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In a recent paper, a rate limitation at the surface for impurity diffusion into semiconductors was dis-
cussed. The rate limitation leads to a radiation-type boundary condition for the diffusion differential
equation. Experiments on the diffusion of radioactive antimony out of germanium have shown that the
solution to the diffusion differential equation appropriate to this boundary condition does indeed agree with
the experimental data. The constant which describes the rate limitation has been measured as a function
of temperature and has an activation energy close to that of the diffusion constant of antimony in germanium.
The diffusion constants found in this work are in agreement with those found in other experiments in which
antimony was diffused into germanium. By a proper choice of the diffusion-system geometry, an increased
rate limitation was produced which provided data from which sticking coefficients and partition coefficients
were calculated for the system gaseous antimony-solid germanium. These data have also been used to
estimate the binding energy of an antimony atom in the germanium lattice.

INTRODUCTION

HE boundary condition for the transport of im-
purities across a solid-ambient interface has been
discussed in a recent paper.! Evidence was given that
for some systems there was a significant measurable
rate limitation at a solid-gaseous interface. This rate
limitation can be pictured as a potential barrier at the
surface which the impurity atom must surmount to
leave the solid.

The research reported in this paper is concerned with
quantitative experiments on the diffusion of antimony
out of germanium and it is shown that the experimental
antimony distributions are consistent with the picture
of a rate limitation, or potential barrier, at the ger-
manijum-ambient interface. In addition, external rate
limitations have been purposely introduced to provide
data from which one can calculate partition coefficients
and sticking coefficients for the antimony-germanium
system. These data have also been used to estimate the
binding energy of antimony in germanium.

DIFFUSANT DISTRIBUTIONS

The material presented in this section has been
discussed in detail elsewhere.! A brief treatment of the
appropriate expressions will be given here for the out-
ward diffusion of impurities from a homogeneously
doped crystal.

For the diffusion of an impurity out of a solid in a
perfect vacuum, the rate limitation at the solid-
ambient interface results in a flow of diffusant atoms
out of the solid whose rate is proportional to the con-
centration of the diffusant in the solid at the surface,
N(0,f). Thus, the boundary condition becomes
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1 F. M. Smits and R. C. Miller, Phys. Rev. 104, 1242 (1956).
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where D is the diffusivity and N (x,f) is the concentra-
tion of the diffusant in the solid at a depth x from the
surface at time ¢, The rate constant K has the dimen-
sions of velocity and is termed the interfacial con-
ductance.

When the experimental conditions are such that the
impurity which diffuses out of the solid is not immedi-
ately removed from the diffusion system, N(0,) de-
creases more slowly with time than when the ambient
is a perfect vacuum. Thus, the effect is that of an
additional rate limitation which is termed ‘“external
rate limitation.” For the discussion which follows, it is
convenient to introduce a partition coefficient k, de-
fined by k,=N./N,, where N, is the concentration of
the diffusant in the gaseous phase in equilibrium with
a concentration N, in the solid. It will be assumed that
k, is not dependent on diffusant concentrations. This
assumption will be discussed in a later section. If the
diffusion system is such that the only source of diffusant
is the doped sample, and that the rate at which the
gaseous diffusant leaves the volume in which the
diffusion is carried out is given by LN, atoms sec™,
then the appropriate boundary condition has been
shown to be!

5l

In this expression L is the pumping speed of the con-
necting channel from a high vacuum to the chamber in
which the sample is placed and 4 is the total area of the
diffusion sample. Thus, Eq. (2) has the same form as
Eq. (1) except that K is replaced by K’. Note that as L
becomes much larger than k,KA4, K’ becomes equal
to K. Then, for N(x,)=N, for {=0 and x>0, the

IN (x,t)
dx

§N¢1= N(0,)=K'N(0,). (2)

L+k,KA
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solution to the diffusion differential equation is%

N(mt)/Na=ert ( ;){l_ { erfc[(z (Zt)%) K (_;)—) %] }

% [K'x_I_K’?t] 3
exp >t

A graphical solution of Eq. (3) is shown in Fig. 1. Note
that an experimental determination of N(x,) as a
function of x is sufficient to determine both D and K’
directly. The measurement of K’ as a function of L
enables one to obtain the interfacial conductance K
and the partition coefficient k,. Finally, it is also possible
to determine the sticking coefficient s from the same
data, where the sticking coefficient is the probability
that a diffusant atom incident on the solid will become
part of the solid phase. For at equilibrium,?

