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Diffusion in Copper and Copper Alloys
Part V. Diffusion in Systems Involving Elements of Group VA

Daniel B. Butrymowicz, John R. Manning, and Michael E. Read

Washington, D.C. 2023/

A survey, comparison, and critical analysis is presented of data compiled from the
scientific literature concerning diffusion in copper alloy systems involving elements in
Group VA (As, Bi, N, P, Sb). Here the term “copper alloy system” is interpreted in the
broadest sense. For example, the review of diffusion in the Cu-M system reports all diffusion
situations which involve both copper and element M, including diffusion of Cuin M or in
any binary, ternary, or multicomponent alloy containing M; diffusion of M in Cu or in any
alloy containing Cu; and diffusion of any element in any alloy containing both Cu and M.
Topies include volume diffusion, grain boundary diffusion, tracer diffusion, alloy interdiffu-
sion, electromigration, thermomigration, strain-enhanced diffusion and diffusion in molten
metals. An extensive bibliography is presented along with figures, tabular presentation of
data, and diseussion of results.

Key Words: Alloys; antimony; arsenic; bismuth; copper; diffusion; electromigration;
liquid metals; nitrogen; phosphorus; ternary diffusion; thermomigration.
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DIFFUSION IN COPPER AND COPPER ALLOYS 3

1. Introduction

1.1. Organization of Review According to Alloy System

The present critical review is the fifth in a series
designed to provide data on diffusion in copper and
copper alloys. The first review [1] in the series covered
copper self-diffusion. The second review [2] of the

series dealt with diffusion in the copper-silver and
copper-gold systems. The third review [3] analyzed’

diffusion in copper alloy systems which involved the
elements of the Groups IA, ITA, IIIB, IVB, VB, VIB,
and VIIB. The fourth review [4] covered diffusion in
alloys of copper with the elements of Group VIII.
The present review continues the coverage of diffusion
in copper alloy systems. Data on diffusion in systems
which involve copper and elements of Group VA are
presented in this review. Succeeding reviews in this
series will cover the remaining copper alloys.

Each Cu-M alloy systems (M=As, Bi, N, P, Sb)
will be reviewed independently as a wunit; and the
references for each system are independently num-
bered. The term ‘“copper alloy system’’ is interpreted
in the broadest sense here. For example, the review of
diffusion in the Cu-Sb system includes all diffusion
situations which involve both copper and antimony.
This same format will be followed for all Cu-M
systems. According to this format, the Cu-Sb review
treats: -

(1) Diffusion of antimony in pure copper

(2) Diffusion of copper in pure antimony

(3) Diffusion of copper or antimony in Cu-Sb

binary alloys :

(4) Diffusion of impurities in Cu-Sb binary alloys

(5) Diftusion in any ternary alloy containing both

copper and antimony (or in any multicomponent
alloy containing both copper and antimony)

(6) Diffusion of copper in any alloy containing

antimony

(7) Diffusion of antimony in any alloy containing

copper

For casy reference, a list of subsections is provided
in the table of contents for each alloy system. Under
the Cu-Sb system as an example, binary situations
which involve only copper and antimony (items 1, 2,
and 3 in the above list) are discussed first and are
presented in separate subsections. Then, ternary
situations involving & third element are presented.
These ternary subsections appear in alphabetical order
according to the chemical symbol of the third element.
Data of types 4, 5, 6, and 7 all are included in each
such subsection, if available. If no diffusion data are
available on a given three-component system, for
example Cu-Sb-M, then this system is simply not
listed. Special diffusion effects, such as grain boundary
diffusion, thermomigration, electromigration, etc., are
discussed in a final set of subsections.

Diffusion measurements in quaternary and other
higher-order multicomponent alloys are not common
in copper alloy systems. General discussions of diffu-
sion in these alloys are presented in a single subsection
entitled, for example, Cu-As-X.

1.2. Methods Used To Present and Compare Data

The primary quantities of interest for diffusion are
the diffusion coefficient, D, and the activation energy
for diffusion, Q. The diffusion coefficient is defined by

the equation
- J=—D(dc/dz), 1)

where dc¢c/0z is the concentration gradient of the
diffusing species along a direction z of interest, and the
diffusion flux, J, is the amount of diffusing species
crossing unit area normal to the z-axis per unit time.
D, itself, is a constant of proportionality and usually
is expressed in units of cm?s. Experimentally, D is
usually found to depend exponentially on temperature
according to an Arrhenius-type equation,

D=D, exp (—Q/RT). )

Thus, a straight line is usually obtained when log D is
plotted as a function of T-'. Here, T is the absolute
temperature, D, and @ are experimentally measured
constants which can be determined from the inter-
cept and the slope of that line, and R is the universal
gas constant (1.987 cal- K~'.mol!=8.314 J . K~!-mol ™).

The quantity @ in eq (2) is usually found expressed
in the literature in units of kcal/mol, or in units of kcal
alone (with the mole understood). Usually @ can be
determined to only two or three significant. figures
and has a value between 10,000 and 100,000 cal/mol.
Thus, when @ is expressed directly in terms of cal/mol,
as is sometimes found in the literature, the last few
zeros before the decimal are not significant figures. A
second type of unit for @ frequently found in the
literature is the electron volt or electron volt per atom.
When this unit is reported, it is understood that R in
eq (2) is replaced by Boltzmann’s constant, & (equal
t0 1.3806<10-2 J. K1 or 8.617X107% eV.K"1).

In alloys, the dependence of D and @ on alloy
composition provides another variable which must be
considered in addition to those previously discussed
for self-diffusion in' pure copper [1]. Usually no con-
sistent general equation can be written to express
D(c) at all concentrations, ¢. Thus, data on the com-
position dependence of D or @ is usually summarized
in this review by displaying the measured values on
graphs of D or Q versus composition, rather than by
use of equations. _

When the temperature dependence of D is con-
sidered, the best smooth line through the data often
can be summarized by expressing D in the form of eq
(2). In the present paper, the more reliable data

J. Phys, Chem. Ref. Data, Vol. 6, No. 1, 1977



4 : BUTRYMOWICZ, MANNING, AND READ

usually are presented in display equations in the text
in this form. In addition, individual D, and @ values
may be quoted to provide information in summary
form and expedite comparisons between differing
measurements. Even for the temperature dependence
of D, however, the most useful means of presenting
and comparing data probably is by means of graphs
showing the diffusion coefficients themselves; in this
case with log D plotted versus 7-!. A number of these
graphs are shown in the present review.

The textual discussions provide commentary on the
experiments. reported and, wherever possible, a
comparison and evaluation of the reliability of the
experimental methods and results. Nevertheless, an
attempt has been made here to provide comprehensive
coverage and to provide some indication of diffusion
behavior even in systems where only a few data are
available,

In choosing among various reported diffusion
measurements for rcliability, the internal consistency
and reproducibility of the data are considered impor-
tant. For example, it is expected that the experimental
points, expressed as log D, should fall very nearly on a
straight line when plotted as a function of T, as
given by eq (2). The degree of scatter from a line
drawn through the experimental points is usually
assumed to provide a good indication of the accuracy
of the data. Such a line may not be well-established
if only a few measurements in a limited temperature
range are reported. For this reason, data taken at
many different temperatures and over a wide tempera-
ture range are usually considered more reliable (in the
absence of other considerations).

At temperatures near the melting point, volume
diffusion through regions of good crystal structure is
normally predominant. At lower temperatures, diffu-
sion along the easy paths provided by grain boundaries
often becomes important. Most data reported in the
literature are for diffusion at moderately high tempera-
tures, above two-thirds of the melting point, where
volume diffusion usually dominates. Nevertheless,
grain-boundary diffusion measurements also are re-
ported in the review when available. A separate
diffusion coefficient, 7, for diffusion in a grain
boundary can be defined from eq (1). A uniform D,
value usually is assumed to apply to the entire
grain-boundary volume, which is regarded as extending
in two dimensions but having a finite width, 4.
With the grain boundary regarded as a plane, one can
say that the plane envisoned in eq (1) normal to
the concentration gradient will cut the grain-boundary
plane along a line. Experimentally, the flux, J/, crossing
unit length of this line often is the quantity measured
rather than the actual flux, JJ, per unit area, which is
the quantity in eq (1). In such a case, taking the ratio

J'[—(0¢/0x) yields Dgy-6. Thus, where grmn—boundam
diffusion results are quoted, Dg,+6 frequently is glven

J. Phys. Chem. Ref. Data, Vol. 6, No. 1, 1977

instead of just D, with § being an unknown grain-
boundary width, and Dg,-é then being expressed in
units of cm?/s.

A similar situation can arise in surface diffusion
measurements if the surface is regarded as having a

thickness, 8. More commonly though, the surface

concentration is expressed in terms of the number of
atoms, ¢/, per unit area (rather than the number per
unit volume). Then, the ratio, J’/— (d¢’/0z), yields a
conventional surface diffusion coefficient, I;, which
can be expressed in the conventional units of cm?fs.

For descriptions of standard experimental tech-
niques of measuring volume, grain-boundary, and sur-
face diffusion coefficients, and related diffusion quanti-
ties, the reader is referred to general review articles
[5-9]. In addition, specific references and comments are
provided at points in the textual commentary where
results from some of the less-standard types of
measurements are discussed.

1.3. Different Types of Diffusion Coefficients

For diffusion in alloys, one must be particularly
careful to establish the type of dilfusion coeflicient
that is reported. There are two main types of diffusion
experiments in alloys frequently reported in the
literature—tracer diffusion and interdiffusion.

An understanding of why tracer and interdiffusion
experiments, which both define their diffusion coeffi-
cients, D, by means of eq (1), yield different diffusion
coefficient values can be gained by considering the
physical arrangement of these measurements and the
basic diffusion equations. The basic kinetic diffusion
equation for the atom flux, J, of a diffusing species
with respect to the end of a specimen can be written as

=—D* gi——*—(i)}pc-}'vkc. (3)

Here, D* is a quantity related to the atom jump fre-
quencies of the diffusing species; (v)r is the atom drift
velocity from atomic driving forces; c¢ is the concen-
tration; and v, is the velocity of the local lattice plane
with respect to the end of the specimen. It may be
noted that eq (3) is similar to eq (1) but differs in two
respects: first, eq (3) contains two velocity-concentra-
tion terms, (¥)r¢ and ui¢, and secondly, the coefficient
of dc/dz in eq (3) is the specific quantity, D* rather
than a general diftusion coeilicient, .

In a typical tracer diffusion experiment, a very thin
layer of tracer atoms is deposited on the surface of a
homogeneous alloy, and diffusion is carried out in the
absence of driving forces. Here, the tracer atoms dif-
fuse into an essentially unchanging homogeneous
matrix, and (v)y and v, are zero. Consequently, D*
is the measured diffusion coefficient in this type of
experiment, which results in D* being called the
“tracer diffusion coefficient.”
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By contrast, in an interdiffusion experiment, two
bulk specimens of different alloy composition are
brought into contact, and atoms diffuse in both direc-
tions aeross .the interface. These alloys usually have
positive or negative energies of mixing, and atom drift
velocities (v)r can arise from forces created by
gradients in these energies. Also, the D* values of the
various - constituents usually are unequal. This in-
equality produces a net atom flux across the interface
toward one end of the specimen and makes v, differ
from zero. In simple interdiffusion experiments, where
other driving forces are absent, (v)» and v, are propor-
tional to dc/0z, and J still is found to be directly
proportional to d¢/0z. However, if one calculates an
interdiffusion coefficient, b, from the rat~io —J/(dc/0z),
as in eq (1), one should expect to find D= D*.

