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that in discussing Ii „it has been assumed that the
It„' and %l„l form complete orthonorrnal sets, whereas
in the case of F, it is desired to permit the sets {P„'}to
be incomplete. Such an incomplete set can be con-
structed by omitting from a complete set certain func-
tions f,'. Now let F „be computed using for the P's
nonoptimal values: zero for the P's corresponding to

the omitted f's, and for the other P's solutions of Eq.
(2.10) as constructed with the incomplete set of f's.
Use of these nonoptimal values yields (F,)s, but cer-
tainly increases the value of Ii „.Finally, use of non-
optimal values of the P s in computing P, yields

F.~& (F.)s ~& (F -)s &~F.
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The experimental variation of the diffusion coeiTicient D with Zn concentration C, has been determined
at, 1000, 900, 800, and 700 C from radioactive "Zn diffusion profiles by a Boltzmann-Matano analysis.
With interstitial Zn as the dominant diffusing species and its concentration controlled by the interstitial-
substitutional equilibrium in which the singly ionized interstitial donor reacts with a neutral Ga vacancy
to form a singly ionized substitutional acceptor and two holes, the effective diffusion coefficient is described
by D=D*CQYo't 1+(C./2~~)(dYo/dC, )], where Y~ is the hole activity coefficient. The term D~ equals
2D;/&ipA, 4'i', where D; is the interstitial diffusion coefficient, 1Cr the reaction equilibrium. constant, and
pA„ the As4 pressure The re.lationship between Y„and the Fermi level Er is given by Y„=(A/p)exp(Er/kT),
where 3 is a constant dependent only on temperature and P is the hole concentration. This derivation for
D has extended previous analyses to include both the built-in Geld and the nonideal behavior of holes which
occurs when the impurity level broadens into an impurity band and merges with the valence band to form
impurity-band tails at high Zn concentrations. The observed nonmonotonic dependence of t4e Zn diffusion
coefficient on its concentration is a consequence of the nonideal behavior of holes at high concentrations.
Quantitative comparison of D with the experimental concentration dependence has permitted the deter-
mination of y„and Ef as functions of the hole concentration.

I. I5'TRODUCTION
' ~ROM the study of Zn diffusion in GaAs by Cunnell

and Gooch, the noncomplementary error function1

shape of the Zn-concentration —versus-distance curves
was clearly demonstrated. The resulting diffusion

coefficients as a function of Zn concentration revealed
a concentration-dependent diffusion coeKcient (see
Ref. 2 and Sec. III B for a description of the determina-
tion of the diffusion coeKcient D from the diffusion

profile by the Boltzmann-Matano method). Longini'
contributed significantly to the understanding of the
diffusion mechanism by suggesting an interstitial-
substitutional model in which the more rapidly diffusing
interstitial donor dominates the diffusion process at
high-substitutional concentrations. Weisberg and Blanc4

'I'. A. Cunnell and C. H. Gooch, J. Phys. Chem. Solids 15,
127 (1960).

sP. G. Shewmon, DsJfgsjors sN Solids (McGraw-Hill Book
Company, Inc. , New York, 1963), p. 28.

3 R. L. Longini, Solid State Electron. 5, 127 (1962).' L. R. 97eisberg and J. Blanc, Phys. Rev. 131, 1548 (1963).

considered the interstitial-substitutional diffusion sug-
gested by I ongini for a fully ionized substitutional
acceptor and the interstitial species as either (a) neutral,
(b) a single donor, or (c) a double donor. They found
that the singly ionized interstitial donor gave the best
fit to the 1000 'C diffusion profiles of Cunnell and Gooch,
which meant that the diffusion coefficient varied as the
square of the substitutional Zn concentration.

It should be noted that in their diffusion experiments
Cunnell and Gooch used a two-zone heating system to
reduce the vapor pressure of the Zn (which also reduces
the partial pressure of arsenic vapor species), and
obtained diffusion profiles only for surface concentra-
tions between 2 and 8&(10"cm ' which is considerably
lower than the pseudobinary solubility of 3.5—4.0X1020
cm '.' ' Data over a more extensive range of concentra-
tions were provided by the diffusion studies of Kendall

' L. L. Chang and G. L. Pearson, J. Phys. Chem. Solids 25, 23
(1964).

