). However, a final decision which
self-difTusion mecharisms operate in Si and Ge as well as an indirect, quantitative
determination of sell-diffusion coefficients have become possible through diffusion studies
of amphoteric loreign atoms (Au or Pt in Si and Cu in Ge) which, during their diffusion,
interchange between substitutional and interstitial sites with the aid of intrinsic point
defects (Sect. 3).

2. ENHANCED AND RETARDED DIFFUSION OF SUBSTITUTIONAL SOLUTES IN
SILICON

2.1. The emitter-push effect

Diffusion of Group-1Il and Group-V elements in Si shows several striking features
which have been termed "anomalous”. The essence of these phenomena, which were

recently reviewed by Frank et al. [t], will be demonstrated lor the so-called emitter-push
effect.
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Fig. 2. Schematic jllustration of the emitter-push effect in a bipolar transistor, (a)
Specimen consisting of the emitier E, the base B, and part of the collector C. (b) Helical
dislacations formed by climb of the edge components of dislocations originally being almost
purely screw-type.

In the industrial production of bipolar transistors (Fig. 2a) the transistor base is
generated by the in-diffusion of a Group-Jil element, say, B, in a first diffusion anneal,
In a second step the emitter is produced by diffusing a Group-V element, usuzlly P, into
a part of the region pre-diffused by B. In this second diffusion anneal, befow the part of
the specimen surface through which the in-diffusion of P takes place, the diffusion of B
is enhanced, i.e., the emitter diffusion seems to push the base-diffusion front ahead.

The interpretation of -the emitter-push effect is straightforward. Due to the high P
concentration on the specimen surface in the second diffusion anneal, a supersaturation of
intrinsic point defects is produced. Potential mechanisms via which such a P-jnduced
self-defect injection may occur have been discussed elsewhere [t]. In addition to the
thermal-equilibrium defects, these injected defects act as diffusion vehicles for the B and
thus enhance the B diffusivity.

The remaining question is whether the P-injected self-defects are vacancies or self-
interstitials, The answer has been given by Strunk et al. (247, who found by means of
transmission electron microscopy that isolated screw dislocations piercing the emitter—base
region wind up to helices during the emitter-diffusion treatment in a manner that indicates
dislocation climb by absorption of self-interstitials and/or emission of vacancies (Fig. 2b).
This implies that the intrinsic defects injected by P diffusion are self-interstitials. It
follows further that a supersaturation of self-interstitials enhances the diffusivity of B,
However, these observations alone do not allow us to decide whether in thermal equilibrium
B diffuses via self-interstitials and/or vacancies.

2.2, [Injection of seif-imterstitials by surface oxidation or oxynitridation, injection of
vacancies by surface nitridation

In 1966 Bocker and Tunstall [25] and Jaccodine and Drum [26] discovered that
surface oxidation of Si may lead to the nucleation and growth of interstitial-type dislocat-
ion loops on {1li] planes. Hu [27] was the first whao realized that ender the same oxid-
ation conditions the diffusivity of B is enhanced. He concluded that diffusion enhancement
requires a supersaturation of intrinsic defects and that therefore the oxidation-induced
growth of interstitial loops is due to self-interstitial injection into the Si bulk from the
oxidized surlace. Obviously, this result is in accordance with the conclusion drawn from
the emitter-push effect that a supersaturation of self-interstitials enhances the B diffusion
(Sect. 2.1). Whereas the detsiled mechanism of the oxidation-induced injection of
self-inlerstitials is coniroversial, there is agreement vpon the fact that it is driven by the
large volume increase of about 125% taking place at the §i0,—5i interface when new SiO.

material’ is formed by the diffusion of oxygen from the gas phase through the $i0,
sucface layer [I].
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The [lurther development in the field of enhanced and retarded substitutional-solute
dilfusion has been summarized up to 1983 by Frank et al. [I] and henceforth by Fahey
and Dutton [28]. The latter, who have contributed much in order to elucidate these
phenomena, report that the nitridation of an already oxidized Si surface — so-called oxy-
nitridation — also injects Si self-interstitials into the Si bulk, as indicated by the growth
of interstitial loops and the simultaneous enhancement of the diffusion of B or P. More
important, however, is another discovery. During direct surface nitridation the diffusion of
B or P is retarded, and concomitantly interstitial-type dislocation loops shrink. Since from
the emitter-push effect and from surface-cxynitridation studies it is known that a super-
saturation of self-interstitials enhances the diffusivities of B and P (see above), il follows
that wader therme:-eguilibrium conditions these dopants diffuse preferentially via self-inter-
stitials and that surface nitridation reduces the self-interstitial equilibrium concentration via

either the injection of vacancies or the extraction of self-interstitials. A decision between |

the two possibilities is brought about by the observation that surface nitridation enhances
the diffusivity of Sb. This is understandable onty if surface nitridation injects vacancies.
The picture is rounded off by the fact that surface oxidation enhances the dilfusivity of
§b in its early stage but later retards it. Remembering that under surface oxidation a
supersaturation of self-interstitials exists, these lindings lead to the lollowing cenclusions:
Whereas the ftransitory Sb-diffusion enhancement shows that Sb can  dilfuse via
self-interstitials, too, if these are offered in a sufficiently high supersaturation, the final
Sb-diffusion retardation indicates that continuous injection of self-interstitinls generates a
steady swate in  which a vacancy undersaluration coexists with 8 self-interstitinl
supessaturation and that, in contrast 10 B or P, Sb prefers the diffusion via vacancies. It
should be noted that this interpretation implies that under thermal-equilibrium conditions Sb
preferentially diffuses via vacancies.

Further results of enhanced- or retarded-diffusion studies (for references see [1]1 and
[281), particularly such concerning the diffusion of orher -substitutional solutes, will be
incorporated in the following conclusions. :

2.3. Conclusions

The observalions reported in Sects. 2.1 and 2.2 show that in Si self-interstitials and
vacancies coexist under thermal-equilibrium conditions. Moreover, there is evidence that
sell -interstitial or vacancy injection does not influence the concentrations Cy X »lorV
of self-interstitials (I) or vacancies (V) independently [28). Rather in any steady state of
self-deflect injection C, and Cv appear to be coupled according to

CCy = CICYY (3)

where CJCL9 is a constant at a given temperature L[l]1. An example is the influence of .

surface oxidation on the diffusivity of Sb (Sect. 2.2). Immediately after the onset of
oxidation C; ‘is enhanced above its eduilibrium value C? by self-interstitial injection,
whereas €, is not yet affected (ie., C, = C}%). As a result, the diffusion of Sb is
enhanced by an additional interstitialcy-diffusion component, though Sb prefers to diffuse
via vacancies. Aflter long-lime oxidation 2 steady state according to (3) has been
established (ie., €, > C{" and Cy < C‘V"), and — since Sb preferentially diffuses via
vacancies — the diffusion of Sb has slowed down.

Thermodynamics tells us that in thermal equilibrium C, = CPland G, = &%, where
€% and G are independent constants at given values of temperature and pressure. A
coupling of these quantities via (3) may therefore be considered as a manifestation of the
mass-action law of the reactions-

1+v . 2o, (4}

i... the mutual recombination of seif-interstitials and vacancies and the sponiancous gener-
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ation of Frenkel pairs. Hence, from the existence of the relationship (3) Frank st al. {13
have concluded that under seif-defect injection in the dislocation-free Si bulk a globat
st.eady state cannot be attained, but the local dynamical equitibrium (3) can be esiablished
via the reactions {4). The occurrence of the reactions (4} in dislocation-free Si has been
proposed previouly by Prussin [29] and Sirtl [30}.

. Concerning the mechanisms of substitutional-dopant diffusion in Si the investigations
discussed in Sect. 2.2 have. shown that both diffusion. via vacancies {Fig. 3) and
interstitialcy diffusion (Fig. 4) occur, As discussed in more detail in {11, smallness and
Group-lll membership of a solute ‘atom favour its interstitisdcy-diffusion <omponent,
whereas fatness and Group-V membership are advantageous for diffusion via vacancies
(Fig. 5). This empirical rule reflects the elastic and the Coulomt interactions between the
solutes and the intrinsic point defects acting as diffusion vehicles [1,27. Among the three
solutes considered above the Group-IIt B atom, which is distinctly smaller than a Si matrix
atom, and the relatively fat Group-V Sb atom represent extremes, which follow the above
rule. In the case of P the elastic attraction to self-interstitials appears to be stronger than

the Cou_lomb attraction to vacancies, 10 that P preferentislly dilfuses via self-interstitials
though it belongs to Group V.

The information on the mechanisms of Si self-diffusion extractable from the
investigations of enhanced and retarded dilfusion of substitutional solutes is scarce and
mer;!y qualitative: Both vacancies and self-interstitials are presert and mobile in thermal
equilibrium, and hence both must contribute to self-diffusion. As already announced in
Sect. 1, gquawitative information on the relative contributions of these mechanisms to Si
sell‘-:difl‘usion and on the self-diffusion mechanism in Ge has been obtained from diffusion
studies of foreign atoms that can occupy both substitutional and interstitial sites. This will
be the subject of the remainder of the present paper,

3. INTERSTITIAL—SUBSTITUTIONAL DIFFUSION OF AMPHOTERIC TRANSITION-
METAL SOLUTES

3.1, Indication of the amphoteric nature of Au and Pt in Si

In Fig. 6 Arrhenius plots of the diffusivities in Si single crystals have been put
together for a number of elements. There is a large gap of many orders of magnitude
between the diffusivities of the so-called fast diffusors Cu, Ni, Li, and Fe and of the
slow diffusing seif-atoms and elements of Groups !l to V. This gap is due 1o the facts
(c.() that the fast diffusors migrate via direct interstitial mechinisms whereas the slow
diffusors undergo indirect diffusion vin self-interstitisls and/or vacancies and (B) that the
diffusivity of an indirecily diffusing atom is; roughly speaking, T3 (X = I or V) times
smaller than it would be if it diffused via a direcr interstitial me:hanism with the diffusi-
vity of the diffusion vehicles. Remembering the estimates 2 x 10°% ¢ QUT,) ¢« 2 x 1078

Fig. 3. Vacancy mechanism. The radio-
:cli\_'e self-atom in tracer seif-diffusion or
fqrelgn atom in substitutional-solute
diffusion (full circle) moves, by jumping
into the vacancy on its right-hand side
{a), to the right (b) by one
nearest-neighbour distance of the regular
fattice atoms.

fa) ]

8¢

oy

e

ru



ib)

Fig. 4. Interstitialcy mechanism. In (a) a self-interstitial (open circle in the cenire of a
cell} has approached a self- or substitutional-foreign tracer atom (full circle}). In 1he
saddle-point configuration (b) the tracer atom has temporarily become an interstitial. In (c)
the tracer atom has re-occupied a regular site by kicking & seif-atom into an interstice,

and C{,"(Tm) < Cf“/(Tm) (Sect. 1) one realizes that indeed the observed diffusivity gap is
compatible with this interpretation, Further evidence for this is the weaker temperature
dependence of the diffusivities of the fast diffusors in comparison with that of the slow
diffusors, Whereas in direct dilfusion the temperature dependence of the diffusivity is
determined by the migration enthalpy of the interstitial diffusors, in indirect diffusion the
corresponding role is played by the sum of the formation and migration enthalpy of the
diffusion vehicles. .

From 1the large difference between the diffusivities of directly apd indirectly
diffusing elements the minor diffusivity differences within these two groups have to be
distinguished. It is clear thai diflerences in the electronic structure and atomic size may
account for the dilTusivity differences among the fast interstitial diffusors. In the case of
the slow indirect diffusers it is not suzprising that the diffusivity of the isoelectronic Ge
is very similar to Si self-diffusion. The fact that the diffusivities of the Group-111 dopants
and P — ie. the elements diffusing mainly via seif-interstitials — are higher than those of
the vacancy-preferring Group-V elements reflects that above 1270 K, where such data
exist, DCP > D,CYA, as will be shown in Sect. 4.1 (D, = diffusivity of self-interstitials).
However, ‘since in spite of this the diffusivities of the vacancy-prefercing Group-V
elements — including Sb whose interstitialey-diffusion component is very small (Fig. 5) —
are still higher than the Si self-diffusivity | D,CL" cannot be extremely small in
comparisen  with DC;“. Otherwise the Group-V-element-vacancy attraction could not
overcompensate the c[isadvantnge for vacancy diffusors arising from D,CL < D

1.0 0
‘pll !\
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Fig. 6. Survey of the diffusivities of self- and foreign atoms in Si. For references see
E11 and, particularly for the diffusivities of Au and Pt, Sect, 3.3,

As seen in Fig. 6, the diffusivities of Au and Pt in Si lie just in the gap between
the fast and the slow dilfusors. Hence, it is tempting to speculste that these elements
might be “somehow intermediate”. Extensive diffusion and solubility studies have confirmed
this view (Sect, 3.3). They have shown that in silicon Au and Pt are capable of accupying
both substitutional and interstitial sites. Though the interstitial sofubilities C7 of these
elements are considerably smaller than their substitutional solubilities €, their long-range
transport occurs almost exclusively via direct interstitial diffusion since their interstitial
diffusivities D, are distinctly larger than their substitutional diffusivities D. Cu in Ge,
which is a third example of an amphoteric solute in an elementat semiconductor, possesses
the same properties (Sect. 3.4). :

3.2. Mechanisms of interstitiol—substitutional diffusion
- During diffusion an amphoteric solute A interchanges between interstitial (Ai) and
substitutional sites (A,). These interchanges require the cooperation of either vacancies
according to the dissociative mechanism 3
A+ YV T A 5
or self-interstitials according to the kick-ont mechanism [32]
A, — A+, (6)
. ¢
The two mechanisms are illustrated in Figs. 7a and 7b, tespectively.
In m combined theoretical and experimental effort by the present authors and their

collaborators (see Acknowledgements) it has been demonstrated that, in agreement with
Frank and Turnbull's 30-year-old proposal [31}, the diffusion of Cu in Ge involves the
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Fig. 7. Mechanisms of interstitial-substitutional diffusion. The foreign stom (full circle)
interchanges beiween interstitial sites, A, and substitutional sites, A, by either (a) the

dissociative mechanism [31] via wvacancies, ¥, or (b) the kick-out mechanism [32] wvia
sell’-interstitials, 1.

dissociative mechanism and that, by contrast, the diffusion of Au or Pt in Si is dominaied
by the kick-out mechanism, Here the major issues which have led 1o these conclusions will
be summarized. In the following we first will present characteristic predictions of the
theories of dissociative and kick-out diffusion, which in Sects. 3.3 and 3.4 will be com-
pared to diffusivity data of Au or Pt in Si and Cu in Ge, respectively. The bearing on
self-diffusion in Si and Ge will be discussed in Sect. 4,

The effective diffusion of the substitwtional component A, of an amphoteric solute A

in highly dislocated or dislocation-free specimens may be described by the diffusion
equation

oC,/oi = (3/0x)D:"aC s0x) | M

where C.. x, and ¢ are the concentration of A,, the space coordinate in the diffusion
direction considered, and the time of dilfusion, respectively [1,32]. Eq. (7) is valid,
irrespective  of  whether the diffusion occurs via the dissociative or the kick-out
mechanism. For intermediate dislocation densities, {7} has to be extended by an additional
term, which is different for dissociative and kick-out diffusion [1,32). Theoretical
treatments ' of these intermediate-dislocation-density cases have been given in [331 and
L34], respectively.

In the high-dislocation-density case the effective diffusion coellicient D:" in (7) is
the same for dissociative and kick-out diffusion [1,323,

b 2 B = ocryey ®

i. e, a discrimination between these mechanisms by means of studies of amphoteric-solute
diffusion in highly dislocated specimens is not possible, In such specimens in the case of
the dissociative mechanism (kick-out mechanism) the vacancies (excess self -interstitials)
consumed (produced) by the transformation of the A. atoms 1o A, aloms via the reaction
(5) (reaction (6)) are immediately replaced (eliminated) by vacancy emission (rom
{sell-interstitial absorption a1) dislocations. Thus the jnflux b of A, from the

163

L]
.:Doooo
- o00 o?
D: l""’Glet:°"_n
" .
AuSi |
05
t; K "o.
d - v L .
3 0 ¢ "o . ,_." or———— ==
o * . P
Qe . v ! L]
o L e —
a a LA a '2‘—,1
w ok
.0 .. - aq % .
a Saa s : Au Si
«0 0%
¢ a e
4
odr ° .
[] e a
« Op e L] o xecdil
. ““nqnun" ® 1> df2
.
-
0.05}- . " :
" s, " P S S T SUr U
004g 0.5 10 0 CIPIT lo
. Nid —- |d11

Fig. B (left). Penetration profiles of Auw in dislocation-free Si wafer. measured by means of
NAA after annealing at 1273 K for 0.467 h (full circles), 1.03 h (empty squares), 4.27 h
(full and empty triangles), 26.8 h (full squares), and 100.6 h (empty circles), respeclively
{35). The Au concentration C, is given in units of the solubility limit Ci). In one of

Al
the 4.27 h anneals (open lrinng‘l‘cs) 8 300 pm-thick wafer was used; otherwise the waler
thickness was d = 500 pm.

Fig. 9 (right}). Au-diffusion profile measured by NAA on a 500 wn-thick, dislocation-free
Si wafer after a 1.03 h anneal at 1273 K (empty symbols) [I5]1 compared with the
predictions of the kick-out model (solid straight line according to (11)) and the dissociative
model (dashed curve amccording to (7) in [361).

specimen surface controls the effective influx D:"C" of A This is expressed by (8).
In dislocation-free specimens the effective diffusion coefficient D:" is different for
dissociative and kick-out diffusion [1,32}. 1In the case of dissaciative diffusion [1,31,32}

the effective influx DITC™ of A, is controlled by the influx DGy of vacancies from the
surface, so that '

‘ Lald
. o =B, = D,CYYCE . )

By contrast, in kick-out diffusion, dus to the very nature of this mechanism, each regular
lattice site which is occupied by a self-atom represents a potential A, site. Therefore, as
long as the specimen is "A-empty” (C,/C << 1) the effective influx of A, is "unlimited"
(or, more precisely, limited by the very rapid influx of A, only), whereas in a specimen
“filled up with A" (C/CH = 1) the outflux Dy} to the surface of the setf-interstitials
produced via the kick-out resction (6) controls the effective in-diffusion of A . These
unique features of kick-out diffusion in n dislocation-lree specimen are reflected in the
expression for the corresponding effective diffusion coefficient [L30],

Dy m BYCI/CY = (DCIY/C) (€R/C) (10)

Hence, this effective diffusion coefTicient depends on x and ¢ via C,. in contrast o what
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Tig. 10 (tefl). Increase of the Au concentration €X. in the centres of dislocation-free Si
wafers as a function of ¢/d® (full circles: 1273 K, d‘- 500 pm; empty circle: 1273 K, d =
300 pm; full squares: 1371 K, d = 500 pm} {351,

Fig. 11 (right). C'™ measured by SRT on distocation-free Si wafers after 3.5 h Pt-diffusion
anneals at 1423 as 2 function of the wafer thickness & (full circles) [43]1 compared
with the predictions of the kick-out model (solid straight line according to (12)) and the
dissociative model {dashed curve according to (7) in 36)).

is true for the diffusion coefficient of either dissociative or kick-out diffusion in highly
dislocated specimens or dissociative diffusion in dislocation-free specimens,

A gqualiiative feature which dissociative and kick-out diffusion in dislocation-free
specimens have in common is the U shape of the diffusion profiles in wafers. This is
caused by the fact that ~ after a short initial transition during which the A, concentration
C, reaches its limit Ci"‘ (<< C:“) throughout the wafer — C. approaches C: most rapidly
in the vicinity of the two waler surfaces, since these constitute the only sources of the
vacancies thal are necessary for an increase of C, via (5) orithe only sinks for the sell-
interstitials that have 1o be eliminated for an increase of C’ via (6), respectively, Fig. §
demonstrates the U shape of Au-difTusion profiles in dislocation-lree Si walers [35].

The discrimination between dissociative and kick-out diffusion requires quantitative
analyses of diffusicn profiles in dislocation- free specimgns. In the case of Lhe dissociarive
diffusion, in which the effective diffusion coefficient Dy in a dislocation-free medium is
independent of x and 1, the solution of (1) for a “thick" specimen (eq. {5) in [361), which
is mathematically modelled by the in-diffusion from the surface into a semi-infinite solid,
or a waler of thickness d {eq. (7) in [361) may be found in standard texthooks on
diffusion or conduction of heat (37,38]. (A plate-shaped specimen, as usuvaily used in
diffusion studies, is denoted as a “thick” specimen il — under the diffusion conditions
applied — the two parts of the dilfusion profile that arise from atoms penetrating from
the opposite surfaces do no¢ overlap. Otherwise the specimen is called a wafer or a "thin"
specimen.) By contrast, as a result of the C, dependence of D" according to (10), the
quantitative predictions for kick-oui dif fusion in dislocation-free crystals are quite unusual,
E.g., as long as €. does not come very close to €%, kick-out in-diffusion profiles in a2
dislocation-free waler may be described by the refationship [32,35]

erf [m(q/c;")'f'] " (an

da/2 - x
d /2

where C:" is the value of € in the waler centre x = 4/2. Since {I1) must hold for any
temperature and duration of diffusion, ils comparison with diffusion profiles found by
experiment may serve as & crucial test for kick-out diffusion. Further tests may be based
on the prediction [32]

CRICY = (2/d) (w1, (12)

which refates the A, concentration in the centre of a wafer to the diffusion time and the
wafer thickness, and on comparisons of diffusion profiles observed in “thick® specimens
with the expression predicted for kick-out diffusion profiles in  dislocation-free
semi-infinite media (eq. (43) in [391).

1.3. Measuremenis of the diffusion of gold or platinum in silicon

The diffusion studies of both Au and Pt in Si to be reported in this section have
been performed by means of the neutron-activation analysis (NAA) [35,40,41% or the
spreading-resistance technigue (SRT) (41,423, (In our investigations of Ge in Cu (Sect.
34) SRT [36} has been used.} The two methods are complementary in the sense that the
SRT exclusively measures the concentration C, of the elecirically active A_ configuration,
wherens the NAA yields the total concentration of the amphoteric solute A, ie, C +C
+ C, , where C. is the concentration of A contained in clusters. The fact that in al!
cases to be discussed here identical resuits have been obtained by both techniques may be
taken as evidence that, in agreement with the statement Cl"‘ << C3% in Sect. 3.1, C, is
undetectibly small in comparison with C, and that clustering of A is negligible. Therefore,
in the following the theoretical expressions involving C, (eg., eqs. (11) and (12) in Sect,
3.2) may be compared to both the NAA and the SRT dara.

Fig. 9 is a replot from Fig. 8 of the diffusion profile of Au in a 500 wm-thick,
dislocation-free Si waler measured by NAA alter a 103 4 diffusion anneal at 1273 K
[35). It is seen that the data (open symbols) follow closely the solid straight line expected
for kick-owt diffusion according to (i1). The dashed corve represents an  obviously
unsuccessiul attempt of adjusting the theoretical C(x) expression for dissociative diffusion
in a dislocation-free wafer (eq. (7) in [36]) to the experimental data.

Fig. 10 is a demonstration that, in accordznce with the kick-out diffusion theory
[eq. (12)1, the Au concentration in the centres of dislocation-free Si wafers, Cha
increases proportional fo the square root of the diffusion time. [n fact, in this
double-loparithmic Cp.~ 1/d* plat the Ch. values measured at the same temperature
{circles at 1273 K, squares at {371 K)[35]1 lie on the same' straight tine with the slope
1/2. Since the data taken after 1273 K diffusion anneals comprise measurements on wafers
of different thicknesses,. the arrangement of these data along a straight line with the slope
1/2 also confirms the |/d dependence of C;" predicted by (12) for kick-out diffusion. The
failure of the theory of dissociative diffusion (dashed curve according to (7) in [361) to
describe the experimental data is evident,

Fig. "1l presents comparisons of the Pt concentrations C* (full circles) measured by
the SRT on dislocation-free $i wafers of various thicknesses after 1.5 h diffusion anneals
at 14923 K [43) with the d dependences of C™ predicted by the kick-out-diffusion theory
(solid line according to (12)) and the dissociative-di{ffusion theory (dashed curve according
to (7) in [36)), respectively. In Fig. 12 the diffusion profile of Pt in a "thick” Si
specimen  determined with  the aid of NAA [43] is compared o the two
interstitial-substitutional difTusion theories. From Figs. 11 and 12 it is clear that Pt in Si
diffuses via the kick-out mechanism.

The precedingly compiled -evidence for the predominance of the Kick-oul mechanism
in the diffusion of both Au and Pt in Si does not exclude a minor contribution by the
dissociative mechanism. Such a contribution may be expected, since investigations of the
enhanced and retarded substitutional-solute diffusion in Si (Sect. 2) have shown that in S
under thermai-equilibrium conditions  self-interstitjals and  vacancies coexist. In  fact,
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Fig. 12 (left). Pi-diffusion profile measured by NAA on a 4.9 mm-1thick, dislocation-free
5i specimen after a8 0.5 h anneal at 1523 K (full circles) [43] compared with the
predictions of the kick-out model (solid curve according t0 (43) in [39]) and the
dissociative model (dashed curve according to (5) in [361).

Fig. 13 (right). W-shaped spreading-resistance (R) Au-diffusion profile measured on o
900 pm-thick, dislocation-free Si wafer after a 0.75 h anneal at 1473 K {41).

Morehead and co-workers [44), who carefully analysed Awu-diffusion profiles in
dislocation-free Si wafers diffusion-annealed ot 1273 K, have found that there is »
contribution by the dissociative mechanism to the diffusion of Auw in Si It js almast
undeiectibly small after short annealing times (# = 0.5 h) but becomes clearly “visible™ afier
long-time sonealing (1 « 100 h), This is so since, accordiffg to (9) and (10), even for
DY = DICI? — which Morehead et al. [44] have estimated for 1273 K from their
analysis — kick-out diffusion dominates for C, < C% and approaches the value of the
i-independent contribution by the dissociative mechanism when C, comes close to .