For a binary alloy, D is tho samo for both constitu-
ents. Thus, there are two different tracer diffusion
coefficients for the two constituents in a binary alloy
(one for each constituent), but only one interdiffusion
coefficient. The interdiffusion coefficient in some
references is called the “chemical diffusion coefficient,”
or the “chemical interdiffusion coefficient.”

The interdiffusion coeflicient, ﬁ, in a binary alloy
containing constituents A and B can be related to the
tracer diffusion coefficients, Da* and Dg*, for A and
B atoms in that alloy by the equation

D=(N.Dy*+NyD,"®S, @)

where N, and Ny are the mole fractions of species A
and B in the alloy, ®is the thermodynamic factor, and
S is the vacancy wind factor. When either N, or Ny
goes to zero, both ® and S go_to unity; so in the limit
of a very dilute binary alloy, D should equal the tracer
diffusion coeflicient of the dilute constituent. In non-
dilute alloys, ®S can differ appreciably from unity,
say by a factor of four. In these alloys, additional
information (which is wusually not available) on
thermodynamic activity coefficients is neeeed to
determine D from Da* and Dr*.

A third type of diffusion coefficient in alloys is the
intrinsic diffusion coeflicient, D;!. This coefficient is
defined by eq (1) when J in that equation is defined
as the atom flux of species 7 with respect to a local
lattice plane. Equations relating D/ to other diffusion
coefficients are given, for example, in reference 10.
When v, differs from zero, D! will differ from D. When
(v)p differs from zero, D! will differ from D,*.

In the discussion of D} and D given above, it
was assumed that the only atomic driving force was
that from the heat of mixing. If other driving forces
of unknown magnitude are present in an experiment
or if other lattice distortions contribute to v, the
measured diffusion coefficient, [—J/(0¢/0x)], will, of
course, be affected. Usually in these cases, one refers

to an “‘effective diffusion coefficient’” obtained from eq
1).

In situations where the measured J or d¢/dz values
are believed to contain significant unknown errors,
an “apparent diffusion coefficient” may still be defined
based on the apparent values of JJ and d¢/dz (or of the
other related quantities) which the particular experi-
ment provides.

Diffusion coefficients may show a strong dependence
on alloy composition. This composition dependence
can lead to very non-symmetric concentration-versus-
distance profiles in some interdiffusion experiments.
If a non-symmetric profile is assumed to be symmetric,
a single “average diffusion coefficient’’ can be calcu-
lated for the experiment. Other methods of finding
an average diffusion coefficient applicable to a given
concentration range may give somewhat different
results, since the types of averaging may differ.

In ternary and higher-order multicomponent alloys,
there will be more than one independent concentra-
tion gradient. Then, instead of defining a single
diffusion coefficient as in eq (1), it often is convenient
to define a set of partial diffusion coefficients, D,

where )

J=—2,Dy g—gj ) ' (5)

Here, J; is the flux of species 4, and dc¢;/0z is the
concentration gradient of species j. Since the sum of
the concentration gradients of all species in the
crystal must equal zero, one of the concentration
gradients must be eliminated from the general ex-
pression if one wishes to obtain independent, partial
diffusion coefficients. This gradient can arbitrarily be
chosen to be any one of the gradients, dc,/0xz. Then,

J=—>D,p %
j#En

Y9z’
where

Dijn=Dif_Din- (7

For an n-component alloy, there are n—1 independent
partial diffusion coefficients, D,;*, for each species 4.
In multicomponent alloys, partial diffusion co-
efficients can be either intrinsic diffusion coefficients
or interdiffusion coefficients. Here again, the distine-
tion is that the intrinsic diffusion coefficients are
related to the fluxes with respect to local lattice planes,
whereas the interdiffusion coefficients are related to
fluxes measured relative to the undiffused ends of the
specimen. :
Further discussion of the physical meaning of D*,
D, and D can be found in references [2], [3], and [11].

1.4. Other Diffusion Related Quantities

In this review, the emphasis is on direct measure-
ments of diffusion coefficients. There are, however, &

J. Phys. Chem. Ref. Data, Vol. 6, No. 1, 1977



6 BUTRYMOWICZ, MANNING, AND READ

number of diffusion-related phenomena, such as
sintering, creep, gas-permeation rates, measurements
of interface motion, and a variety of relaxation-time
measurements, from which estimates of diffusion rates
can be made. These data are reported when it appears
that significant diffusion information can be obtained
from them. For example, diffusion activation energies
often can be estimated from these diffusion-related
phenomena.

Temperature and alloy composition are the major
variables usually considered in reporting diffusion
data. Nevertheless, diffusion rates also can be in-
fluenced by a number of other factors, such as pressure,
electric fields, temperature gradients, ultrasonic vibra-
tion, and strain rates. When appropriate data are
available, separate descriptions are provided in the
reviews which report on these special effects.

For diffusion as a function of pressure, p, it usually
is possible to write

D=D(p=0) exp (—pAV/kT), @®

where D(p=0) is the value of the diffusion coefficient
at zero pressure, and AV is called the measured
activation volume. For hydrostatic pressures on
metals, very high pressures usually are required before
D changes appreciably, since AV is usually of the order
of an atomic volume.

In the case of diffusion in an electric field, a critical
quantity in determining the diffusion rates is the
measured effective charge, ¢*#, of the diffusing species,
since the field E affects the drift velocity in eq (3)
according to the equation

(0Yye/D¥=g**E (kT) . 9

Here ¢** may differ appreciably, however, from the
actual charge of the diffusing species. For diffusion in
a temperature gradient, the measured heat of trans-
port, @**, serves a similar function, with

(O)s/D*=—@*VT[kT?. (10)

These quantities are discussed more fully, for example,
in reference 1 and in other later reviews in this series.

Discussions also are given in reference 3 of the
relation between gas permeation rates and diffusion.
For example, if K is the permeation rate through an
alloy, S'is the solubility, and D the diffusion coefficient,
one can write for diffusion-controlled permeation [12,

13]
K=DS. L

In an interdiffusion experiment, the net shift with
respect to the ends of the specimen in the position of
the original interface lattice plane is called the Kir-
kendall shift, ;. This shift, which results from un-
equal intrinsic diffusion of components across the
plane, can be measured, for example, by placing inert
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wires or other markers at this plane. For normal
parabolic diffusion at constant temperature for dif-
fusion time 7, the Kirkendall shift will be propor-

tional to 7!/%, since
T
Zk=f det,
0

and v is proportional to 7'/ Here, v is the same
velocity which appears in eq (3). For simple inter-
diffusion in a binary A~-B alloy, v is proportional to
Dy —Dg' and

Z=27(D!—Dg") (AN A/02).. (12)

In parabolic diffusion, ON./dz is proportional to
772 50 eq (12) yields z,<7'/%, as expected.

In binary alloys, D is related to the intrinsic diffu-
sion coefficients by

D= N.Dol+NuD,L. 13)

If D and z, are measured at a binary alloy interface
of known composition and concentration gradient,
D' and Dy’ can be found from egs (12) and (13).

1.5. Note on References

When the original language of a reference is not in
English, the language is specified in parentheses fol-
lowing the translated title. After this notation of
language is the reference to the original publication
and a reference to an English translation, if known
to us, enclosed in brackets.

When the original reference is from a journal that
is translated in ‘‘cover-to-cover’’ form, the name of
the translated journal and its citation appears within
brackets. A good source for obtaining the names and
availability of these translated journals is reference 14.

If the original reference is not available in a ‘‘cover-
to-cover” translated form, but an English translation
is available, a note as to its availability is made with
an abbreviated name (NTIS, NTC, BISI, otc.) and
an order number. These are available from the fol-
lowing sources:

NTIS National Technical Information Service
Springfield, Virginia 22151

NTC National Translation Center of the John
Crear Library
35 West 33rd Street
Chicago, Illinois 61606
BISI  British Iron and Steel Industry Translation

Service
The Iron and Steel Institute
39 Victoria Street
London, S.W. 1, England
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2. Copper-Arsenic
2.1. As*—Cu

The value for the impurity-tracer diffusion coeffi-
cient of arsenic in copper most often quoted in the
literature is found in the review paper of Lazarus
(his ref. 104 in [1]). This reference [1] probably refers
to the unpublished work of Tomizuka [2], who found
that the diffusion of ™As impurity in pure copper in
an unspecified temperature range less than 300° C

below the melting point could be expressed by the
following:

D*=D, exp (—@Q/RT)=0.12
exp (—42 keal.mol~Y/RT) cm?s.

More recently, Klotsman et al. [3] studied the
diffusion of the tracer-impurity ®As in polycrystalline
copper in the temperature range 810-1075 °C. Analysis
of their penetration plots yielded the coefficients (and
their probable errors) listed in table 1. An Arrhenius
plot of these data is shown in figure 1. The following
Arrhenius equation results from the plot:

D*=0.202+3:34 exp [—(42.1340.44)
keal - mol~Y/RT] cm?s,

and is in good agreement with Tomizuka’s unpublished
work.

2.2. Cu-As Interdiffusion

Interdiffusion studies in the Cu-As system at 903 °C
have been reported [4]. Pure copper was bonded to a
Cu-As(2.72 at.%) alloy and the large-grained poly-
crystalline specimens were diffusion-annealed for 5,
20, and 80 hours. After diffusion, the couples were
sectioned in a plane parallel to the direction of dif-
fusion and the arsenic and copper concentrations were
determined with an electron microprobe analyzer.
Ziebold and Ogilvie’s empirical method [5] of analysis
was applied to the microprobe data. The interdiffusion
coefficients were calculated following the method of
Grube [6]. The linear probability plots gave diffusion
coeflicients that had a range (2.47-3.85) X 107° cm?/s.
These results are in good agreement with the tracer-
impurity results of Klotsman et al. [3]. Since the
interdiffusion studies were carried out with dilute
solid-solutions of arsenic in copper, the value of the
diffusion coeflicient of arsenic obtained should ap-
proach the value of the tracer-impurity coefficient.

© 2.3. Cu-As-Al

Ternary alloys of Cu-As-Al have been bonded to
pure copper and interdiffused at 903 °C in one study
[4]. The alloys contained 9.74-10.4 at.% aluminum
and 1.32-1.60 at.%, arsenic. After being diffused into
pure copper for 5-80 hours, the concentration-pene-
tration profiles of arsenic and aluminum were deter-
mined with an electron microprobe analyzer. It was
found that whon arsenic and aluminum were diffused
in parallel with each. other into pure copper, a case of
“uphill”” diffusion occurred. There was a build-up of
arsenic at the interface of the diffusion couple. Addi-
tionally, both the arsenic and aluminum diffused
much faster than when interdiffused into copper

J. Phys. Chem. Ref. Data, Vol. 6, No. 1, 1977
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Fieure 1. Tracer diffusion coefficients of ®As in polycrystalline copper as a
function of reciprocal absolute temperature.