KN¢=KksNy= (N,/4)s, 4)

where 7 is the average thermal velocity of the gaseous
diffusant atoms. Therefore, one obtains

s=4k,K /7.
2erfy=2(m)"¥ fi¥ exp(—2z2)dz=1—erfcy.
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DIFFUSIONS AND RESULTS

The antimony-germanium system was selected for
the experiments. Antimony was chosen as the diffusant
for two reasons. First, it is a sufficiently fast diffuser in
germanium to make these experiments relatively easy
to perform. Secondly, an antimony radioactive isotope,
Sb'# with a half-life of 60 days, is readily available so
that radiotracer techniques could be used. The vapor
pressure of germanium? is sufficiently small, about 1012
mm of Hg, over the temperature range investigated so
that any effects due to the evaporation of germanium
are negligible insofar as this research is concerned.

The germanium single crystals had antimony con-
centrations of approximately 2X10'7 atoms cm™ as
determined from the radioactive analysis. The crystal
was cut so that the diffusion current was in the [1007]
direction. The samples were lapped with silicon carbide
and acid etched prior to the diffusions.

The diffusions were made in two types of quartz tubes
shown in Fig. 2. The pumping speed of the straight
quartz tube, L=900 cm?® sec™?, will be shown to be
sufficiently large so that L>>k,KA and the K’ deter-

3 A. W. Searcy, J. Am. Chem. Soc. 74, 4789 (1952).
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mined with this tube is equal to K. The constricted
tube contains a capillary quartz length which reduces L
to 0.223 cm® sec™! so that it becomes comparable to
k;KA and hence provides an external rate limitation.
The pumping speeds of the quartz tubes were calcu-
lated from data given in the literature.* Prior to use,
the quartz tubes were etched in hydrofluoric acid for
ten minutes, rinsed with de-ionized water, and finally
fire-polished with an oxy-hydrogen torch. The amount
of antimony removed from the system by chemical
reaction with the quartz envelope prepared in this
fashion, and by diffusion into the quartz walls, was
found to be too small to measure and hence negligible
insofar as this research is concerned.

After the diffusion sample is placed in the quartz
tube, the apparatus is assembled as shown in Fig. 2 and
the tube is evacuated to about 10~ mm of mercury.
When the constricted tube is used, one end of the tube
must be closed after the sample is placed in the appro-
priate region of the tube. Care is taken to insure that
the germanium does not heat up and therefore oxidize
during the sealing procedure. After the tube is evacu-
ated, the furnace is brought to about 500°C for a few
hours to outgas the quartz and sample. The lower stop-
cock is then closed and the sealed off components are
removed from the vacuum station by opening the ball
joint just above the lower stopcock. After the furnace is
brought up to the desired diffusion temperature, the
evacuated diffusion tube is inserted in the furnace and
reconnected to the vacuum station. Thus the tube and
sample attain the diffusion temperature in a sufficiently
short time interval so that the temperature transient
has a negligible effect on the results. The diffusion tem-
perature is held to within 1°C of the nominal desired
temperature. After the diffusion period, the tube is
removed in the same manner as described above.

The samples are then removed from the quartz tubes,
trimmed around the edges to a depth several times the
expected depletion penetration, and mounted in prepa-
ration for grinding. Layers parallel to the surface are
ground off on silicon carbide paper and the activity on
the paper is then counted with a Geiger counter. From
the difference in weight of the sample plus the holder
before and after each grinding, the area of the sample

TaBLE I. Data and results for diffusions made in unconstrctied
quartz tubes, L=900 cm3 sec™1.

Diffusion

time Temperature D K
hours °C cm? sec™? cm sec™?
68.0 900 2.3X107% 3.9 X107
6.47 900 2.7%X10710 4.3 X107
6.50 900 2.9X1071 6.3 X107
72.0 850 7.0x10™1 1.05X 107
72.0 850 8.7%x10™ 2.43X10°7
76.0 800 3.5x10™1 6.6 X10-8

4S. Dushman, Vacuum Technique (John Wiley and Sons, Inc.,
New York, 1949).
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Fi1c. 2. Two types of quartz tubes used for the diffusions. The
straight and constricted tubes have pumping speeds of 900 and
0.223 cm? sec™, respectively.

surface and the counting rate, the specific activity can
be calculated and a plot of the relative concentration
versus distance can be made. The diffusivity and inter-
facial conductance K’ which best fit the experimental
data are determined from this plot with the aid of the
graphical solutions given in Fig. 1.