There are several observations which are in accordance with the view that Au in Si
diffuses mainly via the kick-out mechanism but, in conirast to the Au {or Pt) diffusion
profiles in -dislocation-free Si discussed above, can not be used 1o exclude a major
contribution by the dissociative mechanism. Among these flindings is the fact (Fig. 6} that
in highly dislocated [42]1 .or in dislocation-free, Au-saturated (451 Si the dilfusivity of
Au is the same, but by one to two powers of ten higher than in the (above considered)
dislocation-free Si not saturated with Au. The difference between the Au diffusivities in
non-saturated, dislocation-free specimens and highly dislocated specimens is expecied, since
~ according to the discussion in Secl. 3.2 — in the first case the effective diffusivity (10)
is limited by the outflux of self-interstitials produced via (6) to the specimen surlaces
whereas in the second case, -in  which self-interstitials can be readily absorbed at
dislocations, the effective diffusivity (8) it determined by the A, influx. ln Au-saturated
specimens the net rate at which seif-interstitials are produced via (6) is equai to zero, s0
that ~ like in highly dislocated specimens — the effective diffusivity is controlied by the
A; influx and thus given by (8).
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Fig. 14. Cu-diffusion profile measured by SRT on a “thick®, dislocation-free Ge specimen
after a | h anneal a1t 951 K (Full circles) (501 compared with the dissociative model (solid
curve according to (5) in [36]) and the kick-out wcdel (dashec: curve according to {43) in
£391). :

Further phenomena finding a natural explanation in terms qf kick-out diffusion are
the occurrence of peaks in the Au-diffusion profiles of vreakly dislocated [46) and

dislocation-free [41) Si wafers at locations where opticil microscopy and optical,

microscopy in combination with transmission electron microscapy reveal the presence of
groups of dislocations and interstitiat-type dislocation loops, respectively. In both cases
46,411 the dislocation-type defects locally increase the removal rate of the sell-interstitials
produced via (6), which leads to a locally enhanced rate at which C, increases towards
CA. In the second case [413 the imlerslitisl-type dislocation loups giving rise to anomalous
W'-shnped Au-diffusion profiles (Fig. 13} are formed of their own as a result of the
in-diffusion of Au, presumably by heterogencous nuclestion of the "kicked-out"
sell-interstitials at small clusters of carbon atoms.

34. Measuremenis of the diffusion of copper in germanium

In the cass of Ge, investigations of enhanced or retardet diffusion of substitutional
solutes are not available. Therefore, the only reliable information on the self-diffusion
mechanism in this material comes from studies of the interstitinl—substitutional diffusion of
Cu in Ge. The conclusion [47] based oa early measurement:s [48,49] on dislocated Ge
that Cu in Ge diffuses via the dissociative mechanism has been fully confirmed by recent
SRT studies on dislocation-free specimens by Stolwijk et al, (56,50). Fig. 14 demonsirates
this for a Cu-diffusion profile {full circles) measured on s "thick” Ge specimen after a |
h diffusion anneal at 951 K [50). Whereas an erfc-type profils (solid curve), as pre-
dicted by the dissociative-diffusion theory (eq. (5) in (36]), well describes the ex-

perimental data, a kick-out diffusion profile (dashed curve accarding to #q. (43) in [39))

cannot be adjusted.
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Fig. 15 (left). Arrhenius plots of Cad (empty squares) and Dy (Tull circles: from “thick®
specimens, full squares; from “thin" specimens, full triangle: from the 4 dependence of <
for Au in dislocation-free Si [40,42,50].

Fig. 16 (right). Arrhenius plots of data on the tracer self-diffusion coefficient DT (empty
circles [51] and empty squares [52]) and its interstitialcy component DIT {full symbels) in
Si, The Dy data originate from studies of Au in Si {full circles [40,42,501) and Pt in Si
(full triangles [43) and full squares [531). The straight line is a least-squares Tit of an
Arrhenius law to the D] data from [40,42,50) and [43].

4. SELF-DIFFUSION MECHANISMS IN SILICON AND GERMANIUM

In Si and Ge the concentrations of intrinsic point defects in thermal equilibrium are
extremely low, so that contributions to self-diffusion by multiple defects may safely be
neglected (Sect. 1). Under these circumstances the tracer self-diffusion coelficient s given
by

- DY = DT + DT (13
wil
. bl w fDCY (132}
an
DY = [,D,CY . (13b)

DT iy the contribution by single self-interstitials o DT and J; the correlation factor for
seﬁt‘-dit‘l‘usian via sell-interstitials, With the aid of (9} and (10}, eqs. (13a) and (13b) may
be re-wriiten as ~

bl = fDCH (14a)
and -

DY = f D, . (14b)

Hence, by combining data en the substitutional solubility C}9 of an amphoteric solute A
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{which, because of q‘ << C1 , is practically identical with j1s 1otat solubility €% with
its kick-out diffusivity . or its dissociative  diffusivity 5",. the contribution to the
sell-diffusion  coelficient I':uy self-interstitials, DT | or by vacancies, Dy . may be
calculated, respectively, This way has been gone for both Si and Ge.

4.1, Silicon

Fig. 15 shows an Acrrhenius plot of the total solubility Co (empty squares) measured
on "thin®, Au-sarurated Si wafers by means of NAA [40,501. The data poinis at the two
lowest temperatnres are put in parantheses since in these cases the solubility limit has not
been reached completely, though the diffusion anneals_have lasted up to several months.
Also included in Fig. 15 are kick-out diffusivities Dy of Au in Si [40,42,50], which
have been determined from diffusion profiles measured on “thick" (full circles) or "thip*
{full squares) specimens or from the d dependence of C™ (full triangle).

In Fig. 16 data on the Si self-diffusion coefficient DT measured by means of
Si-tracer  techniques [Sl,szl_ (empty symbols) are com_lpared with  values of the
self-interstitiat contribution Dy to DT (full symbols). The D/ data represented by the full
circles and the full triangles have been calculated from the kick-out-diffusion (D)) and
solubility {CRJ) data on Au in Si shown in Fig. 15 and from corresponding data on Pt in
S§i [43), respectively, with the aid of (i4a) putting fi = 172, These two Dl -data sets
obey the Archenius law

DT = (3.5 *13) x 107 exp[-(4.81 £ 0.04) eV/kT] mis! (1s)

cotrresponding to the straight line in Fig. 16. The full squares, which represent D;r data
obtained from capacitance-voltage measurements and deep-level  transient spectroscopy
measurements of the diffusion of Pt in Si by Mantovani and co-workers [53], lis close 1o
this tine. As may be seen from Fig. 16, there are a¢ significan deviations between the DT
and the DT data in the temperature regime above 1270 K. This is supported by a
comparison of (15) with the Arrhenius laws

DT = (146 ') x 10°? exp(-(5.02 & 0.10) eV/KkT] mis! {16)

and
DT « (1.54 M) x 10 exp[-(4.64 £ 0.35) eV/kT] mis! (17

by which the DT ‘datz of Mayer et al. {511 (empty circles), who used the YSi-radiotracer
technique, and of Kalinowski and Seguin .{52] (empty squares), who studied the
3Si-tracer diffusion by imeans of secondary-ion mass spectroscopy, may be described,
respectively.

‘From the preceding comparison between data on DT and DT as well ays from other
observations reported in Sects. 2 and 3 we conclude that u{mve about 1270 K Si
sell-diffusion is dominated by the interstitialcy mechanism. Whether the fact that in Fig.
16 the three DT-data points of Kalinowski and Seguin [52) (empty squares) below 1270 K
lie above the straight line representing {15) is significant and indicates a contribution to
DT by the vacancy mechanism is not clear. Finally we [focus atiention on the
pre-exponential factors in (15) to (17), which — in accordance with the results of the early
Si self-diffusion studies — are very large in comparison with the pre-sxponential
sell-diffusivity factors in metals. This supports the proposal by Seeger and Chik [2] that
at high temperateres Si sellf-interstitials are spread. out (Sect. 1).
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Fig. 17 (left). Arrhenius plots of C;Y (empty circles) and 3", (full circies) for Cu in
dislocation-free Ge [36,501. ' .

Fig. 18 (right). Arrhenius plots of data on the Ge tracer sel-diffusion coefficient DT
(O [34], A 1551, 0 [561,8 (571, 9 [58]) and its vacancy component DI. The DI data
originate from studies of Cu in dislocated (+ [47-49]1) and dislocation-free (9136,501) Ge.

4.2. Germanium

The values of the solubility limit C? and the dissociative diffusivity 5". shown in
Fig. 17 have been determined by fitting the expressions (5) and (7) in [361, predicted by
the theory of dissociative diffusion, to Cu-diffusion proliles measured on "thick” and "thin*
dislocation-free Ge specimens [36,50], respeclively, by means of the SRT. Using (14b) and
the fy value (0.5) for tracer sell-diffusion vis monovacancies in diamond structures, the
contribution Dy by vacancies to the self-diffusion coefficient DT in Ge has been
calculated as a function of temperature from the data in Fig. i7. The DY, values abtained

in this way are presenled in Fig. 13 as full circles. Most surprisingly, they obey the )

Arrhenius law

DY = (213 2 1.2) x 107 exp(~(3.11 & 0.05)}eV/kT] ms™', (18)
e
thgugh the D\~1/T and CPI-1/T curves are positively and negatively curved, respectively
{Fig. 17). Al ‘igh temperatures O even becomes retrograde. The crosses in Fig. 18 mark
.D'S values determined from the diffusion of Cu in dislocaled Ge [47-49]1. All D',‘,' data,
particularly those deduced from Cu-diffusion studies on dislocation-{ree Ge [36,50], follow
closely the DT data measured by wvarious authors [54-58] by means of Ge-lracer
techniques and included in Fig. - 18 as open symbals. The most recent DT data of Werner
et al. (58] covering the widest iempesature regime (808 K-1177 K) may be described by

. DT = (136 £ 0.15) x 107 exp(~(3.09 & 0.02)eV/AT] m%! . (9

il
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A comparison between (18) and (19) confirms the excellent agreement between the DT and
the DE data and leads to the conclusion that at least in the entire temperature regime in
which both kinds of dawa exist Ge self-diffusion occurs via vacancies, The relatively high
pre-exponential factors in (t8) and (19) indicate that in thermal cquilibrium vacancies in
Ge may be spread out, as proposed previously by Seeger and Chik [2] (Secs. 1).

5. SUMMARY

In the case of Ge we have arrived at the following simple picture: (a) Self-diffusion
occurs via spread-out vacancies, (b) The substitutional solutes of Groups IIl and V diffuse
via the vacancy meéchanism. {¢} Cu diffuses in (Ge via the dissociative mechanism,

In remarkaeble contrast to Ge, in Si the sitvation is quite complicated: {A) In thermal
equilibrium sell-interstitials and vacancies coexist. (B) Above about 1270 K self-diffusion
occurs preferentially via spread-out seil-interstitials. (C) Both self-interstitials and vacancies
contribute to the diffusion of substitutional solutes. Group-111 membership and small atomic
size of a solute favour its diffusion via self-interstitials, whereas Group-V membership and
large atomic size are advantageous for diffusion via vacancies, (D)} Au and Pt diffuse in Si
preferentially via the kick-out mechanism.,

A challenging task for future research is a reliable separation of DGy and ch';"
in diffusivities and equilibrium concentrations.
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TRPLAY OF SOLUTE- AND SELF-DIFFUSION — A KEY
i .. JEALING DIFFUSION MECHANISMS IN SILICON AND
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ABSTRACT

The paper reviews the key experiments which have led to a con?prelgensive
undersianding of the diffusion mechanisms and the thermal-defect scenarios in the
elemental semiconductors Si and Ge. It is demonstrated that the analysis of the
interplay between solute- and self-diffusion in Si on the one hand and lhe‘cpmpamon
between 5i and Ge on the other hand have played an important role in arriving at the
picture described in what follows.

In silicon self-interstitials and  vacancies coexist under thermal-equilibrium
conditions,. Above about IOOO.C. self -diffusion is dominated by an int.eu_-stilillcy
mechanism, aod (so-called hybrid) elements which occupy both mterstm:‘l and
substitutional sites (e.g., Au and P1) diffuse almost exclusively via the kick-out
mechanism. In the diffusion of substitutional solutes, small atomic size anc! GI:OUD-"]
membership (eg.. of B) favour interstitialcy diffusion, wl_:erea.s large atomic size and
Group-V membership (e.g., of 5b) are advantageous for diffusion via vacancies. There
are indications that the importance of vacancies for diffusion processes in Si increases
at temperatures below 1000 °C.

In germanium both self-diffusion and substitutional-solute diffusion take place by
means of vacancies; the hybrid Cu undergoes dissociative diffusion.

It is speculated that the existence of thermal-equilibrivm self—int?rs!itialsl in Si
is related to the great mass-density increase of Si of about (0% at me!tmg. Th:s] idea
is supported by a comparison with ice, which gho.ws 1hfa same density anorln::jyr a:
melting and, presumably as a result of this, similar diffusion and thermal-defec

properties.



1. SILICON
1.1. Classification of diffusers and introductory survey

Fig. | shows the Archenius plots of the diffusivities in monocrystalline silicon
for s selection of elements. Obviously, there is a gap of many orders of magnituds
between the diffusivities of the so-called last diffusers (e.g.. Cu, Ni, Li, and Fe) and
the diffusivities of the slow diffusing elements of Groups HI to V (including the
sell-diffusivity). This gap is bridged by Au and Pt, which henceforth will be
referred to as "hybrids'. This notation will tuzn out to be justified not only by the
intermediate values of the diffusivities of these elemonts, but also by the nature of
their diffusion mechanism.

I is uadisputed that the fast diffusers in Si migrate via & direct interstitial
mechanism, i.e., they hop from interstitial site to interstitial site through the Si lattice
(Fig. 2). Here the word "direct” indicates that this diffusion mechanism does not
require the cooperation of intringic point defects {i.e. vacancies or self-interstitials) as
diffusion vehicles. In Sect. 1.2 new experimentsl results on the diffusion and
solubitity of Pd in Si will be presented. They demonsirate that Pd is one of the
fastest interstitinl diffusers in Si.

Fig. } (left). Survey of the diffusivities of self- and foreign atoms in 8i. For
tefa;eucu ses [1) and, particularly for the diffusivities of Au and Pt, Sects. 1.4,
1.5.2, and 1.5.3. .

Fig. 2‘(ri3ht). Direct interstitial mechanism: An interstitial stom (full circle) jumps
from ioterstice | to interstice 2, from 2 to 3, etc. Regular lattice atoms are re-
presented by empty circles. -
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ta) (b}

Fig. 3. Vacancy mechanism: A radicactive self-stom in (racer self-diffusion or a
foreign atom in substitutional-solute diffusion (full circle) mcves, by jumping into the
vacancy on its right-hand side (s), 10 the right (b} by one nearest-neighbour distance

) of the regular lattice atoms (empty circles).

Although details are still controversial, it is generally accepted that the slow
diffusing dopants of Groups III and V undergo indirect diffusion as a result of site
exchanges with the randomly migrating intrinsic point defects which are present in
thermal equilibrium. Figs. 3 and 4 illustrate the simplest versions of indirect diffusion
via vacancies (vacancy mechanism) sad self-interstitials (interstitialcy mechanism),
respectively, (The reader is expremly warned against mixing up ‘“interstitialcy
diffusion® (Fig. 4) with "direct Interstitial diffusion® (Fig. 2).) In Sect. 1.3 experi-
ments will be reported in which the influence of the injection of self - interstitials or
vacancies on the diffusivities of dopants has been studiec. The outcome of these
investigations is that in Si vacancies and self-interstitials coexist under thermal-
equilibrium conditions and that their fractional contributions to dopant diffusion differ
from ecloment to element.

Sect. 1.4 will be devoted 10 Au and Pt in Si, which show hybrid features with
regard o both their lattice locations and their diffusion mechanisms, The realization
that thase elements predominantly diffuse vis the so-called Lick-out mechanism, which
it & combination of interstitisky and direct interstitial diffusion, was a milestone in
the understanding of diffusion processes in Si. In particular, it led 10 a quantitative,
self-consistent picture of hybrid diffusion and self-diffusion. Sect. 1.5 is to round off
this picture,

.

1.2. Diffusion .and solubility of palladium

In our laboratory the diffusion of Pd in float-zone-grown, phosphorus-doped,
dislocation-free Si single crystals has recently been investigated by means of neutron
activation analysis in combination with serial sectioning [2]. At 1376 K the rd
diffusivity is so high that in s 25 mm long rod-shaped upecimen Pd natoms difluse
from one end (o the other within sbout one hour. The erc-shaped diffusion profiles
(Fig. 5) as weli ss the diffusion enthalpy (0.22 eV) and the pre-exponential factor
(295 » 10°* m?s*) deduced from the Arrhonius-type temperature dependence of the
diffusion coef€icient (Eig. 6) clearly indicato that Pd belongs to the fast diffusers in Si
that undergo direct interstitial diffusion (Sect 1.1).

Fig. 7 shows the solubility of Pd in Si a3 a function of the reciprocal tem-

- perature. Both its magnitude and the indication of a retrograde behaviour at high tem-

peratures resembie very much the solubility of Au in Si, although Au is incorporated
in Si proferentislly on substitutional sites (Sect. 1.4).

oy -
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(b)

Fig. 4. Interstitialcy mechanism: In (a) s self-interstitial {empty circle in the centre of
3 lattice cell) has approached a radiotracer saif-atom or & substitutional foreign atom
(full circie), respectively; in (b) the marked atom has exchanged its original position
with the self-interstitial. In this way the marked atom has temporarily become an
interstitial, whereas the original self-interstitial has disappeared by occupying a reguiar
lattice site.  In (¢) the marked atom has re-gccupied a regular site by kicking a
self-atom into an interstice.

L.3. Intrinsic-point-defect injection, diffusion of substitutional solutes, and the
coexistence of vacancies and sclf-interstitials in thermal equilibrium

Investigations of fast diffusers like Pd (Sect. 12) do not yield any information
on either the diffusion mechanisms of other atoms or intrinsic point defects in Si.
This is different for substitutional dopants, since — ms will be discussed in what
follows — these solutes diffuse indirectly with the aid of vacancies and self-interstitials
vin which a coupling among different substitutionally incorporated species and to
self-atoms is established.

During the past decade, rapid progress in the understanding of substitutional-
solute diffusion has been achieved by studies of the influence of surface oxidation and
nitridation of Si on the diffusivities of elements of Groups 1l and YV and on the
simultaneous changes of the sizes of precedingly introduced interstitial-type dislocation
loops (3—8). For insiance, oxidation (nitridation) is found to make interstitial loops
grow (shrink} and to enhance (retard) the diffusivity of B, but to retard (enhance) the
diffusivity of. Sb. The compatibility of these observations requires (i) that surface
oxidation and nitridation lead to an injection of seif-interstitiais (I) and vacancies (V),
respectively, (ii) that self-interstitials and vacancies coexist in Si under thermal-
equilibrium conditions, and (iii) that B diffuses preferentially via seif-interstitials,
whereas Sb prefers vacancies as diffusion vehicles.

The fractional contributions 9, of sell-interstitials (n = I) and vacancies (n = V)
to the diffusivities of substitutional solutes may be obtained from the sort of surface
oxidation and nitridation experiments just described. Fig. B represents @ (= 1-dy) for
the Group-1lI clements B, Al, Ga and the Group-V elements P, As, Sb as & function
of r/rg; (r = atomic radii of the solutes, rg, = stomic radius of $i) [1]. A qualuative
understanding of these findings in terms of a combined elastic and electrostatic
interaction between the solutes and the diffusion vehicles is straightforward. Solute
atoms elastically attract self-interstitials or vacancies depending on whether they are
smaller or farger than the Si atoms, respectively. Coulomb attractions exist between
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Fig. 5 (left). Penetration profile of Pd in §; measured by means of neuwtron activation
analysis after a 58 min diffusion anneal at 1376 K [2].

Fig. 6 (right). Diffusivity of Pd in Si [2]. The minimum and maximum error bars
are indicated.

the donor solutes and the acceptor-type vacancies') as well as between the acceptor
solutes and the seif-interstitials which — except in highly n-doped Si — behave ag
donors?). As a resuit, smallness and Group-HI membership of a solute favour its
diffusion vin seif-interstitials, whereas largeness and Group-v membership are
advantageous for diffusion via vacancies. This simple rule makes immediately
comprehensible why B and Sb preferentially diffuse with the aid of self-interstitials
and vacancies, respectively. In the case of P, for which & is close to wnity, the
elastic attraction of self-interstitials obviously exceeds the Couvlomb attraction of

vacancies, while in the cases of Ga and Al (&> 0.5) the Couwlomb attraction of
self-interstitials must be larger than the élastic attraction of vacancies.

) Experiments by Watkins et al. [9,10] have revealed quite a complicated level
structure of the Si vacancy. However, under most conditions achievable by usual
chemical doping the Si vacancy appears as an acceptor whase level is located in
the lower part of the energy gap.

1} According to Blount (tight-binding approximation) (11] and Watkins et sl
(atomic-orbital-.molecular-orbital cluster model) {12] the Si self-interstitial possesses
an acceptor fevel in the upper haif of the band gap and a donor level in the lower
half. As a resuit, it js negatively charged (I") in n-type material, electricatly
newtral (I°) in intrinsic material, and positively charged (I*) in p-type material.
These theoretical predictions are in accordance with the mechanisms by which
substitutional solutes in Si undergo diffusion (Sect. [.3) and with the dependence of
the substitutional-solute diffusion in Si on chemical doping (Sect. 1.5.1).
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The precedingly described experiments have led us to an understanding of the
essential festures of substitutionai-solute diffusion in Si. The picture evolved above is
confirmed by observations of the influence of chemical doping on the diffusivities of
Group-Ill and Group-Y elements [1). This point and some refinements of the
substitutional-solute diffusion modsl will be briefly considered in Sect. 1.3.1.

Concerning self-defects in Si, the surface oxidation/nitridation experiments {3-—8]
hava yielded the qualitative result that vacancies and self-interatitials coexist under
thermat-equilibrium conditions. Hence, both kinds of defects may contribute 10 Si
seif-diffusion. Information on the relative importance of vacancies and. seif-interstitials
as seif-diffusion vehicles and values of the interstitialcy component of the tracer
self-diffusion coefficient may be deduced from the diffusivities and solubilities of the
hybrids Au and Pt (Sect. 1.4). ’

1.4, The hybrids Au and Pt

1.4.1, Evidence for self-interstitial-controlied kick-out diffusion in dislocation- free
specimens

As discussed in Sect. 1.1, the diffusivities of Au and Pt in Si lie just between
those of the fast interstitial diffusers and the siow diffusing substitutional solutes.
Therefore, it is templing to speculate that these eloments might be *somehow inter-
mediate®. Indeed, from extensiva neutron-activation-analysis [13—15]1 and spreading-
cesistance studies [15,16] of the diffusivities and solubilities of Au sad Pt — a large
number of which have been performed at our laboratory — the following picture has
arisen. The main fraction of a hybrid species, which governs the solubility limit, is
present in substitutional solution and thus virtually immobile, whereas the hybrid
transport oceurs viz a small fraction of atoms undergoing fast interstitial diffusion
(17). Hence, a hybrid A may be characterized by the insqualities

CH»CM ad D, €D {1a& b)

for its solubilities C_** and diffusivities D, where n = 3 and n = i refer to the

- substitutional configuration A, and the interstitial coofiguration A, respectively.
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During the so-calted substitutional—interstitial diffusion o' a hybrid solute, inter-
changes between interstitial and substitutional sites tske place either according to the
kick-out mechanism (Fig. 9) (i8]

A 2 Ax @
or the dissociative mechanism (Fig. 10) [19]
A+ YV 2 A, {3)

respecl‘ively. While Reaction (2) produces self-interstitials, Reaction (3) consumes
VaCAnCies. In both cases a quantitative description of the effctive diffusion of A is
passible by means of the diffusion equation (1,13}

8,/8 = 8/8x(D8C,/8x) L))

(C, = concentration of A, x = space coordinate in the diffusion direction considered,
t = diffusion time).

« _In hig_,hly distocated specimens (Sect. 1.5.3} the effect.ve diffusion coefficient
D in (4) is the same for dissociative and kick-oul diffusion [1,18],

D = D* = DCM/CN, (5)

ie, a discrimination between these mechanisms by means of studies of hybrid
diffusion in highly dislocated specimens is nat possible.

r Here we concentrate on hybeid diffusion in dislocation-free specimens, for which
D is different for dissociative and kick-out diffusion. In the case of dissociative
diffusion the effective influx D.‘“C." of A, is controlled by the influx DyCy* of
vacancies from the specimen surface, which allow for the trensformation of the very
rapidly in-diffusing A; to A, accosding to (3), hence

o = D20 m D,CM/CH €

(Dy = dilfusivity of V¥, C* = thermal-equilibrium concentration of V) [1,18,19]. By
contrast, in kick-out diffusion — due to the very nature of this mechanism — each
regular lattice site which is occupied by a self-atom represenls a potential A, site.
Therefore, as long as the specimen is “A -empty (C/C™M € 1) the effective fnflux
D.‘“C 4 of A, is "unlimited” or, more precisely, limited by the very rapid influx of
A on‘y, whereas in a specimen "filled up with AS (C/CR = 1) the outflux DC"™ o
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Fig. 9. Kick-out mechanism: Foreign atoms (full circle) interchange between interstitial
sites (A, )} and substitutional sites (A,) in cooperation with self-interstitials (I).

the surface of the seif-interstitials produced via the kick-out reaction (2) controls the
effective in-diffusion of A, (D; = diffusivity of I, C™ = thermal-equilibrium con-
centration of [). These features are reflected in the expression for the corresponding
effective diffusion coefficient [1,18],

D.-rr - DI'( C."/C.)! - (DlCI"/C_"‘)(C."‘/C.)‘. (%))

This D_‘“ depends on x and ¢ via C,. in contrast to what is true for the effective
diffusion coefficient of either dissociative or kick-out diffusion in highly dislocated
specimens or dissociative diffusion in dislocation-free specimens,

Concerning the well-known solutions of (4) for dissociative diffusion in dis-
location-free specimens (i.e. for a constant diffusion coelficient (Eq. (6)) wo refer to
text books on diffusion [20,21). In the following, we shall compile the unusual and
“thus, specific predictions of the theory of kick-out diffusion in dislocation-free
specimens (which may be deduced from (4) and (7) for various boundary and initial
conditions) and compare these to experimental resuits on the diffusion of Au or Pt jn
Si and to the corresponding predictions of the dissociative-diffusion theory.