Data from Klotsman et al. [3].

separately. An ‘“‘average’” diffusion coefficient for
arsenic had a range (3:97-5.80) X107 cm?/s, and for
aluminum a range (2.47-7.45) X 10~ ¢m?s, at 903 °C.
These values represent an ‘“‘average’” diffusion coeffi-
cient and may differ significantly from the true
coefficient of interdiffusion.

The counterdiffusion of aluminum and arsenic in a
copper matrix was also studied in the same reference
[4]. In these experiments, alloys of Cu-Al(12.0 at.9%)
and Cu-As(2.72 at.%,) were bonded to either side of a
pure copper interlayer and interdiffused for 5, 20, and
80 hours at 903 °C. Electron microprobe analysis was
employed to determine the aluminum and arsenic
concentrations. A ‘‘band” of arsenic and aluminum,
normal to the direction of counterdiffusion and migrat-
ing as a function of time, was detected with microprobe

J. Phys. Chem, Ref. Data, Vol. 6, No. 1, 1977

analysis and micrometallographically. These bands of
Al-As ‘“precipitates” reveal themselves as discon-
tinuities in the concentration-penetration plots. Be-
cause of the inflections in thc penctration plots, only
“gverage diffusion coefficients”” were caleulated. This

- diffusion coefficient for arsenic had a range (3.50-

5.10)X10~% cm?s at 903 °C. It was concluded that
aluminum and arsenic do not diffuse as a pair when
diffusing in the presence of each other. Movement of
the bands of aluminum and arsenic is believed to be
rate-governed rather than quantity-governed.
Similar counterdiffusion studies were performed by
Gerrard [7], and Gerrard et al. [8]. In these experi-
ments, alloys of Cu-Al(8.4-11.4 at.%,) were bonded
to alloys of Cu-As(=1.55 at.%), as well as across a
pure-copper interlayer. After interdiffusion at 903 °C,
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TABLE 1. Tracer diffusion coefficients
of 73As in copper. Data of
Klotsman et al. [37.

T (°C) D* (em2/s)

1075 3,21 (#0.01) x 10°8
1036 1.89 (£0.01) x 10-8
1002 1.16 (+0.01) x 1078
964 7.11 (#0.03) x 107 %
929 4.30 (£0.02) x 107 °
866 1.67 (+0.01) x 10°°9
813 7.15 (20.02) x 10730

the solute concentrations of arsenic and aluminum
were determined by x-ray diffraction and wet chemical
analysis. Aluminum-arsenic ‘“‘precipitates” were found
to exist as a metastable phase in the form of bands,
normal to the direction of interdiffusion, which
migrated as a function of time. Gerrard proposes a
physical model and then uses it as a basis to derive a
mathematical model which expresses the aluminum-
arsenic band location as a function of time. These
models allow one to calculate the diffusivity of alumi-
num and arsenic from observed band migration. The
diffusion coefficients arrived at from this indirect
measurement are in fair agreement with the direct
and more reliable measurements of Duirymowicz [4].

" 2.4. Cu-As-Ga

An interdiffusion study where gallium and arsenic
were ‘“‘counterdiffused” in a copper matrix was
reported by Kelly [9]. This counterdiffusion experiment

is similar to those performed by Butrymowicz [4], -

Gerrard [7], Gerrard et al. [8], Chenot [10], and Meiser
[11], differing only in that alloys of Cu-Ga(12.9 at.%)
were bonded to alloys of Cu-As(1.3 at.%,). All alloys
are single phase (a-solid solutions). During the
diffusion anneals at 900 °C, the counterdiffusing
species, gallium and arsenic, interact and accumulate
in visible bands of ‘‘precipitates,” normal to the
direction of diffusion and parallel to the bonded
interface. A mathematical model based on the maxi-
mum rate of change in concentration of the diffusants
(Ge and As) was derived. A correlation of the micro-
metallographically visible bands of Ga-As, based
on the strain imparted to the copper lattice by the
interaction of the two diffusants, is given. No inter-
diffusion coefficients were calculated, although x-ray
back-reflection and powder diffraction patterns were

taken to determine the gallium and arsenic penetra-
tion curves.

The impurity diffusion of copper into the semi-
conducting compound, GaAs, has received much
attention because of its obvious technological im-
portance. A number of excellent reviews on diffusion
in GaAs have been published [12-21], and thus the
discussion here will be brief.

All of the investigations have reported copper to be
a very fast diffusant in GaAs [22-35). F'uller and
Whelan [22] were the first to show that copper diffuses
rapidly into GaAs and propose a interstitial-substitu-
tional role for copper in the diffusion process. They
electrodeposited radiocactive *Cu onto their GaAs
specimens and diffused them over a temperature
range 700-1200 °C (+3 °C). Standard counting tech-
niques were used to determine the copper concentra-
tions introduced at various temperatures. Autoradio-
graphy was employed to examine transient behaviors.
Irregular concentration profiles were found, indicating
both a rapidly, as well as discontinuously, changing
diffusion coefficient. Although-ideal conditions required
for the error-function solution are not fulfilled, single
error-funciion curves can Le fitted tu the curves un
either side of the discontinuities (see figure 2), and
an apparent value of D is calculated. These apparent
diffusion coefficients are:

at 1003 °C, Dypparens=(0.83-1.4) X 1075 cm?s;
at 1110 °C, Dypparens=1(2.1-3.1) X 10~% cm?/s.

In addition to the above coefficients, the suto-
radiographs indicate that copper enters the crystal
interstitially at a very high rate (the apparent diffusion
coefficient is =107 ¢cm?/s at 1100 °C). This first study
of copper diffusion in GaAs yielded some qualitative
results which pointed out the rapid interstitial be-
havior of copper in the compound.

Fuller and Wolfstirn [23, 24] looked at the inter-
action of divacancies with defects and impurities
during the diffusion of copper in GaAs.

Hall and Racette [25-27] in a detailed study
measured the solubility, diffusion, and drift of copper
in the extrinsie, p-type GaAs. Purer materials were
employed, and the temperature range was extended
lower than that of earlier studies. Additionally, their
experimental conditions were designed to allow for the
measurement of the diffusion coefficient of only the
interstitial copper in the GaAs lattice. After the radio-
active “Cu was plated and diffused into the GaAs,
the specimens were sectioned and autoradiographs
made. The copper penetration was determined by
densitometry. The interstitial copper diffusion coeffi-
cient was obtained from the densitometer data utiliz-
ing the methods of Olson and Schultz [36]. A plot of the
tracer impurity diffusion coefficients for interstitial

J. Phys. Chem. Ref. Data, Vol. 6, No. 1, 1977
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copper in GaAs is shown in figure 3 and can be cal-
culated {from the expression:

Dintarstmal

Currtans=0.030 exp(—0.53 eV/kT) cm?/s.

Ton-drift experiments performed in an applied
electric field also allowed diffusion coefficients to be
calculated. The calculated values from the Einstein
relation are in agreement with their other delerming-
tions (see table 2).

TABLE Z. Copper diffusion coefficients
determined from drift of coupper
in extrinsic p- type GaAs. Data
of Hall et al. [26
Drift Electric

T (°C) Distance Field D (ecm?/s)

() (v/cm)

255 5 2.00 1.8 x 1077

220 5 1.77 1.6 x 1077

200 0.56 1.08 3.7 x 1078

195 0.64 1.45 3.1 x 1078

J. Phys. Chem. Ref. Data, Vol. 6, No. 1, 1977

Although the complete data of Hall and Racette
show considerable scatter, the results include experi-
mental points taken while measuring techniques were
still being improved, as well as points taken to check
the measuring techniques. Additionally, the emphasis
was placed upon measuring diffusion in several
different ways (out-diffusion, ion-drift, etc.) to avoid
possible misinterpretation of the data, rather than
achieving the greatest possible accuracy through re-
finement of a particular experimental method. The
pre-exponential, I}, is probably correct within s
factor of 3, and the activation energy, @, for diffusion
is 0.5340.05 eV.

Kendall [13, 37] in looking at Hall and Racette’s
results proposed an interstitial-substitutional mech-
anism for the impurity diffusion of copper in GaAs.
An “interstitial-substitutional” diffusion coefficient
can be caleulated from.Kendall’s model and is shown
in figure 4. The impurity diffusion coefficient of copper
in GaAs can thus be expressed as:

DEEss=1.0X107% exp (—0.53 eV/k1') cm?/s,

for an interstitial-substitutional mechanism. The
results of Kendall’s calculations (using Hall and
Racette’s data) are in good agreement with Fuller’s
[22] values at the higher temperatures.
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Figure 3. Tracer diffusion coefficients of interstitial %Cu in extrinsic p-type
GaAs as a function of reciprocal absolute temperature.

Data from Hall and Racette [26].

Hall and Racette’s experiments with copper
diffusion into extrinisic n-type GaAs yielded much
different results. Cooper diffusion was much faster
near the surface, with the rate of diffusion becoming
much slower in the interior of the specimen. Larrabee
and Osborne [28] looked at this behavior in more
detail in their study of radinactive #Cu diffusion into
n-type GaAs. In their studies at 815 °C, they found
diffusion profiles that had a slowly diffusing branch
near the surface, and a faster diffusing branch- deeper
in the specimen. An effective diffusion coefficient for
the ®Cu impurities has been calculated for both
branches of the profile [13]. In the slowly diffusing
area near the surface, Degecuve varies from (2-5) %
107" cm?s. More deeply, the effective diffusion
coefficient varies from (1-5) X 10~7 cm?¥s.

Boltaks and Dzhafarov [29] observed the same
behavior (see figure 5) when they diffused radioactive
“Cu into n-type GaAs (electron concentration=3
% 10"/em?; electron mobility=23400 cm?V.s). Their
experiments were limited to only one temperature,
940 °C. Unfortunately, their sectioning techniques
and contact autoradiography methods allowed them
to only estimate the copper impurity diffusion
coefficient (=10"° cm?/s at 940 °C) for the deeper
branch of the concentration-distribution curve.

Room temperature experiments utilizing radio-
active ®Cu yielded diffusion coefficients of the order
of 107 cm?s [38]. Although s novel experimental
technique was employed, the results are in agreement
with the above-mentioned experiments of Hall and
Racette [25-27].

J. Phys. Chem. Ref. Daw, Vol. 6, No. 1, 1977
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Ficure 4. Tracer diffusion coefficients of ¥Cu in GaAs at low copper concentra-
tion as a function of reciprocal absolute temperature.

The upper curve is an extrapolation of Hall and Racette’s data [26]. The lower curve is the result of
Kendall {13] employing his model to Hall and Racette’s data.

It is interesting to note that Larrabee and Osborne
[28] recorded a depression in the *Cu diffusion profiles
in the vicinity of a p-n junction when the copper was
diffused simultaneously with zinc and manganese
(e.g., see figure 6). The magnitude of the depression
and the zone over which it extended varied with the
diffusion conditions of time and temperature. This
pronounced minimum in the copper diffusion profile
and the subsequent uphill diffusion has been explained
by Kendall [13, 37, 39] in terms of an interstitial-
substitutional mechanism similar to that proposed for
the diffusion of copper in germanium [40].