The data for a sample which was heated in a straight
quartz tube for 72 hours at 850°C are shown in Fig. 3.
The experimental points are plotted as triangles. The
solid curve is the theoretical curve which best fits the
experimental data and was calculated from Eq. (3)
with K=2.43X1077 cm sec™! and D=8.65X10"!! cm?
sec’’. A plot of the solution for the case when it is
assumed that N (0,f) is equal to zero at all times, i.e., no
rate limitation, so N(x,))=N;erf[3x/(Dt)*] is also
shown in the same figure as a dashed curve. It should be
noted that the solid theoretical curve fits the experi-
mental data. Table I contains the pertinent experi-
mental data and results for the diffusions which were
made with unconstricted quartz tubes. The logarithm
of K versus T7! is shown in Fig. 4. It is found that K
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F16. 3. Antimony distributions after heating for 72 hours at
850°C in a straight and a constricted tube. Note the effect of the
constricted tube is to increase the antimony concentration above
that obtained with the straight tube.
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Fi1G. 4. The interfacial conductance X versus 1000/7T °K™1,
The activation energy is 2.19 ev.

can be represented by
K=K,exp[—AH/(kT)],

with Ko and AH equal to 1.140.3X10? cm sec™! and
2.19:+0.28 ev, respectively. The constants have been
determined from a least squares fit of the data and the
probable errors in the constants have been evaluated
by the method described by Birge.®

Figure 3 also shows a concentration versus distance
plot for a sample which was heated in a constricted
tube for 72 hours at 850°C. The experimental points are
plotted as circles. The solid curve is the theoretical
curve obtained from Eq. (3) with K’=3.1X10"% cm
sec”tand D=9.0X10"! cm? sec~. This depletion curve
can be compared with the one obtained for the other
sample which was heated in a straight tube for the
same time at the same temperature. One sees that the
constricted tube provides an external rate limitation
which results in an N (x,?) greater than that found with
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Fi1G. 5. The partition coefficient versus 1000/7" °K1.
The slope gives an energy of 1.2 ev.

5 R. T. Birge, Rev. Phys. 40, 207 (1932).
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the unconstricted quartz tube. Table II gives the
significant data and results for the constricted-tube
diffusions. To calculate s and k, from Egs. (2) and (5),
the interfacial conductance K was taken from the least-
squares fit of logK versus T-! data shown in Fig. 4.
It is clear from the values of k, obtained in this fashion
that Kk,4<&900 cm?® sec™! so that the interfacial con-
ductance determined from the unconstricted-tube data
is indeed equal to K. A plot of logk, versus T is given
in Fig. 5. The partition coefficient can be represented by

ky= kg0 exp[ —AE/(RT)],

with kg0 and AE equal to 6.7 and 1.2 ev, respectively.
Since there are only three values of k,, uncertainties
calculated in a formal manner are not given for the
constants. It is estimated that each %, is known to
within 509,

Figure 6 shows a plot of the logD versus T—! where all
the diffusions have been included. The diffusion con-
stant can be expressed by

D=Dq exp[ —AH/(kT)],

with D and AH equal to 1.341.0 cm? sec™! and 2.26
+0.07 ev, respectively. The constants have been deter-
mined from a least squares fit of the data and the
probable errors in the frequency factor and the activa-
tion energy calculated by the method given by Birge.®
Note that the activation energy given here for D is
the same within the experimental uncertainties as
that found for the interfacial conductance K. The
diffusivities of antimony in germanium determined by
Dunlap® and Fuller’ are also shown in Fig. 6. Their
values are about 259, smaller than those reported here,
which is equivalent to a 10°C shift in the temperature
scale. In the present work, the temperature measure-
ment is thought to be within 5°C of the true tempera-
ture, so it is believed that the 259, discrepancy results
from temperature uncertainties encountered in the
three investigations.

DISCUSSION

From the data obtained in this research, it is possible
to estimate the binding energy of an antimony atom in
the germanium lattice. Consider the equilibrium

Sb(g)=2Sb(s), (6)
and let NV, be the concentration of antimony atoms in
the gaseous phase and XV, the concentration of antimony

TaBrLE II. Data and results for diffusions made in constricted
quartz tubes, L=0.223 cm? sec™L.