A qualitative explanation [1,13,17,18] of the U-shaped diffusion profiles of Au
in dislocation-free, "thin" Si wafers?) (Fig. 11) is possible in tarms of both dissociative
and kick-out diffusion. After a short initial transition during which the A, con-
centration €, reaches its solubility limit C™ (€ C*) throughout the wafer, C,
approaches C‘"“ most rapidly in the vicinity of the two wafer surfaces, since these
constitute either the only sources of the vacancies required for the conversion of A 1o
A_ via (3) or the only sinks at which the self-interstitials that are generated during an
increase of C via (2) can be eliminated. However, a quantitative interpretation of the
diffusion prot'iles in Fig. LI can be achieved exclusively within the framework of the
kick-out diffusion theory. This predicts that the diffusion profiles in a “thin", dis-

location-free waler of thickness d cbey the refationship [1,18)
erf[{InC, /C, ™1} = ledy2-x)p(d/2}]. )
irrespective of the temperature and duration of difTusion (C," = Cx = d/2)). Fig. 12

demonstrates convincingly for the Au diffusion profile measured after a 1.03 h anneal
at 1237 K (empty squares in Fig. 11} that the experimental data (open symbols)

A wafer (plate-shaped specimen) is called “thin” when the foreign atoms penetrating
from the opposite surfaces interfere in the specimen centre, I this is not the
case, a specimen is referred to as “thick".
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Fig. 10. Dissociative mechznism: Foreign atoms (full circle) interchange  between
interstitial sites (A,) and substitutional sites (A,) in cooperation with vacancies (V).

- lie on the solid straight line representing (8), whereas the profile form expected on

the basis of dissociative diffusion (dashed line) cannot be mdjusted to these data.

Further typical Features of kick-out diffusion emerge from the expression for the
A, concentration in the centre of a dislocation-free wafer [1,18],

C,™/C, " = (2/d)rD,"1)*/? )

(which ceases 0 be valid if C,™ comes close to C,*%. For Au and Pt Figs. 13 and
14 respectively confirm the dependencies of €™ on the diffusion time (~1/ ) and the
wafer thickness (~1/d) as stated by Eqg. (9) {solid straight lines). By contrast,
dissociative diffusion (dashed curves) cannot account for the ¢ and d dependencies of
C,™ found by experiment. .

. For kick-out diffusion into a dislocation-free, semi-infinite solid, an anslytical
solution of (4) with (7) is available in a parametric form [241, which is not
reproduced here. In Fig. 15 this solution has been adjusted successfully {solid curve)
to a diffusion profile of Pt measured by means of neutron activation analysis on &
“thick" dislocation-free Si specimen (full circles). On the other hand, an attempt to fit
the corresponding sofution for dissociative diffusion (dashed curve) to the experimental
data has obviously failed.

In summary of Sect. 1.4,1 it is concluded that the diffusion of Au and Pt into
Si occurs via the kick-out mechanism and that in dislocation-free specimens the
effective diffusivity of the substitutional Ffraction of these elements {which in the
solubility limit is close to 100%) is controlled by the out-diffusion to the specimen
surface of the seif-interstitials produced in the kick-out reaction (2).

A third hybrid in Si that undergoes kick-out diffusion is Zn. For details on
this the reader is referred to [25],

1.4.2, Information on self-diffusion from the diffusivities and solubilities of hybrids

A major objective of this paper is to focus attention on the interplay of
foreign-atom diffusion and self-diffusion and on how this can be exploited to improve
our unaderstanding of diffusion mechanisms. Having this in mind, the interpretation of

-the diffusion of Au and Pt in dislocation-free Si as self-interstitial-controlled kick-out

diffusion (Sect. 1.4.1) makes us watch out for a quantitative link between the
diffusivities of hybrids and the interstitialcy component of the self-diffusion co-
efficient. Indeed, such a relationship follows from (7) [1,17,261:
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Fig. 11 {left). Penetration profiles of Au in dislocation-free Si wafers measured by

means of neutron aclivation analysis after annealing at 1237 K for 0467 h (full

circles), 1.03 h (empty squares), 4.27 h (full and empty triangles), 268 h (fell

squares), and 100.6 h {empty circles), respectively [13]. The Au concentration C,, is

given in units of the solubility limit C3%. In one of the 427 h anneals (empty

:-hngsl;) a 300 um thick wafer was used; otherwise the wafer thicknesses were
- am.

Fig. 12 (right). Au diffusion profile measured by neutron activation analysis on a
500 um thick, dislocation-free Si wafer after a 1.03 h anneal at 1237 K (empty
symbois) [13] compared with the predictions of the Kick-out model (solid straight line
according to (8)) and ihe dissociative model (dashed curve accotding to (7} in [221).

DM = D'C. (10)
Choosing 0.5 for the correfation factor f;, with the aid of Eq. (10) the coatribution
DT & [,DCN ()

of sell-interstitials to the tracer self-diffusion coeificient DT has been calculated from
the effective diffusivities D, and the solubilities C ™ of Au and Pt. In Fig. 16 the
D'f values obiained in this way are represented \:y full symbols. They obey the
Arrhonius law (solid straight line}

+1.2
b = [3.5

oo ]xlO" exp [-(4.81£0.03)eV/kT]| m*s"* (12)

(k = Boltzmann's consiant, T = absolute lempersture) over many orders of magnitude
and are jn good agreement with directly measured values of the tracer sell-dilfusion
coel'ﬁcieg; T (opep symbaols), at 1eut_ above about 1200 K. This strongly suggests

that — in the entire temperature regime in which daca on both DT and Dy are
avsilable — seif-diffusion in Si i3 dominated by an- interstitislcy mechanism. The fact
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Fig. 13 (left). Increase of the Au concentration T, in the centres of dislocation-free
Si wafers as a function of ¢/d® (full circlex Iﬁ"l K, d = 500 um; empty circle:
1237 K, d = 300 am: full squares: 1371 K, &4 = 500 pym) [13].

Fig. 14 (right). C?" measured by the spreading-resistance technique on dislocation-
fres Si wafers after 3.5 h Pt diffusion anneals at 1423 K as a function of the wafer
thickness d (full circles) [23] compared with the predictions of the Kick-out model
(solid straight line according to {9)) and the dissociative model [dashed curve according

to (7) in [22]).

that below 1200 K the DT dats lie slightly above the Arrhenius line (12), whereas the
D'lr data fall somewhat below it, might indicate the existence of & vacancy contribution

_to self-diffusion at low temperatures, as proposed by Seeger and Chik [31] already in

1968. Further pieces of evidence for this are the coexistunce of wvacancies and
self -interstitials in thermal equilibrium as demonstrated by the surface oxidation/
nitridation experiments reported in Sect. 1.3, the presence of a small contribution to
the diffusivity of Au in Si by the dissociative mechanism (Sect. 1.5.2), and a "hidden
similarity® to the seif-diffusion in Ge (Sects. 3.1 and 3.2.1) which takes place by
means of vacancies {Sect. 2.3}. .

Finally, we call attention to the pre-exponential factor of DT (Eq. (120,
which — in agreement with the results of Si self-diffusion studies (Eaqs. 1(16) and (I7)
in [171) —~ is considerably larger than the pre-exponential factors of the self-diffusion
coefficients of normal® metals. An explanation of this is proposed in Sect. 3.2.1.

1.5. Extensions and refinements
1.5.1. Diffusion of substituional ‘saluze:

In Sect. 1.3 it was shown (i} that the diffusion of substitutional solutes in Si
occurs by indirect diffusion mechanisms involving seli-intersiitials and vacancies and
(ii} that smallness and Group-1il membership of a solute favour diffusion via self-
interstitials, whereas largeness sod Group-V membership foster diffusion via vacancies.

The variation of the relative importance of tha two kinds of diffusion vehicles
from solute to solute, as expressed by Item (ii), can qualitatively be explained in terms
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Fig. 15 (left). Pt diffusion profile measured by neutron activation analysis on a
4.9 mm thick, dislocation-free Si specimen after a 0.5 h ananeal at 1523 K (full
circles) [23] compared with the predictions of the kick-out model (solid curve
sccording 10 (43) in [24]) and the dissociative model (dashed curve according to (5)
in {221). .

Fig. 16 (right). Arrhenius plots of data on the tracer seif-diffusion coefficient DT
(empty circles [27] and empty squares [28,29]) and its interstitialcy component D'f
(full symbols) in Si. The D, data originate from studies of Au in Si (full circles
[14,16,261) and Pt in Si (full triangles [23] and full squares {30]). The straight line
is a least-squares [it of an Arrhenius law to the D;r data from [14,16,26] and [23].

of a competition of elastic and electrostatic interactions between the solutes and the
diffusion vehicles (Sect. 1.3} [1). An wunderstanding of more subtle features of
substitutional-solute diffusion (e.g., the influence of chemical doping or the kink-and-
tail shape of phosphorus diffusion profiles) requires that st least two more effects
have to be taken into account, which will be discussed briefly in what follows,

Depending on the position of the Fermi level the diffusion vehicles may occur
in different electrical charge states, Si self-interstitials are negatively charged in
n-type material, electrically neutral in intrinsic material, and positively charged in
p-type material [1,321.7) By contrast, due to their major scceptor level in the lower
half of the band gap, Si vacancies are electrically neutral in p-type material and
negatively charged otherwise.!) 1t is obvious that both the thermal-equilibriutn con-
centrations and the diffusivities of intrinsic defects may be charge-dependent. Indeed,
in order to understand the influence of chemical doping on the diffusivities of
substitutional solutes in Si in terms of the mechanisms proposed in Sect. 1.3 and
condensed above to lems (i) and (ii), one has to azllow for a doping dependence of
the thermal-equilibrium concentrations of self-interstitials and vacancies which Is in
accordance with the electronic levels of these defects. Dertails are found in [1).
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Fig. 17 {left). Schematic plots of the phosphorus concentration Cp and of the
normalized concentrations of vacancies, Cy/C\*, and self-interstitials, C,/C,*%, as
functions of the penetration depth x [36].

Fig. 18 (right). Arrhenius piots of the diffusion fluxes of self-interstitials, DI (solid
line), and interstitial Au atoms, D,C* (dashed line) [16]. The data result from
measurements of the Au diffusion in dislocation-free (empty symbols) and highly
dislocated (full squares) Si, respectively.

A complele understanding of ati features of substitutional-solute diffusion in Si
is not possible in terms of indirect diffusion via the vacancy (Fig. 3) and the
interstitialcy (Fig. 4) mechanisms alone, An example is the in-diffusion of phosphorus
driven by a high P concentration at the specimen surface [33—36]. In this case the
P diffusion profile possesses a kink-and-tail shape, which is schematicaily shown in
Fig. 17. Gosele and Tan [36] have proposed that phosphorus interstitials penetrate
from the specimen surface by direct diffusion (Fig. 2) and, some distance below the
surface, convert to substitutionai P plus self-interstitials (Reaction (2)). In the depth
in which this conversion takes place, a supersaturation of seif-interstitials is built up
(Fig. 17). Due to & = | for P, this gives rise to enhanced P diffusion by both the
interstitialcy mechanism (Fig. 4) and the kick-out mechanism (Fig. 9). The result is a
tail in the diffusion profile.

The preceding explanation is supported by the observation that in "burried
layers” of Sb the diffusion of Sb is retarded under surface areas covered by P in high
concentration [37,38]. In those regions the P-induced supersaturation of self-
interstitials leads to an undersaturation of vacancies according to the mass-action law

CCy = C*°Cy" , (13)

which has been found to be fulfilled in surface oxidation/nitridation experiments
[8]. 1t is clear that Cy/Cy*? < ) results in a retardation of the diffusion of Sb, for
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which ¢, = |, ° -

There pre several extensions of the Godsele—Tan model of P diffusion, the most
general one being that of Morehead and Lever [39). These authors assume that — in
addition 10 [ and ¥ — P, (P interstitials or pairs of I and substitutional P) and PV
{substitutional-P—V pairs) are mobile defects which are involved in the diffusion of P,
that all mobile species are present in concentrations which are very small. in
comparison with that of immobile substitutionai P, and thst a steady-state solution
with respect 1o the sum of fluxes of the mobile species is established. This model
indeed produces a kink-and-lail profile for the substitutional phosphorus.

1.5.2. A dissociative admixture in the diffusion of Au

In Sect. 1.4.] evidence has been presented that in dislocation-free Si the hybrids
Au and Pt diffuse by the kick-out mechanism. Stimulated by the coexistence of
self-interstitials and vacancies in thermal equilibrium (Sect. 1.3) Morehead and
co-workers [40] analyzed Au diffusion profiles measured at 1273 K in terms of 3
diffusion model which comprises both kick-out and dissociative diffusion. They came
to the conclusion that — although at this temperature D,C ™ = DC* — the
dissociative contribution is negligibly small, except for very long diffusion times (=
100 h) at which it amounts to about 10%. This result can be rationalized as
follaws. According to Egs. (6) and (7) the effective diffusion coefficient for
combined kick-out and dissociative diffusion is given by

DM = DS +DCR/C) (14)
which for DyC*% = D,C™ reduces to
D « D, [14CM/CY) . {15)

In {15) the second term in brackets arises from kick-out diffusion. Therefore, in
in-diffusion expesiments kick-out diffusion dominates over dissociative diffusion at
small diffusion times at which C,<C,™ is fulfilled, even il the contributions by the
vacancy mechanism and the interstitialcy mechanism to self-diffusion are comparable.
The physical reason for this is that at the beginning of an in-diffusion experiment
(C,€ C,%) almost each regular lattice site is available for being occupied by a
substitutional Au atom via a kick-out reaction (2), whereas the rate of dissociative
diffusion is limited by the (comparatively small number of) vacancies present in
thermal equilibrium.

1.5.3. Gold-imerstitial-controlled kick-out diffusion and related subjects

The in-diffusion of hybrid solutes, say Au atoms, into Si via the kick-out
mechanism occurs in three steps: (A) Au;, atoms penetrate into Si and diffuse rapidly
over large distances, (B) the Au, atoms are transformed to Au, atoms according to
Reaction (2), by which 1 are produced in supersaturation; (C’ this supersatucation
decays by interstitialcy self-diffusion to sinks. So far we have dealt with kick-out
diffusion in dislocation-free high-purity specimens, in which the densities of internal
sinks for [ are extremely small. In such specimens, Step {C) is slowest and thus
rate-controlling, since the kicked-out self-intesstitials bhave to diffuse over large
distances to the specimen surfaces in order to be annihilsted. By contrast, in heavily
distocated and/or impure specimens the high internal densities of I sinks enforce C,
values” close to C*9, irrespective of tho seif-interstitial kicking-out rate, so that Step
(A} becomes rate-controlling. Under these circumstances, D."l is independent of x
and ¢ (Eq. (5)), which explains why in-diffusion profiles of Au in *thick®, highly
dislocated specimens are erfc-shaped [1,18]. From such profiles the Au, flux DG
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has been extracted [I16]. In Fig. 18 it is compared to the self-imterstitial (lux DG
taken from corresponding measurements on dislgcation-free specimens. Since at all
temperatures at whicl.l data are available D,C*? is conmsiderably larger than DC", the
prerequisite D, > D (C."'/C.)l for the occurrence of profiles which are characteristic
of self-interstitial-controtled kick-out diffusion is fulfilled in all pure, dislocation-free
specimens, except for C,/C € L.

According to the preceding discussion, Au-controlled kick-out diffusion takes
place either in specimens with high densities of internal sinks for self-interstitials (i.e.
in highly dislocated and/or impure Si), in which the self-irterstitials kicked out by
Au; atoms can disappear instantanecusly, or in I-sink-free (ie. dislocation-free high-
purity) specimens as long as these are almost "Au-empty’ (C,/C,*® € 1), so that a
supersaturation of self-interstitials blocking further Au, = Au  transitions via {(2) does
not yet exist. An example of the latter case has been deiected by Hauber et al.
[15], who measured penstration profiles of Au in dislocation-free S5i wafers of
different thickness which had been dilfusion-annealed for equal periods of time at
1473 K. He found the time dependence predicted by (9), except for his thickest

* waler on which too fow a valus of C,™ was measured. Ir this case Cm/C ™ was

equal 1o 0.07, and the deviation from (9) -- which is bascd on the assumption of
self-interstitial-controlled kick-out diffusion — reflects that in "gold-empty® specimens
kick-out diffusion is Au,-controlled even in the absence of inlernal sinks.

A further example of Au-limited kick-out diffusion is realized in so-called
isoconcentration experiments, in which the in-diffusion of radicactive '**Au into
dislocation-fres specimens saturated with **’Au is investigated [161. In this case C,,
C, and C, possess their equilibrium values already at the onset of the in-diffusion
of ***Au, As a consequence, the pemetration of '"*Au, utoms does not induce
further shift of Reaction (2) to its right-hand side, i.e, a supersaturation of 1
impeding the in-dilfusion process is nol built up. Therefore, in isoconcentration
experiments the chain of reactions required for kick-out diffusion is controlled by the
influx of '"*Au, atoms, and the effective diffusion coefficient is given by (5). This
has been confirmed in recent experiments by Kiho [4i].

Interesting phenomena occur when Au diffuses into specimens consisting of a
large fraction of I-sink-free volume in which small regions ssith a high I-sink density
are embedded. Then the rate of increase of C, in the smail high-sink-density regions
is Au-controlled and thus considerably higher than in the surrounding sink-free
volume in which the diffusion is I-centrolled. As a result, in an intermediate stage
of such an in-diffusion process (which precedes the [final state in which C, has
reached its solubility limit C* in the entire specimen) Au, has accumulated
preferentially in the high-sink-density regions, i.e., these regions have become
*decorated” with goid. In sccordance with this picture, spreading-resistance profiles
measured on- moderately dislocated Si specimens (5 x 10* dislocations/m?) after
Au diffusion annealing at 1273 K show peaks (indicating high local concentrations of
Au) at locations where bundles of dislocations are observed by means of an etch pit
technique [42).

An example of gold decoration leading to far-reaching conclusions is the
W-shaped spreading-resistance profiles measured on FZ-Si wafers after Au diffusion
annealing (Fig. 19, top). The mechanism by which such profiles are formed is as
follows [15]. In the diffusion of Au into a dislocation-free wafer, a supersaturation
of self-interstitials is produced via Reaction {2). Il the wafer contains a small amount
of impurities (e.g.. soms carbon), which can sct as nuclei for "heterogeneous

_precipitation® of self-interstitials, then this precipitation happens most likely in the

specimen centre, since at this location — due to its maximum separation from the
surfaces — the I supersaturation is highest. While the so-produced self-interstitial
clusters grow, their efficiency as sinks for I becomes larger, and thus in the wafer
centre the production rate of Au, via (2) is enhanced in an uvalanche-like manner.
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Fig. 19. W-shaped spreading-resistance profile (top) measured on a Si specimen after a
45 min Au diffusion anneal at 1473 K [15]. The peak in this profile is located at
the depth at which the optical micrograph (bottom) [15) of the plane across which
the profile has been measured shows many stacking faults (short strokes). The long
straight lines are scratches.

The preceding explanation of the formation of W profiles js confirmed by the
following observations. In the centres of wafers showing W-shaped profiles,
dislocation loops are produced during the in-diffusion of Au. This was demonstrated
by taking optical micrographs of bevel planes running from one wafer surface to the
other. These planes were produced by lapping. They were etched before their
investigation in the microscope. Fauited dislocation loops in the central part of a
wafer, which pierce the micrographed plane (Fig 19, bottom), were exclusively
observed after Au diffusion annealing. From electron microscopy the nature of these
loops was found to be interstitial-type [15).

[t is important to note that the interstitial nature of the dislocation loqps
produced concomitantly with W-shaped Au diffusion profiles is in nccordange with
kick-out diffusion, but — taken alone — does not exclude dissociative diffusion. If
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Au in Si diffused by the dissociative mechanism, according o Eq. (3) in
V-source-poor crystals the in-diffusion of Au would generate an undersaturation of
vacancies. ln the presence of nuclei for | precipitates this V undersaturation coubd act
as a driving force for the growth of iaterstitial-type dislocation loops by vacancy
emission  lience, in order to exclude this possibility one has also to take into account
the characteristic features of kick-out diffusion found in Au or Pt diffusion
experiments on pure dislocation-free Si, in particular the extraordinary “thin"-wafer
dilfusion profiles (Eq. (8) and Fig. 12) together with their time evolution and their
dependence on the wafer thickness (Eq. (9) and Figs. 13 and 14) as well as the shape
of diffusion profiles in "thick® specimens ([26] and Fig. 15).

According to the preceding discussion, the specific U shape (8) of hybrid
diffusion profites in dislocation-free high-purity Si wafers allows us to discriminate
between kick-out diffusion and dissociative diffusion in favour of the kick-out
mechanism, whereas the interstitiol nature of the Au-dilfusion-induced dislocation loops
in walers with W-shaped profiles is in accordance with both kick-out and dissociative
diffusion. Interestingly enough, one might invoke an alternative mechanism to
kick-out diffusion by replacing Reaction (2) by

AY 2 ALY (16)

in this mechanism the transport of A atoms would occur by Ffast diffusing
substitwtional- A -atom--vacancy pairs (A, V), which break up in sessile A  atoms plus
mabile vacancies. Obviously, in dislocation-free high-purity specimens this mechanism
would be controlied by the diffusion to the specimen surface of the vacancies
produced by Reaction {16), and thus — in analogy to (7) — in such specimens
the effective diffusion coefficient of A, would be given by :

D m D(CM/C) = (DyC,™/CWKC,MYC)r. (7

Since this D."’ depends on C, in the same way as the D.’" for I-controlled kick-out
diffusion {(Eq. (7)), there wou‘d be no way to distinguish between kick-out diffusion
and the diffusion mechanism involving Reaction (16) on the basis of the shapes of the
diffusion profiles observed. However, for the diffusion of Au in Si the A V-pair
mechanism may safely be excluded, since the dislocation loops found in = wafers
showing W-shaped profiles would have to result from the condensation of vacancies
and therefore be of vacancy type if this mechanism were operative,

1.5.4. Simultaneous diffusion of Au and othet elements

In conclusion of the discussion of hybrid diffusion in $i, attention is drawn to
two recent observations which spectacularly demonstrate the interpfay between the
kick-out diffusion of Au and co-diffusing elements.

Czaputa et al. [43], who studied the in-diffusion of Av into Rh-doped dis-
location-free Si, report that doping with Rh enhances the introduction rate of Au,
considerably. They convincingly explain this -finding as follows. Ay, atoms can become
substitutional not only by Reaction {2), but also by replacing substitutional Rh
according to

Ay, + Rh, =~ Au, + Rh, . (18}
Provided that Rh interstitials diffuse faster than sell-interstitials, the in-diffusion of

Au in Rh-doped Si is Rh;-controlled and faster than the l-controlled in-diffusion of
Au in dislocation- and Rh-free Si.
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An and colliborators [44] found an enhancement of the diffusion of B in those
patis of their Si specimens which lay under surface areas on which Au had been
deposited. The explanation is straightfosward: Au interstitials penetrating from the
surface produce a self-interstitial supersaturation via Reaction (2). As d result, the
interstitiaicy diffusion of B is enhanced. This mechanism is a variani on the classical
emitter push eifect {45), in' which Au has taken over the role originally played by
P.

2. GERMANIUM
2.1, Genersl remarks

Many investigators have measured the tracer self-diffusion coefficient ot of
Ge [46-50]. Even the recent data of Werner and collaborstors [50], which cover
the widest tempersture regime so far investigated (803 K — (177 K), may be well
described by @ simple Arrhenius law: :
]

DT = (1.36%0.15) = 10* exp{=(3.0920.02)eV/kTIm?s ", (19

Already in 1968 Seeger and Chik {311 argued that this observation may be accounted
for in terms of aa indirect seif-diffusion mechanism involving one type of intrinsic
defects, presumably monovacancies. Further experimeatal results put together by Frank
et al. [1) confirmed this interpretation.

Like in the case of Si, the most reliable information on the self -diffusion
mechanism in Geo comes from studies of interstitinl—substitutional diffusion. An
appropriate candidate for such investigations is Cu, which is a hybrid solute in Ge
obeying (In) and (1b). In Sect. 2.2 spreading-resistance data on the diffusion of Cu
in Ge will be reported and compared with the predictions of the theories of kick-out
and dissocistive diffusion. The implications of this analysis with regard to the
mechanism of self-diffusion in Ge will be comsidered in Sect. 2.3.

2.7. Evidence for dissociative diffusion of Cu :

The full ciccles in Fig. 20 mark a penetration profile of Cu in a “thick",
dislocation~free, high-purity Ge specimen. The solid curve represenis a fit of the
diffusion profile which is predicted by the dissociative-diffusion model for a
V-source-free medium and the appropriate boundary condition. From the good quality
of this (it and from the failure to adjust & kick-out diffusion profile to these data
(dashed curve) it is concluded that Cu diffuses in Ge by the dissociative
mechanism. More details, in particular an explanation of the great-depth deviation of
the experimental data from the theoretical dissocistive-diffusion profils, were given
elsewhers [22].

2.3. Information on self-diffusiop from the diffusivity and solubility of Cu
From Eq. (6) defining the " dissociative  diffusivity Dy* in V-source-fres
specimens, one realizes that the contribution 03 of monovacancies to the self-diffusion
coefTicient -in Ge,
DY % [yDyCy™ . 20)
may be calculated from the correlation factor fy for tracer sell-diffusion .via mono~

vacancies (which in diamond structures is equal to 0.5) and from the diffusivity D,*
and the  substitutionat solubility C,** of Cu in dislocation-free high-purity Ge
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Fig. 20 (lef1). Cu diffusion profile measured by the spreading-resistance technique on
a "thick”, dislocation-free Ge ipecimen after a 1 h anneal at 951 K (full circles) [26]
compared with the dissociative model (solid curve secording to (5) in [22]) and the
Kick-out model {dashed curve according to {43) in [241).

Fig. 21 (right). Arrhenius plots of data on the Ge tracer sel-diffusion coefficient DT
{(empty symbols [46—501) and its vacancy component DY, The DY dawa originate fronr
studies of Cu in dislocated (crosses [51—531) and dislocation-free (Full circles [22,26])
Ge.

[22,26]. Fig. 21 shows DY values calculated in this way (full circles) as well as
measured values of the Ge tracer self-diffusion coefficient DT (empty symbols). The
crosses mark DT values deduced from data on the diffusivity of Cu in Ge with
intermediate dislocation density {51.-53]. These D@ values are less reliable than those
derived from Cu diffusivity dats on dislocation-free Ge, since their caleulation
requires the knowledge of the (gny insccurately known) dislocation density [1.18].
The caincidence of the data on Dy, describabie by

DT = (2.1311.2) x 10°* exp[~3.1170.05)eV/kT] m?s™?, 1)

and DT (Eq. (19)) over many orders of magnitude makes ns conclude that Ge self-
diffusion lakes place exclusively by monovacancies.