6 M. B. Panish and H. C. Casey, Jr., J. Phys. Chem. Solids 28,
1673 (1967).
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and Jones, ' who obtained pro&les with surface concen-
trations at or near the pseudobinary solubility. By use
of the isoconcentration-diffusion technique, 7 Chang and
Pearson' were able to obtain directly the diQusion-
coefFicient values as a function of concentration. To
obtain a suitable 6t over the more extensive concentra-
tion range, they found it necessary to consider the
interstitial species as a doubly ionized donor, the
substitutional Zn as both ionized and neutral, and an
activity coe%cient for holes.

Within the framework of the theories accepted at that
time, the assumptions by Chang and Pearson were
reasonable. At concentrations in excess of one-tenth
the effective density of states, the activity coeKcient of
holes y„had been predicted to. become greater than
unity. ' The lower .concentrations. considered by Weis-
berg and Blanc did not employ or: require activity-
coefficient considerations. Several recent studies have
provided additional insight into the treatment of
impurities at very high concentrations. Experimentally
a one-to-one correspondence between free holes and Zn
atoms has been found, '"" and at any temperature
un-ionized Zn occurs only for concentrations less than
5&10' cm '."Therefore, the substitutional Zn must be
taken as fully ionized at high concentrations. The
accepted theory for the activity coeN.cients for electrons
and holes did not consider the impurity level broadening
into an impurity band and mergirig with the valence
band to form impurity-band tails at very high con-
centrations. The results of Halperin and Lax" permit a
numerical evaluation of this effect, and y„was found to
be less than 1 rather than greater than 1 as previously
predicted (see Ref. 6 for a complete discussion).
Recently, the consideration of Zn as fully ionized at
high concentrations and a concentration-dependent
density of states was necessary in order to reconcile the
1000'C experimental solid solubility for Zri in GaAs. '
The purpose of this paper is to extend the concepts
utilized in the solubility treatment' to the analysis of
the experimental diffusion pro6les.

The effective diffusion coefhcient has been obtained
with a mathematical treatment similar to that used by
Chang and Pearson' with the Zn and vacancy charge
states given by Weisberg and Blanc, 4 but with the
inclusion of the built-in field and the noni. deal behavior
of holes as represented by a concentration-dependent
y„.The inclusion cif-y„ in the diHusion analysis permits
understanding the nonmonotonic variation of the
experimental D with C,. Theoretical arguments have

7 D. L. Kendall and M. E.Jones, in American Institute of Elec-
trical Engineers —Institute of Radio Engineers Device Research
Conference, Stanford University, 1961 (unpublished);

s L. L. Chang and 0-. L. Pearson, J.Appl; Phys. 3S, 1960 (1964).' A. J. Rosenberg, J; Chem. Phys. 33, 665 (1960).
F. Ermanis and K.--Wolfstirn, J. Appl. Phys. 37,. 1963 .(1966).

". M. . G. Nil'vidskji and O. V. Pelevin, Izv. Akad.—.:Nauk
SSSR, Neorgan. Materialy I, 1454 (1965) /English transl. : Bull.
Acad. Sci. USSR, Inorg. Mater. 1, 1328 (1965)g.

"B.I. Halperin and M. Lax, Phys. Rev. 148, 722 (1966).
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FIG. 1. DifFusion profiles of Zn in GaAs at 700, 800, 900, and
1000'C. DifFusion time is normalized to 1.5 h.

shown that y„ is unity at low concentrations and less
than unity at very high concentrations, but at the
present time no calculated values of y„can be obtained
in the concentration range between these limiting cases.
By comparison- of the calculated and experimental D,
and with the assumption that the variation of D from
a concentration-squared behavior is due entirely to

. changes in y~, the quantitative behavior of y~ and the
Fermi level Ez may be obtained in the concentration
range between the localized level and impurity-band
tailing. Thus, the diffusion analysis not only provides
further insight into the mechanism of diffusion, but
also provides quantitative information on the behavior
of semiconductors at high concentrations.