Diffusion Diffusion

time temp. D K’

hr °C cm? sec™! cm sec™? s kg
21 900 2.7 X101 6.4 X1078 2.1 X10-8 5.5 X108
72 850 9.0 X101t 3.1 X108 1.4 X108 9.4 X105
89.5 800 3.4 X101 1.74 X108 9.4 X10~¢ 1.60 X10¢

¢ W. C. Dunlap, Jr., Phys. Rev. 94, 1531 (1954).
7C. S. Fuller, Phys. Rev. 86, 136 (1952).
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atoms in the germanium in equilibrium with N,. At the
pressures encountered in this work, of the order of
10~* mm of mercury or less, it is certain that the gas
phase can be considered as an ideal gas. Then, since the
solid solutions are dilute and obey Henry’s Law, it can
be shown from thermodynamic arguments that the
slope of the logarithm of k,, where 2,=N.N;1, versus
T will give the energy change AE for the reaction
written as Eq. (6). The average energy of the gaseous
antimony atoms is 3k7'/2, so that the binding energy,
Vs,is AE—3ET, which is found to be 1.0 ev in the tem-
perature range investigated. This binding energy is the
average energy difference between an antimony atom
with zero kinetic energy outside the crystal and an
antimony atom within the germanium lattice at the
temperature of the system.

So far nothing has been said concerning the state of
the antimony atoms within the lattice. In the tem-
perature range investigated in this research, 800 to
900°C, the product of the electron and hole concentra-
tions is in the neighborhood of 10%8.% Since the concen-
tration of antimony atoms is only 107 per cc, the semi-
conductor may be considered to be intrinsic. If it is
assumed at the diffusion temperatures that the Fermi
level is in the center of the energy gap and that the
impurity ionization energy is equal to the value usually
employed at room temperature, 0.01 ev,® the ordinary
semiconductor Fermi-Dirac statistics indicate that
about 259, of the antimony atoms should be un-
ionized. However, as pointed out by Herring,¥ this is
not correct. The reason is that at these high tempera-
tures the impurities are embedded in a dielectric which
contains such large concentrations of holes and elec-
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Fi16. 6. The diffusivity versus 1000/7 °K~1 found in this research
and also the data of Dunlap and Fuller. The activation energy is
found to be 2.26 ev.

8 F. J. Morin and J. P. Maita, Phys. Rev. 94, 1525 (1954).
9 T. H. Geballe and F. J. Morin, Phys. Rev. 95, 1985 (1954).
© C, Herring (private communication).
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Fi1c. 7. An energy diagram capable of explaining the results.
The activation energy for the interfacial conductance minus the
binding energy leaves 1.2 ev which represents the potential
barrier which an incident antimony must surmount to enter
the crystal.

trons that there is a significant number of holes and
electrons within the first Bohr orbit. Thus the Bohr
theory of the hydrogen atom modified to take into
account the dielectric constant of the medium and the
effective mass of an electron in a periodic lattice is no
longer valid. Estimates based on the Debye-Hiickel
theory of electrolytes indicate that the holes and
electrons essentially screen the positively charged donor
sites so that presumably all the antimony atoms are
ionized.

The interfacial conductance K which describes the
rate limitation on the transport of impurity atoms
across the germanium-ambient interface can be inter-
preted in terms of a potential-energy barrier of height
V; which an average impurity atom must surmount to
leave the crystal. Hence the slope of the logarithm of
K versus T—! enables one to determine the potential-
energy barrier. This was found to be 2.19 ev atom™.
Then if one assumes that the energy diagram given in
Fig. 7 describes the case under investigation, the energy
barrier V; which an antimony atom with zero kinetic
energy must surmount in order to become part of the
crystal lattice, is V;—V 5 which gives 1.2 ev. Note that
V1 was obtained from the temperature dependence of
K and k,. The quantity V', will also be estimated from
the absolute value of the sticking coefficient.

The sticking coefficient has been defined as the
probability that an antimony atom from the ambient
incident on the germanium surface will become part of
the lattice and not be reflected off the surface. To calcu-
late s one must determine the fraction of antimony
atoms which possess sufficient energy to overcome V.
Assume that the gaseous antimony atoms possess a
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TaBLE III. Potential barriers V; calculated from
sticking coefficients.

