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Arsenic, antimony, and bismuth have been diffused into (111) silicon from doped expitaxially
deposited source layers in a flowing hydrogen atmosphere. Under intrinsic conditions, the

dopant profiles show excellent Fickian behavior.

The diffusion coefficients, obtained as a

function of temperature, can be described by the following equations: Dpy=6.55X 10-2

X exp(—3.44+0.04 eV)/kT cm?/sec; Dgp=2.14x10"  exp(~3.65+0.05 eV)/kT cm?/sec; and
Dgy=1.08exp(—3.85+0.06 eV)/kT cm?/sec. These data, together with those of phosphorus
reported earlier, are shown to be consistent with a point-defect mechanism that involves a

closely coupled vacancy-impurity ensemble.

I. INTRODUCTION

The nature of the point defect predominantly re-
sponsible for substitutional diffusion in silicon, and
its interaction with electrically active impurities
has remained unresolved'™ for more than a decade,
even after the accumulation of a vast wealth of ex-
perimental diffusion data. Experimentally, evidence
in support of any particular mechanism has been
sought®” from the diffusion characteristics of sub-
stitutional atoms under different conditions predicted
by the theory.®!® From the other end, nonequilib-
rium point defects have been generated and their
characteristics studied. ****=*" Theoretical investi-
gations have included (a) the calculation of point-de-
fect formation parameters ®2®~3! and, consequently,
direct diffusivities, 1% (b) the correlation factors
for impurity and self-diffusions in silicon, 333 and
(c) the comparative behavior of experimental diffu-
sion parameters with some probable point-defect
mechanism. !"%3* As a result of all these investiga-
tions, considerable evidence in support of vacancy-
controlled substitutional diffusion in silicon has de-
veloped, 1+8"%10:17:34 The exact species involved in
the case of each impurity diffusion, however, has
so far eluded positive identification. As a first step
towards such a goal, a fresh attempt is made in the
present report to obtain intrinsic donor diffusion data
in silicon, free from all possible extrinsic effects
and assumptions. ¥ Subsequently, such data are
analyzed to pinpoint the underlying point-defect
mechanism.

II. EXPERIMENTAL

The details of the experimental technique, as used
for boron and phosphorus diffusion in silicon, have
been reported elsewhere.3® Basically, the tech-
nique was to grow a doped 4-12-pu-thick epitaxial
silicon (diffusant) source layer on (111) float-zoned
silicon wafers of the proper resistivity type and lev-
el. The deposition reaction involved the hydrogen
reduction of silicon tetrachloride at 1150-1250°C

in an induction-heated reactor. Arsenic was intro-
duced into the epitaxial layer by gas-phase doping
with properly diluted arsine in hydrogen. Antimony
was introduced by bubbling hydrogen through “elec-
tronic-grade” trimethyl antimony and mixing this
saturated (trimethyl antimony) gas with the reactant
gas stream (silicon tetrachloride in hydrogen) at
the reactor entrance. Since trimethyl bismuth re-
acted with silicon tetrachloride, a bismuth-doped
epitaxial silicon layer was grown by the pyrolysis
of 0.2-0.3% silane (in hydrogen) at 1050-1150 °C.
Even then the maximum concentration of bismuth
was <3x10' cm™. Special care was taken to gen-
erate a 6-function-type impurity profile at the sub-
strate-epi interface. The diffusion couples were
finally covered with a 2000-2500-A layer of amor-
phous silicon nitride at 800 °C (by the reaction of
silane and ammonia) to serve as an outdiffusion bar-
rier.