II. EXPERIMENTAL DIFFUSION PROFILES

Diffusion profiles were obtained by diffusing radio-
active "Zn from a source of the order of milligrams into
25-mil-thick GaAs wafers in a fused silica ampoule
with a volume of about 2 cm'. The source and wafers
were maintained at the same temperature. The diffusion
profiles are shown in Fig. 1 where the diffusion time was
1.5 h for the 800, 900, and 1000'C pro61es and 168 h for
the 700'C profile. The 700'C pro6le has been normalized
to 1.5 h according to the relation C,=C,(x/t"s). The
diQusion profiles were determined in terms of the Zn

. concentration C., versus depth x by comparing the
1.12-MeV p activity of each section removed by lapping
with that of a calibrated "Zn standard, The method,
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sions for the total Qux of Zn atoms. The total Qux Jg
is the sum of the interstitial and substitutional Qux,
each of which consists of a Qux term due to the con-
centration gradient and a Qux term for the built-in
Geld. Also, the experimental conditions permit the
analysis as a one-dimensional problem. The resulting
one-dimensional expression for the total Qux along x is

Jz = D, (B—C;/Bx)+is,C;8 D.(B—C,/Bx)ais. C,B, (1)

where D; is the diffusion coefBcient af the interstitial
species and C; its concentration, D, and C, the substitu-
tional diffusion coeScient and concentration, and b
the built-in Geld. The proper sign for the Geld term is
determined by both the sign of the Geld and the sign
of the ionized carrier. The mobility p, is related to the
diffusion coefficient by the expression referred to as the
Einstein equation

FIG. 2. The Ga-As-Zn ternary-phase diagram illustrating the
approximate compositions of the diffusion sources.

is described in more detail in Ref. 13. One isoconcen-
tration point was determined at 1000'C in a manner
identical to that reported in Ref. 8.

It should be noted that when an elemental-Zn source
is used in the manner described here, there is an initial
small amount. of damage to the surface of the sample
as a ternary liquidus is established. The ternary-
liquidus composition is not necessarily. on the pseudo-
binary, since a small amount of Zn and As are in the
vapor phase. At temperatures below about 855'C the
liquidus composition is greatly affected by the presence
of the Zn3As2 phase. ' The approximate Gnal-liquidus
compositions for the diffusion sources used in this work
are shown in the ternary-phase diagram' of Fig. 2. It
has been assumed that the amounts of Zn and As in
the vapor are small compared with the amount of
elemental Zn placed in the ampoule.

The concentration-dependent diffusion coefficient has
been obtained from the proGles by the Boltzmann-
Matano method (Sec. III 3) and serves as the experi-
mental data for obtaining the relation of the Fermi level
to the diffusion coefficient. For the analysis presented in
the following section, the precise composition of the
diffusion source is not important. It should be noted,
however, that for comparison of this diffusion data with
other diffusion studies, it is necessary to know precisely
the composition of the diffusion sources.

III. ANALYSIS

A. The Effective Diffusion Coefficient and
Interstitial-Substitutional Equilibrium

In this analysis of diffusion, both the equilibrium
between, the interstitial and substitutional Zn and the

-eRects of.the built-in Geld" are included in the expres-
» L. L; Chang and G. L. Pearson, J.Appl. Phys. 35, 3N (1964).
14 jV[, Q. Panish, J, Electrochem. Soc. 113, 861 (1966).
"P. G, Shewmon, Dsggsioss iss Solids (McGraw-Hill Book

Company, Inc. , New York, 1963), pp. 23, 122, and 140.

Ef Es—0T 1nysp+ constant, (4)

where the constant term includes the use of p in
number/cm' rather than atom fraction and the choice
of the position of Ep. The reference potential Ep is
usually taken as one of the band edges or the location of
the Fermi level in intrinsic material. Equation (4)
represents the thermodynamic relationship of chemical
potential to concentration as required by the Grst and
second laws of thermodynamics. "The activity coef5-
cient of holes, as defined here by Eq. (4), is utilized
because the diffusion expressions are simpler mathemat-
ically with y„ than with E&. Therefore, the built-in
Geld is

1 8(Ey—Ep) kT('1 rip 1 Byo)
I

——+— l. (5)
q ax q Epax p, ax)

For a constant y„, Eq. (3) may be written in terms of
the usual diffusion coeS.cient times the hole gradient.
Whenever a species in a current (ffux) equation departs
from ideality, as shown by a nonconstant activity
coefficient, the diGusion term normally written as a

's R. A. Swahn, Thormodyssnmios of Solids Uohn Wiley 8r Sons,
Inc. , ¹wYork, 1962), p. 253.

p =qD/kT,

where q is the electronic charge, and kT the Boltzmann-
constant —absolute-temperature product.