Temperature °C s V1 electron volts
800 9.4X10-¢ 1.0740.05
850 1.4X1078 1.07+0.05
900 2.1X1075 1.0840.05

Maxwellian velocity distribution characteristic of the
temperature of the diffusion enclosure. Then the frac-
tion of the incident antimony atoms which possess
velocities # in a direction normal to the germanium
surface such that Imu?>V; will be the fraction of
atoms which are able to enter the crystal, and there-
fore equal to s. With these assumptions, gas kinetic
theory considerations give

fw udu exp[ —mu?/ (2kT)]
u1

S=

0

f udu exp[ —mu?/ (2kT)]
’ =exp[—mus?/(2kT)], (7)

where mu,2/2 is equal to V1, so that
s=exp[—V/(kT)]. (8)

Note that s approaches unity as V; approaches zero
which must be the case for this model. The values of V;
obtained from Eq. (8) are given in Table III. From
these data it is clear that the experimental values of the
sticking coefficient can be represented by Eq. (8) with
V1 independent of temperature. The value of V; ob-
tained from the temperature dependence of K and %,
was given as 1.2 ev and the uncertainty is thought to
be 0.3 ev. To make a meaningful comparison of the
two values of V; would require a more comprehensive
analysis than presented here. Such an analysis seems
unwarranted in view of the uncertainties in the experi-
mental data.

It is interesting to consider some of the atomistic
kinetics of diffusant atoms in solids at the solid-ambient
interface. The diffusivity, in one dimension, can be
expressed as A’p, where X is the distance between
adjacent atomic planes and p is the jump frequency in
one direction, i.e., the average number of times that an
impurity atom will jump a distance A in a given direc-
tion in unit time. Likewise, the interfacial conductance
K can be written as Apo, where p, is the escape fre-
quency. It is difficult to say much about p and po from
theoretical considerations alone. It does seem reasonable
that the activation energy for po should be equal to or
greater than the binding energy of the impurity atom
in the solid. In the case at hand, the activation energy
for po is found to be approximately twice the estimated
binding energy. All the diffusions made in this work
were in the [100] direction so that A is one-fourth the
lattice constant, or A=1.41 A. Hence, from D=2\?%p,

AND F. M.
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$=6.4X10% exp[ —2.26 ev/(kT)],
and from K=>\p,,
po="T7.8X10% exp[ —2.19 ev/ (kT)].

The ratio of the antimony atoms leaving the crystal to
those arriving at the surface per unit time per unit
area is the transmission which is

T'=po/p=1.2X10"5,

An exponential factor has been omitted since the energy
in this factor is considerably less than its uncertainty.
Hence for all practical purposes the transmission is 1075,
This is also the ratio of the antimony atoms leaving the
germanium to those which return to the interior of the
crystal per unit time.

The assumption has been made throughout this work
that the only significant antimony species in the gaseous
phase is the atomic species. It is known that other
species of antimony exist, but the data on the molecular
composition of gaseous antimony are meager. Rough
estimates made on the basis of thermodynamic data
collected by Stull and Sinke!! indicate that the equi-
librium ratio of antimony dimers to monomers at the
highest pressure encountered in this work, approxi-
mately 10~° mm of Hg, is about one. This high pressure
is attained only when the constricted tube is used, and
then only during the initial phases of the diffusion.
With the straight tube, the ratio is approximately
three orders of magnitude less. However, it is reasonable
that the antimony leaves the germanium surface as
atoms and since the mean free path is many times
larger than the dimensions of the volume in question,
the probability of forming dimers or other complex
species is extremely small. Thus chemical equilibrium
in the gas phase is probably not attained so that the
unity ratio given above may be an upper limit.

Thus it has been demonstrated that the present
boundary condition does indeed lead to solutions to the
diffusion differential equation which accurately fit the
experimental data on the diffusion of antimony out of
germanium. The interfacial conductance which de-
scribes the flow of antimony across the germanium-
ambient interface has been determined as a function of
temperature and is found to have an activation energy
equal to that found for the diffusion of antimony in
germanium. Experimental data on the interfacial con-
ductance and the partition coefficient have been used
to calculate the binding energy of antimony in ger-
manium and the sticking coefficient of antimony atoms
incident on germanium.
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1D, R. Stull and C. C. Sinke, Thermodynamic Properties of the
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