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In a series of experiments, the influence of phosphorus diffusion at high concentrations on the
diffusion of an antimony marker layer was investigated. The marker layer was separated from the
surface by a 4 um layer of epitaxially grown silicon. To reduce the effects of implantation
enhancement and phosphorus precipitation on the diffusion of the antimony marker layer, the
phosphorus was implanted into a polysilicon layer deposited on top of the single-crystalline
substrate. It was found that the diffusion of the antimony marker layer is already reduced by the
epilayer. From these diffusion coefficients, upper limits for the fractional diffusivity of antimony
were derived. In contrast to previous investigations, the diffusion of the antimony marker layer was -
found to be enhanced below regions where phosphorus was implanted. A comparison of diffusion
in FZ and CZ samples shows that this enhanced diffusion of antimony can be explained only by an
injection of self-interstitials from the phosphorus-doped region. Since the polysilicon layer was
found to recrystallize, this self-interstitial injection can be the result of phosphorus diffusing mainly
via self-interstitials, phosphorus precipitation, or both. Using Boltzmann—Matano analysis and
antimony diffusivity data, the fractional diffusivity of phosphorus via self-interstitials was estimated
to be lower than 0.71 at 950 °C. Possible sources of error in this estimation are discussed. © 1995

American Institute of Physics.

. INTRODUCTION

The so-called emitter dip effect or emitter push effect'
was already observed in the early 1960s. Phosphorus being
present in high concentrations at the surface causes enhanced
diffusion of gallium and boron in regions separated spatially.
Also, since the publication of Tannenbaum,” various anoma-
lous effects were reported for the diffusion of phosphorus at
high concentrations with the formation of a clearly visible
kink in the diffusion profiles as the most prominent

anomaly.3 In the models of Yoshida* and Fair and ’I‘sai,5 it.

was assumed that phosphorus—vacancy pairs, the so-called E
centers, are formed in regions with high phosphorus concen-
trations. These pairs are assumed to be mobile and to dis-
solve in regions with low phosphorus concentrations. This
dissolution liberates vacancies which act as diffusion ve-
hicles for the dopants and thus enhances the effective diffu-
sion coefficient of the phosphorus ions.

Such models based on the long-ranging interaction of
dopants and one species of diffusion vehicles could explain
the enhanced diffusion of boron and phosphorus observed,
e.g., during oxidation or below regions with high phosphorus
concentrations. However, they could not explain the retarded
diffusion of antimony observed at the same time in some
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experiments. This discrepancy was avoided by the assump-
tion of Seeger and Chik® who introduced the idea that self-
diffusion and dopant diffusion is moderated by the interac-
tion of dopants with vacancies as well as self-interstitials.
The core of the discussions since then was devoted to the
extent of diffusion via these two intrinsic point defects. This
question can be solved sufficiently well for antimony since
from TEM analysis it is known that agglomerates of self-
interstitials are generated during thermal oxidation of
silicon.” Besides agglomerating to extended defects, self-
interstitials generated during thermal oxidation will recom-
bine with vacancies, causing their concentration to drop be-
low the equilibrium value. Since antimony present in
intrinsic concentrations was found to diffuse slower under
these conditions than in inert ambient, it is a straightforward
conclusion that antimony diffusion under intrinsic conditions
takes place preferentially via vacancies as diffusion vehicles.
For boron and phosphorus, no general consensus could
be achieved so far. One milestone was the work of Fahey
et al.® on silicon nitridation which indicates that phosphorus
at 1100 °C and intrinsic concentrations diffuses nearly en-
tirely via self-interstitials. However, the mechanism involved
in point defect generation during silicon nitridation is still
under discussion. On the other hand, from their work on
high-concentration diffusion: of phosphorus and boron,
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Mathiot and Pfiste’ concluded that both dopants diffuse
preferentially, but not entirely, via vacancies, We feel that
both results for the fractional diffusivity via self-interstitials
are not necessarily in contradiction since the work of Fahey
et al. was concerned with intrinsic concentrations whereas
the parameters of Mathiot and Pfister come mainly from dif-
fusion experiments carried out under strongly extrinsic con-
ditions. :

Additional evidence was established by experiments
where the diffusion of antimony was found to be retarded by
phosphorus diffusion at high concentrations?o’ This indicates
unambiguously the generation of self-interstitials and was
explained generally by phosphorus diffusing at high concen-
trations primarily via pairs with self-interstitials. However, it
could equally well be explained by Mathiot and Pfister’ on
the basis of self-interstitial generation due to the growth of
phosphorus precipitates.