All the diffusion experiments were done under in-
trinsic conditions, i.e., the dopant concentrations
were below the intrinsic carrier concentration of
silicon at all diffusion temperatures. Such low dop-
ant concentrations also insured noninterference from
from such extrinsic effects as dislocation generation
and motion, plastic deformation, and dopant precip-
itation. The diffusion annealings were performed
in an induction furnace, on silicon nitride-coated
graphite susceptor, in a flowing hydrogen atmos-
phere (40-50 liter/min). In addition, to inhibit the
removal of the silicon nitride-coating by dissocia-
tion, just enough partial pressure of ammonia and
silane (by manual adjustment) was maintained in
the diffusion environment. The true temperature
of a diffusion couple was determined from a chem-
ically polished silicon wafer, placed next to it by a
properly calibrated®® optical pyrometer, to an ac-
curacy of +5°C or better. After annealing, the
silicon nitride-coating was stripped off on 49% HF
and the impurity profile determined on a 1°-3
bevelled angle by the automatic spreading-resistance
technique. ¥ The accuracy of the spreading-resis-
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tance data has already been demonstrated. 3°

III. RESULTS

Under the boundary condition of diffusion from a
finite layer with a reflecting boundary into a semi-
infinite body, the concentration profile of the diffu-
sant, at a constant temperature, is described by
the equation®’

N(x, t) = 3No(erf(h-x)/2(Dt)*/ + exf(h + x) /2(D)'?) , )

(1
where N, is the initial uniform dopant concentration
in the epitaxial diffusion source of thickness k and
the other symbols have usual meanings. Equation
(1) is distinct from the familiar Gaussian distribu-
tion in x (under thin-film boundary condition) only
if t<h?/D and x>Dt/h.% In this study, at all diffu-
sion temperatures, k and ¢ were set such that these
conditions of compliance with Eq. (1) were adequate-
ly met.

The spreading-resistance data obtained from the
diffused samples (as a function of depth from the
surface) were computed to produce impurity-concen-
tration profiles. 3 They were then fitted with cal-
culated theoretical profiles [from Eq. (1)] to an ac-
curacy of +0.05 p in 2(D¢)/2>2,00 pand to +0.10 o
in 1.40 p < 2(D#)'2<2.00 u. Typical fitted arsenic,
antimony, and bismuth profiles are shown in Figs.
1-3. They all show excellent Fickian behavior.
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FIG. 1. Concentration profile of arsenic in boron-doped
epitaxial silicon. T'=(1390+ 5) °C, ¢=7.2x103 sec.
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FIG. 2. Concentration profile of antimony in boron-

doped float-zoned silicon.

The calculated intrinsic diffusivities of arsenic, an-
timony, and bismuth, obtained from such fitted pro-
files, are shown in Figs. 4-6 as a function of inverse
absolute temperature. Between 1167 and 1394 °C,
arsenic intrinsic diffusivity in (111) silicon can be
described by the least-squares fitted equation

Dps=6.55x10%exp(~ 3. 44 ¥0. 04 eV)/kT cm?/sec.

(2)
Between 1190 and 1405 °C, antimony intrinsic dif-
fusivity in (111) silicon can be described by the
least-squares fitted equation

Dgy,=2.14x10™ exp(- 3. 65 %0. 05 eV)/kT cm?/sec,

(3)
and between 1190 and 1394 °C, bismuth intrinsic
diffusivity in (111) silicon is represented by the
least-squares fitted equation

Dpy=1.08exp(-3.85%0.08 eV)/kTcm?/sec. (4)

For the purpose of clarity, only about half of the
diffusion data, at most temperatures, could be
shown in Fig. 4.

During the present study, only the diffusivity of
arsenic was studied in the entire range of surface
concentrations from 2x10'" cm= to 1.5x 10" cm ™3
and bulk concentrations of 2.5x10' to 1 x 10'” arsen-
ic and 1x10™" to 1 x 10" boron. Figure 7 shows some
of these data at two temperatures. Within the range
of experimental error, they are seen to be concen-
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FIG. 3. Concentration profile of bismuth in boron-
doped float-zoned silicon.

tration independent. Concentration-dependence
studies for antimony and bismuth diffusion were
possible only to a limited extent because of the
source-dopant concentration limitation imposed by
the epitaxial growth technique used. Some of these
data are included in Figs. 5 and 6. Thus, in the
intrinsic range, all the donors (P, As, Sb, and Bi)
have concentration- and impurity- (dopant-) type-
independent diffusivities in silicon. Consequently,
no need for isoconcentration diffusion studies was
felt. Such information, obtained earlier for phos-
phorus in silicon, 3 did not provide any further in-
sight into the mechanism of the process.