Ultrasonic techniques have been utilized to measure
the impurity diffusion coefficient of copper in undoped
n-type GaAs [33, 34]. A relationship is developed
between the thickness of the diffusion layer, the value

J. Phys. Chem. Ref. Data, Vol. 6, No. 1, 1977

of the “effective’” or “apparent” diffusion coefficient
on the impurity time of diffusion annealing, and the
resonance frequency. It is then possible to measure the
diffusion coefficient of a compensating impurity (in
this case, Cu) in piezoelectric semiconductor materials
through the determination of the frequency charac-
toristios of oloctroacoustic transducers with a diffused
layer. The investigations were directed towards the
determination of an effective diffusion coefficient for
substitutional copper atoms in undoped n-type GaAs.
Figure 7 illustrates the dependence of this effective
diffusion coefficient (at 500 °C) on the arsenic compo-
sition of the crystal-growing melt. The temperature
dependence of the effective diffusion coefficient of
substitutional copper atoms in GaAs is shown in
figure 8.
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These results, obtained through a rather indirect 2.5. Cu-As-In

measurement technique, are in poor agreement with
the earlier-mentioned results obtained by the more
direct methods employing radioactive tracers. The
disagreement probably stems from the inherent diffi-
culties of the non-direct measurement methods
employed. It is also not apparent how the authors
sorted out the complex processes occurring during
~ diffusion to obtain an effective diffusion coefficient for
_ purely substitutional copper. Results obtained from
the radioactive tracer studies should be definitely
favored over the measurement of transducer frequency
characteristics.

The effect of dislocations of the diffusion behavior
of copper in GaAs has been reported [30]. It was shown
quantitatively from photoluminescence and conduc-
tivity measurements that dislocations act as sources
and sinks, respectively, for the diffusion and precipi-
tation of copper in GaAs. At 600°C, a diffusion coeffi-
cient of 5X107'% ¢cm?*s was determined. The results
indicate that copper diffuses much faster along
dislocations than in dislocation-free bulk material.

The impurity diffusion of electrodeposited, radio-
active #Cu mto the semiconducting compound InAs
has been the subject of several investigations [41, 42].

Fuller and Wolfstirn’s investigation [41] extended
over the temperature range 248-506 °C. Boltaks et al.
[42] performed their experiments over a temperature
range 525-890 °C. Despite these markedly different
temperature ranges, the results agree concerning the
value of the activation energy. However, they differ
in' the value of the pre-exponential term of the Ar-
rhenius equation. Both experiments appear to have
been carefully performed and the differences in results
can probably be ascribed to the purity of the InAs
used, as well as the inherent deficiencies in the two
different techniques employed to obtain the copper
concentration-penetration profiles and impurity dif-
fusivn cvefficient caleulativns.

Fuller and Wolfstirn [41] used an InAs crystal
which contained less than 1.0 atomic part per million
of carbon, oxygen, and nitrogen; sulfur, selenium,
tellurium and all metallic impurities were less than
0.5 atomic part per million. The InAs crystal also had

J. Phys. Chem, Ref. Data, Vol. & No. 1, 1977
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the following electrical properties: an electron con-
centration of (1.6-2.0)X10%cm?® (at 298 K), and
(1.4-1.8) X10%cm?® (at 77 K); an electron mobility
of 27,000 (at 298 K) and 58,000 (at 77 K) cm?/V.s.
The density of dislocations was 100/cm?
. Boltaks et al. [42] investigated single crystals of
unspecified purity which possessed the following
electrical properties: electron concentration of (2-60) X
10'%/em?®; cloctron mobility of 14,000 25,000 cm?/V-s
The etch pit density was approximately 10%/cm?
Boltaks et al. diffusion-annealed their specimens in

sealed quartz ampoules filled with argon, whereas
F: uller and Wolfstirn carried out their diffusions in
air.

After the diffusion anneals of Fuller and Wolfstirn,
the copper-penetration profiles were determined from
lapping the surfaces of the diffused specimens parallel
to the diffusion plane and counting the radioactivities
of the grindings. The diffusion coefficient was calcu-
lated (with a “constant-surface concentration”
boundary condition) from a graphical procedure sug-
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gested by Bardeen and described by Fuller and
Ditzenberger [43]. This procedure is employed when
data points are rather far apart becase of the short
half-life of the radioactive isotope (in this case, #Cu).
Figure 9 shows a semi-log plot of the diffusion coeffi-
cient calculated from this procedure versus reciprocal
absolute temperature. For the temperature range in
question, the diffusion of copper in the semiconducting
compound InAs can be expressed by the following
Arrhenius relation:

Diorewity — 3 55X 1073 exp [—0.52 eV/kT] cm?/s.

In the high-temperature studies of Boltaks et al.,
the copper concentrations were determined by auto-
radiography and sectioning as described by Reiss et al.
[44]. The resulting diffusion coefficients are plotted in
figure 10. The temperature dependence of the impurity
diffusion coefficient for these results can be expressed
as:

Dimpurity —2.9% 1072 exp [— (0.544:0.08) eV/kT] cm?/s.
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Ficure 7. Effective diffusion coefficients of substitutional copper in undoped n-type GaAs as a
function of arsenic composition of the crystal-growing melt at 500 °C.

Data from Vasil’ev et al. [34]. -

The entropy and enthalpy terms in the above equa-
tion indicate that copper in InAs is essentially a pure
interstitial with diffusion apparently proceeding with
little or no participation of vacancies. Some of Fuller
and Wolfstirn’s observations indicate that this may be
true down to as low a temperature as 200 °C:

This interstitial impurity diffusion of copper is
typical of the rapid diffusion observed for the noble
metals in III-V compounds and is similar to their
diffusion in elemental semiconductors (e.g., Ge and Si).

2.6. Cu-As-Ni

The preliminary results of a study of the effect of
arsenic (2.7 at.%) on the diffusion of copper in nickel
single crystals has been reported [45, 46]. High-purity
copper (impurity level less than 10 ppm) was vacuum
evaporated onte nickel (impurity level less than 10
ppm,) single crystals containing 10°-10* dislocations
per square centimeter. The gradient of copper concen-
tration in nickel was measured with an electron micro-
probe analyzer. The only result available showed that

arsenic increased the impurity diffusion of copper
(see figure 11).

2.7. Cu-As-Se

A very qualitative study has been made on the dif-
fusion and reactivity of copper on thin films of amor-
phons arsenic triselenide (As.Se.) [47]. Thin films of
copper (several hundred angstroms thick) were
evaporated onto amorphous films (about 500 A thick)
of As;Se;. Diffusion annealing at 60 °C for periods of
up to 26 days indicated that copper was very mobile
in the As,Se;, reacting and forming precipitates in the
film.

2.8. Cu-As-Zn

Accary [48-51] investigated the effect of arsenic
impurities on the rate of diffusion of zinc in a-brasses.
Arsenic impurities (up to 0.25 at.%) were added to
brasses (70 wt% Cu-30 wt% Zn), and the rates of
evaporation andfor condensation were measured in
the temperature range 650-950 °C. The diffusion
coefficients were calculated from weight changes of
the test specimens. Micrometallographic examination

J. Phys. Chem. Ref. Data, Vol. 6, No. 1, 1977
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Ficure 8. Effective diffusion coefficients of substitutional copper in undoped
n-type GaAs as a function of reciprocal absolute temperature from

Vasil’ev et al. [34].

The displayed points represent an estimation of the actual data from the authors’ published graph. Due
to the unusual scale of the published graph, estimates of the temperature coordinates exhibit a large uncer-
tainty. The size of the data points represent the approximate uncertainty in each direction of the

" interpolation.

supplemerted the weight-change measurements. Ar-
senic impurities (up to 0.25 at.Y;) were found to be
responsible for a marked increase in the rate of zinc
diffusion. A typical illustration of this effect is shown
in figure 12.

2.9. Cu-As-X

The impurity diffusion of radioactive copper in
both the crystalline and glassy modifications of
CdGeAs; has been reported [52, 53]. Thé temperature
range of the diffusion anneal in the non-crystalline
modification was 200-400 °C and 300-600 °C in the
unoriented single crystals. Copper diffusion in this

crystalline semiconductor exhibited a linear tempera- -

J. Phys. Chem. Ref. Data, Vol. 6, No. 1, 1977

ture dependence which was described by the following
Arrhenius equation:

DFey=1.6X10"2 exp (—1.05 eV/kT) cm?/s.

Diffusion in the glassy semiconductor is char-
acterized by an activitation energy of 0.75 eV and &
pre-exponential of 3.1X 1073 cm?/s.

It is difficult to assess the reliability of the above
data since experimental details were extremely sketchy
and no errors with regard to precision or accuracy
were reported (although it was stated that all the
copper concentration profiles were either exponential
or satisfied the complementary error-function). No
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Ficure 9. Tracer diffusion coefficients of %Cu in InAs at low temperatures as
a function of reciprocal absolute temperature.

Data from Fuller and Wolfstirn [41].

attempt was made to sort out the rates of copper
diffusion along the different crystallographic directions
since gold and cadmium did not have an orientation
dependence in some preliminary studies by the same
authors.

The authors of the paper did note that copper diffus-
ing in other semiconductors (Si, Ge, PbSe, InSb, etc.)
had diffusion coefficients reasonably close to those
determined in this ternary semiconductor. Activation
energies, though, did differ considerably, being less
than that for diffusion in CdGeAs,. Similar behavior
was exhibited by the other noble metals, Ag and Au.

2.10. Grain-Boundary Diffusion

The grain-boundary diffusion of ™As in copper was
investigated by Klotsman et al. [3] in the temperature

rangé 340-550 © C. Applying Fisher's analysis [54] to
their data results in the following expression for the
grain-boundary diffusion coefficient of ®As in copper:

8- Dgy={(7.913)X107%
exp[—(12.3540.97) keal -mol~Y/RT}cm?/s,
where §=grain-boundary width.

The data have a fair amount of scatter and this is
reflected in the error limits in the above equation.

2.11. Electromigration

The effect of an applied dc electric field on the
impurity diffusion of copper ions in GaAs has been
reported [29]. A thin layer of radioactive *“Cu was
electrodeposited onto single crystals of n-type (electron

J. Phys. Chem. Ref. Data, Vol. 6, No. 1, 1977
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Freure 10. Tracer diffusion coefficients of “Cu in InAs at high temperatures
as a function of reciprocal absolute temperature from the data of

Boltaks et al. [42].

The dashed line is Boltaks’ stated line with Dy=2.2X10~? em?/s, and Q=0.54-0.08 eV. The solid line is
a least-squares line with Do=1.96X10-? cm?/s, and Q=0.56 eV,

concentration=3X10""/cm?®; electron mobility=23400
em?/V.s) and p-type (copper concentrations of 1-5%
10%/cm®) GaAs. Electromigration took place over the
temperature range 820-1000 °C with cwrrent densities
of 556-97 Afem?® for 3-17 minutes. The electric field
was the source of heating. The copper distribution
within the GaAs was determined from a contact
radiography method described by Boltaks [15]. A
typical copper distribution curve is shown in figure 13.
The asymmetry of the curve indicates that the pre-
dominant migration of the copper is towards the
cathode in GaAs. The effective mobilities and the
effective charge calculated for the experimental

J. Phys. Chem. Ref. Data, Vol. 6, No. 1, 1977

results using n-type GaAs are listed in table 3. The
results obtained with heavily-doped p-type GaAs
showed that the radioactive copper migrated in the
form of positive ions as in the case of n-type GaAs, but
the experimentally measured charge of the copper
ions was close to |- 1.