The goal of this work was to develop a method to avoid
influences of point defects generated by the formation of
phosphorus precipitates or the ion implantation process. The

deposited on the samples. Self-interstitials generated there
are likely to be captured at grain boundaries, especially the
grain boundary to the single-crystalline silicon area. Thus an
injection of point defects into the single-crystalline silicon
area should be avoided or, at least, largely reduced so that it
is possible to separate the point defect generation due to
phosphorus diffusion from the other effects mentioned
above.

II. EXPERIMENTAL TECHNIQUE

In our experiment, phosphorus-doped (100)-oriented
float-zone (FZ) and Czochralski grown (CZ) wafers with re-
sistivities of 4-6 {)cm were used. The antimony marker
layers were produced by ion implantation at an energy of 90
keV to a dose of 4x 10" cm™2 into CZ wafers and to a dose
of 4X10" cm™? into FZ wafers. After the implantation, all
wafers were annealed at 950 °C for 30 min to remove the
implantation damage. On some of the wafers, approximately
4 pm thick epitaxial layers of silicon were deposited at
1100 °C within 10 min in separate processes for CZ and FZ
wafers. On some of these wafers, polysilicon layers of 300
nm were deposited at 620 °C and doped by phosphorus im-
plantation at an energy of 100 keV to doses of 3X10!® and
2X10'7 cm™2 Before the diffusion experiments, all wafers
were capped by 330 nm of low-temperature oxide (LTO).

For the diffusion, the wafers were loaded at 800 °C and
ramped with 10 K/min to the nominal process temperatures
of 950 or 1050 °C. At these temperatures, the wafers were
diffused for 28 and 2 h, respectively. Then the furnace was
ramped down with 5 K/min to 800 °C where the samples
were unloaded. In each of these diffusion steps, one sample
without an epitaxial layer, one with an epitaxial layer, and
one with an epitaxial layer and a doped polysilicon layer
were processed. The samples without an epitaxial layer were
used to establish a reference for diffusion of antimony under
inert and intrinsic conditions. Diffusion of antimony in the
samples with an epitaxial layer was used to characterize the
influence of the epitaxial layer and other materials properties.
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FIG. 1. Initial profile and profiles of antimony after heat treatment at 950 °C

N L . i . for 28 h in FZ samples with an epitaxial layer and with polysilicon doped
idea was to implant the phosphorus into a polysilicon layer . 3 Y poty P

with a phosphorus dose of 3X10'° cm ™2,

Finally, the wafers with the additional, doped polysilicon lay-
ers were used to study the influence of phosphorus diffusion
at high concentrations.

ill. MEASURED PROFILES AND PARAMETER
EXTRACTION

After removal of the capping LTO layer, the phosphorus
and antimony profiles were measured by secondary-ion mass
spectroscopy (SIMS) using CAMECA 4f equipment. Con-
centration calibration for the antimony profiles was done via
the implanted dose, and via a calibration standard for the
phosphorus profiles. The samples were also analyzed by
TEM with respect to extended defects which might have an
influence on the experiments.

As a typical example, the antimony profiles measured in
FZ samples after 28 h at 950 °C are shown in Fig. 1. From
these profiles, effective diffusion coefficients were extracted
by parameter fitting with ICECREM'! and listed in Table L. The
ramping periods during the diffusion step were included in
the simulations assuming an activation energy of 3.98 eV for
the intrinsic diffusion coefficient of antimony. For the CZ
samples, due to the lower dose implanted, the statistics of
SIMS measurements were worse than for the FZ samples.
Thus the respective diffusion coefficients have to be taken
cum grano salis without affecting the general trend. In Fig.

TABLE I. Effective diffusion coefficients of antimony in cm?/s.

‘Without Without Phosphorus Phosphorus

epilayer  phosphorus  3X10° cm™2 2x107 ¢m™?

9sgoc  FZ 38X1071  LIx107'®"  1.8x10716 3.9%x10718
CZ 3.6x1071% 12x1071%  21x107!6
10s0°c  FZ 1.0x107* 45x107%  57x107%
CZ 79%1075  28X107"  3.6x10°5
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FIG. 2. Initial profile and profiles of antimony after heat treatment at

1050 °C for 2 h in FZ and CZ samples with polysilicon doped with a phos-

phorus dose of 3X10' cm™2

2, the profiles measured in CZ and FZ samples with im-
planted phosphorus after 2 h at 1050 °C are shown.