IV. DISCUSSION
A. Comparison with Literature Data

Available information on the diffusivity of arsen-
ic, antimony, and bismuth in silicon is compiled
in Table I. As in the case of boron and phosphorus
diffusion in silicon, % even the “intrinsic” diffusion
parameters are found to vary over a very wide
range. Except the measurements of Raju et al. 4
and Masters and Fairfield’ for arsenic in silicon,
and the data of Nakanuma and Yamagishi*® for anti-
mony in silicon, they were all determined with
oxide diffusion sources. Consequently, all these
data probably have included the extrinsic effects
connected with the redox reaction at the surface
of silicon. ***%® Even though Raju ef al.*’ and Mas-
ters and Fairfield” obtained their data under “non-
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FIG. 4. Temperature dependence of arsenic diffusivity
in intrinsic (111) silicon.

oxidizing” conditions, enough oxygen partial pres-
sure was maintained (at the diffusion temperature)
by the quartz enclosure to produce a partial effect
of the surface redox reaction. Moreover, even
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in intrinsic (111) silicon.

in strictly nonoxidizing atmosphere, the free sur-
face is known to produce some unknown extrinsic
effect on the calculated diffusivity values. ®® Naka-
numa and Yamagishi, on the other hand, have too
sketchy an information on antimony diffusion in sil-
icon to warrant any detailed analysis.

The present results indirectly appear to be in
disagreement with the conclusions of Grove et al.
and Joyce et al. % on the dopant profiles produced
by epitaxy. While no single tenable explanation
can be offered for the disagreement, several can
be cited:

(a) Since both these groups of workers depended
on the differential-capacitance method® to obtain
impurity distribution profiles within the epitaxial
silicon layer, the ability of such a method in pro-
viding the true impurity profile may be rather sus-
pect. Moreover, the diode fabrication heat treat-
ment performed may not have negligible effect on
the impurity profile.

(b) The comment made by Joyce et al. on the
arsenic diffusivity data of Bhola and Mayer®* by the
capacitance-voltage method may be applicable to
both these sets of work, i.e., the diffusivity values
can be changed over several factors and still in-
clude the experimental data equally satisfactorily.

(c) Both these groups of workers primarily con-
centrated on the tail of the rather sharp concentra-~
tion profiles to show the validity of the diffusion co-
efficients used; whereas, with a slight adjustment
of the substrate-film interface position, the same
data could be made to fit the diffusion data obtained

in this study. A case in support of this contention
may be the much higher phosphorus diffusivity val-
ue (than provided by the literature) Joyce et al. had
to assume for a theoretical fit of their phosphorus
profile.

(d) The accuracy of the diffusion coefficient ob-
tained from the as-produced impurity profile (by
epitaxy) has been found to be unacceptably poor dur-
ing the course of the present work. Moreover, the
only published data by Grove et al. on the effect of
additional heat treatment on the impurity profile
(by thermal oxidation) conceivably includes the ex-
trinsic effect connected with surface oxidation, %50
Also, to be able to validate the epitaxial profiles
with a theoretical impurity diffusion coefficient (to
a reasonable certainty and accuracy), more com-
plete and detailed profiles are needed.

B. Dynamics of Donor Diffusion Process

The kinetics of the donor diffusion process in
silicon, which is controlled by point-defect migra-
tion, must be reflected in the experimental preexpon-
ential factors and activation energies as given in
Egs. (2)-(4). Because of the overwhelming support
of the lattice vacancy control for such a process
and the availability of considerable theoretical un-
derstanding, the results of this study will first be
examined in that light.