A striking feature of (19) and (21) is the magnitude of the pre-exponential
Factor. On the one hand. it is clesrly greater than the pre-exponential factors of the
self-diffusion coefficients of "normal® metals; on the other hind, it lies about an order
of magnituds below the corresponding quantity for Si (Eq. (12)), We will return to
this point in Sect. 3.2.2.
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Fig. 22 (ieft). Schematic diagram illustrating the dominance of self-interstitials in Si
and vacancies in Ge under thermal-equilibrium conditions.

Fig. 23 (right). Electrically neutral low-tempersture configuration of the self-interstitial
in Si [551.

2.4. Diffusion of substitutional solutes

The influence of doping by elements of Group [If or V on Ge self-diffusion is
in accordance with the conclusion of Sect, 2.3 that self-diffusion in Ge occurs via
monovacancies [1]). (The Ge self-diffusion coefficient is enhanced by n doping and
decreased by p doping. This is expected il vacancies in Ge possess an acceptor level
in the lower hall of the band gap and if the doping dependence of the
self-diffusivity arises from the dependence of the vacancy formation enthalpy on the
position of the Fermi level) The fact that the diffusivities of Group-11l and
Group-V elements in Ge show the same doping dependence as the Ge self-diffusion
coefficient is therefore not surprising, but may be taken as an indication that these
solutes diffuse in Ge via the vacancy mechanism, too. In fact, this view is confirmed
further by the observations that the diffusivities of the Group-IIl clements are very
similar to the self-diffusion coelTicient (exceeding it by not more than an order of
magnitude at the melting temperature), whereas the diffusivities of the Group-V
elements are considerably larger (by two orders of magnitude or more) than the
sell -diffusion coefficient For Group-V donors, the probability to find acceptor-type
vacancies on nearest-neighbour sites and thus to be able to perform diffusional jumps
is enhanced by Coulomb attraction, whereas for the Group-1il acceptors this
enhancement effect does not exisi.
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3. SILICON VERSUS GERMANIUM

3.1. The “hidden similarity*

Many pioperties of the two elemental semiconductors Si and Ge are very similar.
Therefore, at first sight it is surprising that — according to Sects. | and 2 — the two
elements seem to differ radically with respect to the thermal-equilibrium defects and
the mechanisms of diffusion. In the following, evidence for the view - will be
presented that in Si and Ge the basic thermal-defect and diffusion scenarios are
qualitatively the same, but that in the two materials quantitatively different aspects are
revealed in the temperature intervals respectively accessible by experiments.

In order to put the above idea in concrete terms, let us consider Fig. 22, This
is a schematic logarithmic plot of the thermal-equilibrium fluxes of vacancies, D, Cy™,
and self-interstitials, D,C,*, as functions of T~*, where the scales of both cootrdinates
are different for Si and Ge. AT"'(Si}) and AT '(Ge) represent the temperature
intervals which have been covered in diffusion experiments on Si and Ge, respectively,
One recognizes that in Si self-interstitials are the dominant thermal-equilibrium defects
{compare DT « DT (Sect, 1.4.2)), except at the low-temperature end of AT !(Si)
{corresponding to sbout 1000°C (Sect. 1.5.2)) whers DyCy*™ and DIC\"™  become
comparable. By contrast, in Ge the self-interstitial contribution is negligibly small in
the entire AT '(Ge) regime in comparison to the vacancy contribution,

The concept developed above and illustrated in Fig. 22 may be reduced to an
extremely simple statsment: The essential differences between the thermal-defect and
diffusion scenarios of Si and Ge arise from the fact that, by contrast to Ge, Si does
not melt before DC,™ exceeds DyC\*. In Sect. 3.2 it will be argued that this
property is related 1o the pronounced mass-density anomaly of Si at melting.

3.2. Exteaded atomic defects at high temperatures
3.2.1. “Liquid” self-interstitials

As. already pointed out in Sect. 142, the pre-exponential factor of the
self-diffusion coefficient of Si (henceforth called D'lr o) is_extraordimarily large.
According to Seeger and Chik (31,54] such a large Di"o valuee would be
incomprehensible if the carriers of Si self-diffusion were normal point defects or small
point-defect agglomerates. Therefore, these authors proposed that under high-tem-
perature equilibrium conditions Si self-interstitials are “extended®, i.e., that the extra
atom representing a self-interstitial is spread out over, say, 10 atomic volumes., This
extended defect configuration may be realized by many microscopicatly different states.
Therefore, it possssses a large configurational entropy. Its number of potential
diffusion paths is very great, too. Hence, both its formation entropy Sf and its
migration entropy S?‘ are large.

In order to account for the DY _ value found for Si, ST+SM, which enters ot ,
exponentially [1], must amount to about I3k On the other hand, from internal-
friction measurements Frank [55) has concluded that Si self-interstitials frozen in at
temperatures  below 600 K are present in  dumbbeil confligurations whose
crystallographic orientations depend on the e¢lectrical charge state. Thus, &t low and
intermediate temperatures the self-interstitials in Si are real "point" defects. Fig. 23
shows the electrically neutral <100> dumbbell interstitial 1%, For this defect, at 570 K

the migration enthatpy H}"' is 1.5 eV, and Sf and S:" are of the order of magnitude

of ik,

The preceding conclusions concerning the self-interstitial configurations in
different temperature regimes can be reconciled if - proceeding from intermediale to



high temperatures "— the interstitials gradualiy lose their dumbbell configurations and
finally become spread out over several alomic volumes [32]. This piclure is
confismed by the fact thai, allowing for a linear temperature dependence of both the
migration enthalpy Hr' and the formation enthalpy Hf and Iaking into account the
thermodynamic relationship

T(85/3T), = (3H/3T), i22)

between enthaipies (4) and entropies (S) valid for experiments performed at constant
pressure p, Seeger et al. [56] succeeded in [itting the seif-diffusion dats of Mayer et
al. [27) by a quasi-stegight Arrhenius line. In doing so, they used the above-
mentioned values of HM, ST, and S}, which characterize the “point" defect ° et
570 K, and obwined M = 36V, HM = 2¢v, ST = 6k and 5 = 7k for 1° at
1658 K, ie. values of ST and S® which are in accordance with an extended
hightemperature interstitial configuration.*!

From an atomistic point of view the change of the geometrical configuration of
[© with increasing temperaturs may be described a3y follows [32]. In the
low-temperature configuration (Fig. 23) the electrons forming the bonds between the
two atoms of the dumbbell are well localized in the centro of gravity of the
defect. When the temperature i3 raised, these electrons occupy excited states and thus
become more and more delocalized. As & consequence, the dumbbell relaxes and
spreads out. The concomitant increase of its formalion entropy leads to a decrease of
its Gibbs free enargy of formation, Gf, sccording (o

G[ = Hf - TS| .Y Ph)]

The spreading out of the dumbbell 1° at high temperatures not only results in a
decrense of ita GJ, but also in & reduction of its Gibbs free energy of migration,
M. As mentioned above, the extended configuration s.ronusu a greater number of
diffusion paths than the dumbbell and thus a larger Sy On the other hand, H{‘ is
iarger, too, if 1° is extended, since then more boads' have 1o be broken when it
migrates. Since bond breaking becomes less important when the temperature is raised,
at high temperatures spreading out of the dumbbell makes G} decrease.

The precedingly discussed reduction of Gf and G}‘ resulting from the spreading
out of the self-interstitials at high temperatures can only occur in covalent structures
which show a mass-density anomaly at meiting. Covalency is required since the
spreading-out mechanism involives electronic states localized at the sell-interstitials. A
densily increase at melting is needed because of the following reason. If the smearing
out of a point-like interstitial resulted in a disordezed spot of lower average density,
the surrounding crystalline matrix would be compressed

1) Al high temperatures the Fermi lovel approaches the centre of the forbidden gap.
Hence, sccording to the Blount's model 1® dominates at high temperatures (11].
Therefore, the influence of 1¥ and 1" has been neglecied in the self-diffusion-data
analysis of Seeger et al. [56). Because of the same reasom, in the subsequent
atomistic view, 1° will be considered exclusively, though the conclusions will be
valid irrespective of the charge state of the interstitial.

—

Nete that at low temperatures a spreading out of the I° dumbbell would result in
an increase of Gf: In this case the electrons -are well localized in covalent bonds,
so that a spreading out of the Jumbbell would require the breaking of strong
electronic bonds and thus lead to such a large increase of H.' that this could not
be overcompensated by the second term on the righi-hand side of Eq. (23).
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elastically, i.e., the smearing out would result in an enhancemel of Hf which could
not be overcompensated by the concomitant increase of Sf. By contrast, in materials
whose densities increase at melting (e.§., 5i or Ge), the smearing out of an interstitial
at high temperatures leads to a disordered spot of higher deasity. In such crystsls the
compressive strain existing around a point-like interstitial and thus its contribution to
Hf can be reduced by smearing out the defect. Hence, under these circumstances G{"
may be lowered by “local pre-melting” of the environment of th: point-like interstitial.
Le Chatelier’s principle tells us that this “liquidation™ does tike place. Therelore,
Seeger and Chik [31,54] postulated that under thermal-equilibrium conditions the
self-interstitials in S5i are extended and may be comsiderec as ‘liquid droplets”
embedded in a crystalline matriz of lower deasity.

The starting point of the preceding disoussion has been tie huge D'l"c value of
Si. Now its explanation is obvious. It is due to the large value ‘of  SF4sM
of the liquid-droplet-like Si self-interstitials, which, in turn, is related to the density
anomaly of Si at melting. Ge possesses a less pronounced density anomaly, so that
sTeSM and thus DT o are, smaller. As & consequence, on suitably normalized scales the
iemperature at wh[ch 1;2]" exceeds DyCy*™ is higher in Ge than in Si (Fig. 22).
Presumably, in Ge this temperature would “ie even above the emperature of melting.
This may explain why in Ge an influence of self-interstitials on diffusion processes
has not been observed.

3.2.2. "Amorphous” vacancies

In Sect. 2.3 it has been concluded that self-diffusion in Ge takes place vig
monovacancies. Hence, as already reslized by Seeger an Chik [31,54], the unusually
large pre-exponential factor of the Ge self-diffusion coelficient (Eqs. (19) and (21))
reflects a large value of the sum of the entropies for the formation and migration of
vacancies and thus indicales that under high-lemperature thermsl-equilibrium conditions
monovacancies in Ge are spread out over about 5 atomic volumes. This phenomeanon
is a consequence of Le Chatelier's principle, according to which "the state of least
constrain® around & vacancy cam be achieved by a local phase transition to a state of
lower mass density, i.s. to the amorphous phase. This *amorphization* of the vacancies
is restricted to high temperatures at which — as & result of the excitation and
delocalization of the valence electrons — the concomitan streiching and distortion of
bonds lead to an increase of the vacancy formation enthalpy that is small enough to
be overcompensated by the increass of the vacancy formation entropy.

4, ICE

In Sects. 3.1 and 3.2.1 the dominance of self-interstitias in 5i under thermal-
equilibrium conditions at temperatures sbove sbout 1000°C has been reiated to the
large mass-deasity increase of almost (0% that §i undergoes ¢t melting. In the light
of this interpratation the corresponding density increase of 5% in the case of Ge must
be considered to be too small for the occurrence of thermal self -interstitials in a
deteciable concentration. On the other hand, it is oommonly known that at ambient
pressure H,O shows @ solid—liquid phasa transition at 0 ¢ in which its density
increases by about 10%. This fact leads us 10 the challenging question whether — like
in Si that melts with the samé increase of density — the thurmal-equilibrium defects
dominating in ice at “high" temperatures (i.e. just below 07C) are of interstitial type.
In the following, studies on ice will be reported which confirm this expectation,

A group of Japaness investigators {57-63) have demonstrated by means of
high-power X-ray topography that sil the concentric dislocation loops lormed in nearly
perfect ice single crystals during crystal growth at temperatures above -50 C are of
interstitial nature. Since these loops, which represent the analugue 0 the A-lype swirl
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Fig. 24. Comparison of values of the self-diffusion coefficient DT in ice measured by
means of "H iracers (open circles: parallel to ¢ axis, full circles: perpendicular 10
c axis) and '"O tracers (iriangles) with the self-interstitial contribution Df (straight
line) 1o DY calculated from (24) and (25) according to (26) [61].

defects in dislocation-free Si single crystals [32), are generated by cooling-induced
agglomeration of the point-defect species dominating in thermal equilibrium, this
species must be of interstitial type. By measuring the size and number density of the
loops in dependence of the temperature T from which the crystals have been cooled
(581 and of the hydrosiatic pressure p applied in some of the experiments [63], the
following expression lor the thermal-equilibrivm concentration of sell-interstitials in ice
al lemperatures above =30 C has been established:

G = (4/2)expts] fkyexp[-(HT oV TYkT)) 24

In Eq. (24), in which the factor 1/2 means the ratio of the numbers of interstitial
sites available for 1,0 molecules and regular lattice sites in the ice lattice, the
quantities S{, Hf. and the self-interstitial formation volume Vr possess the vatues
49k, 0.4eV¥, and -0.80 , respectively (A = molecular volume). On the one hand, the
large formation entropy indicates that the interstitial molecules are not well localized;
on the other hand, the lattice dilatation due 1o an extra molecule on an interstitial
site, n+V|P = 0.2f1, is quite small. Both features are compatible with the piclure of a
fairly extended interstitial environment of enhanced density, but with minute
displacements of the atoms from their regulzr laitice sites.

from 'in-situ X-ray topography investigations of the growth of the interstitial-
type dislocation loops upon cooling, the diffusion coefficient Dy of sell-interstitials in
ice has been found to obey the relalionship
Dy = 18xi0 *exp(~0.t6eV/kT) mis! 25
in the temperature regime =-50°C — =20°C [61].

With aid of Fig. 24, which has been published by Goto et al. [611, it is

demonstrated coaviacingly that, at least above ~-40°C, self-diffusion in ice takes place
via interstitial 1{,0 molecuies. In this figure the siraight line shows the self-
interstitial contribution D;r to the self-dilfusion coefficient as calculated from Eqs. (24)
and (25) according 1o

bl = DC™ . (26)

The open/solid circles and the triangles represent the diffusivities of Y11 parailel/per-
pendicular to i1br o axis and of **O, respectively. Since both the *H and *'O data
follow the stiawht line representing {26), Goto and collaborators [61] have correctly

‘conciuded that, :n the temperature regime considered, the carriers of self-diffusion in

ice are interstitial H,O molecules migrating as units. Since, in contrast to the
interstitialcy setf-diffusion mechanism in Si, this is a direct interstitial mechanism, it is
justified that in Eq. (26) the correlation factor has been assumed to be equai to
unity.

There appears to be a remtarkable difference between the thermal-equilibrium
structures of the self‘-imeretitials in Si and ice. Consider a Gedankenexperiment in
which an interstitial defect is produced by introduction of z marked extra atom
(molecule) into the host lattice. In Si a liquid-like droplet of enhanced density is
formed, within which the chemical bonds dangle to and fro between different
neighbouring atoms and within which the marked atom does not play a special role.
The droplet diffuses in the spread-out state, and after some diffusional displacements
the marked atom will have been left behind on a regular Si lattice site. By contrast,
after introduction of a marked extra H,O molecule into ice the identity of this
molecule remains preserved. Around it, a nearly perfect lattice region of enhanced
density, but with distorted bonds and altered bond lengths is created. This region is
not really liquid-like as a self-interstitial droplet in Si. In the diffusion of the ice
interstitial, the extra molecule jumps onto a neighbouring interstitial site as a unit.
Doing so it is followed by its cloud of enhanced density. Note that for such an
interstitial H,O moiecuie the number of alternative equivalent jump paths is equal to
the number of interstitial nearest-neighbour sites in the ice lattice, i.e., this number is
small compared with the jump possibilities of a self-interstitial droplet in Si. This
picture is in accordance with the comparatively smali migration entropy of the ice
interstitial, as reflected by the "normal" value of the pre-exponential factor in (25).

After having elaborated on the subtle differences between the "high*-temperature
configurations of the self-interstitials in Si and ice, in conctusion attention is drawn to
a striking analogy between the two substances showing up at "low" lemperatures, In
the preceding sections, several indications have been presented which point to a
dominance of the vacancies in thermal-equilibrium expertments on Si at temperatures
below about LOO0°C. [n the following, .observalions will be reported which show that
the same is true for ice below about -50 C.

Whereas cooling of ice in the temperature regime above -50°C leads to the
formation of interstitial-type prismatic dislocation loops whose diameters may reach
several millimeters (58] , cooling down to lower temperatures resulls in the appearance
of minute dislocation loops of approximately 50 um in diameter [591 . The large
interstitial-type loops shrink or grow when the ice crystals are warmed up or cooled
down, respectively, within the temperature regime above =50°C [59]. In this way
these loops contribute to the increase or decrease of the equilibrium concemr‘alion of
the self-interstitials, which are the dominating defect Epecics above ~50 C. By
contrast, the minule loops grow or shrink when above =50°C the temperature is raised
or lowered, respectively [591. This demonstrates that these small loops are of vacancy
type: They contribule 1o the increase or decrease of the seif-interstitial concentration

‘by growing under interstitial emission or shrinking under interstitial absorption. Since

the nucleation of the small, vacancy-type lecops takes place during cooling lo_ tefna
peratures below =50°C, it is concluded that the thermal-equilibrium defects dominating
in ice in this temperature regime are vacancies.

145



14¢

ACKNOWLEDGEMENT

The author is very grateful to his collaborators, who have coatributed in many

ways to this work, as well as to the editors of these proceedings for their patience

with

regard to the delay in the submission of the manuscripl.

REFERENCES

{1l

L2}
{31
[ 4]
{ 5]
[ 6]
(n

[ 81
[ 9]

(0]

(1))
{12}

[13]

(14])
(¥33]

(16}
(7
[18)
(9]
{20}
(211
[22)
[23]
[241
[2s5]
(261
(¢3)|

[28])
291

Frank, W., Gosele, U., Mehrer, H., and Sceger, A., in: Diffusion in Crystalline
(Solu;:;) Eds. G. E. Murch and A. S. Nowick, Academic Press, Orlando 19234
p. ‘

Kauffmann, V., Zerenner, Th., Mauritz, E., Horvath, J., sad Frank, W.: to be
published

Booker, G. R., and Tunstall, N. I.: Phil. Mag., 1966, 13, I

Jaccodine, R. 1, and Drum, C. M.. Appl. Phys. Latters, 1966, 8, 29

Hu, 5. M.: J. Appl. Phys., 1974, 43, 1567 -

Mizuo, S., and Higuchi, H.: Jpa. J. Appl. Phys., 1981, 20, 739

Fahey, P. M., and Dutton, R. W., in: Semiconductor Silicon 1986, Eds. H. R,
Huff, T. Abs, and B. O. Kolbesen, Elecirochemical Society, Penninglon, N.J.,
1986 {p. 571}

;‘;;ey, P. M., Griffin, P. B, and Plummer, J. D.: Rev. Mod. Phys., 1989, 61,
Watking, G. D., Troxell, J. D, and Chatterj P X

1979, 85, 18 tierjee, A. P Inst. Phys. Conf, Ser,,
Watking, G. D., in: Defects in Semiconductors, Eds, J. Namayan and T. Y. Tan,
North-Holland, New York 1981 (p. 2I}

Blouql. E. 1. 1. Appl. Phys., 1959, 30, 1218

Watking, G. D., Meassmer, R. P., Weigel, C., Peak, D., and Corbett, J. W.. Phys.
g.e\;. t'i-:m:' 191, 21, 1573 ’

toiwijk, N. A., Schuster, B., Holzl, J., . H. . W i
0w, 6, 33 ] 1., Mehrer, H., and Fraak, W.. Physica B,
Stolwijk, N. A., Schuster, B., and Holzl, J.: Appl. Phys. A, 1984, 33, 133
Hauber, J., Stolwijk, N. A., Tapfer, L., Mehrer, H., and Fraak, W. 1. Phys. C,
1986, 19, 3817
Stolwijk, N. A., Holzl, J., Frank, W., Weber, E. R., and Mehrer, H.. Appl
Phys. A, 1986, 39, 37

Frank, W., and Stolwijk, N, A: Mater. Sci. Forum, 1987, 1518, 369
Gosele, U., Frank, W., and Seeger, A: Appl Phys. A, 1980, Q: 364

Frank, F. C., and Turnbull, D.: Phys. Rev., 1956, 104, 617
Cll"lllwz H. S, and Jaeger, J. C.. Conduction of Heat in Solids, Oxford
gmv:mt}' Pr:lu 'SClarendon). London and New York 1959

rank, J: athematics of Diffusion, Oxford Univensit

;.ondoi and New York 1975 v Press (Clarendon)
tolwijk, N. A., Frank, W., Holzl, I., . T, . E. E: L.
Pove oss, 15" s20h oizl, 1., Pearton, S. J., and Haller, E. E: 1. Appl.
Hauber, J., Frank, W. and Stolwijk, N. A.: Mater, S¢i, Forum, 1989, 33.41, 707
Seeger, A phys. stat. sol. {a), 1980, 61, 3521 T
g;ol\;igjk. N. A., Perret, M,, and Mehrer, H: Defect and Diffusion Forum, 1988,
Stolwijk, N. A., and Frank, W., in: Proc. 13th Iaternat. Conf. Defects in Semi-
conductors, Eds. L. C. Kimerling and J. M. Parsey, Jr., Meatallurgical Society of
AIME, Warrendale, Pennsyivania, 1983 (p. 283)
Ma,_ver. H. 1., Mehrer, H., and Maier, K.: Inst. Phys. Conf, Ser,, 1977, 31, 186
Kgl!nowski. L., and Seguin, R.: Appl. Phys. Letters, 1979, 33, 211 -
Kalinowski, L., and Seguin, R.: Appl. Phys. Leiters, 1980, 36, 171

(30]

{311
321

[33]
{34]

{351
[36]
1371
[32]

39]
[40]

(411
421

(431
[44]

[45)
{461
(47}
(48]
[49]
[503
[51]
{521
[53}
[54]
[s5]
[561
[57)
{s8]

[591

(601

[61]
[62]
{631

147

Mantovani, S., Nava, F., Nobili, C., and QOtiaviani, G.. Phys. Rev. B, 1986, 33,
5536

Seeger, A., and Chik, K. P phys. stal sol., 1968, 29, 455

Frank, W., in: Advances in Solid State Physics, Yol. 21, Ed. 1. Treusch, Viewes,
Braunschweig 1981 (p. 221)

Peart, R. F., and Newman, C. R.: Inst. Phys. Conf. Ser., 1973, 16, 170

Yoshida, M., Arai, E., Nakamura, H., and Teruauma, Y: 1. Appl. Phys, 1974,
45, 1498

f;ir. R. B, and Tsai, J. C. C: L. Electrochem. Soc., 1977, 124, 1107

Gosele, U., and Tan, T. Y. Delect and Dilfusion Forum, 1588, 39, 1

Fahey, P. M., Dutton, R. W., and Hu, S. M. Appl. Phys. Leters, 1984, 48, 151
Tsai, J. C. C., Schimmel, D. G., Fair, R, B., und Mazara, W.. J. Elecirochem.
Soc., 1987, 134, 1508

Morehead, E. F., and Lever, R. F. to be published

Morehead, F. F., Stolwijk, N. A., Meyberg, W., and Gouels, U.: Appl. Phys.
Letters, 1983, 42, 690

Kihn, B personal cqmmunication

Stolwijk, N. A., H8ldl, )., Frank, W, Hauber, I., and Mehrer, H. phys. stat.
sol. (), 1987, 104, 225

Czapuia, R., Krassnitzer, S., and Feichtinger, H. Mater. Sci. Engin. B, 1989, 4,
133

An, D. K., Madl, K., Barna, A., Battistic, G., and Gyulsi, J.. phys. stat. sol. (a).
1989, 116, 561

Strunk, H., GoOsele, U., and Kolbesea, B. O: Appl. Phys. Lutters, 1979, 34, 530
Letaw, H., Jr., Portnoy, W. M., and Slifkin, L.. Phys. Rev., 1956, 102, 636
Widmer, H., and Gunther-Mohr, G. R.: Helv. Physica Acta, 1961, 34, 635
Campell, D. R: Phys. Rev. B, 1975, 12, 2318 .

Vogel, G., Hettich, G., and Mehrer, H.: J. Phys. C, 1983, 16, 6197

Werner, M., Mehrer, H., and Hochheimer, H. D: Phys. Rev. B, 1985, 32, 1930
Penning, P Phys. Rev., 1958, 110, 586

Tweet, A. G.: Phys. Rev., 1957, 106, 221

Woodbury, H. H., and Tyler, W. W.. Phys. Rev., 1957, 105, 84

Seeger, A Rad. Effects, 1971, 2, 15

Frank, W. Rad. Effects, 1974, 21, 119

Seeger, A., Foll, H., and Frank, W. Inst. Phys. Conf. Ser., 1977, 31, 12

Hondoh, T., ltoh, T., and Higashi, A.: Jpn. J. Appl. Phys., 1981, 20, L 737
Goto, K., Hondoh, T., and Higashi, A., in: Point Defects and Defect Interactions
in Metals, Eds. J. Takamura, M. Doyama, and M. Kiritani, University Press of
Tokyo, Tokyo 1982 (p. 174)

Hondoh, T., ltob, T., and Higashi, A.,-in: Point Defects and Defect Interactions
in Metals, Eds. J. Takamurs, M. Doyama, and M. Kiritani, University Press of
Tokyo, Tokyo 1982 (p. 599)

Hondoh, -T., Ioh, T.. Amaksi, S., Goto, K., and Higashi, A: J. Phys. Chem.,
1983, 81, 4040 . .

Goto, K., Hondoh, T., and Higashi, A.: Jpa. J, Appl. Phys,, 1986, 25, 351
Hondoh, T., Azuma, K., snd Higashi, A. J. Physique, 1987, 48, C1-183

Goto, K., Hondoh, T., and Higashi, A.: J. Physique, 1987, 48, C1-653

5

¥



2 V9 Ol ol Mrench, Selener Peblishers Ime.
Reprims svmishie drerrly frnm thy pubings Printed in Ure ol Nritoen

-.o....wm-wmnm.n'n.um,mu.m (f" 3
Pheuocryy ing peesmied by Neease naly .