For conditions of equilibrium between the holes and
electrons there can be no net Qow of electric current,
so that in inhomogeneous material a built-in Geld must
exist to counteract the current due to diffusion by the
potential gradient. The most mobile of the species
present in the largest concentration will dominate the
expression for current, i.e., the hole current i~

i„=—qisoP)(1/q)8 (Es—Es)/Bx —h] =0, (3)

where p„ is the hole mobility and p the hole concentra-
tion. The difference between Ef, which is the chemical
potential of holes, and the reference potential energy
Ep is given by"'
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FIG. 3. Diffusion coeKcient of
Zn in GaAs versus Zn concentra-
tion at 1000'C as derived from a
Boltzmann-Matano analysis.
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The proper designation of the sign for the interstitial
and substitutional field terms depends on the charge
state of the interstitial and substitutional species. Ions
of charge state identical to that of the dominant free
carrier (the hole) will be retarded and have a minus
sign in Eq. (7), while oppositely charged ions will be
aided and enter Eq. (7) as the plus sign.

At equilibrium the interstitial Zn, all of which is
assumed to be singly ionized, reacts with a neutral Ga
vacancy to form an ionized substitutional Zn acceptor
and two ho1es:

Zn;+Vo, ~~Zno, +2e+.

For these charge states, the built-in field will retard C;
and aid C,.Since the equilibrium Ga vacancy concentra-
tion in the. solid is proportional to the fourth root of
the As4 prdssure, the equilibrium reaction gives C; as

C;=C, (y„p)'/Zip~„", (9)

with the activity coeScient of substitutional Zn taken
as constant. At the concentrations considered here
(C.)10" cm '), the hole concentration equals C,' ""

concentration gradient times a diGusion coeScient
must be written as a potential gradient times a mobility-
concentration product" as in Eq. (3). Equation (5)
may be used for the field term in the total flux of Eq.
(1).Then substitution of Jz„ into the continuity equa-
tion gives

BC B BC, (kT Bp kT By„)=—D, +pc
i

+
BI Bx BC kP BC y~ Bc~

BC, (kT Bp kT By~) BC
gD. ~~.C,

l
+

BC kp BC yy BC~ Bx

where the total Zn concentration C= C~+C„and
(B/Bx) has been replaced by (B/BC) (BC/Bx) From.
Eq. (6) an effective diffusion coefficient D= —Jz /
(BC/Bx) may be identified as

BC; (1 Bp 1 By„)D=D, ~D'C;~—
BC kp BC y~ BC/

BC, (1 Bp 1 By~)+D, +D,c,i.— +—
i . (7)

Bc Ep Bc ~„Bc&
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Fro. 4. (a) Variation of the hole activity coe%cient with hole concentration at 1000'C. (b) Variation of the Fermi level with hole
concentration at 1000'C. The valence-band edge in pure GaAs is taken as By=0 and the energies within the band gap as negative

and Eq. (9) may be written as

C =y 'C'/X p
"4

on C, in the following sections will permit neglect of
the substitutional term.

B. Determination of the Diffusion CoefBcient
from the Diffusion Pro61es

where E~ is a temperature-dependent constant.
With the condition C&(C,,r' so that C,=C= p, and

the elimination of C; from Eq. (7) by Eq. (10), the
effective diBusion coefficient becomes

The Zn diffusion profile varies with time as C,
=C,(x/t"). Therefore, the diffusion coefficient at a
given concentration may be obtained from the experi-
mental C, (x) plot in Fig. 1 by the Iloltzmann-Matano
analysis. ' This method makes a transformation in the
one-dimensional diffusion equation and carries out the
erst integration. The resulting expression for the dif-
fusion coeScient is

C dq y t C dy, —

e,'~,'
l
3+2—

l

—
l
1+—

Zip~. ,'" k v, dc.d k v dc).
Equation (11) was written in the above form to
emphasize that the term $1+ (C,/y„)(dy„/dC, )j rep-
resents the eBect of the built-in field. Several treatments
of diffusion in semiconductors have considered the field
term for substitutional. . diffusion, and Smits" has
obtained the above 6eld term which gives an enhance-
ment of D, by a factor of 2 when y~ is constant. Compar-
ison-ofd Eq. (11)with the experimental dependence of D
"K. dreiser, J. Appl. Phys. 34, 3387 {1963)';
' F. M. Smits, Ergeb. Exakt. Naturw. 31, 167 (1959)..