The results obtained indicate that the copper
impurities diffuse mainly interstitially.

Photoluminescence spectra have been taken from
samples of copper-diffused GaAs (doped with zinc)
[85, 55-57]. These spectra have been analyzed to
obtain the kinetics and rate of defect formation during
copper diffusion in Gads.
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Figure 11. Impurity diffusion coefficients of copper in nickel and Ni-As(2.7

at .%) as a funetion of reciprocal absolute temperature from the
data of Helfmeier et al. [45, 46).

Shown for comparison is the Arrhenius equation of Monma et al. extrapolated to these lower
temperatures.
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ARSENIC CONCENTRATION (wt. %)
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Figure 12. Weight changes of Cu-Zn(70-30) alloys containing arsenic as
function of arsenic concentration at 670 °C.

Zine was dynamically evaporated. Data from Accary [48, 49).
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Figure 13, Distribution of #Cu ions in single-crystal n-type GaAs caused by application of a de electric field
at 1000 °C for 11 minutes.

Data from Boltaks and Dzhafarov [29).

TABLE 3. Electromigration of copper in
GaAs. Data of Boltaks et ail.

[29].
T (0 t () Vefs Qeff
(cm?2/V-s)

1000 660 8.5 x 10°5 0.3
950 480 9.9 x 1n-9S 0.4
930 135 7.4 x 1075 0.4
850 1020 4.9 x 10°° -
820 720 9.8 x 10-6 0.6

Yegs is the experimentally measured
" effective ion charge

Fefg is the effective mobility

). Phys. Chem. Ref. Data, Vol. 6, No. 1, 1977
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3. Copper-Bismuth
3.1. Bi*—>Cu

The volume diffusion of copper into bismuth and
bismuth into copper has been little studied (probably
in part due to the disparity in melting points and the
low solubility of copper and bismuth in each other).

Radwan and Lutze-Birk [1] were able to separate
the volume and grain-boundary differential contribu-
tions in experiments where “'Bi was diffused into
copper in the temperature range 250-750 °C. The
experiments relied on a novel technique of concentra-
tion analysis. The method is based on the measure-
ment of x-rays formed in the 8-X conversion process
(in the high-energy portion of the bremsstrahlung
radiation spectrum).

3.2. Cu—Cu-Bi

The reader is referred to section 3.6 for a discussion
of the effect of bismuth vapors on surface self-diffusion
of copper.

3.3. Cu-Bi-Te

The anisotropic diffusion of copper into the semi-
conductor bismuth-telluride (Bi;Te;) has been the
object of several studies [2—4]. Stoichiometric bismuth-
telluride is p-type, and a number of elements have
been tried in order.to convert it to an n-type semi-
conductor. Copper has proved to be a suitable donor
impurity, but has been found (even at room temper-
atures) to diffuse to the surface of bismuth telluride,
thus causing the material to become less n-type.

A marked anisotropy has been observed in the
diffusion of *Cu in Bi;Te; crystals {4]. This has been
attributed in part to its structure. Bismuth telluride
belongs to the D3, (R3m) space group with the basic
unit cell being rhombohedral. In the hexagonal
coordinate system, the rhombohedral [111] direction is
referred to as the ¢-axis. In tables 4 and 5 the diffusion
temperatures, annealing times, and computed diffusion
coefficients for diffusion perpendicular and parallel
to the c-axis are listed. The diffusion coefficients cal-
culated for both directions of penetration as a func-
tion of reciprocal temperature are plotted in figure 14,

The diffusion of copper intv biswuth telluride
perpendicular to the c-axis can be expressed as:

D *=D, exp (—E/kT)=0.0034
exp (—0.21 eV/kT) cm?/s,
and parallel to the c-axis as:

D *=0.071 exp (—0.80 eV/kT) cm?s.
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In view of the limited amount of data at low tem-
peratures, and the possibility of “pipe” diffusion
taking place along dislocations (which themselves
have an anisotropic distribution in Bi,Te;), additional
room-temperature investigations were undertaken {3].

TABLE 4. Tracer diffusion coefficients
of 6%Cu in Bi,Tey perpendicular
to c¢-axis. Data-of Carlson [4].

T (°C) D* (cm2/s)
#1450 ~1.1 x 1074
~8  x 1075

300 4 x 1075
285 =5 x 1075
200 2.0 x 1075
100 ~7 x 10°6
25 ~6 X 1_0'7
9.0 x 1077

~9 x 10°7

4Measured along cleavage surface.

TABLE 5. Tracer diffusion coefficients

of %%Cu in Bi,Tej; parallel to

c-axis. Data of Carlson [4].
T (°C) D* (cm?/s)
500 8.9 x 1077
~ 1.0 x 1077
450 1.8 x 1077
1.8 x 10-7
400 6.0 x 10-8
330 1.3 % 10-8
300 5.2 x 1072
263 2.8 % 1079
250 1.6 x 1079
200 ~ 2 x 19710




DIFFUSION IN COPPER AND COPPER ALLOYS 25

ME TEMPERATURE (°C)
585500 400 300 200 100 50 25
-4 1 |
0 ™ |
]
- 1
)
]
= |
5 ]
- S |
05 !
= 1
i
- 1
]
| _ 1
@ i
L
~N -6 |_ 1
a 0o
3 C -
(8]
- = 1 [ ] D_]_ } -
84cy — BigT
e | o Dby 2'e3 i
w
© 1077 |— ]
[T, —~ —]
w - ]
ul - -
o}
(8]
z = _
% 078 —
) R _
[T
E — —
=y
x | _
-s [
Q 1078 |- =
o L -
F— = —
<
o = i
10710 | —
Toal i | i i i | i N
10 1s 25 30

04T (k7

Fieure 14. Trucer diffusion coefficients of %Cu in Bi;Te; as a functien of
reciprocal absolute temperature.

Measurements were made both parallel and perpendicular to the c-axis, with the resulting anisotropy

being readily apparent. Data from Carlson [4].

An etching technique was used to reveal copper
particles (etch pits) along dislocations in Bi,Te; in
which copper was diffused for a few hours at room
temperature. After a few days, no etch pits were
observed along the dislocations. It is suggested that
the etch pite obeerved after short diffusion timos

represent copper diffusion along the dislocations. It
must be remembered, though, that experiments using
nn etching technique yield only qualitative results.
No precise estimates can be made regarding the
selntive importance of lattice diffusion versus “pipe’”
diffusion at room temperatures.

For the case of diffusion perpendicular to the c-axis,
ihe furge diffusion coefficients would suggest inter-

stitial diffusion. It has been rationalized [4] that for
the fast diffusion in this direction, between the ad-
jacent tellurium layers, copper moves through 2
region of relatively weak electrostatic bonding forces
and large layer spacing. For the case of diffusion in a
dircetion parallel to the ¢-axis, or in any other direc-
tion, the covalent and ionic bonding between bismuth
and tellurium atoms make copper penetration more
difficult.
3.4. Cu-Bi-X

The role of diffusion processes during the homogeni-
zation of Pb-Bi-Ag-Cu alloys was explored by Kostov
[5]. No quantative diffusion data were reported in
this paper.
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3.5. Grain-Boundary Diffusion

The low solubility of bismuth in copper and its
segregation at and in the vicinity of copper grain-
boundaries with resulting embrittlement is well
known. Although this-embrittlement and its mech-
anism has been well studied, see e.g. [6-27], sur-
prisingly little has been done in the way of grain-
boudary diffusion studies. In addition to the before-
mentioned paper of Radwan and Lutze-Birk [i],
only one other very quslitative paper was noted in the
literature [28]. In this paper, high-resolution auto-
radiography was employed to detect the presence of
bismuth in the low-bismuth content alloys. No
quantitative information was reported.

The heterogeneous diffusion of liquid bismuth into
polyerystalline copper has also been studied {28-30].
The results display the importance of the grain-
boundary angle in controlling the diffusion of bismuth

in copper (the higher the degree of misfit, the higher
the diffusion rate).

Applied tensile stresses were found to accelerate
the grain-boundary penetration of liquid bismuth in
polycrystalline copper specimens at 500 °C [31]. With
increasing uniaxial tension, the depth of penetration
increased, although at low stresses some decrease in
the rate of penetration was observed.

3.6. Surface Diffusion

Rhead and his coworkers [32, 33] introduced bis-
muth vapors as s contaminant while measuring the
surface self-diffusion coefficients of copper at 900 °C.
The adsorbed bismuth increased the surface self-
diffusion tremendously (now referred to as “catalyzed
surface-diffusion””) with rates epproaching the order
of 1 cm?s. These “giant” diffusivities perhaps result
from the formation of a quasi-two-dimensional, liquid
surface compound, or possibly the bismuth adsorbate
reacts with the copper substrate to form & surface
compound (or & surface alloy) in which the copper
substrate atoms are less strongly bound thon in a
clean surface. For further discussions of these results,
see references 33-36; and for a thorough review of
this topic and of other possible impurity effects, see
references 37 and 38.

3.7. Electromigration

The electromigration of copper in single-crystal
bismuth-telluride has been measured perpendicular

to the c-axis as a function of temperature for two "

enrrent-densities [2]. At a current density of 150
A/em?, copper transport was always in the direction
of the cathode. At a current density of 250 A/em?,
the motion of the copper was towards the cathode up
to approximately 300 °C. Between 300 and 400 °C,
the copper motion was bipolar. Above 400 °C, néarly
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all the motion was to the anode. There was an anoma-
lous accumulation of copper within the cathode region
and depletion of copper within the anode region.

The bipolar motion of the copper and the concen-
tration anomalies within the anode and cathode regions
may be the result of the layered crystal structure of
bismuth telluride.

3.8. Molten Metals

The reader is referred to section 3.5 for a discussion
of liquid-bismuth/solid-copper interactions.
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4. Copper-Nitrogen
4.1. N—»Cu

No diffusion coefficients have been measured for
nitrogen in pure copper. Diffusion studies have prob-
ably been inhibited by knowledge of the insolubility
of nitrogen .in solid or liquid copper [1-4], or even
chemisorb on copper [5, 6]. Absorption of nitrogen,
if it exists at all, is believed to be minimal [7-9].
Those few early references {10-14| on measurements
in solid copper record no penetration rates. Reaction
of nitrogen gas with solid copper has been reported
as occurring above 900 °C [15]. The formation of a
nitride, Cu;N, has also been recorded [15-22], although
ammonia gas (NH;) was employed rather than pure
nitrogen.
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5. Copper-Phosphorus

Diffusion in the copper-phosphorus binary has been
little studied. Except for a few semi-qualitative inter-
diffusion studies [1-3], no other papers could be
located.

5.1. Cuy-P Interdiffusion

In one of the above-mentioned investigations [1, 2],
pure copper was interdiffused with phosphorus vapor
at temperatures ranging from 350 to 450°. The
principal goal in the experiment was the following of
the diffusion growth of the compound CusP, rather
than the measurement of any diffusion coefficients.

. In tho othor study, copper is packed in powderod

Cu,P and interdiffused in the temperature range
400-800 °C for as long as 200 hours to produce an
alloy of the two constituents.

5.2. Cu-P-Fe

Sirca [4-6] interdiffused copper, containing small
amounts of phosphorus (up to 1.29%) and iron at
temperatures up to 1100 °C. His results indicete that
‘the phosphorus additions minimized the amount of
copper diffusion down the iron grain-boundaries.