UNIFIED ANALYS:
RELAXATION PRO« ¢

*FUSION AND
‘N AMORPHOUS

METALL 0YS .
H, KRONMU! - ¥, FRANK
Max-Planck- Institut fiir M whung, Institut fiir Physik,
and

Universitit Siitigars, Institut fiir Theoretische und Angewandie Physik, P.O. Box
400 663, D-7000 Stuttgart 80, Federal Republic of German y

(Received Augus 4, 1988)

Seil-difTuzion data on senorphous metaltic shinys delermined in long-time radio-tracer experiments and
activalion-crithalpy wpecira deduced from shovi-time siructural refazation studies on such materials are
reviewed and analyred in terma of currens random iransition rate models, It is shown that the sceming
discrepancy hetween the sell-diffusion enthalpics andd the enmparatively small enthalpics olvained from
measurcments of the magnetic aficr-efMect arises from the exisience of aclivation-enhalpy spectra,
Whercas the shost-lime experiments reveal the small-nctivation-enthalpy parts of these specira, the tong-
lime seif-diffusion experimenis are contrulled by the larger activation enthalpics. Assuming that the
aclivation-enthalpy distributions sre Gaussian, their characicristic parameters have been determined by
comparing the twn types of measurements. {tis shown that the A rrhemius-lype diffusion coefficients frund
by experiment are compalible with hall-widihs of the activation-enthalpy specira of about 0.) ¢V, Based
on an analysis of the pre-exponential factors and other typical properties of the diffusion coelficients,
potential mechanismy of the diffusion in a3morphous alloys are proposed.

Key words: diffusion. relazation, metallic glasses, radio-iracer icchnique, enthalpies, Arrhenius plots.

1 INTRODUCTION

A characteristic feature ol amorphous metallic alloys is the occurrence of
structural-relaxation phenomena in their mechanical, magnetic, and elcctronic
properlies as well as in the self-diffusion of their components. Although these
cifecis have been studied for many years, a coherent model of structural relaxations
in amorphous alloys does nol yet exist.

Structural relaxation of an amorphous alloy leads from a less stable to a more
stable—but still metastable—amorphous slate. It has been shawn by several authors
that it is reasonable to distinguish between so-called reversible and irreversible
relaxation phenomena.'™* In this conlext "reversible” means that within a certain
regime of thermodynamic variables, say, pressure p and temperature 7, the
amorphous structure passes thermodynamic quasi-equilibrium states, i.e., il is fully
determined by these variables of siate. Thus. reversible relaxation requires that the
Gibbs-frec-energy barriers between the initial and the final quasi-equilibrium state
of such a process are far lower than the barriers separaling these slales from the
"irue” equilibrium states of the crystalline structure, Under these conditions, which
usually prevail in amorphous metallic alloys afier the elimination of irreversible
slructural relaxations by suilable thermal treatments, it is possible 1o study
reversible structural relaxation processes due to diffusion processes within quite a
widc temperaiure fange.

-.;q, L]
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A varicly of physical propertics and processes are related 1o diffusion, e.g. the
anncaling out of the specific hea,*? she lormation of induced anisotropies,*’
magneiic after-cifects,'"' the recovery of characteristic propertics of the maghetic
hysteresis loops,"* " and the ln.ncal';nf out of mechanical properties such as the
internal frictinn or elastic moduli.”* Hence, a prerequisite for a fundamental
understanding of these struciural relaxation phencinena is the knowledge of the
mechanisme . | diffusion in amorphous alloys and their thermodynamic paramelers.

Unfortunaicly, the majority of experimental data on diffusion in amorphous
all'wys taken during the past years scatter so much that they cannot be used 1o
deduc: schable information on the lemperature dependence of the diffusion
coefficicnis, lel alone 10 find out the diffusion mechanisms in amorphous alloys. M4
One reason for this is that in most cases the applied techniques were indirect (e g,
Rutherford back-scatiering of a-particles,”* Auger eleciron spectroscopy,* growth
of crystalline phases®*) or at feast not precise enough (radio-tracer techniques
involving conventional specimen sectioning’-¥) 10 determine diffusion cocficients
with a higher than half-an-order-of-magnitude accuracy. Moreover, in most
investigations it has either been overlooked or not taken into account that in as-
quenched amorphous ulloys the diffusivities are initially enhanced Jue 1o (he
presence of quenched-in excess free volume and drop drastically when this is
climinated in irreversible refaxation processes in the course of diffusion annealing.

The above-mentioned difficulties in determining diffusion coefficients in
amorphous materials have recently been overcome by combining the radio-lracer
technique with ion-beam sputtering for serial sectioning of the specimens and by
significamly improving the smoothness of the specimen surfaces due 1o an
elaborated preparation lechnique. Ln this way a specimen sectioning precision
of about 11 nm has been achieved. With these powerful tools it has been possible
1o show for a series of amorphous alloys that, in “relaxed” specimens in which the
excess [ree volume had been eliminated by suitable pre-anncaling treaiments, the
tracer sell-diffusion coefficients D) obey Arrhenius faws,

D} (T)= D} expl - Hy AT), 1}

within the iemperature regimes of 200°C to 500°C covered in these experiments. [n
Eq. (1), M} denotes an effective diffusion enthalpy, and & means Bolizmunn’s
constant, The pre-exponential facior D may be expressed in terms of an effective
dilfusion entropy, ], via

Dy = Dy exp| S} /k), 2)
where Dy, is the “entropy-[ree" factor of D}, The superscript *T™ stands for *sacer
sell-diffusion™; the subscript “R" is a reminder that the corresponding diffusion
paramelers refer 10 amorphous quasi-equilibrivm siates reached after irrevessibie
relaxation,

Magnetic afier-effect measurements and studies of induced anisotropies are
alternatives o diffusion experiments by which thermally activared processes in
amorphous metallic alloys have been analyzed with quite a high precision. In a
series of papers™'™ it has been shown that both the time and temperaluie
dependences of these relaxation phenomena can be described fairly well by specina
of activation enthalpies. The cenires of gravily of these aclivation-enthalpy
distributions in general lie between 0.5 and 1.0 eV below the corresponding scll-
diffusion enthalpies HY. In the following we shail demonstrate that this seeming

“go-



DIFFUSION IN AMORPHOUS ALLOYS L}

discrepancy tesults from the different time scales used in relaxation and diffusion
measurements and that the results of both types of experiments may be reconciled
within a unified model for the diffusion of atoms in a network of randomly
disiributed barrier heights. In this context it is of inlerest to note that the (amous
model of atomic two-level systems represents a subgroup of local diffusional
processes within the spectrum of thermally activated jumps 1o neighbouring
posilions. : . "
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FIGURE 1 Archenius plots of radio-tracer self«Jiffusion cocllicients D] in relaxed amorphous
alloys.?*-#* The diffusing elements are undertined. For comparisom the sell-dillusion coeflicient of o-Fe
a3 been included.

2 BRIEF REVIEW OF EXPERIMENTAL RESULTS

2.1 Long-Range Diffusion

Figure 1 shows the (emperature dependences of the self-diffusion coelficiens of
the transilion metals Fe and Zr in a series of pre-annesled Fe-, (Fe.Ni}, and {Felr}
base amorphous alloys as measured by.the radio-tracer technique in combination

-B ] .-
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with jon-beam sputtering.-3 The diffusion profiles extend over 100 10 1000 nm,
i, in these experiments the diffusing trucer aloms perform a large rumber of
jumps. The most surprising conclusions which may be drawn from these clata are as
follows: '

a) In as-quenched amorphous melallic alloys the tracer self-diffusivities n
decrease during thermal anncaling as a resylt of irreversible structural relaxations
within the amorphous state according lo :

D'(s, T)= 8D™s, T)+ DR(T), (3)
where the diffusivity enhancement 407 in the unrelaxed siate drops 10 z:zvo during
annealing.

b) The diffusivitics D, in relaxed amorphous alloys obey Arthenius laws, i,
within the experimental error bars their temperature dependences may be

. described by relationships of the form {1) in the temperalure regimes invesligated.

¢} In the relaxed amorphous state a lemperature change from 7 lo T, (nol
ieading to crystallization) gives rise 10 a delay-free change in D' from DY{T,) to
DY T.} in all cases in which this effech has been Jooked for. This phenomenon has
been demonsirated sysiematically and most convincingly for **Fe in Fey, Zr,.

d) The D} values are larger by five 10 ten orders of magnitlude than the sell
diffusivities obtained by extrapolation of the dats measured on crystalline iron,
nickel, coball, or zirconium 1o the low lemperatures at which the Dy values have
been measured.

¢) The racer self-diffusion enthalpies H, of transition metals in masi emorphous~ =~

metallic alloys lie in the range 1.5 10 2.5 ¢V and are thus distincily smaller than
those in crystalline Fe, Co, or Ni (~3eV) An exception is **Zr in Fe,Zr,
(H} = 3.2 eV). In this system the pre-exponeniial factor of the diffusion coefficient
is 10" times larger than in typical crystalline metals.

() The pre-cxponential facsors D] in various amorphous alloys range (rom three
orders of magnitude below 1o ten orders of magnilude above 10-* miss, which is
typical of the pre-exponential factors of the bulk self-diffusion coelficients in
crystalline metals. iy

g) According 10 Figure 2, there is a clear tendency thai, the larger the diffusion
enthalpy M}, the larger is D] This feature may approximately be described by the
relationship

fog | DUm ™ s)=B{Hy ~2.4 eV)e¥) ", )

h) In a given Fe-Zr alloy, H} and D] are larger for the diffusion of the larger 21
tracers than for the diffusion of the smaller *Fe tracers {Figures 2 and 3).

i) For a given tracer, ¥*Zr or ¥Fe, H] and D] are larger in Lhe less open Zr-rich
l;;:,.Zr,,, structure than in the more open Fe-rich Fe,,Zr, structure (Figures 2 and

2.2 Shor-Range Diffusion

Whereas in diffusion experiments the tracer atoms perform long-range migrations,
magnetic afier-elfect measurements monitor local rearrangements of mabile atomic
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FIGURE 1 Empirical relationship [Eq, {4)] between the pre-exponential factors D and Lhe activation
enthalpics HY of the Arrheniun laws (1] found for the sell-diffusion coellicients DY in relaned
amarphous slloys (see Figure 1) The significance of such & relstivnship has been considered hy Duadale
and Brook,**
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FIGURE 3 Scll-diffusion cathalpies /7] of "Zr and “Fe radio-tracers in relazed amorphous Fe-Z¢
alloyy as a funclion of the Zr conlenl.
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units only. In fact, usually magnetic alter-cffect siudies are performed al lowes
temperatures than dilfusion measurements. This explains why in magnetic alter-
clfect studies shori-range atomic displacements are observed that may be
churacterized by spectra of relaxation times or of aclivation enthalpies, in contrasl
1o what is true for diffus:on experiments. Figures 4a and Sa show the relaxation
specira of the reciproc - susceptibility, briefly called seluctivity, r{r)= 1/xt¢), of
amorphous Te.P.""  nd Feyy,B,y,Siy " respectively, together with the
histograms for tiw - sion enthalpies {Figures 4b and 5b). These were deduced
under the assumy: ) thal the reluxation consists of superposed exponential
relaxalion processes according to

r(r)-ru+r.l[l =exp{ — iv)lp(v)dv, (5)

whete ro—r, denoies the Lotal relaxation amplitude and p{v) the probability
distribution function of relaxation frequencies v In Figures 4a and 5a the
relaxation amplitudes measured within the time interval 1, & (<1,

e, T)=rln, T)
Arlt, ty, T)m———1t— 6
( » 1} ) r("' T) ( J
are plotied versus the temperature of measurement. For an intcrpretation of the
measured relaxation amplitudes i1 is advaniageous lo consider the distribulion
function p(v) as a funclion of activation enthalpies H by assuming the validity of the
Arrhenius-type relationship v= vyexp{ = HAT) [, =attempt frequency including
an entropy factor]
The magnetic after-effect measurements lead 1o the following results, which may
be contrasied with those of the long-range diffusion experiments:

j) Magnetic relaxation processes are characlerized by spectra of activation
enthalpies.

k) The activation enthalpy of largest probability is smaller by 0.5 10 0.9 eV than
the tracer self-diffusion enthalpy of comparable alioys {Table I).

;) Ehe hall-widths of the spectra of activation enthalpies are of the order of
0.5eV.

m) All speetra possess a low energy tail, which recently has been shown 1o resul
{from tunnelling processes of two-level systems.?

n) Like the sell-diffusion enthalpy in Fe-Zr alloys, the effective activation

enthalpy poverning magnelic relaxations increases with increasing diameter ol the
diffusing atom.

3 DISCUSSION

3.1 Temperature Dependence of the Diffusion Cocfficients and its Interpreiation

Diffusion in disordered media has been the subject of many papers and
reviews, ™7 Several models have been proposed in order to describe the elfect of
disorder on the diffusion of atoms. For simplicity in this section we exclusively
consider so-called direct diffusion mechanisms, in which the tracer aloms perform
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DIFFUSION IN AMORPHOUS ALLOYS 89

random walks without the aid of diffusion vehicles. {In crystalline solids, vacancies
or seil-interstitials can play the role of diffusion vehicles.) An exlension 1o indirect
diffusion mechanisms involving diffusion vehicles is straightforward (Section
32312

The most significant models for the diffusion in disordered media are (he
following: '

1} Random transilion rate models which consider cither random barricrs
assigned 1o random chemical bonds or random jump rates aitributed to atomic
iransitions belween random neighbouring sites.*-!

2) Models with randomly distributed sites to which trapping efficiencies
characterized by polenlial wells of different depths are ascribed.™

3) Multiple range hopping models in which spectra of particle jump distances are
permitted.*!

A common feature of all the models described above i3 the use of master
equations for determining the probability p,{1) to find a randomly walking atom a1 a
lime 7 on a given sile i In the random transition rale models it is usually assumed
thal the jump frequency v, from a sile i 10 3 neighbouring site j is related via a
Bolizmann-type equalion,

r,™ Vo exp{ = H.AT), (7)

to the barrier H, that has o be surmounted in this transition, where v, denotes a
pre-exponential 1ncior including an entropy ierm. In Lhe present treatment of direct
diffusion H, means the activation enthalpy for the jump of a traces atom [rom site i
1a site j. [n the case of indirect diffusion, two cases have to be distinguished. Il the
concentration of diffusion vehicles is not the quasi-equilibrium concentration, H,
means the migration enthalpy of the diffusion vehicles. If the vehicles are present in
their quasi-equilibrium conceniration, His composed of the formation enthalpy of
the diffusion vehicles and of the barrier height ( =local migration enthalpy} which
the vehicles have to overcome in a transilion from ito J. In general, v, and 11, are
characterized by distribution functions. In accordance with experimental results
teporied in Section 2.1 this lreatment leads to diffusion coefficients that obey a
conventional Arrhenius-type temperature dependence in the temperature regimes
investigated. By contrast, multiple range hopping madels predict an expf =~ AT *}-
law,”* where A is T-indcpendent. Therefore, it is concluded that the multiple range
hopping mechanism is not realized in the diffusion in amorphous alloys. It thus
appears to be justified to assume that the elementary diffusion jump distance is of
the order of magnitude of the mean nearest-ncighbour separation of atoms, which
henceforth will be denoted as a.

Within the framework of the random transition rate models, explicit solutions for
the mean square displacement of the dilfusing atoms have been derived in the one-
dimensional case. From effective medium thearies it follows that in a first-order
approximation these results remain valid in the three-dimensional case, too.*'*! In
the short-time limit, for the mecan square displacement (%) the following result
obtains?*-*4*

(x'(r})-2n’(v,-)r[l—% Ayt ] (8)

-83-
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where (v, ) denotes the average over all individual jump [requencies,
(r,)-l v (v, )dv,. L]

Here we have introduced a distribution function p,(v,) of the jump [requencies.

The parameter A, is related to the second moment. [t 1s defined by the flollowing
combination of averages over v,

o 1
g,y L=l o)
("i)
The long-lime behaviour of (x') may be wrillen as*-"!
-1/
(f(:))-za’-L-c l+—2-0| ! ‘ +...]. {14
1 = 1
. "
In contrast 1o Eq. (8), which is a function of (v,), in Eq. (11}the average
1 1
(I.H y, Privdre 1

controls the mean square displucement, The parameter 8, is defincd as
IR
8=={|—-{— ~] .
-1

The appearance of diflerent averages in the short-time and the long-lime
approximations has a simple physical origin. As illustrated in Figure 6, m shon
umes, diffusion may set in independenily at different Jocations and proceeds fasiest
where the jump frequencies are largest and she activation enthalpies are smallest.
Thus, in the early stage, ditfusion is dominaled by the large jump frequencies (small
activation enthalpies), i.c., the average (v, ). At long times, diffusion becomes long-
range. The arrival rate of an atom at a location far from its oniginal site is mainly
controlied by the smallest jump [requencics (largest aclivation enthalpies) in the
required series of jump events, in which each event is depentdens on the preceding
ones. Therefore, the long-time behaviour is governed by the average (1/v,), which
suppresses the high frequencies.

For a comparison with the experimentally found temperature dependences of the
dilfusion coefficients, Eq. {7) has been inseried in the expressions (8) and {11) for
{3*(r). The disiribution p.(v} is assumed 1o be related to a distribution of
activation enthalpies, Decomposing, according to

H,=H,+ dH,, (14}
the activation enthalpies in iheir volume average H,=(H,) und in activalion-

cnthalpy fluctuations &/1,, we may reasonubly well describe the distribution
tunction of these Muctuations by the Gaussian

~-g8 -
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“n

(¥ <1

FIGURE & Schematic illusication of Lhe diffusion of a iracer stom in 2 potential with & random
distribution of barsier heights for short {{v s < 1}and long {{»)i® 1} dilfusiun times, respectively.

puldH,) = expl ~ 8H} /212 (15)

i
(2“)"1”“
with the variance H3,. Assuming ihat the fluctuations of the pre-exponential faciors

¥, and of the aclivation enthalpies 1, are uncorrclated, the averages (x*(i}) defined
by Eqs.(8)and {11) are evaluated in w;ul foligws.

(i) Short-timeapproximation (v} <1

(r)= a‘f){ﬂ,’h—_ expl - HykT) _J:'.cxp( - M, AT )expl - SHI/2HI,.  (16)

In Eq. {16) negative activation enthalpies are excluded by choosing dH, = ~ H, as
the lower bound of the fuctuations. Substituting U= dH,/2V H,_+ HJZ"‘&T the

lower boundary becomes U, = — H/2V H,_ + H,IZ"'k'f: and Eq. (16) takes the
form

(v,).%@,-',’ expl - H/AT )exp{u}.mm']r expl = UNU
: Umin

-8 ol - HAT explHY/2KT )

. - .' H, . :
x{l-sgnw_.)crfuz—,},-iﬁ-m)]. . {17

“‘8?--—‘ |

92 H. KRONMULLER AND W. FRANK

(i) Long-time approximation (1v,)"! 1> 1;

IV exptiar) [
(;:) = (;:;) L(_z% J_". exp{oH AT ) exp{ = 811 3/2H 1 )ddH,. (18) '

Substituting U= 8H,/2"1H, ~ H_/2"}kT he lower boundary lakes the f
Una = =(H/2" H, # H/2BKT ) and Eq. (18) yields v faies fhe Torm

H 1 H&T =
(:-) - ('—~) fﬂw‘{-‘-—’ exle,f./2(kT}']J expl~ U U
i wi -3 L ;
NERY! . . , H. H b
(Vu.u) 5 expl + HAT lexpl H /2T ) 4 +cd(§;%+ Zﬂi}) . {19) :
The integrands in Eqs. (16} and. (18} obviously play the role of weighting factars, "

according 10 which a given activalion enthalpy H, contiibutes to the short-time and
the long-time averages, respectively. Figure 7 represents the Gaussian distribution
funclion p,_,(bH,,) as well as these weighting laclors, g; and g/, for Fe in amorphous
FeyBB,,5iy in the shori-time and long-time approximation, respectively.

(8H)

L A
o

g

~ Y2xH.p,15H,)

100

g, 164,
T=520K

1
BH) 164,

/ \{‘r = 520K
J/ |

/ \ .
" TE 650 K \| l

Han \
\ 1

1 : “\

ViH, 2V2H, &N,

PRES

-2H,,. -Y'zl'H,,‘ (]
(4H,)

FIGURE 7 Gaussian disiributiun P.AOH) ol the scuivation-enthalpy Muctustions ud the weight
lactors g'meap( = OM, ATheapl =~ 81, 21 Y and p'mex SH AT kexpl ~ SHIRN lf""l
(31520 K} and long-tme a1 320 K and 630 R} iflwi prorense v o amopbout 5

—%0 -
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Now it is straightforward to write down short-time and long-lime approximations
of the diffusion coelficient in a disordered medium. Using the definition D= {(xX?)y/2¢
of the diffusion coefficient one finds [rom (8} and (17 for short times

0 -% 0'4"5'@) expl ~ H/T) exp[H_.fﬁ(k”ll

t
X [l ~spn{U...) er[( E#f%—aw',ﬁ"?mll -3 Alv, i+ l (200

and from (11} and (19} for long times

- 12
H.z,_,s,(_!_,)
' I : n (1/v)
D'=2a expl = HykT ) expl = H 22TV i
] ™ 0
- ”“'(E"’E*E”"ﬁ:)
il

{21)

In the eatreme limits r=0 and ¢~ ane may neglect the contributions by the
second moments &, and 8,. Since in Lhe realistic case of H/1H, > 1 the error
functions in (20) and (21) become appraximately equal to unily, under these
circumstances Egs.{20) and (21) reduce to

D{T}= a{v,expl ~ H/AT lexpl H L/ AAT V) (22)
and
DT )= a' —— cxpl = HykT) cxpl = HY/AKT )Y, (23)
|
(Vﬁ.n)
respectively.

Usually the temperature dependences of diffusion cocfficients are displayed in
Arthenius plots. According to Eqs. (22} and (23), in disotdered media such plots
must be describable by either :

lnD'(T}-inD'—E'-'+—H~;1 (24)
" kT 2AkT)
or
| ot Ha (25)
InD(T)=In D, 0T 'im—):.

-/ -~
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depending on whether the applied experimental technique monitors the short-lme

- or the long-time stage of the diffusion process. In (24} and (25} D and D), ar

abbieviations for the pre-eaponential faciots in the expressions (22) and (23). Iy
Figures 8 and 9 the temperaiure dependences of the quantities In{ 07D} and
in{ D'/D},} are iHusirated for different parameters M, and M, . These Arrhenius plos
are curved lines, i.c., the preceding random transition rate treatment predicts thatat
very short and a1 very loop times, diffusion in amorphous alloys is governed by
lemperature-depesident etfective activalion enthalpies, viz.,

. d . Hi
Hym d(l/kT]“nD) H, T (26)
d H] '
H!» -~ -, =2, 271
= dmm{lnm H, ey (21
-~ T {K) , :
o 1000 700 500 400 333 300
H,= 0.1eV
[ ] \\\
No ‘\\ H.".SIV
— NN . ~
— \Y -
= N DR
Qo \\ \"\
_ Ho=2eV N e
D 05t RN o~
A Y ~
— N “ N
c N >
— H.=25.V \\ \\
N\ \
\\ \\
\\ \\\
o'in o\ »
“\
A Y
\
-10 ' . LA
1 2 3
102

T (K"} ————
FIGURE 8 Arrhemus pluts of the shwrt-lime approximation 04T [Eq. (24); p(ssiliv:iy curved vkt
hnes| and the long-time approximation DY{T) |Eq. {25) negatively curved Tull lines| of the diflusios

cocllicient in a disurdered inedum for H = 0.1 eV und dilferent values of H,. The dashed straight ines
1epresem the cases H = U.
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However, within the temperature intervals in which diffusion cocfliciets in
amarphous alloys have been measured {200°C 10 500°C) the curves in Figure.s_ 8
and 9 approximalcly represent straight lines. These correspond to effective
activation enthalpies M. and 11}y which are smaller-ar larger than H, for short-
time or long-time experiments, respectively. Correspondingly the pre-expanential
factors determined from experimentally found quasi-straighl Arrhenius lines yick)
a lower or upper bound in the case of sheri-time or long-lime experimenty,
respectively. I diflusion coefficients or-sefaxation times are determined within a
fixed time interval as a function of lemperalure, at high temperatures the long-time
approximation applies, whereas at low temperatures the short-time approximation
is valid, i.e., the diffusion coeflicienms in amorphous alloys approach ' for 7— =
and D* for T—0. This lcads 10 the cross-aver behaviaur of D(T) illustrated in
Figure 10. : v

-—T(K)
1000.700 500 400 333 300
0 L A L) v LIg L L) L
-~ 02}
™~
Q
o \ DS
. N -
o 0L o, \\\
>~ Q
S Dl/ \
E '06 ~ \\
. H.=2.0!V \\\\
[ H.301ev \\
-08 b - 2015eV N
:02eV
_]0 . - A
} 2 3
100 .
Oy —

T

FIGURE 9 Arrhcnius plots of the shorl-lime approzimation DY T} [Eq. (24); pasitively curved full
lincs] and the long-time approaimation DY T) JEq. (255 ncpatively curved full lincs) af (he dilfusion
cuclficicnt in a disiedered medium for Hy= 10 eV and dilferent values of 1, The dashed strxight ling
teprescnis the case H_ =10,
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HIGURE 10 Croming-uver of the diffusiun eoelficient (full curve) from DY T} a1 low Iemperatures i

DAT) st high iemperatures in the case of o fixed imerval of measuring lime. The doied straigh! hoe
indicaies the casc M _= U, .