Do, =—1/(2t)
0

xdC, /(dC, /dx)c, . (12)

For a known diffusion time, the value of the diffusion

coeKcient D at a given concentration, C,=C„ is
obtained by graphically evaluating the Qux from 0 to
C, together with the concentration gradient at C,. The
resulting D-versus-C, curve for 1000'C is- shown in

Fig. 3. A 1000'C isoconcentration point obtained with
a pseudobinary source at C,=4&(10"cm ' is also given.
At low concentrations both the slope and the x dC, in
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the integral of Eq. (12) are dificult to evaluate, while at
very high. concentrations only the slope evaluation
becomes a problem. Therefore, the greatest errors in the
Boltzmann-Matano analysis occur at the lowest and
highest concentrations. The data in Fig. 3 cover the
range in C, where these errors are least significant.

C, dy„-
D=D*C'y ' 1+

2y„dC,
(13)

C. Determination of y„and Ey from the Concentration
Deyendence of the Diffusion CoeRcient

The experimental variation of D with C, shown in
Fig. 3 indicates a concentration-squared dependence
between 1 and 5X10" cm ' as previously reported. ' '
In terms of Eq. (11), D will vary only as C,' for a
constant y„and a negligible D, term. At the concentra-
tions to be considered here, the substitutional term in
Eq. (11) will be neglected and the effective diffusion
coefficient may be written as
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where D* is 2D;/Krp~„"4. The interpretation of the
data in Fig. 3 will be based on Eq. (13).

At the lower concentrations, p„ is unity' and D is
simply D*C,'. For higher concentrations, the experi-
mental D increases more slowly than C,2 and even
decreases. Finally, D again increases and, from the
arguments of Ref. 6, y„approaches a constant value
less than unity to give D= D~C,'y„2. The analysis of y„
in Ref. 6 predicted a constant y„ less than 1 at high
concentrations, but theoretical arguments alone do not
indicate the concentration range where the departure
of p„ from unity should begin. Interpretation of Fig. 3
in terms of Eq. (13) provides a means for determining
the dependence of y„on C,. The Fermi level is then
found from Eq. (4) written as

y„= (A/P) exp(Er/kT), (14)

where A is a temperature-dependent constant which
includes the reference potential energy Eo. The constant
A may be evaluated by calculating Ez with the usual
relationships, " utilizing the effective density of states
and an ionization energy of 0 eV for concentrations
above the intrinsic concentration, but where the
Boltzmann statistics apply. The effective mass of holes
has been taken as 0.68 and the band gap as 1.53—4.9
X10 4 T eV"

Since p„enters Eq. (13) as Lp~'+ (C,p„/2) (d&~/dC, ) j
an explicit expression for y„cannot be obtained, and
the values of p„as a function of C, must be found by
trial and error. The possible values of y~ are further
limited by imposing the restriction that the Fermi level
is a single-valued, monotonic function of p. These
restrictions mean that in the region where y„ is less
than 1, there is a minimum possible value of y~ at
any given C, for Eq Lgiven by Eq. (14)$ to decrease

"R. A. Smith, Semicondlctors (Cambridge University Press,
London, 1959), Chap. 4.

so H. Ehrenreich, Phys. Rev. 120, 1951 (1960).
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FIG. 5. Diffusion coeKcient of Zn in GaAs versus Zn concentra-
tion at speci6ed temperatures as derived from a Soltzmann-
Matano analysis.

There are a number of features in both the diffusion
analysis and the data represented in Figs. 5, 6, and 7
that require further discussion. The isoconcentration
data tend to corroborate the values obtained from the
"D. L. Kendall (private communication).

smoothly. In the limiting case Eq becomes constant as
C, goes to larger concentrations. The y„and Eq curves
shown in Figs. 4(a) and 4(b) were obtained in this
manner from the solid curve in Fig. 3. The values
calculated for the localized impurity level and impurity-
band tailing along with the estimated transition region
from Ref. 6 are also shown. It is readily seen that the
limiting cases are in reasonable agreement, but the
transition region was estimated (Ref. 6) to occur a
decade too low in concentration.