The changes in the microstructure of Fe-Cu alloys
induced by the diffusion of phosphorus (from a vapor
phase) at 1950 °C were observed by Claussen [7].
"I'he results were much the same as those observed in
low-carbon steels. Hauk [8] concludes in her review
that phosphorus accelerates copper mobility in steel.

5.3. Cu-P-In

The tracer-impurity diffusion coefficient of %Cu in
the semiconducting compound InP has been deter-
mined in the temperature range 600-900 °C [9].

Radioactive %Cu was either electrolytically or
chemically deposited on the surfaces of n-type InP
(electron concentration n=2.2 to 3.8X10* cm® and
mobility wum=3,700 cm?V.s at 300 K) that was
presumeably single crystalline. The pre-diffusion an-
neals, as well as the diffusion annealing procedures,
are described in detail elsewhere [10-18]. The concen-
tration distribution of %Cu in InP was arrived at via
the technique of Boltaks [14] and, as with the diffusion
of copper-impurity in other semiconducting com-
pounds of the A™ BV type, the usual distribution
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described by the erfe function was not obtained. The
complicated nature of a typical concentration curve
for #Cu-in InP is illustrated in figure 15. The copper

concentration distribution deep in the body of the

specimen can be described by the function, erfe
[X/2(Dt)?], and an effective impurity diffusion coeffi-

cient determined. These values are plotted as a func- .

tion of reciprocal temperature in figure 16. The
temperature dependence of this diffusion coeflicient
can be expressed by the following equation:

Deﬂectlve=3-8><10_3 exp(——069i002 G\T/]Ct) Cm2/s.

The rapid migration of copper in InP certainly
contains a great deal of interstitial character—the
operating mechanisms yet to be exactly determined.

5.4. Cu-P-Si

The phosphorus diffusion gettering of copper in
silicon has been reported [15].

5.5. Cy-P-Zn

Over a period of years, Accary has published a series
of papers [16-20] describing his experiments on the
role of trace amounts of phosphorus impurities on the
diffusion processes in a-brasses.

In a 70/30 alloy of Cu-Zn, the addition of 0.005 to
0.1 at.% phosphorus resulted in increased weight
losses (zinc evaporation) and porosity in specimens
annealed at 780 °C [17-20]. The data obtained from
these evaporation (and condensation) experiments
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led Accary to conclude that phosphorus additions
incréased the self-diffusion rate of zinc in his alloys.

Interdiffusion experiments were also performed
[16, 20] at 800 °C with couples constructed of copper
(containing 0.015 to 1 at.% P) and brass (containing
approximately 30 at.% Zn and 0.015-0.060 at.%, P).
Diffusion couples were also constructed of phosphorus-
free alloys for comparison. In all configurations, marker
motion was toward the brass side of the couple,
although the size of the Kirkendall effect appeared
to be quite dependent on phosphorus content in the
metals used to construct the couple.
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6. Copper-Antimony
6.1. Sh*—Cu

The rate of diffusion of antimony in copper single
crystals (99.999, purity) was messured over the tem-
perature range 600-1000 °C by means of a sectioning
technique employing the *Sb radioisotope as a tracer
[1]. The temperature dependence of the diffusion co-
efficient closely followed the Arrhenius relation:

D¥*=(0.34+0.12) exp|— (42.040.7)
keal mol~Y/RT] cm?/s,

BUTRYMOWICZ, MANNING, AND READ

and the quoted errors correspond to 90% reliability
limits. The results are summarized in the graph (figure
17) of D vs. 1/T. Additionally, plots of the In (specific
activity) vs. (penetration depth)? and In D vs. 1/T
were linear, indicating the absence of any extraneous
diffusion processes.

Measurements of the impurity diffusion of antimony
in copper [2] (made with the assistance of an electron-
microprobe analyzer) in the temperature range 700—
850 °C are in good agreement with the above-men-
tioned tracer data [1].

A very careful autoradiographic study [3, 4} over
the temperature range 560-896 °C produced results
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Ficure 17. Tracer diffusion coefficients of %Sb in single-crystal copper as a

function of reciproeal absolute temperature.

Data from Inman and Barr {1].
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which are in good agreement with the results obtained
from mechanical sectioning [1] and chemical sectioning
15]. In the autoradiographic experiments performed at
low temperatures (540-630 °C) and with small pene-
tration depths, anomalously low values of the diffusion
coefficient were obtained [3, 5] when compared to the
results of mechanical sectioning [1] extrapolated to
these lower temperatures.

To clarify this disagreement, a technique of chem-
ical sectioning was developed by which sections down
to 1 pym thick could be removed from the surface of
copper single crystals [5]. By means of this technique,
diffusion coefficients for *Sb diffusing into single
crystals of 99.999, copper were obtained using diffu-
sion depths of only 10 to 15 pym and an accuracy to
+129%,. Temperatures ranged between 540 and 600 °C.
Although the experiments were carefully performed,
only three samples were used. Three additional
samples were used, but with a strain applied to see if
there was .any enhancement of diffusivity. No en-
hancement, was observed, and these data (corrected
for the longitudinal-strain condition) are plotted in
figure 18 with those samples used without strain.

33

It is apparent that when one compares the results
obtained from mechanical-sectioning techniques with
those from chemical-sectioning experiments involving
small diffusion depths, there is a considerable differ-
ence in the diffusion coefficients. Whether this dif-
ference is real or not, might be questioned because of
the difficulty of performing the chemical-sectioning
experiment and the few samples used. However, in
view of the apparent care used in performing the
experiment, this difference very likely is real, indi-
cating a negative enhancement for diffusion near the
surface. Whether this enhancement is due to & vacancy
deficiency in the region of the free surface or to some
other condition, is still open to question.

An early autoradiographic study [6] yielded some-
what poorer data. Using single crystals of high-
purity copper (09.9987 wt%,) over the temperature
range 700-900 °C, the plot shown in figure 19 was
obtained from the average values of the results. The
diffusion coefficient was expressed as:

Dgprrca=35.5 expl— (48.240.5) kcal-mol~*/R T'] cm?/s.
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Ficure 19. Tracer diffusion coefficients of #Sb in single-crystal copper by
autoradiography as a function of reciprocal absolute temperature
from the data of Gertsriken and Revo [6].

The dashed line is the authors’ stated line with Dy=385.5 cm?/s, and Q=48.2 keal/mol. The solid line is &
least-squares line with Do=34.77 cm?¥fs, and Q=47.6 keal/mol.

The value of the pre-exponential seems to be high, as
well us Lhe value for the activation energy. This
disparity in values with those obtained for other im-
purities diffusing in copper makes one wonder if a
serious experimetal error took place.

At the single temperature of 390 °C, a determina-
tion has been made by Heumann and Heinemann [7]
using a tracer-sectioning technique. They reported an
average value of 2.9X 107" ecm?/s for the Sb diffusion
coeflicient.

Electromigration and strain-enhanced diffusion of
antimony in copper are discussed later in sections
6.13 and 6.15 respectively, of this Cu-Sb system.

J. Phys. Chem. Ref. Data, Vol. 6, Ne. 1, 1977

6.2. Cu*—-Sh

Only one reference could be found for the diffusion
of #Cu in pure antimony, that of the previously-
mentioned study of Heumann and Heinemann [7].
The measurement was made concurrent with the
other determinations in alloys at 390 °C and utilized
a tracer-sectioning technique developed first by
Steigman and co-workers [8]. Short diffusion times
(5.2 and 8.2 hours) coupled with low annealing tem-
tures limited the accuracy of the measurements. An
average, tracer diffusion coefficient of =107 cm?s
was reported.
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6.3. Sh*—Cu-Sh

Concurrent with their measurements in pure metals,
Heumann and Heinemann made multiphase diffusion
studies {7]. Radioactive #Sb was diffused into alloy
specimens whose compositions varied from 31.5 to
48.6 wt9, antimony (see table 6) at a temperature of
390 °C. The equilibrium diagram at these compositions
and temperatures is complex, possessing a number of
phases which exist over a limited composition and
temperature ranges. At the time of their study (1956),
the authors denoted the existence of three separate
phases at that temperature and in that composition
range. Tracer diffusion coefficients were measured in
each of the three single-phase regions, labeled §(31.5
wt% Sb), «(38.2 wt%, Sbh), and v(48.6 wt9], Sb).
Accurate measurements were made difficult by the
relatively low temperatures of the diffusion anneals
and resultant short penetration distances, brittleness
of the intermetallic phases, polycrystalline specimens,
etc. In spite of these experimental difficulties, the
authors were able to arrive at values for the antimony
tracer diffusion coefficients. The average values
calculated from several experiments are listed in
table 6, along with the results obtained in the pure
metals for comparison. Although the authors report
no errors, they had to be considerable.

TABLE 6. Tracer diffusion coefficients
of 12%8b in some phases of the
Cu-Sb system at 390 °C. The
values listed are the average of
several experiments. The re-
sults for pure metals are also
shown for comparison. Data
from Heumann and Heineman [7].
Phase Composition D&, (cm2/s)
(wt% Sb) ’
Cu 0 2.9 x 10-13
5 31.5 3 x 10711
K 38.2 3.1 x 10710
Y 48.6 2.7 x 1079
Sb 100" 1.5 = 10711

6.4. Cu*~->Cu-Sh

Concurrent with the measurements made with '#8b
{see the previous section, Sb*—Cu-Sb), Heumann and
lleinemann [7] followed the tracer diffusion of #Cu
in alloys of the same composition of the Cu-Sb
binary (see table 7). Because of the short half-life of

TABLE 7. Tracer diffusion coefficients
of ®%Cu in some phases of the
Cu-Sb system at 390 °C. The -
values listed are the average
of several experiments. The
results for pure metals are
also shown for comparison.
Data from Heumann and Heineman
(71.
Phase Composition Dé (cm?/s)
(wt% Sb) v
Cu 0 ~ 107 14
§ 31.5 4 x 10710
K 38.2 7 x 1078
Y 48.6 ~ 1079
. Sb 100 3 x 107190
the copper isotope, the experimental technique

developed by Steigman, Shockley and Nix [8] was
employed, and short diffusion anneals (maximum 8.2
hours) were required. This, as well as the other
difficulties mentioned previously, all contributed to
reduced accuracy in the final values of the coefficients.
The average values (calculated from three determina-
tions) are listed in table 7 along with data obtained
from their experiments with the pure metels.

More recently Heumsann and -his co-workers [9]
measured copper self-diffusion coefficients in the
high-temperature B-phase (CusSb) of the Cu-Sb
system. The composition range extended from 21 to
29 at.9, Sb. The temperature of the study varied
from 520 to 630°C. Gruzin’s sectioning technique
[10] was employed. The extraordinarily high tracer
diffusion coefficients they obtained are plotted in
figure 20 as a function of reciprocal absolute tempcr-
ature. The straight line is a least-squares fit to the
data. The frequency factors and activation energies
for the appropriate Arrhenius expressions describing
these straight lines are given in table 8 along with the
author’s estimated errors.

The composition dependence of the diffusion co-
efficient of #Cu is illustrated in figure 21.

The authors attribute the high %Cu mobility (and
composition dependence of the activation energy) to
the defect structure of 8-Cu,Sb.