The dillerence between the long-time and the short-lime behaviour of D may be
exploited 1o determine the paramelers H, and F, by combining data [rom diffusion
measurements (long-lime approximation) and magnetic-afier-effect measurements
(shori-time approximation). From Eqs. (26) and (27) the following relations
between the effective activalion enthalpies H}, and H}, measurcd al 2 lemperalure
T and a1 o temperature T in a long-lime and in a shori-lime experiment,
respeciively, may be derived: ' :

. H 1 1

I{:N—}illl-Hn (H.*'I-F)l - ’ (28'
. 11

Hy+ li,.-Z!iu+H:(r1—;-rF ) (29)

By these relalions H, and H, may be deduced from experimental results in an easy
way. For Fey,B,,Siy and Fey By, such measurements are available. Table I shows the
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numerical results of their evaluation. In Fige
experimental values of the “Te Iracer seif
circles| are compared to the temperalure depes:
with the aid of Eq. (25} and the H, and H,, va'
hetween DN T) and DYT) is exceilent. Th
temperature ranges in which D} has been measu
of Lhe diffusion barriers (/H,=0.14 ¢V in Fey,D,
do not give rise to delectable curvaturesin the Asrt.
An important result of the preceding discussion

97

o) and 12 (Fe, B,,Si,)
licients DE(T) [open
{solid linesj calculated
sble 1. The agreement
stes that, within the
-1siderable Auctuations
dlieV in FC“si.B”,

“ |racer. sell-diffusion

enthalpies M in relaxed amorphous alloys deduced from the seemingly straight
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FIGURE 11 Comparison of experimental [} values for the *"Fe dillusion in amorphous Fey,lpy (O)
with the thearctical expression (25} for DY T} [full curvel The fitting parameices nee I, = 205 eV,
D)= A 10 *m/s, and H_wlhideV. The dashed siraight line re

Arthenius law 1o which D' T)degenerates for # -~ 0.
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Arrhenius lines of experimentally determined DY T') duta are average values of if),
IEq. (27)] over the tempermure intervals covered in the diffusion studies. ln a
correspanding wiy the exprranentally found pre-exponential factors L) ol Dy
have the meaniny of temperature averages that are Jarger than D} = (1)
|Eys. (23) and (2 since ¢ winperature average of FYy is larger than H, {Figure
9). Indeed from the {dash: 1) siraight lines belonging to the activation enthalpics 1,
(Figures 11 and 12) one fhinds D?,- 1.8 10-'m*/s und D)= 54 x10"* m'/s lor
WFe in Fe, By, and Fe,,S5i,8,,, respectively. These values are by factors of about
1077 and 107 smaller than the corresponding values for D derived [rom the {full}
quasi-straight lines through the experimental D) data. A similar evaluation of
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FIGURE 12 Cumparisun of experimental D] valuex for the *"Fe diffusion in amorphous Fe, 5B,
(O} wath 1he theurerical eapression (25) fur D{ T} {full curve} The hiting parameters are H, = 1.26¢Y,

W= AR 10 mi/s, and {i_=0.13eV. The dashed siraighn line represents the correspomling
Arrhenius law (v which DY T) degenerates fue 1 -~ 0.
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diffusion data on ™Fe in Fe, Zry (Df=3x10""m¥/s} and *Zr in Fe,.Zry
{Dg=7x 10* mi/s) yields Dy = 10~* mi/s for H, =009 eV and D), = 10° m¥/s for
H,=0.2 eV, respectively, provided in these cases the ratio H_/H', is close to that
for ¥Fe in Fe, 51,8, . _

From the preceding paragraph it is obvious that the D}, values have a more direct
physical meaning than the quantilies DJ oblainable {rom experimenial D} data by
the extrapolation 1/7—0. However, it should be noted that in the derivation of D),
the cxistence of a distribulion of the migeation enaropics S, entering the pre-
exponcnlial frequency faclors o : :

|

0™ Pyo CXPLS, k) ' (30)

(7,0 =attempt frequencies) has not yet been taken into account explicitly. This
deficiency will be removed in Section 3.2.3.1.1, where D= &1, will be
considered in more detail.

12 Diffusion Mechanisms

121 Diffusivity enhiancement in ihe unrelaxed amorphous state  As discussed in
detail by Frank ef al,* the diffusivily enhancements D" in unrelaxed amorphous
alloys represent contributions of indirect tracer diffusion via quasi-vacancies, which
are usually denoled as [rce volume. This interpretation is in accordance with the
fact that the decrease of dDF during irreversible relaxation is accompanicd by the
climination of excess [ree volume, ) '

322 Nature of small activation-enthalpy barriers observed in short-time
experiments on relaxed specimens From the interpretation of the diffusivity
enhancement in the unrelaxed amorphous state given in Section 3.2.1 a tentative
explanation of observation (k) [Section 2.2] emerges. Alter the elimination of the
excess [ree volume, a remainder of inhomogencously distributed free volume is
tetained. It is clear that—irrespective of the specific nature of the diffusion
mechanism in the relaxed amorphous slate—within islands of retained frec volume,
atomic rearrangements can take place with lower activation cnthalpies than in the
denser surrounding, These local low-enthalpy barricrs will be delecled in short-
lime experiments. By contrast, long-range diffusion observed in traccr diffusion
- sludies on relaxed samples is controlled by the higher activation cnthalpy barriers
in the more closely packed malerial around lree-volume islands.

323 Long-range diffusion in the relaxed amorphous state In Section 3.1, for the
sake of ximplicily it has been assumed that in pre-anncaled amorphous alloys,
diffusion occurs via a direct diffusion mechanism. This assumption will be critically
lested in the following.

323.1 Pre-exponential Factors DJ—A model of tracer sclf-diffusion in rclaxed
amorphous alloys must explain the tremendaus variation of D] from alloy o alloy
as well as from tracer (o Iracer, say, from *Fe 10 "'Zr.

3231} Direcl diﬂ'usion'mechqnisms—.ln order (o derive an explicil expression
of Dy, Eq.{7) s replaced by
lfi." ﬁv_u c:p‘-G.,/kT’, (3[)

-éq:k
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where G, = H,— T35, is the Gibbs free cnergy barries between the sites fand f A
statistical treatment analogous to that in Section 3.1 leads to

H
DXT)= o' — cxp(—Gu/kT)exp[--z-if-;?. (32)

In Eq. (32) G, and G_? mean the average (G,) and the variance of the Gaussian
distribution of G,, respectively. Afier decomposing G, and G2, in their enthalpy
and entropy components and assuming that a correlation between enthalpy amd
entropy fluctuations does not exisl, one finds

I
Di=a¥(1/9,0"" exp(%) (331
with
Sle=S5,-512k . (34)

Here S, and S} mean the average and the variance of the distrisution of §,,
respectively.

According 10 Eqs. {33 ) and (34) our view of the physical meaning of D} has 1o
be modified. It remains true that the eniropy S] extracted from a D] value thal has
been determined by exirapolating experimental D){ T) data in an Arrnenius ploi o
1/T~0 is a iemperslure average which is larger than Sl deflined by Eq. (M)
However, 5, is smaller than the average S, %(S5,). Hence, an 5] value deduced
from a D} valuc is not necessarily larger than 5, but may com: close t il
Therefore, S will approximately be identified with 5, in the following,

From the preceding considerations the following recipe [or ustimating §,
emerges. lentify D) formally with D} Then use Eq. (33) 10 calculate “S%,”. This is
closc 10 3. In doing so, three typical D} values are considered which stand for
dillerent groups of tracer-amorphous-alloy sysiems. Group | (Df=2x 10" ms)
is represented by the diffusion of Fe in Fe,, Zr,, group 1l (D= 10-*m?/s) by Fe in
various Fe-Ni-1 alloys, and group UI (D] = 7 10* m?/5) by Zr in Fe,,Zr,,. Using
a=6X10"*m? and (1/7,,)"' =10"5"1, 5, is found 10 be about 0.6 & 5.2k
or 30.2 & for group 1, 11, or 111, respectively. Note that in the case of the direct
dilfusion mechanisms discussed here these §, values mean average trater migration
entropies. (I is obvious that the correspoading is true for 2. Therelore, in the
following in similar cases the physical meaning will be mentioned for eniropy-type
parameters only.)

3.23.1.2 Indirect diffusion mechanisms—~Case A U the diffusion vehicles are

Fredsenl in 2 temperature-dependent quasi-equilibrium concentratior,, one readily
nas .

D.',-‘[.a!(l/ﬁ,‘.,)"l exp(Siek), - o (35)

where S}, is given by Eq. {34). In this case, §, values estimated as described in the
preceding section, represent sums of the average migration and formation entiopies
of the diffusion vehicles. The mean attempt [requency (1/%,,)7" refers to the
diffusion vehicles, too. £ is the so-called correlation factor; by definition, it lies in

. =14,
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DIFFUSION ™ AMORPHOUS AlLuUia

the range 0Sf €1, Using f,=0 . andg i same -
dilfusion for the other quantities, the cstimated values ol ., - < iaiger by
0.7 k than in the case of direct diffusion for all the threc groups of systems
tonsidered. .

Case B. 11 the diffusion vehicles are presenl in a temperature-independent non-
equilibrium concentration C,, the pre-exponential factor of D' is given by

Da=f,C, 177, " exp(Senk), {36)

where 5!, is defined by Eq. {34). In this case, S, values derived from expcrimcnlal
D} values with the aid of Eq. (36) and the formal identifications Dy = D} and
5= 81, (Section 3.2.3.1.1) have the meaning of average migration entropies of the
dilfusion vehicles. For the groups I, I, and Il one finds Sﬂ=4..7 k 105k, and
5.5k, respectively. In these estimates C =107 (corresponding to a density
incrense of ahout 1% during the crystallization of amorphaus alloys) has been used
in order 1o model indirect diffusion via quasi-vacancies present in a temperature-
independent non-cquilibrium concentration.

1232 Cut Down of the Potential Sell-diffusion Mechanisms of Traqsilion_Melals
in Amorphous Metallic Alloys—As alrendy indicaled by the title of this section, we
shail exclude the diffusion of “small” atoms {e.g., H, B, 5i, C) in amorphous metallic
alloys from the subsequent discussion. Cahn's** proposal that such atoms diffuse by
an interstitial-like direct diffusion mechanism appears plausible. However, in spite
of the afleged support of this mechanism by diffusivity— T,/T scaling plots (T, = glass
temperature),** additional confirmation is desiable. “

Concerning the diffusion of “large” atoms in amorphous structures, Cahn
iniroduced the idea that the largest voids present in the amorphous structure are
involved. This is an indirect diffusion mechanism that resembles the sell-dilfusion
via vacancies in crystalline metals. Cahn claims that Busc_how's" prediction that the
(ormation enthalpy of holes in binary metallic glasses increases linearly with the
glass lemperature supports this picture. It remams‘uncl.car. however, how this
mechanism might account for the recent observations listed in Scction 2.1.

In what follows the attempt will be made 1o narrow down the potential diffusion
mechanisms with the aid of the check list of the expcrimcma.l findings (a)_lg (i)
{Section 2.1). Doing so, ane has lo keep in mind that the following major decisions
have to be made belore a specific model of diffusion can be proposed: 1) Are there
dilferent diffusion mechanisms [or different transition metal Iracers and different
amorphous alloys? 2) Does, in a given sysiem, the same !'ncc!mmsm domu_latc in the
entire temperature regime investigated? 3) Does dilfusion occur directly or
indirectly?—if it takes place via an indirect mechanism, 4} does this involve
vacancy-like or interstitial-like quasi-defects and 5) arc these presenl in thermal
quasi-equilibrium orin a temperature-independent concentration? '

The answer lo the second of the above-mentioned queslions s most
straightforward. The fact that in cach amorphous alloy the diffusivities of both Fe
and Zr tracers obey (quasi-JArrhenius laws in the entire lemperaturc regimes
investigated [observation (b} strongly suggests thal in a given system the same
dilfusion mechanism operates at all accessible lemperatures. i .

The fact that in most amorphous alloys the self-diffusion enthalpies are small in
comparison with those in comparable crystalline metals lobsetvggnon (g)] is at
variance with interstitialcy-fike indirect diffusion involving qua:sl_-mtgrslm:lls in
thermal equilibrium since the formation enthalpy of quasi-interstitials is expected

—ﬁ?f

tn he distinci, ;- ot thaw thal ol -

i govern sell-diffusion in

' Fecte thal are prescid i a s copelisinm

R TTYTY [TSP T LI
reenvely

congi -
irradiated -
below room tes:;
crystallization 1
migration. Hence, the o
say, 1eV. This lact aunol be teconen :
interstitials preseat in a non-equilibrium < encents o, i,
diffusion enthalpy (1.5 10 2.5 eV) should be identical with the nugration v,
the quasi-interstitials.
Alier the preceding discussion, indirect dillusion mechanisms involving vacancy-

“like quasi-defects and direct diffusion mechanisms are lelt over as polential

self-dilfusion mechanisms of transition metal atoms in relaxed amorphous atloys. In
the following the discussion branches off in the cases "Fe or Zr diffusion in Fe-Zr
alloys™ and “Fe dilfusion in Fe-base or (Fe, Ni}-base metal-metalloid atloys™.

3.2.3.3  Scll-diffusion in Fe-Zr Alloys—The sell-diffusion in Fe-Zr alloys™**"
plays an outstanding role in the discussion of diffusion mechanisms in amorphous
alloys becuuse of the (ollowing reasons: (A) It is these amorphous alloys on which
the mosi systematic diffusion studies have been performed, particularly as far as the
widith of the alloy composition regime is concerned. (B) Within this series o
sysiems an epormous variation of the pre-exponential factors D] takes place
(Figure 2), corresponding to a varigtion of the sell-diffusion entropy over about
30 k (Section 3.2.3.1), (C) For Fe in Fe,Zr, it has been demonsirated
unambiguously that a temperature change from 7, to 7, within the relaxed
amorphous state gives rise 10 3 deluy-free change in D' from DY T} 10 Dy{ T} [iem
{c)in Section 2.1].

Let us begin with the discussion of (C). At the tempesatures at which dilfusion
anneals on amorphous alloys are performed, changes in the quasi-vacancy
concentrations occur on time scales that allow us to monitor the kinclics by which
the new concentrations arc established. This may be seen from the gradual
decrease of D', while, by irreversible structural relaxations, excess {ree volume
{ = supersaturation of quasi-vacancies) is eliminated (Section 3.2.1}. Hence, if
dilfusion in the relaxed amorphous siate took place by indirect diffusion via guasi-
vacancies in thermal equilibrium, after a lemperature change within the relased
state the establishing of ihe new quasi-vacancy cquilibrium concentration should be

- reflected by a gradual {and thus observable) change of D™ from D(T,) 10 Dy(T,)

Al least for the diffusion of Fe in Fe,,Zr, this is nol the case [see {C)]. On the basiy
of 1his observation the mechanism of indirect diffusion via thermal quasi-vacancies
is excluded for the Fe-Zr alloys.

In the following a self-diffusion mechanism for Fe-Zr alloys will be proposed
which accounts for the special features of these alloys. The mechanism will be
presented in terms of direct diffusion. This description is based on the piciure tha
the remainder of (a temperature-independent concentration of) free volume ich
over alter irreversible structural relaxations is inherent to the relaxed amorphous
quasi-equilibrivm state. Withoul this minimum of [ree volume the material would
have to become crystalline. An alternative view would be lo ascribe the fuwer
densily of the relaxed amorphous siate in comparison to the crystalline stae 1o a
temperature-independeni non-equilibnium concentration of quasi-vacancies. Then

o
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, R . o :
e di'{fﬁs‘a:qn mechanisms in Fe-Zr alloys 10 be proposed below should
. consequently be translated inlo icrms of indirect diffusion via quasi-vacancies

present in a lempitrature-independent non-equilibrium concentration. This concept
has not been adopted since it appears to be inconsistent to endow a quasi-
cquilibium  state  with an incvilable non-equilibrium concentration of
quasi-vacancics. Obvigusly, as far as the physical content is concerned, in the
presenl case the distinction beiween direct diffusion ahd indirect diffusion via a
non-equilibrium concentration of yuasi-vacancies is semantic.

First we consider group-l systems. Fe in Fe,Zr, is Ihe most extreme

representative so far investipated. 11 postesses the smaltest 7} value. which in teems
of a direci diffusion mechanism corresponds to a negative Iracer migration eniropy
{Sy= = 0.6 k}{Section 3.2.3.1.1|, as well as the smallesi valuc of A} (= 1.5 eV}, We
propose that diffusional jumps of the small Fe tracers in the loosely packed Fe,,Zr,
structure become possible when. as a result of thermal fluctuations, the spread-out
free volume which is inherent (o the relaxed amorphous state of group-l alloys
conlracts next to the (racer atoms, thus enabling these 1o jump into the so-
produced vacant space of the size of about one alomic volume (Figure 13). Indeed
this contraction of free volume corresponds 1o a negative migration eniropy.
Obviously the unification of two “hall-vacancies™ just results in a decrease of the
configurational entropy by about = kin 2= —0.7 & The fact that ihis mechanism
involves the jumps of single, small Fe aloms makes understandabic why 17} is small,
Note that in spite of this, a collective fcature is inherent to this process, namely the
fluctuation-induced contraction of spread-out free volume.

FIGURE 13 Schematic iffusiration of the clemenisry diffusion pencass in § group-s syspm is.5., £8 in
Fe, Zty). The tracer atom (@) jumpt inio ihe fuciustion-induced vacan| spaca | ~ ) nexijo the iracer.

In group-IIl systems (c.g., Zr in Fe, Zr,,) large tracer atoms have to undergo
diffusion in a densely packed matrix (Figure 14). This requires that the tracers
move logether with their neighbouring atoms. Such a collective displacement of a
group of atoms can take place where, by a thermal fluctuation, grown-in free
volume is lemporarily smeared out over the volume occupied by Ihese aloms. In
this way, for the duration of the Mluctuation, the “viscosity” of this “droplet” of
atoms is decreased. Since in this mechanism many atoms jump collcctively, the
targe dilfusion enthalpy of Zr in Fe, Zr,,, HE =3.2 ¢V, hecomes understandable.

- ol -~
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FIGURE 14  Schemaiic illusiration of the elementary diffusion process in » group-1l) sysiem (e g, Zs
in Fe;,Zr,, ). The iacer siom (@) can only move colieclively with its neighbouring alums.

With the aid of the relationship

AV—% (37)

between the migration entropy S, and the migration volume A ¥, which has been
derived from thermodynamic consideralions,*™ one finds that the droplets of atoms
puriicipating in colleclive displacements comprise about 60 atomic volumes. In this
estimate S, =30 k (Section 3.2.3.1.1), 59x10°*K-' for the isotaric volume
expansion cocfficient a, and 8.3 x 10" N/m? for the isotherma) bull. modulus A
have been used

In the Fe-Zr systems of group Il {Figure 2) a continuous transition takes place
between the two diffusion mechanisms proposed above for Fe-Zr sysicms of
groups [ and 111, respectively. This transition is reflecied by the increase of D and
Hy for either Fe or Zr diffusion with incrensing packing density of the Fe-Zr alloys
(which increuses approximately monolonically with increasing Zr conlent) and by
the fuct that, in an alloy of given compasition, D] and H are larger for the larges

Zr trucers thun for the smalier Fe tracers (Figures 2 wnd 3, and observations (h) and
(i) in Section 2.1).

3234 Fe Diffusion in Febuse or (Fe, Nilbuse Metai-Meialioid Alloys—
Amrdmri 8 Fl’uf‘a' 3 hase rniumi ﬁsianf 18 grawp i, Tzrrﬂarc. H I im"i‘plmg it
inisrpres tha eo mppnnmg Hus)an G 1n ierms of the dizses collective diffusion
mechanism proposed in the preseding section for group-1) Fe-Zr systems. If this is
dope, one finds that the pumber of eglieciively diffusing atoms should increase
from a few in Fe,Si,l3,, o sboul 0 in Fewly However, iy the case of the
metul-metalloid alloys allemative interpretations cannot be ruled out. IFor instance,
an exclusion of inditect dilfusion via quasi-vacancies in thermal quasi-equilibrium
on the busis of an unambiguous experiment of type (c) [Section 2..) is not yei
possible for the metal-metalloid alloys. The fact that the Df values of these alluys
lie even closer 1o the pre-expunential fuctors of the diffusivities in crystalline metals
than the D} values of the group-1l Fe-2Zr alloys {Figure 2} might be taken pro the
indirect diffusion by thermal quasi-vacancies in amorphous metal-metalloid alloys.
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In this mechanism, DY values which are slightly higher than in crystalline metals
{e.g. DI=7.9x 10"t m¥/s in Fe,,B;,) may be interpreted in terms of smeared-out
thermal quasi-vacancics. This piclure has been stimulated by a proposal of Seeper
and Chik," who ascribed the [act that the pre-exponential factor of the self-
dilfusion coefficient in crystalline germanium is more than an order of magnitude
larger than in crysialiine metals to the existence of smeared-oul Ge vacancies.

3.2.3.5 Physical Origin of the Narrowness of the Diffusion~Enthalpy Spectra
Governing Long-range Diffusion in Relaxed Amorphous Alloys—An interesting
point is that the direct tracer dilfusion, either collectively with ncighbouring atoms
{group-IM Fe-Zr systems) or facilitated by local contractions of grown-in free
volume {group-I Fe-Zr systems), as well as the indirect diffusion via thermal
spread-oul quasi-vacancies {Fe in metal-metalloid alloys?) involve activation
mechanisms in which many atoms participate. Thus these mechanisms average over
the inhomogeneities of the amorphous structure on the nearest-neighbour-distance
scale, This may be Lhe reason why in a given relaxed amorphous alloy the diffusion
is controlled by a surprisingly narrow distribution of the aclivation enthalpies
{H,.=0.14¢eV and 0.13 eV for Fe in FeyByq and Fe,,5i,B,, respectively), as
cvidenced by the quasi-Arrhenivs laws obeyed by the coelficients of the transition
metal seli-diffusion in all relaxed amorphous mctallic alloys so far thoroughly
investigated.
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Abstraci

A critical analysis of experimental data shows that
self-diffusion in relaxed amorphous alloys is comtrolied
by mechanisms involving collective thermal activotions.
Whereas in Fe-2Zr alloys both ™ Fe and ¥ Zr diffuse vig
direct mechanisms ihai change with the alloy composi-
tien (e.g. in the densely packed Fe, Zr,, the large ¥ Zr
tracers move collectively with many neighbouring
atoms), further experimenis are needed fo decide
whether * Fr in metal-meialioid alloys also diffuses di-
recily or indirectly via mobile spread-out guasi-vacan -
cles presemt ot thermal eguilibrium. Yhe irocer
dffusivity decrease occwrring in as-quenched amor-
phous alloys reflects that the initial contribution of a
quasi-vacancy mechanism slows down because of the
elimination of excess free volume during relaxation.

L I-n.dulhl

Although amorphous alloys have been in the lime-
light of materials science for many years and have
found numerous applications in technology, our
knowledge on the mechanisms of diffusion in the
amorphous state is quile poor. This is mainly because
the majority of the experimental data on the diffusion
in amorphous alloys scatier considerably and, in part,
are even contradictory. The cause of this has been
revealed by investigations al our Stuttgart diffusion
laboratory by means of the radiotracer technique in
combination with ion besm sputtering for seriab sec-
tioning of the specimens. In these studics, it has been
demonsirated thal in as-quenched amorphous alloys
the diffusivity decreases markedly during diffusion an-
ncaling until a relaxed amorphous siate is reached. In
previous investigations in which this phenomenon
was either not realized or not properly 1aken inlo ac-
count, s & consequence the scatter of the dats was
inexplicably large.

in a recent summary [ 1] and in A companion paper
al this conference [ 2], Horvith and collaborators have

*Paper p . d at the Sixth | ional Conl
Ilpdrwan:hd Meials, Moslréal, August 3-7, Iﬂ?

wulwm.su

presented data on the sell-diffusion of *Fe jn various
amorphous iron-based metal-metalloid slloys and of
PEe or "Zr in amorphous metnl-netal slloys of the
composition Fe,Zrie ., These data are free of the
deficiency described above and (hus represent a sound
base for the subsequent atiempt 10 undersiand the
diffusion in amorphous slloys.

© 2. Obssrvations 1o be explained

A common feature of all amorphous alloys ap-
pears to be that the sell-diffusivitics DT of tracer
atoms in as-quenched specimens docrease during ther-
mal annealing as o result of structural relaxations
within the amorphous siate. This cffect may be de-
scribed by the relationship

l_)‘(:. ) =305, T} + DTT) (n

where DT, is the diffusivity in the relaxed s1ate and
is a funcion of temperature T (sce eqn. {2)) but not
of time ¢ The diffusivity enhancement 4D7 in the
unrelaxed siaie drops Lo zero during anncaling. After
completion of the relaxation at an annealing tempera-
lure T,, a temperature change 1o T, (not leading 1o
crystallization) gives rise \o & delay-free change in DT
from D7o(T,) (0 D{T;). Hence the relaxed amor-
phous sste is 8 well-defined memuble equilibrium
Hale.

A lurther property which has been observed ir ")
amorphous alloys so far investigated is that -
obeys sn Arrhenius law

PANSAA exp( - ':—',!) @

(k is Boltzmann's constant). This is quite & surprising
result, since at first sight ihermally activated diffusion
in non-crystalline solids is expected to involve over-
coming of barriers of different heights.

The D7, values are larger by five (o ten orders of
magnitude than the sell-diffusivities obtained by ex-
trapolation of the data measured on crystalline iron,
nickel or zirconium o the low temperstures at which
the DTy vaiues have been determined.

© Elsevier Sequoia/Printed in The Netherlands
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The pre-eaponentivl factors D', found in various
amorphous alfoys range (rom three orders of magni-
lde below o0 ten orders of magnitude above
10 “m?s ', which is typical of the pre-exponential
factors of the bulk sci-diffusion cocflicients in crys-
Lalline metals.

There 15 a clear tendency that, the larger the diffu-
sion enthalpy ﬂ”. in a relaxed amorphous alloy, the
larger is D',

o a given Fe-Zralloy, #7, and D7, ure larger for
the diffusion of the larger **Zr tracers tham for the
difusion of the smaller *Fe tracers. For a given Lracer
¥Zr or ®Fe, H'y and D7y are larger in the less open
FeyZiy, structure than in the more open Fey, Zr,
slructure, ,

Replacement of 1% of the iron aloms in amor-
phous ¥ey,B,9 by (large) tungsicn atoms reduces the
*Fe diffusivity drastically, i.e. by 360% a1 593 K.

All the extraerdinary diffusion properties of amor-
phous wioys reporied abave find a natural explana-
tion in terma of the diffusion mechanisms to bc
proposed in Sections 4 and S.

3. Theoretical background |}

Guided by the lact that the sell-diffusion co-
eflicients in relaxed amorphous alloys show an Airrhe-
nius-type temperature dependence, in the following it
is assumed that DT, may be wrilien in the simple
form

DY, = AD 3

where D is a diffusivily controiled by a single activa-
tion cnthalpy. As will be seen in Section 4, an
anatogous cipression for 307 lurns out to be usclul.