The diffusion coeKcients as a function of concentra-
tion, as determined by Eq. (12) for a Boltzmann-
Matano analysis, are given in Fig. 5 for the 1000, 900,
800, and 700'C pro6les of Fig. 1. Isoconcentration
diffusion coeKcients taken from Refs. 8 and 21 at 900'C
are shown for comparison. For each temperature the
D-versus-C, curve varies as C,' at the lower concentra-
tions, goes through a peak and a valley, and then
increases. The y„and E& at 900, 800, and 700'C were
obtained from the D-versus-C, curves in the manner
described for the 1000'C curve. The resulting y„and
E/ are shown in Fig. 6 and 7 along with the previous
data for 1000'C.

IV. DISCUSSION
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Boltzmann-RIatano analysis, but there are differences
that should be considered. Both the charge state of
the species in the reaction of the interstitial Zn with a
vacancy to form the substitutional Zn and maintenance
of equilibrium must be questioned. From the present
data together with other theoretical and experimental
evidence discussed below, the interpretation of the
variation of D with C, as an experimental demon-
stration of the y„dependence on C, is reasonably well
substantiated.

Longini' suggested the diffusion by an interstitial-
substitutional equilibrium because nearest neighbors of
the Ga atoms are As atoms, and a substitutional Zn
atom either has to diffuse into and out of an As vacancy
or become interstitial to get to a neighboring vacancy
in its own Ga sublattice. Regardless of the ionization
state of the interstitial species for the interstitial-
substitutional equilibrium diffusion, the effective diffu-
sion coefficient at any temperature should vary inversely
with the Ga vacancy concentration which is represented
as a pa„"4dependence of D. Shih, Allen, and Pearson"
studied the variation of D as a function of As4 pressure
and found that both the direction and the approximate
niagnitude of the dependence were correct. Chang"
derived a theoretical expression for junction depth as a
function of both time and temperature and found it
agreed with the experimental results to further support
the interstitial-substitutional model.

Correspondence between the theoretical and experi-
mental D-versus-C, dependence will be obtained if the
local VG, equilibrium is essentially established, or if the
concentration of VG, is essentially constant, but not
for an intermediate situation. The observed correct D-

~ K. K. Shih, J. YV. Allen, and G. L. Pearson, Bull. Am. Phys.
Soc. 10, 1180 (1965).

~ L. L. Chang, Solid State Electron. 7, 853 (1964).

versus-pa„dependence, " and the susceptibility of the
experimental D-versus-C, curves to interpretation in
terms of Eq. (8) strongly suggest that the establishment
of the vacancy equilibrium is rapid in comparison with
the rate of Zn diffusion. The interpretation of the
interstitial-substitutional equilibrium diffusion for Zn
in GaAs is strongly supported by these observations.

The selection of the charge states for the species
shown in Eq. (8) is based upon several considerations.
The 1000'C solubility isotherm' could be only reason-
ably fit by a neutral Ga vacancy, and at the concentra-
tions considered here the substitutional Zn is fully
ionized. '""The interstitial Zn has previously been
considered either as a singly or doubly ionized donor.
Longini' suggested doubly ionized because Zn normally
loses two electrons in chemical bonding, but Weisberg
and Blanc4 pointed out that the second ionization poten-
tial (in vacuum) of Zn (17.9 eV) exceeds the first poten-
tial of hydrogen (13.5 eV) and is close to the second
ionization for copper (20.3 eV). Since in GaAs hydrogen
is neutral, while interstitial Cu is a single donor,
Weisberg and Blanc concluded that interstitial Zn is
probably a single donor. 4%iser" assumed the interstitial
Zn was a singly ionized donor by combining experi-
rnental data, for Cu in GaAs with theories of solubility
and diffusion of interstitial impurities and obtained
reasonable order-of-magnitude estimates of D. A diffu-
sion and electrical transport study of Zn in InAs by
Boltaks and Rembeza" was interpreted to indicate that
the interstitial Zn was doubly ionized. However, they
did not consider that D varies with concentration and
As pressure as well as temperature, which makes their
interpretation questionable without further informa-
tion. If the interstitial Zn was taken as doubly ionized,
then the effective diffusion coefficient would be

2C, dy„-
D sDsc 3~ 3 1+

3 y„dC,

and would vary as the concentration cubed at lov
concentrations. Because our data indicate a concentra-
tion-squared dependence at low concentrations, and
Weisberg and Blanc4 were able to regenerate Cunnell
and Gooch's' diffusion profiles with the concentration-
squared dependence, we have taken the interstitial
species as singly ionized.