1. Activation Energy of Diffusion

The most reliable indicator for the point defect
predominantly responsible for any solid-state dif-
fusion process is the activation energy of diffusion.
For any system this, in fact, is the sum of two en-
ergies: the energy of formation of the thermally
produced point defect and the activation energy of
migration of this defect through the lattice causing
the observed diffusion. Both of these fundamental
parameters, and consequently their sum, are quite
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FIG. 7. Concentration dependence of arsenic diffusivity
in (111) silicon.
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TABLE I. Reported diffusion parameters for As, Sb, and Bi in silicon.
‘Frequency
Surface concentration Base concentration Temp. range Activation fac;tor
Ref. (cm=?) (cm) (°C) energy (eV) (cm?/sec)
Arsenic
39 5.8—45 %107 3-230x%10%(B) 1095-1380 3.55 0.32
43 1017-101° 6 %10'6(B) 1100-1350 4,24 68.6
44 1.5x101° 3.5-13x10'(B) 1164-1280 5,20 8.3x10%
45 0.7-7x1018 1125-1312 3.88 2.564
7 7.1-220x101° 7.1-220%10'3(As) 850—1150 4,20 60
This 17 2.5x%1013-1x101"(As) )
- 1167-1394 3.44 6.55%10
work 2-150%10 1x10M-1x101"(B) 6
Antimony
39 1.4 %1018 "
’ .6-270 % 1095-1380 3.95 5.6
9.2 x10% 4.6-270x1014(B) 9
40 5Q cm 940-1300 2,86 0.112
41 1019-1020 2.5%1083(P?) 1190-1398 3.98 12.9
42 1-13x1018 1.5-17.1%1015(B ?) 1200-1300 ~4,2 14.3
46 3.9-13 %1018 4,4-34x10%(B) ~1150-1250 4.4 3.63 %102
47 1% 1020 1x104B?) ~1125-1290 ~6.6 ~6,3%10°
48 ~ 1200 5.85 2x107
This _ - 2 x10%4(B) B 214
work 2-35%10 1.5 x10%—9x 1015(B) 1190-1405 3.65 0.
Bismuth
39 1-24x10!7 1.9-200x10%4(B) 1220-1380 4,64 1,03 %103
This 15 2-10% 10'(B)
work 3-20%10 6 x10(P) 1190-1394 3.85 1.08

different for different point defects.

A simple vacancy in silicon is known to be an
electron acceptor and is extremely unstable in the
lattice. '® Consequently, its identification by
quenching from high temperatures has either been
unsuccessful® or anomalous. 2'2® On the other
hand, theoretical calculations of the vacancy forma-
tion energy in silicon have been in fair to very good
agreement with each other, 3*28=3% with a mean value
of 2.35 eV per vacancy. Again, since a reasonable
concentration of the vacancy-related defect is re-
quired to provide the observed diffusive fluxes, such
simple vacancies are required to be stabilized by
interaction with other thermal or nonthermal de-
fects in the lattice. One such type of simple vacan-
cy-related defect is the impurity-vacancy pair,
irradiation produced, and studied by EPR*!" and
thermal annealing!®2%28 for all the normal donors
in silicon. Such defects are characterized by rath-
er large binding energies (1.04-1.64 eV)?® com-
pared to AT at diffusion temperatures. They must
partially dissociate, however, to migrate through

the lattice by reorientation. *'""?* Consequently,
such a complex formation increases both the local
vacancy lifetime (and concentration), and the ef-
fective activation energy of vacancy motion in sili-
con. If this higher migration energy of the vacancy
(around the impurity atom) is considered operative
in the donor-diffusion-process dynamics and if the
final step of direct exchange of the impurity with
the adjacent vacancy is assumed non-rate-deter-
mining, then the experimental activation energies
for diffusion can be compared with that required
by this model. This is shown in Table II where
the agreement is seen to be excellent for all the
donors.

2. Preexponential Factor

From the random-walk theory of diffusion, the
preexponential factor of the Arrhenius Eqs. (2)-
(4) for any impurity I in the diamond lattice is giv-
en by

1
Df=tatfvesSo/t (5)
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TABLE II. Comparison of experimental activation
energies with that for the impurity-vacancy pair migra-
tion (all energies are in eV).