3.1. Direct diffusion

il the tracer self-diffusion 1akes place by random
walks of the tracers without any cooperation of mo-
bile “defects” that serve as diffusion vehicles (direct
diffusion mechamism), in eqn. {3) the facior A s equal
1o unily and D is the diffusivity of the tracers, i.¢

.DT = DT, ex (-H—‘M) (4a}
a e CXp kT

S L)
D7 m jr{ay* vy o AP (IL'.F) (4b)

where ™ and S, urc the migration enthalpy and
entropy of the tracers. The quaniilies (x4, vy, and
ny arc the mean square of the jump distance compo-
nents in an arbitrary x direction, the corresponding
jump attempt frequency and the ber of possible
paths for jumps with an x component respectively.

3.2, Indirect diffusion

If the tracers diffuse with the aid of diffusion
vehicles, say quasi-vacancies {Section 4), in such
an indirect diffusion mecahnism A4 =£,C, and
D & Dy, where /, is a corrclation factor and where C,
and Dy are the concentration and the diffusivity of
the diffusion vehicles (The subscript V denotes, in
general, “diffusion vehicles” and, in  particular,
“quasi-vacancies™ ) P-ovided that the diffusion vehi-
cles are presenl in Uicic equilibnum concentration

" (case A), Le. il
C,™ = exp (Sk':) :xp( - L:l',‘,:w) (5)
we have
A (60

Dr._' Lo (xy® vy, o exp {(SVF + Sy ik} (6b)

where H,¥ and H,™ are the formation and migration
enthalpics of the diffution vehicies and where 5,¥ and
S$,™ arc the corresponding entropies. The meanings of
the remaining quaalitics in eqn. (6b) are evident by
analogy to eqn. (4b). If C, is temperature indepen-
dent (case B), then

M
Dia= D7, exp( - EH’_‘) (7a)

DT, 'ifv’fv(xv Mo c‘P( ry )Cv (7b)

4. Diffusion in the noreiaxed amorphous siate

The structural retaxation ol amorphous alloys
from an as-quenched inlo a melastable stale, as
reflected by a decreas: in £' (Sections | and 2), has
been investigated by incans of other techaigues, e.g.
eleciricad resistivily [4] and volume density [5) mea-
surements. The latier have shown that siruciural re-
laxation always leads to un increase in the volume
density. This indicutes that Lhe relaxation involves an
elimination of an cxcuss of the free volume retained
during the quenching from the liquid staic by which
the amorphous mateiial has been produced. Obvi-
owsly, during relaxation, units of free volume, hence-
forth referred to as “cuasi-vacancies™, disappear via
thermally activated migration. Therefore, it is plausi-
ble that the diffusivity eahancement 3D ' in the unre-
laxed state is due 10 8n indirect diffusion of the tracers
vid quasi-vacancics. B analogy to egns. {7), this may
be expressed by

DV = £, D, 6C, (8a)

I a .

ry

e

vy -

Fy



where
M
Dyw= Dy.uelp( - 'I ) (8b)
s
Dy = inixom oero () (8

is the quasi-vazancy diffusivity. By describing the
climination of the excess quasi-vacancies during relax-
ation by firsi-order ceaction kinelics, i.e.

3Oy = 5CO cxp( - 'i) (8d)

where 5C,* is the value of the concentration §Cy of
these ““defects™ in the as-quenched siate and

Ty = Iy g eXP (’:’f:) (be)

the dominating relaxation time, the quasi-vecancy mi-
gration enthalpy MM and the pre-exponential factor
1y, « in £qn_ (8¢} have been estimaled for FeygNigBy
as about of less than | eV and about 10~ ' 5 respec-
tively, The value of ty,, indicates that the excess
quasi-vacancics diffuse to the surfaces of the speci-
mens, although quasi-vacancy agglomeration and an-
nihilation of quasi-vacancies in regions with a higher
than average density may also play a role.

5. Diffusios in relaxed amorpbows Fe-Zr alloys

5.1. Unlikelihood of case A of indirect diffusion

As demonsirated most systemalically for *Fe in
Fey, Z1y,  temperature change from T, 1o T, wilhin
the reiaxed state leads 1o a change in D7 from DTy (T))
to DV(T,) without any measurable defay. Hence,
diffusivily changes wihin the relaxed stale induced
by I re chang L result from changes
in the quasi-vacancy concentration provided that
the quasi-vacancy generation or annihilation cannot
occur by mechanisms with characteristic tlimes Lhat
are considerubly shorter than the relusation time T,
for the quasi-vacancy transport 10 the specimen sur-
face (Section 4). Although the existence of such fust
mechanisms canncl definitively be excluded, at least
for the Fe-Zr atioys cuse A of indirect diffusion will
not be considered lurther. This appears to be justified
since, as shown in the following, a global interpreta-
tion of the diffusion of both *Fe and *Zr in all re-
laxed amorphous Fe-Zr alloys investigated is possible
in terms of direct diffusion.

5.2, ™Fc in Fey Zry
*Fe in FegZr, possesses the smallest valucs
of HTp{ = 1.5eV)and DT (=3 x 10 "m’s '} ob-

- increase of aber
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served in the » stigated at our
laboratory. W amptions for
(™) {=4xV - L) v
(=10"30, 1y (=meh Sy
(=05 and Cy ! “g to a density
crystailization

of smorphous « - value keads Lo

SMik e — 1.7 (e ~ 3.6 {eqn. (Tb))
depending on whei- o case B of
indirect diffusion is ax: alues are reason-

able. They indicate that yure: vacancies retained in
the relaxed amorphous state arc spread out. If the
¥Fe stoms diffuse directly, immobile spread-oul
quati-vacancies must be contrected next to the PFe
atoms in order to enable these atoms 1o jump into the
so-produced vacant space. Indeed the contraction of
dispersed free volume when a tracer jumps from its
equilibriwm to s saddle point configuration corre-
sponds to & decrease in entropy and thus to & negative
5™ value of the order of magnitude estimated above.
If the *Fe tracers diffuse indircctly via quasi-vacan-
cies petforming random walks, the sbove 5, vatue is
indicative of sn extension of the quasi-vacancies over
a few atomic vol , similar to the exiension of
vacancies in crystalline germanium under high tem-
perature equilibrium condilions {3).

On the basis of the experimental data at present
available, n decision between the two alternative diffu-
sion mechanisms of ™Fe in relaxed amorphous
Fey, Zry cannot be made. At fiest sight, either mecha-
nism appears to be plausible for the diffusion of the
quite small *Fe atoms in the loosely packed amor-
phous Fey,Zr,. However, for indirect diffusion via
quasi-vacancies, these would be able (o disappear at
the surface vin long-range migration 83 in unrelaxed
Feu 2ty (Section 4). Hence the maistenance of a con-
SNl quasi-vacancy concentration 81 8 constant tem-
perature woukd require the existence of # dynamic
equilibrium between the generution and annihilation
of quasi-vacancies, bul we cannot imagine that there

is any mechanism leading to such a dynamic equi- -

librium and not depending on temperature. There-
fore, for *Fe in FegZry. case B of indirect diffusion
appears to be unlikely. kit should be noted that case A
of indirect diffusion has already been shown in Sec-
tion 5.1 1o be unlikely, so that direct diffusion assisied
by locul contractions of immobile spread-out quasi-
vacancies, for which the difficully of case B of indirect
diffusion does not cxist, is left.

53 BZrin Feplry

For “Zr in Fey Zty,. Horvith e af. [1, 2] have ob-
scrved the largest values of HTy ( = 3.2¢¥) and D7,
{ = 7 x 18" m?s""). Although it has been shown that

41

with a high * 1 diffusion dots not

occur in refas (Sections 5.1 and 5.2),
these valu- ‘ve diffusion of ™Zr in
Fe, dr,, can 2 the same direct mecha-
nism as Lhe +1n Feg,Zr, does. This is
nol surpris ely packed Fe,Zr,, the
concentratie: - in spread-out quasi-vacancics
is low, so t+ Mkely that quasi-vacancy con-
tractions ¢« - iten enough to provide a sufficient

number of holes that are large enough for the large
7 Lracers to jump imto. The mechaniam which is left
for the diffusion of **Zr in Fe,,Zr,, and which is com-
patible with the huge D7, value observed is a collec-
tive motion of the tracers with a large number of
neighbouring atoms (which ix a direct diffusion mech-
anism). With the aid of eqn. (4b), we find that
S5:Mjk = 29, which according Lo the relationship |6]

ak

VM (%]
{a is the isobaric volume expansion cocfficient and X
the isothermal bulk modulus) corresponds to & migra-
tion volume V'™ of about 60 atomic volumes. In this
context the prediction of collective excitations in
metallic glasses by Lewis and Ashcroft (7] appears to
be noteworthy.

5.4. Retrospeciive summary and comparison with
metul —metalloid alloys

The preceding discussion has shown thal in the
relaxed amorphous Fe-Zr alloys the self-diffusion of
cither ¥Fe or ¥Zr lakes place by direct diffusion. For
Ihe small *Fe tracers in the loosely packed Fey,Zs,
matrix the diffusmonal jumps are facilitated by con-
tractions of grown-in spread-out quasi-vacancies net
ta the tracers, whereas for the large **Zr Lracers in the
densely packed Fe,,Zr,, matrix the diffusion is ren-
dered difficult by the fact that they can only move
collectively with @ large number of neighbouring
stoms. A lransition belween these two diffusion
mechanisms is reflected by the increase in DT, and
H 'y for either ¥Fe or *Zr diffusion wilh increasing
packing density of the Fe-Zr alloys {which increases
approximately monotonically with increasing zirco-
nium content) and by the fact that, in an alloy of given
composition, N', and H ', are larger for the larger
#Zr tracers Lthan for the smaller *Fe Iracers.

The “Fe sell-diffusion in the amorphous iron-
based metal metalloid alloys investigated by Horvath
i al. [1, 2] shows qualitatively the same featlures as
the “Fe or **Zr diffusion in amorphous Fe-Zs alloys.
In the relaxed siate, DT, and HT, respeclively reach

from 4.6 x 10 "m?s ' and 2.1 ¢V in Fe,5i,B,, 10

19 % 10-Tmis ' and 2.4 eV in FegB,,. These data
are in nccordance with the direct difTusion mechanism
provided that the number of atoms dilfusing collec-
tively wilh a tracer increases from a few in Fe,,SisB,,
to the order of magnitude of 10 in FeyBy,. However,
in these metal metalloid alloys the existing experi-
mental data do not allow us to exclude other mecha-
nisms definitely. For example, indirect diffusion via
more or less extended quasi-vacancies which ace
present in temperature-dependent equilibrium con-
cenlrations {casc A in Section 1.2} appears to be an
akernative for this group of materials. The fact that
their DT, values deviate only moderately from the
pre-exponential lactors of the difusivities in crys-
talline metals would be in accordance witls this
piclure.

An interesting point is that the direct tracer diffu-
sion, either collectively with neighbouring aloms or
facilitated by local contraclions of grown-in spread-
oul quasi-vacancies, as well as the indirect diffusion
via spread-oul quasi-vacancies in thermal equilibrivm
involve activation mechanisms in which many atoms
participate. Thus these mechanisms average aver the
inhomogeneitics of the amorphous structure on the
nearest-neighbour distance scale. This may be the rea-
son why in a given relaxed amorphous alloy the diffu-
sion is controlled by a single well-defined activation
enthalpy, as indicated by the Arrhenius law found by
experiment. Presumably, the  astic reduclion in the
*Fe diffusivily in FeygBy, by the additionof | at.% W
may be 1aken as further evidence for the collective
character of the dilfusion.

Acknowledgments

The authors are very gratelul lo Professor A,
Seeger for stimutating discussions and 1o their collab-
orators (see refs. | and 2) for their help.

Relerences

1 J. Horvith, X. Piahler, W. Ulferi, W. Frank and 0l
X ronmiiller, Afeier. Sci. Forum, 15 18 (1947) 521,

2 1. Horvith, J. Ou. K. Pluhler and W. Ullcrt, Maier. Sei.
Eng . 97 (19RR) 409

3 W. Frank, U. Gasele, H Mehrer and A. Seeger, in G. E.
Murch and A & Nowick leds.). Diffusion in Crysealline
Sodids, Acadermic Press, New Yark, 1984, p, 63

4T, Xomatsu, S. Sato and K. Matusita, Acta Metall, 34
{1988) 1899,

5 ¥ Komaisu, K. Matusita and R. Yokots, J Non-Cryst.
Solide, 85 { 1986) 358,

6 K Plahlee, Dr. rer nar. Thesis. University of Stuhgart, 1987

7 L.J Lewisand N, W. Ashcrofi, Phys. Rev. B, 34(198%8) BAT],



Maicruix Science and Engincering, 97 (1988) 409 413

Tracer Diffusion in Amorphous Alloys*
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Abstract

Self-diffusion in various iron-based amorphous
metal-metalivid alfoys ond in amorphous mertal-meial
systems Fe Zr g _ , was investigated using radioactive
PEe and Y Zr tracer atoms in combination with ion-
beam sputtering for serial sectioning. It was found that
the diffusion coefficients decrease significantly during
isothermal anncaling towards well-defined values,
whick are attribuied 1o the diffusivity in a structuraily
relaxed meiasiable amorphous siate. This metastobie
state is independent of the annealing temperaiwe. Pre-
anncaling of the specimens in order to esiablish the
meiastable amorphous state leads im o subseguent diffu-
sion experiment to self-diffusion coefficients whick obey
Arrheniss laws over the entire diffusion temperature
regimes accessible. The activation enthaipies and the
pre-exponential foctors vary in the vorious fracer-
marerial systems from 15 1w 12eV and from
31 x 107" 1o 7 x P m? s~ respectively.

1. latreduction

Diffusion siudies in amorphous alloys are of vital
concern (rom various points of view. Generally, they
are potential means for & betler understanding of
atomic migration in disordered or short-range-
ordered media. Amorphous alloys are thermodynami-
cally not siable and undergo siructural transitions,
such as relaxation and crysinilization, by thermal an-
vealing because of diffusion proceases. Since in the
course of these transitions the extraordinary proper-
ties of the amorphous alloys are significantly changed
‘or even destroyed, the clarification of the diffusion
mechanisms is 8 prerequisite for the wide span of ap-
plications of the amorphous slloys, ¢.g. a3 sofl mag-
netic materinls in transformer cores or as diffusion
barriers against impurity atoms in semiconduciors.
However, diffusion experiments in amorphous alloys
are difficult Lo perform, becsuse the experiments are
limited 10 very shon diffusion lengths, often not more
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Rag Meisks, Momtrial, August 3-7, I”'l

0025341 6/88/81.50

than about 10 nm. The reason Tor this is that the diffu-
sion time is limited at high temperatures by the onsct
of crystallization, whereas at low temperatures the
diffusivity is low. Another difficulty in diffusion mea-
surcrnents arises from the change in the diffu-
sivity in the amorphous state s a function of the
snnealing time during structural relaxation. These ex-
perimentsl prablems may explain the small number off
reliable diffusion experiments which have been per-
formed so far on amorphous alloys, although the
great inicrest in these maicrials has initialed a consid-
erable number of diffusion studies [1, 2.

In this work, we have studied Lhe seli-diffusion of
radioactive ®Fe iracer stoma in the amorphous alloys
FeuZry, FeySigB,;, FeyuW By and FeyBy, and the
self-diffusion of ®Fe and ™Zr atoms in Fe, Zty, and
Fey,Zry. Extraordinary care was devoted Lo the prepa-
ration of the specimens and 10 the efiect of relaxation
1o the diffusivity. Oplical and electron microscopy as
well a2 X-ray diffraction investigations accompanicd
the diffusion experiments in order 1o test the amor-
phism of the materials. Coercive fickd measurements
oh the metal-metalloid alloys served to investigate Lhe
crystallization kinetics and also as o further test for
{he amorphism of those specimens which werp used in
diffusion experiments.

1. Experimental details

The amorphous alloys investigaled were produced
by the meli-spinning technigue sl Vacuumschmelze,
Hanay (Fe,SigB, ;) or at the Mar-Planck-Institut fur
Meialiforschung, Stuttgart. The specimens, 9-10 mm
in dismeter and 2040 um thick, were produced by
chemical eiching lrom the meli-spun ribbons. By pol-
ishing the specimens, damage-free surfasces were ob-
tained onto which the radiotracers *Fe andfor “Zr
were deposited electrochemically in thin layers of
about 1 nm. All annealing treatments were carried cut
in evacuated quartz ampoules. The concentralion
profiles of the diffused tracers were determined by mi-
crosectioning the specimens with the aid of the ion
beam sputiering technique and subsequent measure-
ment of the radioactivity of the sections.
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Crystallites larger than 200 nm in the amorphous
malerial were made visible in an oplical microscope
by elching the polished specimens with oxidizing acids
[3). Smaller crystallites were detected by (ransmission
clectson, microscopy or X-ray diffraction investiga-
tions. These investigations were performed on & num-
ber of specimens in the as-quenched state as well as
ufter anncaling trealments. ft was found that a vol-
ume [fraction of crystallites below 1% hardly influ-
ences the accuracy of diffusion measurements, The
difflusion experiments were performed under condi-
tions under which perturbations by crystallization
effecls may be excluded. The coercive ficid measure-
ments were performed at room lemperature by means
of a Forster coercimeter [4],

3. Resulis

J.1. Magnetic measurements

Since in ferromagnetic alloys the coercive field is
very sensitive to the crystalline fraction of the material
[4, 5}, this quantity was used to determine the activa-
tion eathaipy of crystallization and also for checking
the amorphism of specimens. For FegNi P, B, an
alloy which is similar to the metal-meslloid alloys
investigaled in this paper, it was demonstrated that
the coercive ficld increases proportional to the crystal:
lized fraction until about 30% of the material has
transformed to the crystatline phase {6). Using this
relationship the activation enthalpy @ of crystalliza-
tion, which obviously is a thermally activated process,
can be determined frem 8 = 4 exp( ~ Q/kT'). Here B is
the temperalure-compensated time, ¢ the annealing
lime at the iemperature T required 10 establish a given

TABLE 1 The activation enthalpies O (or arystallisatien i

T Ik}
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Fig. |. Anncaling Limes req sired 10 establish the specific values
of the cocrcive fickd M, (parameters) in Fey,S$i,B,, us. the recip-
rocal of the annulml temperatuce T

coercive field . and k Boltzmann's constant. () was
determined for the metil -metalloid alloys Fe,,SigB,,,
FeuwW By, and Fey By, The results are summarized in
Table |. Figure | shows that for Fe,,Si,B, ,, for exam-
ple, the equation given above is fulfilled. A paralielity
of straight lines indicates that Q does not change dur-
ing the thermally activa ied process. This is not stricily
valid in & wider crystallization regime, as shown in
Fig. |. However, an error of about 4 0.1 &V in { must
be taken into account at a given A,

3.2, Diffusion meusurements

Typical penclration profiles of the radioactive
tracer atoms are shovn in Fig. 2 for Fe,W, B,
and Fey,By,. The specific radioactivity of a seclion at
a distance x from the :urface is plotled vs. x°. The
profiles measured at a given temperature (593 K) al

laad by Reld with the scth

esthalples H", snd the pre-exponsatial fuctary D7, hﬁmﬂdﬁ-mhm-“u}hﬁb' daty b ¥ig, 4
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Fig. 2. ¥Fe diffusion profilea il! I"-':,.W.,Bm ((%Lllld FeglBiyy
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shown on the profiies are the diffusion limes applied.

various annealing times follow different straight lines
and can be described by the so-called thin film solu-
tion

1
Cix, 1) = AdrDT) cxp(— TTF;) o

of Fick's secand law. In eqn. (1}, C denoles the tracer

concentration which is proportional to the radioactiv-

ity in the depth x, A, the tracer concentration per unit

surface area at ¢ = 0, 1 the diffusion time and D7 the

tracer diffusion cocfficient. The results shown in Fig. 2

were observed in specimens which did not undergo

pre-annealing, i.e. thermal anncaling prior 1o the

diffusion annealing. By comparison of the profiles an-

.nealed for 1 and 6 h, it iés obvious that diffusion of *Fe
is reiarded in Fe,W By, in comparison with FegBy,.

in disordered materials the siructure may change
of rearrang within the smorphous

slate in the course of anncaling treatments. It has been
demonstrated carlier for & number of alloys [7) that
the diffusion coefficients decrease in the course of
isotherma) anncaling as & result of structural refax-
ation. Because of the time dependence of the diffu-
sion, the diffusion cocfficients deduced from the
penctration profiles are time-averaged values (O 7). If
D7) is known as a function of the annealing time

=

41

1, the instantaneous tracer diffusion coeflicient D(1)
follows from
[ €20}

ar (2)
On cach allay, series of diffusion measurements were
pesformed in order to determine (D™ )(1) or D'(r). In
Fig. 3, D"-t curves are presented. The main feature of
these is the continuous decrease in DT lowards a
plateau value, which in the following will be denoted
D7,. This is the diffusion coefficient in a fully relaxed
amorphous state.

Hitherto, in all amorphous alloys thoroughly in-
vestigated the plateau values D7, were found 1o de-
pend on lemperature via an Arrhenius law

DTy - D*.elv(——ﬂh) (%))

(D7, is the pre-exponential factor and M7y, the diffu-
sion enthalpy).

Figure 4 shows thal eqn. {3} is also lulfilied lor
alf data presented in this paper. In Table 1 the
values found for 27, and N7, are summarized. The
typical error in diffusion dala obtained by the
radiotracer technique in combination with jon beam
sputtering is smaller than 10% [8). However, al-
though relaxation effects and crystallization can be

D) ml{DT>+1

7
©
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Fig. 4. Arrhenius plots of tracer dilfusion coefficients in the
relaxed state of the amorphouy alloys.
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ruled oul, in some cases the scatter of the observed
DT, values exceeds Lhis error. As the diffusion experi-
ments have been performed on different specimens in
order to be sble 1o diffusion anneal the specimens as
long as possible, errors in DTy larger than + 10%
presumably result [rom decompositions that have oc-
curred already in the as-guenched state.

4. Summary and discussion

A detailed discussion of the results of this study has
been given in a companion paper at this conference
[9}. [n the Following, we therefore summarize and dis-
cuss only briefly the basic results and related investi-
gations made previously at our laboralory.

(1} The activation enthalpy @ observed for crys-
tallization exceeds in all alloys, ¢xcept FeyBy, the
aclivation enthalpy of sell-diffusion (Tabie 1) [3, 8].

This is nol surprising since crystatlization is not neces-
sarily controlled by diffusion only but for example
may be inftuenced considerably by the rate of nucle-
ation. Morcover, dilfusion processes contributing to
crystal growlh may occur in the amorphous phase, in
the crystalline phase and along the phase boundaries.
The interpretation of the results of crystallization ki-
netics in terms of diffusion quantities therefore usu-
ally is very complicated.

(2) inali materials investigated, the instantancous
tracer diffusion coefficients DY(r) decrease towards
a platcau value DTy, which represents the diffusion
cocfficient in the fully relaxed smorphous slate
{Fig. 3.

(1) From Fig. 3, it is clear that diffusion co-
efficients measured in the ill-defined regime of relax-
ation cannol serve Lo determine the temperature
dependence of the diffusion coefficients.

(4) Aflier pre-annealing in order to establish
the relaxed state, in a subsequent diffusion anncaling
DT is equal to DT, from the very beginning {Fig.
3

(5) The same relaxed stale is cstablished by an-
nealings at any temperature [8, 10, FI]

{6) The decrease in the diffusivity from its value in
the as-quenched stale 10 D7, presumably occurs via a
thermally activated process whose aclivation enthalpy
is significantly smaller (less than 1 eV lor FeyNioBy
{10, F1]} than that for self-diffusion in the retaxed
state. Since structural relaxation increases the volume
density in melt-spun amorphous alloys [ 12), the elimi-
nation of excess free volume, lrozen in during the
guench {rom the melt, must be involved in the relax-
alion process.

{7 In addition to the transport of free volume lo
the surface, a recombination of free volume with re-
gions of higher than average density may coniribute
1o the relaxation process.

(B} The enhanced diffusion in the unrelaxed sate
can be understood as an indirect vacancy-like diffu-

‘sion mechanism, in which the tracer atoms usc units

of free volume as a diffusion vehicle.

(9) The diffusion coefficients in the relaxed state
(Fig. 4 are well described by an Arrhenius law (eqn.
(3)). This indicates that the dominating diffusion
mechanism is the same in the entire lemperature
regime investigated.

(10} From alloy 1o alloy the DT, and HTy values
differ significantiy { Table 1), Therelore different difTu-
sion mechanisms are assumed 1o operate in different
alloys.

(11) In partially crystaltized specimens, diffusion
is distinctly slower than in the relaxed amorphous
state [3, 8].
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ABSTRACT

The seif-diffusion of *®Fe and **Zr and the d.ffusion of foreign "'P stoms in
various amorphous metal—metalloid and metal—matal alloys produced by the meli-spinning

method have been investigated by means of the radiotracer technigque in combination with .

ion-beam sputtering. In all systems- invesiigated the sell-difTusivity decreases in the counse
of the diflusion annealing 10 s value which is characteristic of & well-defined relaxed
amorphous state. The diffusion coefficients in the relaxed state show Arrhenius-type
temperature dependences. The diffusion enthalpy and the pre-exponential factor of the
diffusion coefficient vary strongly from system to systen. The increass ol these Quantitieg

mattix and increasing size of the diffusing sloms is interpreted in terms of s transit
from diffusion along easy paths 1o a cooperative diffusion mechanism.

in the case of the ssif-diffusion in Fe—Zr alloys with increasing packing density of thj .
o
;

1. INTRODUCTION

The increasing interest in amorphous materials requires & belter knowledge of thein;,
propertics, Many of these (e.g.. structural relaxations, induced anisotropy, embrittlement,:
and crysiallization) sre controlled by - diffusion processes. Morcover, diffusion studies in

amorphous slloys (for recent reviews see
technological poinmt of view but also for the understanding of the diffusion in disordered -
are difficull, siaco in most cases the tempersiure

media. Unfortunately, such experiments

£1.2]) are of interest not only from 1

regime i3 small within which the diffusivity is high enough to be measurable bul
crystallization does not take place to an unacceptable ext:nt during diffusion annealing, Ag
a consequence, 80 far only a small number of reliably diffusion studies on amorphouy
alloys have been performed. In amorphous malerigls the diffusjvities may change as s,
function of the annealing time due to structursl relaxatons (Sect. 3), which may explain
the large data icatter and the contradictory results in previous investigations. For this'

reaton in the present studies special atiention

from the elimination and/or redistribution of excess free volume during annealing.