6.5. Cu-Sb Interdiffusion

Interdiffusion investigations in the Cu-Sb system
have been largely directed at following layer-growth
in the diffusion zone [7, 9, 11-16]. The earliest work,
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TABLE 8. Arrhenius parameters for the
tracer diffusion of ®%Cu in
8-Cu3Sb. Data from Heumann
et al. [9].

Cu-Sb Alloy Dy (ecm?/s® Q (kcal/mol)

(at.% Sb)
21 8.57 x 10°%  10.46 + 1.34
25 1.99 x 10°"% 7.26 + 1.01
29 1.36 x 107" 5.80 * 0.87

a .

Pre-exponential values decreased by 10-!
so as to agree with the authors' plotted
data in figure 20.

that of Weiss [11-13], yielded no diffusion coeflicients.
Subsequent study in thin films [14] gave results in-
consistent with more recent investigations.

Interdiffusion experiments were performed at 593
°C within the high-temperature B-phase (CusSb) of
this binary [9]. Couples were constructed of alloys
containing 20.6 at.9% Sb and 28.1 at.%, Sb. Concentra-
tion-penetration curves were determined with the
aid of an electron microprobe analyzer. Partial dif-
fusion coeflicients for copper were calculated (using
Heumann’s method [17]) for a concentration of 25.3
=+ 0.2 at.%, Sb. These are plotted in figure 22 as a function
of reciprocal absolute temperature. A straight line
was fitted to the data by the least-squares method,
and an activation energy of 5.67 +0.92 kcal/mol was
calculated.

In addition to their tracer experiments at 390 °C,
Heumann and Hoeinemann [7] performed ascveral inter-
diffusion experiments which allowed them to calculate
& partial diffusion coeflicient for copper in the g-phase

(37.9-39.6 wt% Sb) of 4X1077 cm?s. The inter-

diffusion coefficient in the B-phase was 1.3X10°7
cm?s, and in the y-phase (Cu,Sb), 6.9X 107 cm¥/s.

Interdiffusion between pure copper and antimony
under a compressive stress has also been examined
[7, 15, 16] and is discussed later in section 6.15 dealing
with stress-enhanced diffusion.

6.6. Cu-Sh-Ag

An early study of both volume and grain-boundary
diffusion of silver in Cu-3b alloys found that the
silver mobility was enhanced with increasing antimony
additions to the alloy [18, 19]. Polycrystalline silver
wires were inserted into the core of the Cu-Sb speci-
mens to form interdiffusion couples. The Cu-Sb alloys
contained from 0.003 to 4.72 wt9%, antimony and were

J. Phys. Chem. Ref. Data, Val. 6, No. 1, 1977

of varying grain size. The diffusion anneals took place
between 630 and 700 °C, ranging in time from 69 to
101 hours. After quenching, the microstructure and
width of the interdiffusion zones were examined
micrometallographically. From their observations the
authors concluded that the mobility of silver within
the Cu-Sb alloys increased with increasing percentage
of antimony, as well as with decreasing grain size.
Interdiffusion zone widths were found to increase
correspondingly. In those experiments utilizing high
antimony contents (=4.7 wt%), it was found that
grain-boundary diffusion contributions of silver drop-
ped off due to increased volume diffusion.

" The addition of 0.25%, antimony (unspecified, but
quite probably wt%,) to copper will speed up the rate
of diffusion of radioactive silver in the alloy grain-
boundaries at 650 °C when compared to pure copper
[20]. The antimony alloying addition appeared to
alter the orientation dependence found for pure-
copper specimens [21].

6.7. Cu-Sh-Al

The interdiffusion characteristics of the ternary
system Cu-Al-Sb were studied qualitatively by Kelly
[22]. No interdiffusion coefficients were determined.
In these experiments a Cu-Al(11.4 at.%) alloy was
diffused with a Cu-Sb(0.62 at.%,) alloy. After heating
at 900 °C, visible “bands,” normal to the direction of
diffusion and parallel to the interface, were observed.
A mathematical model based on the maximum rate
of change in concentration of the diffusants was
offered to describe the phenomena.

In the semiconductor area, radiedctive *Cu has
been diffused into the semiconductor compound AlShb
in the temperature range 150-500 °C [23]. Although
there was appreciable scatter in the data, an activa-
tion energy {0.36eV) and pre-exponential factor
(3.5X10~* cm?®/s) was determined. The copper tracer
diffusion coefficients are plotted in figure 23 as a
function of reciprocal absolute temperature. Although
the activation energy for diffusion is quite low, it is
typical for the diffusion of copper (and other impuri-
tics) whosc diffusion propertics possess somi-intorstitial
character.

6.8. Cu-Sb-Fe

The addition of antimony (up to 8%,) to copper was
found to hinder copper interdiffusion when the alloys
were interdiffused with pure iron at 1000 °C [24, 25].
The decelerating effect increased with increased anti-
mony content. There appeared to be little or no
effect of the antimony on the migration of copper in
the iron grain-boundaries.
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Figure 20. Tracer diffusion coefficients of %Cu in g-Cus;Sb as a function of
rociproeal absolute tempcerature.

The plotted data points are from interpolation of the authors’ graphs. The lines are the authors’ quoted
values with a correction, as noted in table 8. Data from Heumann et al. (9].

6.9. Cu-Sh-Ga

The tracer diffusion of copper in tellurium-doped,
p- and n-type GaSb has been reported for the tem-
perature range 470-650 °C [26]. Vapor pressure of the
antimony was maintained at approximately one atmos-
phere above the specimens during diffusion. The
complex concentration profiles of the #Cu were deter-
mined by conventional sectioning of the specimens. A
higher %Cu concentration was noted in the surface
Inyers, with the bulk portion of the *Cu distribution
described aptly by the erfe function. The author draws

astraight line through his four experimental points and
deseribes it with the following Arrhenius expression:

Dy*=4.7X 10 exp (—0.90 eV/kT) cm?/s.

No errors were specified.

Electromigration experiments [27] were performed
with the same specimens in the same temperature
range (450650 °C). In the tellurium-doped and
zinc-doped n-type crustals, *Cu migrated preferen-
tially towards the cathode. In contrast to this behavior,
#Cu migrated towards the anode in zinc-doped p-type

J. Phys. Chem. Ref. Data, Vol. 6, No. 1, 1977
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The plotted data points and curves are interpolated from the authors’ original figure. Data from

Heumann et al. [9].

crystals - of GaSb. Similarily performed experiments
with undoped p-type crystals yielded the same migra-
tion direction (toward the anode) for the radioactive
copper. This migration behavior of copper is not
typical and differs from what has been found for the
clootromigration of other group I and II impurities
in III-V compounds.

The interdiffusion characteristics of the ternary
system Cu-Ge-Sbh was studied qualitatively by Kelly
[22]. No interdiffusion coefficients were measured. In
the experiment, a Cu-Ga(12.9 at.%) alloy was diffused
against a Cu-Sb(l at.%) alloy. After a diffusion
anneal at 900 °C, visible “bands,” normal to the
direction of diffusion and parallel to the interface,
were observed. A mathematical model based on the
maximum rate of change in concentration of the dif-
fusants was offered to describe the phenomena.

J. Phys. Chem. Ref. Data, Vol. 6, No. 1, 1977

6.10. Cu-Sh-In

Studies in this ternary systew have been limited to
investigations [28, 29] concerned with the III-V
semiconducting compound InSb and the diffusion of
copper tracer atoms in it.

The first of these studies [28] utilized not only radio-
tracers, but also incremental sheet-resistivity tech-
niques [30]. It was found that the measured diffusion
coefficients were very structure-sensitive, as well as
being dependent on specimen history. Single crystals
of n-type (electron concentrations of 310 to 1X10%
em™ at liquid-nitrogen temperatures) InSb and p-type
(13X 10" ¢m™ hole .concentration) InSb yielded identi-
cal diffusion results. Radioactive #*Cu was electro-
plated on (111) and (113) planes with no apparent
effects on the diffusion behavior. The dislocation den-
sity in the plane surface was determined by counting
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etch pits. Diffusion annealing occurred over the tem-

perature range 200-500 °C (43 °C). The combination
of both the incremental sheet-resistance and radio-
active-tracer techniques revealed that copper has sub-
stitutional as well as interstitial properties in InSb,
entering the crystal at a rapid interstitial rate and
reacting readily with vacancies. In view of this non-
Fickian behavior (e.g., figure 24), the data have to
be interpreted in terms of four different diffusion
mechanisms.

An ““apparent” diffusion coefficient for Cu in. InSb
cun be valeulated for a dissociative diffusion process
{4111 which both interstitial and substitutional cop-
pir- take part. A plot of this “apparent” diffusion
#acilicient, D, versus reciprocal temperature is shown
ywrdigure 25, This dissociative diffusion process has an
arfivation energy of 1.08-40.08 eV, and a D, between
#7* and 107% e¢m?s. This dissociative mechanism is
“united by vacancies diffusing in from the surface.
‘Fhe experimental points at the lower temperatures
swtelatively inaccurate because of the rather shallow

p-n junctions -obtained and the inhomogeneities i1 :he
starting-material resistivity. These experiments re-
vealed that the apparent diffusion coefficient of copper
in InSb is highly structure-sensitive (see figure 26,
for example), as well as being dependent on the history
of the specimens. Diffusion in crystals containing 10°
dislocations/cm? is 5 orders of magnitude faster than.
in dislocation-free and annealed specimens. For the
dislocation-free specimens, the following expression
has been determined [32] and is applicable for the
diffusion of #Cu impurities in InSb:

Dettective=9.0X10"* exp(—1.08 eV/kT) em?/s.

An “effective” diffusion coefficient for copper in
InSb has also Leen determined [29]. Utilizing single
crystals of n-type InSb (having an electron density
=~10%/cm?, & mobility of =3X10° em*V.s at 77 K,
and a dislocation density of =10¢cm?), radioactive
#Cu was diffused into the crystals at temperatures
from 230 to 490 °C. The distribution of the #*Cu was

J. Phys. Chem. Ref. Data, Vol. 6, -Ne. 1, 1977
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determined by counting the activity in successive
layers of the specimen, as well as by autoradiography.
A complex concentration-dependence was found.
Detailed study of the concentration dependence deep
in the crystal could be described by a function close
to the error function, and thus a diffusion coefficient
could be calculated. Using the autoradiographic data,
effective diffusion coeflicients were determined and
are plotted as a function of reciprocal temperature
in figure 27. The temperature dependence of this
diffusion can be expressed as:

Dettective=3X107% exp (—0.37 eV/kT) cm?/s.

The results of these two investigations at first
glance seem to differ—the latter study yielding tracer-
impurity diffusion coefficients higher than the former.
"I'he values for the coefficients can be viewed as being
in reasonable agreement when the dislocation densities
and the accuracy of the measurements are considered.
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The genuine diffusivity of substitutional copper in
InSb has not been determined, but it is thought
likely to be similar in order-of-magnitude to the self-
diffusion of indium in InSb (D msp=10"% cm?fs
at 480 °C) [33].