The D from. the Boltzmann-Matano analysis and the
isoconcentration D have at least two basic differences.
For the isoconcentration diffusion, ~' nonradioactive Zn
(as pure Zn or a Zn-Ga source) is first diffused into the
sample for a, sufFiciently long time to obtain a uniform
Zn concentration through the entire sample. The
sample is then diffused with radioactive 'Zn and the
nonradiative Zn diffuses out while the "Zn diffuses in.
The total Zn concentration throughout remains
constant at all times. The resulting "Zn profile is a
complementary error function which readily permits

'4 B. I. Boltaks and S. I. Rembeza, I'"iz. Tverd. Tela 8, 2649
(1966) /English transl. : Soviet Phys. —Solid State 8, 2117 (1967)g.
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3 C, dy„
Disooon=D*Cs 'rn +

2 y„dC,
(16)

determination of D at the fixed isoconcentration level,
Since the total Zn concentration is constant, the Geld
term in Eq. (11) for the effective diffusion coeKcient is
zero. The eRective diRusion coefficient for the isocon-
centration diffusion D;,...„(neglecting the D, term) is -as—
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which differs slightly from Eq. (13) which includes the
field term. In the low- and very high-concentration
range D=2D;,„„„/3,so that at a given concentration
D;„„.would be greater by —,'because the interstitial
diffusion is not retarded by the Geld. Because the term
D*in Eqs. (13) and (16) contains pA„"l, itis necessary
to take into account the decreased As pressure for the
isoconcentration diRusions of Ref. 8 at surface concen-
trations less than the pseudobinary value. These As
pressure considerations mean that D;„„„should be
greater than D at the same concentration. In Fig. 5
D;„„„andD are about the same, near 2 to 3x10"cm ',
but D;„„ is much less than the extrapolated D at
5&(10" cm '. If the isoconcentration data points are
fit, a D variation as C,'is necessary as given by Eq. (15)
for doubly ionized interstitial Zn. There may be other
factors that make D differ from D;„„„.For our present
purposes, the isoconcentration data are taken as guide-
lines that the values assigned to D from the Boltzmann-
Matano analysis are representative of the diffusion

process being analyzed. An attempt to reconcile the
isoconcentration and Boltzmann-Matano data probably
should not be attempted without more extensive
experimental data.

It has been suggested that the precipitation of Zn
during diRusion should be considered in the analysis of
the diRusion process. "Although it has been demon-
strated that dislocations can form in the diffused layer
under certain diffusion conditions, ""it is dificult to
demonstrate that the dislocation formation is accom-
panied by Zn precipitation. Even with the observance
of precipitated Zn, it would not be clear whether or not
the Zn precipitated during diRusion or during cool-
down because Zn can move so rapidly. High concentra-
tions of Zn in the presence of dislocations have not led
to measurable discrepancies between the total Zn
concentration and the hole concentration. ' "" If
sufhcient amounts of precipitation occurred, so that the
equilibrium expressed by Eq. (8) was not representative
of this system, then the maximum solubilities obtained
from diffusion should exceed the equilibrium solubility
found in the grown crystals. This was not the case. For
these reasons, it is not necessary to include precipitation
in the diRusion analysis.

In Fig. 5 the D-versus-C, curves for each temperature
display the same general features of a C,' dependence
at low concentrations, a peak and a valley, and then

"J.F. Black and E. D. Jungbluth, J. Electrochem. Soc. 114,
181 {1967}.

2 H. R. Winteler and A. Steineman, Helv. Phys. Acta 39, 182
(1966).
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Fn. 7. Variation of the Fermi level with hole concentration at
specified temperatures. The valance-band edge in pure GaAs is
taken as Ef——0 and the energies within the band gap as negative.