We have studied the foreign-stom' diffusion of %P and (he seif-diffusion of *°Fe
and "$Z; in amorphous motallic alloys produced by nelt-spinning  either by Vacuum-
schmelze Hanau (FRG) tFu?’Nl“l:?o. Fey Nig Bjq, .FensigB”] or in our Stutigar

laboratories [FeyyZrqe, Feyy by

®9)Zrg). [3]. Thu radiotracer technique combinec,,

oy

ry

i

was paid o the relaxation processes arising, -
i

ey



with ion-beam sputtering — applied for the first time to the - lic alloys by
Valenta et al. [4,5] and used in the present investigatios w 1o other
techniques in most si tems ol interest, We were able to measur ‘all diffusion
coelficients (> 10~ mzls) within temperature inlervals w; which are
significantiy wider than those covered in previous diffusion studi «us alloys.

2. EXPERIMENTAL

The specimens, 9 mm to 10 mm in diameter and less than 40 pm thick, were
produced from the melt-spun ribbons by etching. Damage-free sufaces were achieved by
lapping with | pm-grade Al1,0; solution on plane glass and/or polishing with cotioidal
silicic acid on a metallurgical cloth. The **Fe or "'Zr radiotracers were deposited
electrochemically in a thin layer of about | nm on the polished surface. Because of its
high vapour pressure, phosphorus cannot be diffused in by surface-layer deposition,
Therefore, in the case of **P diffusion the tracers were implanted into the specimens with
an energy of 30 keV, leading to a projected range of about 15 nm. Pre-anneals and
dilfusion anneals were carried out in evacuated quartz ampoules. The amorphism of the
specimens was tested by optical, scanning-electron, and transmission-electron microscopy
and, in the case of ferromagnetic atloys, also by coercive-field measurements.

‘The concentration profiles of the diffused tracers were determined by microsectioning
the specimens with the aid of the ion-beam-sputtering technique and sectionwise measuring
the radioactivity.. For a given profile the section thickness was wusually kept constant,
whereas it was varied between 1 nm and 60 nm from profile to profile,

A more detailed description of the specimen preparation and the experimental
techniques has been given elsewhere [6-9].

3. RESULTS

Fig. | shows typical *"Fe- or "*Zr-tracer penetration profiles. The specific activity of
the radiotracers in a section at the distance x from the originally tracer-covered surface -
w{-ich is proportional to the concentration C of tracers in this section — is plotied versus
x%, The fact that the data for a given temperature and time of annealing {equal symbols)
follow a straight line demonstrates that the proliles obey the so-called thin-film solution

Clutg) = Co(wDTg) 172 exp (-x2/4DTtg) ()

of Fick's second law, In Eq. (1) C, means the number of iracer atoms per unit area
depasited on the surface, D' the tracer diffusion coefficient, and 14 the diffusion lime.

Fig. 2 shows "¥P profiles in FeyoNiggByg. viz., the as-implanted profile snd some
profiles broadened by diffusion annealing l%r different times at 593 K. Except in the
vicinity of the implanted surface, where Y*P segregation has taken place, the profiles may
be fitted to the appropriate solution of Fick's second law,

Clrty) = (4nDTry)1/2 ]C(x'.0){exp[-(x'-x)2/4DTtd]-up [-(x-+x)2/40Tcd]] i, @
4]

where C(x",0) is the distribution of the implanted *IP. A disadvantage in comparison to
the thin-film-deposition technique is that here the evaluation of the daota requires the
measurement of the distribution of the implanied tracers.

In an amorphous material the diffusion coefficient may change in the course of
isothermal annealing as a result of structural relaxations, This has indeed been demonstrated
for the self-diffusivities of *"Fe and ®'Zr in all amorphous alloys investigated. In the
case of P diffusion the exisience of such an effect has not been found unambiguously,
presumably because of the lesser sccuracy of the **P diffusion coefficients, which is due
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Fig. 1. Penstration profiles of **Fe in
Fe-nSi B'. (b oo) or Fe |ZI’9 (.)
and of * 3Zr in Feg Zrg (W) Temper-
stures and durations of "the diffusion
anncals are given in the [igure.

Fig. 2. DilTusion broadening of a "* P
implantation profile in FeyqNi gBag at
593 K. The high %P concentration near
the implanted surface at x = O is due
to surface segregation.

to the fact that these had to be determined from small differences between two profiles,
Because of the time dependence of the *"Fe and *!Zr self-diffusion, the diffusion
coefficients deduced from the plots in Fig. | have to be considered as the time averages

t4
T = g3 ]’ oT () dyg , 0

since in the case of a tin)lg-dependent diffusion coefficient Eq. (1) remains a solution of
Fick’s second law if D' is idegtified with <D'>. From (3) one finds that the
instantaneous diffusion coefficient D (td) iy given by

d<DT>
DT(ty) = DT> + ty . (4)
d dig

ie., DT(Id) may be calculated if «DT> is known as a function of the annealing time g
Therefore, on each alloy investigated series of profile measurements have been performed
in which at different temperatures the annealing time has been varied, From these the
instanianeous diffusioqrcoefl'icienls have been determined as functions Qf_ time. In Fig..‘ 3
a selection of such D’ -versys-ty plots is presenied. One realizes that D' decreases rapidly
towards n plitean value Dj. A second decrease of the diffusivity found after longer
durations is caused by the onset of crystallization [6,9-11]. .
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In all our measurements the
diffusion temperature T via

(k = Boltzmann's q_[mstanl). This is demonstrated in
H' and the, pre-exponential factors

fusion enthalpies

of - b} exp (-HTAT)

3l

plateau values DE were found to depend on the
an Arrhenius law

(3}

F_i;. 4. Table | summarizes the dif-
D,

Material Tracer HT[eV] _DI[mzls] Temperature
Interval K3
Fe4gNigoB SeEp 23 211072 571 - 643
Wy 3.04 104 513 — 64d
FoqNig;Byy  "*Fe 2.3, LIa0? 552 . 643
FepSigh)y  ®%Fe 2., 46:0°% 551 — 13
Table 1. Aggjvation
FoguZrog S Ee 23, 60x10:! 493~ 613 enthalpies (HT) and
"z 32, 7.0u10% $33 — 613 pre-expgnential fac-
tors (Do) obtained
FegyZrg R 14y 3.ix10"7 473 — 7713 by fitting (5) to the
'z 23, 20x03 633~ 713 DJ deu in Fig 4,
% L Temp [*C)
A ; &
_; 0" YFein FayZi, ot 633K 5 500 400 200 m"m
& 4 YFein
= ® “FeinFe,2r,
R o © %2r in Fe, 26,
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v
ot BIK 107
YFain Fo, 2ry ol 563K
‘ e
W' M2rin Fay2r ot 563K
0 i 3 T TR TR T
INC Y o’k
Fig. 3. Instaptaneous self-diffusion Fig. 4. Arrhenius plots of diffusion

cosfficients D

meullic alloys,

as a function of the
annealing time tg in various amorphous

coefficients in relaxed amorphous
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A significant feature of the plateau-regime diffusion is that the Arrhenius law (5) |Is
the same, irrespective of the anellin; temperature at which 1he isothermal decrease of D
o Dp has taken place, If D' has gpce reached its value D) at any temperature, in
subsequent diffusivity measurement D' is no more time-dependent but possesses the Dﬁ
value given by (5) from the very beginning. This has been demonstrated most thoroughly
for the diffusion of *Fe in FeyoNiggBan [6,12), These cbservations indicate that the
as-quenched amorphous state is quite unstable and thus relaxes into s well-defined
metastable amorphous stato.

In spite of great efforts, ir|,r the materials investigated it has oot been possible to
determine the ty dependence of D' in the pre-plateau regime with an ACCUTacY permitting
conclusions going beyond t given in Sect. 4.1. This is sc since st the short diffusion
times in this part of the D —1ty curves the penetration depths of the tracers are usually of
the order of a few nm only, 3o that the number of profiles easurable at sufficiently dif-
ferent tq values is too small for achieving sa acceptable precision. For this reason it is
clear that diffusion coefficients measured in this ill-defined regime of relaxation may scat-
ter considerably. We believe that most of the contradictory results reported in previous
studies are due to the fact that this difficulty has not — cr at least not fully — been
taken into account, though an influence of relaxation effects on the diffusivity in amorphous
materials had been expected and, in some measurements, observed (for references see
1,2,61).

4, SUMMARY AND DISCUSSION
4.1. Relaxation mechanism and diffusion in the wnrelaxed sigie

The fact that the relaxation from the as-queached into the metastable amorphous
state requires thermal sanealing is taken a5 evidence that the relaxation mechanism s
thermally activated. In the case of !*Fe diffusion jn FeygNijgBag we have estimated that
the relaxation cnthalpy must be smaller than | eV provided t?m relaxation follows an
exponential time law [}2,13). Since the decrease of the diffusivity during the relaxation is
accompanied by an increase of the volume density [14,15), w: conclude that the relaxation
involves the eliminqlﬁon of excess fres volume and that the diffusivity enhancement in the
unrelaxed state, D'(1y) - D‘&. is due to a quasi-vacancy mechanism. The relaxation
enthalpy (< | eV in e4oNiggBg) i thus interpreted in terms of the migeation enthalpy
of these quasi-vacancies. :

4.2. Diffusion in ihe relaxed siate

Our results on the diffusion in the relaxed amorphous state may be summarized as
follows: (i} The diffusivity Dg in a reloxed amorphous alioy coes not change ip the course
of time until the onset of crystallization. (i) In ail systems invesiigated Dg obeys
Arrhenius law in the entire temporature regime accessible to measurements. {iii) The D
values are larger by 5 to 10 orders of magnitude than the self-diffusivities found for
crystalline Fe [16], Ni [17), or Zr [38) by extrapglation to the low temperatures st which
the Dg values have besn measured. (iv) The Dy values found for various amorphous
alloys yange from 3 orders of magnitude below tc 10 orders of magnitude above
1077 m=/s, which. is considered to be- typical of the pre-exponential factors of
diffusivities in crystalline metals. (v) There is a glear tendency that the higher is the H
value an amorphous alloy, the higher is its D, value. (vi) For a given Fe—2r atloy ut
and D, are larger for the diffusion of the bigger Zr nlom_l_tlun for the smaller Fe siom.
(vii) I-por a given diffusing stom, Zr or Fe, H' and D, are larger in the less open
FegyZrqyg structure than in the more open Feg)Zrg structure,

From the preceding observations we draw ihe following conclusions; (a) In a given
relaxed amorphous alloy, diffusion of a given stom is dominited by the same mechanism
in the entire temperature regime nccessible, [compare (i} and (ii}]. (P} The diffusion
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mechanisms in relaxed amorphous alloys presumably differ frov rystalline metals
[compare (iii) and {iv}].

A general discussion of diffusion mechanisms which o in  amorphous
materials has been presented elsewhere [12]. For the sell-dift + Fe--Zr alloys
the following mechanisms are tentatively proposed: (x) In al y« sructures (e.g.,
Feg Zrg) smalt atoms (e.g., Fe) can diffuse easily (low H') n fnrmed by the
lree volume retained in the relaxed state. The fact that such puh ‘it be available
for all tracq‘[a and that they. ‘may possess dead ends may explain why .i. :ilfusion entropy
and thus D, are smaller than in crystalline metals. (b) Il the structure of the amorphous

material is less open (eg.. FegqZryg) and/or il the tracers are fMatter (e, Zr) the
mechanism described above dees not work Under these circumstances the tracers can only
perform a cooperative motion that involves considerable displacemenls of neighbouring
atoms, This diffusion mode resembles the self-diflusion via “sxtended »self-interstitials” in
crystalline silicon (18] and will therefore be referred to as "extended-tracer” diflusion. Tt
is obvious that with incrcasing size of the tracec atoms and increasing packing density of
the amorphous alloy lhe regnon 0 _l_pr which & tracer is "extended® increases glnd 30 do the
diffusion entropy, i.e. ,and H'. Like in the case of Si seif-diffusion D, may exceed
the order of magnitude gnown I'rom crystalline metals considerably.
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g‘) DIFFUSION AND STRUCTURAL-RELAXATION MECIIANISMS
- IN METALLIC GLASSES

H. Kroenmbiller, W. Frank, and A. Horner
Max-Planck-Institut far Melalllorschung, Institut [ir Physik,
HeisenbergsteaBe 1, D-7000 Swuttgart 80 (FRG)

Alitagt

Diffusion data on amorphous melal—metal (FeZr) and metal—metalloid (FeNiB,
FeSil, CoFeNiSiD) alloys have been determined by means of  magnetic-alter-effect
{MAEL), induced-magnetic-anisotropy (IMA)}, and radiotracer-diffusion (RTDY measure-
ments. Whereas the sell-diffusion coelTicients follow Arrhenius laws, the MAE and the
IMA are contrelled by spectra of activation enthalpies, whose averaps valurs are
distinctly smaller than the self-diffusion enthalpies, This seeming discrepancy is shuwn
1o be a consequence of the Fact that MAE, IMA, and RTD are sensilive lo different
parts of the activation enthalpy spectra inhereni to amorphous media. Models and
atomic mechanisms of the diffusion in disordered media are proposed and compared
wilh cxperimental results.
I. Introduciion

The existence of structural-relaxation phenomena in amorphous ailoys and their
relation 1o  diffusion processes DLelong to (he most challenging features of these
materials. Aflter it had been realized that in thermally pre-irealed specimens both
relaxation times and diffusion coelTicients reversibly depend on temperature, pressure,
and specific volume (i.e. that — like in crystalline materials — these quantities are
variables of slate in the sense of thermodynamics), reliable resvlts on the diffusion in
amorphous alloys were obtained from systemalic investigations {1—-3]. Since
amorphous alloys are thermodynamically melastable, quasi-reversible diffusion behaviour

indicates that the enthalpy barriers’ against diffusion are smaller than those governing
crystallization.

" Diffusion in amoiphous alloys was reviewed by various authors, Whereas Cahn
[4], Egami and Waseda (5], and Sharma et al. [6] conceniraled on the relation
between dillusion properties and the glass-forming ability, Cantor [7] emphasized that
the diffusivity of metals and melalloids in metallic glasses scales with the glass

transition temperature,



_2_

As cxpecled for disordered meldia, the relaxation phenomena observed in MAL
[8-101, IMA [i1]1, and enthalpy-relaxation [i2] studies reveai the presence of wide
spectra of activation enthalpies. This is contrasted by the finding that the sell-
diflusion coefficients of metallic glasses, as measured in RTD experiments, exclusively
obey Arrhenius laws [3), which scemiﬁgly indicates that the diffusion of a given
tracer species in a given alloy is controlled by a single aclivation enthalpy. This para-
doxon, to which we shall return below, was resolved by Kronmlilier and Frank [13].
The present  paper preseats the effeclive sctivation enthalpies i.n amorphous
Cu“NimFe,Si“I]“ » which were recorded by means of different techniques operaling
in different infervals of measuring time and meusuring temperature. 'These resulls are

compared wilth current models of diffusion in disordered media and interpreted in
terms of atomic mechanisms, .
2, Experimental resulls

The almost non-magnelostriclive amorphous alloy Co“NimFe.Si"ii“ was chosen as
a model substance for studying dilfusion and relaxation phenomena. By thermat pre-
annealing between 350°C and 460°C l‘or'severnl hours, irreversible processes were
eliminated. Fig. | summarizes the resulls obtained by MAE, IMA, and RTD measure-
ments. The spectra p{H) of aclivation enthalpies were deduced [rom isothermal MAE
and IMA relaxation curves under the assumption that the relaxation limés are relaled
to aclivalion enthalpies /f via Arthenius laws. The distribution functions p(H) are of
Gaussian shape on their low-enthalpy sides and show abrupt decreases on (heir
high-_enlhnlpy@ides as a result of the cut-off of the relaxation times arising from the
I'inilencss_ of the mcosuring times, The discrete aclivation enlhalpies lying above the
MAE and IMA specira have been taken from the Arrhenius laws

DY (1) = D] exp (~HJ/kT) {)]

for the tracer sell-diffusion coeflicients DK + which were found in RTD studies of
the long-range diffusion of Fe, Ni, or Co [I4]. Fig. | shows that MAE, IMA, and
-RT[-.‘l selectively probe the activation-enthalpy spectra of amorphous alloys in their

low-, medium-, and high-enihnlpy rehimes, respectively.

The RTD data en amorphous ConNimFe‘Si“B“ reported above are typical of the
diffusion of (ransition-metal atoms in amorphous metallic alioys, This follows [(tom
the extensive investigalions which have Leen performed at the Max-Planck-Institut [ur
Metailforschung in Stuttgart by means of the RTD technique in combination witly
ion-beam spultering for serial feclionins [3). In ali systems investigated so lar (for &
representalive selection see Fig. 2} the tracer dilTusion coelficienls D; in the relaxed
amorphous siale, which is auained by thermal pre-annealing of the specimens, were
found lo obey Arrhenius laws (1), in which the superscripts "T" and the subscripls "R"
stand for “tracer diffusion® and *rclaxed state”, respectively, It is of interest ‘lo note
that within the groups of FeZr alloys and of metal—melalloid alloys Lhe pre-ex-
ponential [aclots DE in Eqg. (1) incresse with increasing enthalpies HE according lo Lhe
empirical relalionships of the form N

Dy = A(HT - B) @
indicated by he broken lines in Fig. 2. Such relationships have: been found as well
in dilfusion sludies on amorphous NiZr and for the diffusivity of hydrogen in
amorphous melallic alloys by Sharma et al. {6]. By conlrasl.. the pre-exponential
factors of the self-diflusion coefficients of crystalline metals rang: approximately [rom
10°% ws ! to 1074 m3%°), virtually independent of the diffusion enthalpies (solid line
in Fig, 2).

3. Models of the Diffusion in Disordered Media

It is evident from Fig, 1 that lechniques operating in clifferent regimes of
mensuring time and measuring lemperature monitor different pars of the aclivation-
enthalpy spectra of diffusion in lmorphrou‘l alloys. The increise of the effective
enthalpies wilh increasing time and temperature is intimately related 1o lhe concomitant
incremse of the range of diflusion; MAE arises from local alomic rearrangements
sovemedr by short-range diffusion; IMA is generaled by the alignment of the axes of
atom pairs as a result of medium-range diffusion; RTD measurerients can exclusively

be done in the long-range dilfusion limit.

The description of diffusion in disordered media is based on the following

e
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assumplions. The jump frequency of a particle [rom a site i to a neighbouring sile f
obeys an Arrhenius law

Viji = Vija exp[-(h,-j—h‘-)/kT] . . (k)]
where the attempt Trequency Vije includes Lhe migration-entropy term and where h;

and "ij denote  the enthalpies sl i and at the saddle point between [ and j,

respeclively. The motion of the parlicle is geverned by the Mmrkoflian masier equation
d
mP,- (4) = ;[VJ,-,‘PJ(I)"V” pi(y 1, )
J

where P(1) is (he probability of occupation of site / at time f.  The dilTusion

coellicient is then defined as

DY) - <h'> @ — 2 IR PO, (5)
o

2d o 2d
where the sum exiends over all siles and where R; and d are the site vectors and the
dimensionality of dilfusion, respeclively.

It is noteworthy that even qualitative features of D(7T./) depend strongly on the
dimensionality of diffusion and on details of the diffusion potential, This is
demonstraled for the three dilferent 1ypes of diffusion potentials shown on the left-
hand sides of Figs. Ja to ¢ and referred lo as (a) the random-barrier model (ROM)
[#; independent eof i, Gaussian distribution p(h'-j) with variance h'm,]. (b} the ran-
dom-trap model (RTM) [h,-j independent of i and j, Gaussian distribution p(h;} with
variance h’n.r], and (¢} the mixed model {MM) [independent Gaussian distributions
Pk} and plh; ;) with Iy = Wppl.  Within the framework of the elfective-medium
approximation [15—17] and under the assumptions that the initial sile-occupation
probabilities are Doltzmann-type and the flopologicnl structures of three-dimensional
disordered media are fcc-like, in the limiting cases of short times (s1) and long times
(It} these models yield the lemperature dependences of D shown schematically on the
right-hand sides of Figs. 3a 1o c. In the RDM (Fig. 3a), Loth the st and the 1
limits (solid curves) of D(T) lie above the (broken straighl) Arrhenius line for Ihe

avernge aclivalion enthalpy H, # "'ij — h;>, since in three-dimensional diffusion

-~

surmounting of high barriers can be avoided. In the RTM [15] {Fig. 3b), DT is
time-independent (solid curve) and lies below the (broken straighl) Arrhenius line for
H, . since (rapping is unaveidable. In the MM ({(Fig. 3c), the st limit of D{N)
coincides with the {broken straight} Arrhenius law for M, , since the eflects of the
[luctuations in the barrier heights and trap depths cancel, whereas in the It himit
(curved solid line}) D(T) lies below this Arrhenius line due 1o the dominance of the
traps at long tlimes.

Qbviously, the three-dimensional MM is most appropriate for describing difrr.;sion
in amorphous alloys. Therelore, in the Eramework of this model time-averaged D—7°!
curves have Ubeen computed [for different measuring tlimes (Fig. 4). Using
Hy = 165 eV, hyp = hpp = 022 ¢V, and v;; g = 107 7' 7), for ¢ = 10% s (which is
a lypical messuring time in RTD and IMA experimentis) Curve | is obtained, whereas
Curve 2 holds for ¢ = 10° 3 (which is typical of MAE measurements). ‘The hatched
areas in- Fig, 4 represent the regimes covesred in RTD, IMA, and MAE experimenis,
respectively,  In  accordance with our siatement that different techniques probe

different parts of the activation-enihalpy specira in amorphous alloys, the slopes

Hys - T inD of the D_T"' curves running through hatched arens referring

to different techniques span dilferent intervals of aclivation enthakpies.

4, Diffusion Mcchanisms
It is widely accepled that in amorphous alloys the dilfusion of small atoms such
as I, B, C, or Sl takes place via quasi-inlerslilial-type mechanisms [4], Therefore,
in lhis section- we shall concentrate on (he discussion of the diffusion mechanisms of
transition metals [13,18].
" As indicated by the quasi-Arrhenius-type tempernlure dependences of the diffusion
coellicients, & given {iransition-metal species diffuses in a given amorphous alloy via

the same mechanism in the entire temperature regime accessible in RTD experiments.

*) This choice of parameters is in accordance wilh the dala on the *Fe RTD and the

MAE in amorphous Coy,Ni FeSi B, .



The fact that — even within the group of amorphous FelZr alloys — D:’ varies over
i4 orders_ of magnitude (Fig. 2) allows us o exclude a vacancy-type mechanism
similar (o hat conirolling self-dilTusion in *normal® crystalline melals, since lor such a
mechanism D7 is of the order of magnilude of 5 x 10°% mis-!

There is evidence that ftransilion metals undergo direct diffusion in amorphous
alloys, ie., they do not difluse indirectiy with the aid of dilfusion vehicles, viz.
quasi-vacancies and/or quasi-self-interstitials: (i) The seif-dilfusion enthalpies H;'; of
transition melals in amorphous transition-metal—metalloid alioys are smaller by 0.5 eV
1o | eV than the self-diffusion enthalpies of crystailine metals of the iron group. This
may indicale that lhe H’.'l' vilues are equal to the migralion enthaipies of the tracer
aioms, bul not {0 the sums of the formation enthalpies and the migration enthalpies of
diffusion vehicles, as it is the case [or the sell-dilfusion enthalpies in crystatline
melals. (ii) In pre-annealed amorphous alloys, a sudden temperature change resulis in
instantaneous changes of the transition-metal diffusion coefficients, This is in contrasl
to what is expected for indirect diffusion. In this cese the tracer diffusion should
reflect the gradual establishing of a new ‘equilibrium concentration of the diffusion
vehicles,

Concerning the mechanisms of dilfusion in amorphous alloys, we restrict ourselves
lo the exireme cases of Zr dilfusion in ZryFe,, (HY = 3.2 oV, DT = 10" m%") and
Fe diffusion in FepZry (HE = 15 eV, DT = 10m%Y), The diffusion of the
relatively large Zr atoms in the quite densely packed Zr-rich matrix requires the
coopen_live movement of a large number of neighbouring atoms, which is reflecied by
# large niigration enthalpy and a large, positive migration entropy (the latter depending
logarithmically on Dg). By contrast, in the more loosely packed Fe-rich matrix, due
to their smaliness, single Fe atoms may jump onto vacant neighbouring sites with a
relalively smali migralion enthalpy. The fact that Dy = 10Tms"! corresponds 1o a
slightly ncgative migration entropy is interpreied in terms of a low nvailability of
vacant ﬁeighlmurins sites.  Presumably, the vacant sites have to bLe produced by ihe

" contraction of spread-out free volume as g result of thermal fluctuations.

It should be noted that between the two diffusion me:hanisms just described a
conlinuous specirum of jnlermediale mechanisms may exist. Among these, there is o
mechanism in which a single atom jumps onto vacant neighburing siles whose number
is of the order of wagnitude of the ncarest-neighbour aloms, Obviously, this is a
direct quasi-interstilisl mechanism. Fig. 2 svggests that he self-diffusion of the
iron-group elements in amorphous CogyNi Fe Si, Do occurs vin this mechanism.
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Figure Caplions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Seil-diffusion enihatpies as well as MAE and IMA aclivation-enthalpy specira

lor amorphous Co“Nine‘Si"l]m . The average temperatures and times of
measurement were 400 K/10% 5, 500 K/10* s, and 700 K/10' s in the MAEL,
IMA [10]1, and RTD [i4] measurements, respectively.

logDg—HY plot of the diffusion enthalpies HY and the pre-exponential
factors D; of the diffusion coellicients of transition metals in amosphous
alloys [® FeZr alloys ; (1) FegByy o (2) EeygNigBy, (3) Fe,Ni, B, .
(4) FeyNigly g + (5) FenyB Sig o (6) Ni, (7} Co, (8} Fe, and (9) Ta in
CogyNioFeSi, B ). The underlined elements indicate the radioactive
diffusers. For comparison sell-diffusion data in crystalline metals (dashed
circle and full squares) are included.

Schematic represeniation of dilfusion models and corresponding Arrhenius
plots of the diffusion coefficients [Dg = DTt = 0)]. a) Random-barrier
model, b) random-trap model, ¢) mixed model. The horizontal lines in the
Ji—x diagrams mark H = 0, H = <hp», and H = <hU>. respectively, TFor
Turther details see text.

Arrhenius representalion of time-averaged diffusion coefficients according lo
the mixed model lor different dilfusion limes. The curves "st* and "I
represent (e limiting cases 1 = 0 and § ~ =, The hatched areas indicaie the
regimes in which MAE, IMA, and RTD experiments have been perlormed.
For further defails s,e text,
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