Donor Activation energy Cal. activation Experimental
element of impurity- energy of activation
vacancy pair diffusion by energy of
motion (ET) pair migration diffusion
E=Ef+ET,
(Ef=2.35 eV)
Phosphorus 0,94 3.29 3.30+0,03
Arsenic 1.07 3.42 3.44+0.04
Antimony 1.28 3.63 3.65+0.05
Bismuth 1.46 3.81 3.85+0.06

where a is the lattice parameter, v is the Debye
frequency, f is the correlation factor, k is the
Boltzmann constant, and AS, is the entropy of diffu-
sion. AS, is the sum of the entropy of defect forma-
tion (AS,) and the activation entropy of defect migra-
tion (AS,). For silicon, a=5.43 A, v=1.38x10"
sec™, and to a first approximation (for allthe normal
donors) f= 5x10, % Therefore, from Eq. (5), ASh/k
=1.98; ASA%/k="7.85; AS3/k=9.02; and AS}'/k
=10. 65.

Of all the parameters in Eq. (5), the entropy of
diffusion is the one least understood. Attempts to
calculate AS, from the first principles have offered
only order of magnitude values. *® Dienes®” and Ze-
ner®® have successfully developed semiempirical
relationships to calculate AS, in metals. Applica-
tion of their theory to silicon, however, only offers
about one-third of the observed ASj, values. But
Zener’s fundamental criteria, that the entropy of
activation is positive and increases with the energy
of activation, are found to be valid in silicon. Also,
Dienes’s empirical observation that Dy= Ce 5%Tm,
where C is a constant for a particular host lattice of
melting point T,, and E is the activation energy of
diffusion, is found to hold (Cg; =~ 3.8 x 10”2 cm?/
sec) reasonably.

No attempt, empirical or otherwise, to calculate
D, for the case where the diffusing species is an im-
purity-vacancy pair, has been reported in the liter-
ature. Experimental data in some such cases, *°
however, indicate AS, values of the same order as
obtained in this study. Hirata et al.?® have recently

R. N. GHOSHTAGORE
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TABLE III. Entropy of donor-vacancy pair diffusion
in silicon.
Entropy of Entropy of Entropy of
Defect species diffusion migration  formation
Phosphorus-vacancy 7.98k ~0 7.98k
7.5k
Arsenic-vacancy 7.85k ~0 7.85k
Antimony-vacancy 9. 02k 4.5k 4,52k
Bismuth-vacancy 10. 65k 8.5k 2,15k

2See text for details.

determined AS,, values for all the donor-vacancy
pairs from their annealing characteristics. Their
interpretation of the EPR data of Watkins et al.*!"
also produced comparable results. They are ASEY
=ASAV~0, ASSP"V-4.5k, and ASE'"V=8.5k. That
leaves 7. 98k, 17.85k, 4.52k, and 2.15k for AS; of
phosphorus-vacancy, arsenic-vacancy, antimony-
vacancy, and bismuth-vacancy pair formation, re-
spectively. Swalin?® estimated AS} = 2.2k, and the
low-temperature solubility data®® provides 5. 3k

for the entropy of solution of P in silicon. Now, if
the vibrational and configurational contributions to
the AS, of the impurity-vacancy pair formation is
neglected, AS}™V=~7.5k. Considering theuncertainty
of some of the parameters used to derive AS, val-
ues from Eq. (5), the agreement in the case of phos-
phorus is considered good. Finally, it should be
noted that the preceding analysis provides the ex-
pected decreasing AS, and increasing AS,, with in-
creasing binding energies of the donor-vacancy com-
plexes in silicon (Table III).

V. CONCLUSIONS

The intrinsic bulk diffusion characteristics of all
the regular donors in silicon have been determined
for the first time. The available literature data for
donor diffusion in silicon appears to have unsuspect-
ingly included some extrinsic effects due to both the
free surface and the solid-state redox reactions on
it. The demonstrated ability of such extrinsic lit-
erature values to explain epitaxial doping profiles
in silicon is believed to be adjustable. The present
diffusion data are shown to be properly explained by
a closely coupled impurity-vacancy ensemble as the
dominant migrating species.
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