6.11. Cu-5h-Zn

The diffusivity of '#Sb in single crystals of Cu-Zn
(B-brass: 47-48 at.%, Zn) has been measured over the
temperature range 351-594 °C by tracer sectioning
techniques [34]. The diffusion coefficient is strongly
dependent on the degree of long-range order at tem-
peratures below 468 °C (the critical temperature)
and only slightly dependent on the degree of short-
range order at higher temperatures. The Arrhenius
equation is obeyed only in the fully disordered phase,
and the diffusion coefficient is given by:

Dg,*==0.08 exp(—23.5 keal-mol~*/RT’) cm¥s.
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Figure 24. Distribution of #Cu in an InSb unannealed single-crystal sample at
480° C for 30 minutes analyzed by two different techniques.

Data from Stocker (28]

The temperature variation is seen in figure 28. The
diffusion coefficients are estimated to be accurate to
about +5%, with the major error being in the de-
termination of the penetration depth. Some of the
scatter in the data might also be attributed to the
variation in the chemical composition in the specimens
used.

When compared to the rates of diffusion of the other
constituents, it was fonnd that the antimony tracer
diffuses at a rate greater than either copper or zine in
the disordered phase, and at a rate equal to that of the
zine in the ordered phase.

Somwe investigations [35~41] have found that radio-
active-zine diffusion in polycrystalline brass specimens
is increased with antimony additions. All these in-
vestigations were of a qualitative nature, and no dif-
fusion data were obtained.

6.12. Grain-Boundary Diffusion

The grain-boundary diffusion of '*Sb in tracer
amounts into 45° copper hi-crystals has been measured
over the temperature range 605-720 °C [4]. Autoradi-
ography was employed in making the quantitative
measurements. The technique [3] follows the spread

of the image of the diffusion zone (caused principally
by the energy of the radioactive .tracer) and then
matches the experimental density-traces to computed
curves. From the density maps of the grain-boundary
region, concentration-distribution contours can be
determined and grain-boundary diffusion coefficients
calculated (using Suzuoka’s mathematical exact solu-
tion for thin-source conditions). The grain-boundary
width was assumed equal to 531078 em, and the grain-
boundary diffusion coefficients are plotted versus the
reciprocal absolute temperature in figure 29, and
listed in table 9 along with some other pertinent
numbers.

The straight line the author fits to his data is given
by the expression:

Dygp=(231%) exp[— (21 +3) keal-mol~YRT] em?/s.

The errors shown above (and in table 9) are the
author’s quoted values. Comparison of results obtained
from two specimens annealed at the same temperature
also indicates a measure of accuracy. With lower ex-
perimental temperatures, the combined errors increase
markedly.

There is linearity in the Arrhenius plot over most of
the temperature range, with a positive departure at
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TABLE 9. Grain-boundary diffusion coef-
ficients of 12%Sb in copper
bi-crystals witha 45° misorien-
tation. Data of Renouf [4].

v [} 2 B

T (°C) ng (ecm?/s) ng/Dvol

721 (6.7 + 1.6) x 10-% 3.0 x 10°
720 (6.3 + 1.6) x 10-*% 3.0 x 1068
700 (6.0 = 1.2) x 10-% 5.0 x 108

(4.4 £ 1.2) x 10-*% 3.5 x 106
630 (4.2 + 1.2) x 10-% 5.0 x 106

(4.0 £+ 1.2) = 10-* 5.0 x 108

(3.2 £ 0.6) x 10-* 8.2 x 1068
650 (2.8 + 0.6) x 10-% 7.3 x 10®
626 (2.7 + 0.8) x 10-* 1.3 x 107
605 (2.3 = 0.6) x 10-*% 1.9 x 107

the lowest temperatures. Reasons for this low-
temperature enhancement are not known, although
the results are consistent with experimental results
he obtains for metals (*°Ag, ®Ni) diffusing in copper
grain-boundaries.

The grain-boundary diffusion of silver in copper
antimony alloys is mentioned in section 6.6 on Cu-
Sb-Ag alloys.

6.13. Electromigration

The electromigration of antimony impurities in
copper has received attention from a number of
investigators using a variety of techniques [2, 42-49].
All the data indicate that antimony was. transported
in the direction of the anode, and a variety of effective
charge-numbers have been reported.

Although Kuzmenko and co-workers [42, 50] were
able to calculate impurity diffusion coefficients for
'S from their experiwental duta, they unlfortunately
relied on a comparison with some less reliable data
(that of ref. 6) for determining their experimental
temperatures.

Guilman and co-workers [49] followed the electro-
‘migration of radioactive '¥Sb in copper over the
temperature range 850-985 °C, obtaining an activa-
Won energy of about 41 kecal/mol, in good agreement
with the tracer data of Inman and Barr [1].

Hehenkamp {2, 47, 48, 51-54] has pointed out the
importance of knowing the concentration dependence
of the diffusion coefficient in electromigration studies
involving the Cu-Sb system. He has shown that it
# 1ncorrect to assume constant migration velocities
stiwl  concentration-independent mobilities in solid
solutions containing as little as 0.1 at.% Sb. In his

experiments, he has relied on the electron-probe
microanalyzer to follow the electromigration of the
elemental species, rather than a radioactive tracer.

Grimme {46] followed electromigration in Cu-
Sb(0.3 at.%) alloys and obtained results consistent
with those reported by Hehenkamp (see above).

In a resistuinetric study [45~45] of electrumigralion
in dilute solid-solutions of Cu-Sb(1.0 at.9}), the
changes in solute concentration are determined by
comparative resistance-measurements, An “effective”
diffusion coefficient and an ‘‘apparent” activation
energy were calculated. In their calculations, the
authors [43] failed to note that for impurity diffusion
the drift mobility does not reduce to 1/{correlation
factor). Since large errors can be made if the Lidiard-
LeClaire expressions for 1/(correlation factor) for
impnrity diffusion is substituted for the drift mohility
[55], the calculated values of gg,* in this paper may
be considerably in error.

In contrast to the above discussions dealing with
terminal solid-solutions are the electromigration inves-
tigations in the p-phase (Cu,Sb) undertaken by
Heumann and Meiners [56]. Specimens containing
20.7 and 28.2 at.9, antimony were subjected to
currents of 1370-3132 A/em? (temperature of 507—-598
°C). Copper was transported to the cathode at very
high rates, whereas the mobility of the antimony
was very small—undetectable under the experi-
mental conditions employed by the authors.

For a discussion of electromigration of %Cu in
tellurium-doped and zine-doped n-type GaSb crystals,
see section 6.9 on Cu-Sb-Ga.

6.14. Thermomigration

The thermomigration of antimony impurities in
copper has been the subject matter of several papers
[47, 57]. Both groups found an enrichment of the
Sb-impurity on the hot side and, therefore, negative
apparent heats-of-transport. The size of this value
is in question. Reasons for the discrepancy are not
readily apparent, although it may be due in part to
the experimental techniques (stationary redistribu-
tion of the Sb present in tracer amounts in a linear
temperature gradient [57] versus an electron-
microprobe determination of a steady-state profile
[47]) and/or the contributions (e.g., model electronic,
Thomson field, correlative effects, etc.) which make
up the apparent heat-of transport.

6.15. Strain-Enhanced Diffusion

Two experiments [5, 58] have been performed to
determine the effect of strain on the tracer diffusion
of 8b into copper. Both found a negative result for
the enhancement of tracer diffusivity with strain.

Inman [58] used polycrystalline tapered samples
deformed in creep at 652 and 805 °C. The low strain
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rates used in his experiment probably would have not
revealed any effect that might have been present.
His results are summarized in table 10.

TABLE 10. The effect of tensile strain-
rate on the !2%Sb tracer
diffusion coefficients in
copper. Data of Inman [58].

T (°C) Strain Rate D* (cm?/s)

(1077/s)

0 1.0 x 107°
805 0.1 9.9 x 10710

2.3 9.4 x 10710

] 4.4 x 10711

0.4 6.5 x 10711
652 1.0 4.7 = 10”1

1.6 6.4 x 10”11

5.0 5.2 x 10711

In the most-recent tracer study [5] single crystals
- of 99.999, pure electrolytic copper were grown in the
shape of rectangular tensile specimens—the orienta-
tion of the crystals being such as to produce duplex
slip from the beginning of strain. The results obtained
are given in table 11, and plotted in figure 18 (see
section 6.1).
TABLE 11. The effect of longitudinal
strain-rate on the 1248b
tracer diffusion coefficients

in single crystal copper at
594 °C,

Strain Rate D* (cm?/s)
(1078/s) '

20 2.3 x 10711

4 6.9 x 10°12

3 4,6 x 10712

Stress-enhanced interdiffusion in couples constructed
of pure copper and antimony has been observed by
Heumann and Heinemann [7] and by Behera and

J. Phys. Chem. Ref. Data, Vol. 6, No. 1, 1977

Data of Barr ct al. [5].

Brown [15]. The application of a compressive stress
led to an apparent growth-rate in their multiphase
diffusion couples at 390 °C.

The results are conflicting as to the role of the

- compressive stress in the nucleation of the phases

Cu,Sb and CusSb.

Heumann and Heinemann [7] found that with the
application of pressures less than 570 psi (39.3 N/m?
or pascals), only the Cu,Sb phase formed in the inter-
diffusion zone. At pressures greater than 570 psi, a
second phase, CusSb, formed. The Cu;Sb phase formed
after an incubation period and grew at a faster rate
than the Cu,Sb phase. A three-stage growth curve was
observed for the phase Cu,Sb.

Behera and Brown [15] repeated the above experi-
ments at 390 °C and found that interdiffusion in-
creases with stress, with the growth rate of the Cu,Sh
phase above the limiting stress of 400 psi (27.6 N/m?
or pascals), approximately 709, greater than at zero
psi. Electron-microprobe analysis and X-ray diffrac-
tion. revealed the presence of CugSb and CugSb
together in the interdiffusion zone. Both phases were
present at the lowest applied stresses. Growth-rate
curves indicated that diffusion wae controlling at all
stresses. No multi-stage growth curve was found for
the phase Cu;Sh.

Both groups observed a nucleation time for the
CusSb phase, but Behera and Brown [15] found the
time to be shorter and the nucleation occurring at
much lower stresses than found by Heumann and
Heinemann [7].

The disappearance of CusSb in a low-stress anneal
following a high-stress anneal was found by both
groups (although differing stresses are involved).

Kirkendall-marker experiments described in each
of the papers [7, 15] indicated that copper was the
diffusing atom. _

It is difficult to assess the reasonsfor the discrepan-
cies in results of the two groups. No doubt some of
the differences may be attributed to the slightly
differing experimental techniques. Heumann and
Heinemann’s diffusion anneals took place.under semi-
hydrostatic pressures, whereas Behera and Brown’s
applied loads were purely compressive (and stresses
kept below 1000 psi (68.95 N/m?, or pascals) to avoid
creep).

6.16. Moliten Metals

The diffusion of radioactive imputities (less than
5% 107 at. %) of antimony in liquid copper over the
temperature range 1100-1300 °C has been measured
[59]. A modified capillary-reservoir method was
employed as the experimental technique. The authors
found (within the limits of their experimental errors)
a linear relation between log D and 1/T and were able
to calculate (using a least-squares method) an apparent
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activation energy and pre-exponential term. Their

Arrhenius expression for the process is:

liquid
Dy Sh—Cu

=2(2.5,X 10%) exp [—(12.5+£0.3) kcal-mol—/R7] cm?/s.
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