Cs= (+QZnP Znl'YAsl+Asl/'Yy)

where E is a constant dependent only on temperature,

pz„& the activity coefIicient of Zn in the liquid, p&, & the
activity coefficient of As in the liquid, and X&,& the
atom fraction of As in the liquid. Incorporation of the
1000'C y~ values given in Fig. 4(a) into Eq. (17) along
with the previous values' of yg g Xz g and y~. g X~.g

again an increase. The concentrations at which the peak
and the valley occur appear to move to higher con-
centrations as the temperature increases. However,
roughness of the experimental data precludes obtaining
a smooth trend. This trend is more noticeable for the D
versus C, of Zn in Gap shown in Fig. 2 of Pef. 13.
The data points for 8, 9, and 10)&10"cm ' at 800'C
cannot be fit without permitting Ef to have a nonmono-

tonic dependence on concentration. The solid curve a,t
800'C was drawn for the limiting case of Ef constant
with C„and is more in line with the ratio of D at the
peak to D at the valley obtained at the other tempera-
tures. Some roughness of the data is again apparent in

Figs. 6 and 7, but the general features of a departure in

y„ from 1 and a decrease in the variation of Ef with C,
in the concentration range where D departs from a C,'
dependence is clear.

In fact, in terms of Eq. (13) the initial departure from
the C,' dependence indicates the concentration where y„
becomes less than unity. The valley in the D-versus-C,
curve occurs approximately at the inQection point of
the linear y„-versus-C, plot. The approach again of D
to a C, dependence indicates y„ is again approaching
a constant value, but for p~ less than unity.

Introduction of Y„obtained from the D-versus-C,
curve into the previous solubility analysis' provides
verification of the y„and Ef concentration dependence
that has been presented here. The substitutional Zn
concentration was related to the atom fraction of Zn in
the liquid Xz„l by Eq. (5) of Ref. 6,
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results in the C,-versus-Xz g curve shown in Fig. 8.
The curve for a unity y„has been included to indicate
that the experimental data require p„ to become less
than unity at high concentrations. Comparison of the
experimerital and calculated C„which tests the C,
dependence of y„, can be made over the entire concen-
tration range by considering only the Ga-rich region
of the phase diagram as shown. On the As-rich side the
pz„& values are presently somewhat uncertain. Deter-
mination of pz„& in this region is presently being investi-
gated and comparison of the experimental and cal-
culated C, on the As-rich side will be made when these
data are available. Since the curve in Fig. 8 did not
pass through the previous' data points at Xz ~=3.5
)&10 ' and 1.5&10 ', additional samples were prepared
and analyzed. These new data points have been
included with the previous data of Fig. 2 of Ref. 6
and more clearly define the experimental behavior of
C,. Within the range of scatter and uncertainty of the
experimental C, data, a reasonable fit of the calculated
C, will occur only for p~ values within @ narrow range
of those given in Fig. 4(a). Because the y„represented
here will explain two independent experiments, the
variation of D with C, and the solid solubility isotherm
of Fig. 8, strong justification of the interpretation of
diffusion as presented here does result. This analysis is
also readily applicable to diffusion of Zn in GaP,"where
similar dependence of D on C has been observed. The
higher Zn concentrations in InP" and InAs" require
consideration of more complex reactions.

~'L. L. Chang and H. C. Casey, Jr., Solid State Electron. 7,
481 (1964).

"M. G. Buehler, Quarterly Research Review No. 6, Stanford
Kiectronics Laboratory, Stanford University, 1963 (unpublished}.

V. CON'CLUSION

Dependence of the Zn diffusion coeKcient D in
GaAs on the Zn concentration C„as obtained from
experimental diffusion profiles by a Boltzmann-Matano
analysis, has been explained in terms of the interstitial-
substitutional equilibrium diffusion. This interpretation
leads to the conclusion that the departure of D from a
C,' dependence is due to the hole-activity coeKcient p„
becoming less than unity at high Zn (hole) concentra-
tions. At the highest concentrations the Fermi level Ef
obtained from y„agrees with Ef calculated from the
model of Halperin and Lax, which considers the eGect
of the high impurity density on the density of states.
In the dilute concentration range where a localized
impurity level is applicable and in the high-concentra-
tion range of impurity-band tailing, theoretical calcula-
tions can provide limiting values of E~ and y„, while the
experimental D-versus-C, data provide the detailed
behavior between these limiting values. At 1000'C the
localized level applies for concentrations below C,
~4&(10" cm ' and the impurity-band tailing applies
above 3&10'" cm—'.
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