The profiles of phosphorus measured after heat treatment
at 950 and 1050 °C in the samples with doped polysilicon are
shown in Figs. 3 and 4, respectively. The origin of the depth
scale corresponds to the surface of the polysilicon layer. At
the position of the interface between polysilicon and silicon,
a pileup in the profiles can be seen. The profiles at 950 °C
especially show the typical kink and tail which indicate en-
hanced diffusivity in the tail region and, in consequence, a
high supersaturation of either self-interstitials or vacancies.

IV. INVESTIGATIONS BY TRANSMISSION ELECTRON
MICROSCOPY

In addition to depth profiling of the dopant profiles,
samples with epitaxial layer and samples with the additional
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FIG. 3. Profiles of phosphorus after heat treatment at 950 °C for 28 h.
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FIG. 4. Profiles of phosphorus after heat treatment at 1050 °C for 2 h.

polysilicon layer doped with phosphorus to a dose of 3x 106
cm ™2 were analyzed by cross-section transmission electron
microscopy (XTEM). The XTEM analysis was performed
after the diffusion experiment as well as for samples which
were not annealed.

In the unannealed and annealed samples with an epitax-
ial layer, no extended defects were found. As an example,
Fig. 5 shows the sample after annealing at 950 °C for 28 h.
Especially at the interface between epitaxially deposited sili-
con and bulk silicon, defects are not visible. Figures 6 and 7
show the XTEM images of the phosphorus-doped samples
after diffusion at 950 °C for 28 h and 1050 °C for 2 h, re-
spectively. In both samples, the epitaxial layer was found to
be recrystallized. The very few remaining defects are twins
and dislocation loops. This means that the capability of the
polysilicon layer to capture point defects was probably
largely reduced during these processes.

At the former interface between polysilicon and silicon,
the native oxide existing prior to the deposition of the poly-
silicon has broken up and forms a line of small precipitates.
At these precipitates, phosphorus atoms are likely to be
pinned, leading to the pileup in the profiles in Figs. 3 and 4.

V. DISCUSSION

Experimental data on the intrinsic diffusion coefficient
of antimony are quite rare in the literature. Figure 8 shows
the effective diffusion coefficients of antimony in the
samples without epitaxial layers together with the data of
Fuller and Ditzenberger,12 Rohan eral,® Millea,'* and
Adda.” Of the data of Fuller and Ditzenberger only the val-
ues for intrinsic concentrations have been included. A regres-
sion analysis leads to a diffusion coefficient of antimony in
inert ambient under intrinsic conditions of

cm? ( 4.204 eV)

Dy=71.1 5 oXp T (1)
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FIG. 5. Bright field XTEM image (g=220) of the sample with an epitaxial
layer annealed at 950 °C for 28 h.

At 950 and 1050 °C, the most probable values for the intrin-
sic diffusion coefficients are 3.38X107'¢ and 6.89x107"
cm/s, respectively. From the data points, 90% confidence
and prediction intervals were estimated and included in Fig.
8. The meaning of these intervals is that the true value is
with a probability of 90% within the limits given by the 90%
confidence interval, and that each new measurement can be
found with a probability of 90% within the limits given by
the 90% prediction interval. The 90% confidence interval for
the activation energy of the intrinsic diffusion coefficient
ranges from 4.096 to 4.311 eV.

FIG. 6. Bright field XTEM image of the sample with doped polysilicon
annealed at 950 °C for 28 h. The inset is the diffraction pattern showing the
twinned structure of the defects.
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FIG. 7. Bright field XTEM image of the sample with doped polysilicon
annealed at 1050 °C for 2 h. Twins (¢) and dislocation loops (d) were found.

All diffusion coefficients determined from the wafers
without an epitaxial layer are within the 90% prediction in-
terval, and three of the four values are even within the 90%
confidence interval. This is a clear indication that the effects
seen in the other samples are physical effects rather than
results of misprocessing.

The effective diffusion coefficients in the wafers with an
epitaxial layer were found to be well below these intrinsic
values. As mentioned in Sec. I, antimony diffuses nearly ex-
clusively via vacancies. Thus it has to be concluded that the
concentration of vacancies in the epitaxial layer during the
final heat treatment was considerably lower than the equilib-
rium value. , .

It was further found that the diffusion of antimony was
enhanced in wafers with a doped polysilicon layer (Fig. 1) in
comparison to those without such a layer. This is in contra-
diction to previous experiments'® where a retarded diffusiv-
ity of antimony was reported below regions with high phos-
phorus concentrations. Still, in samples doped with
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FIG. 8. Intrinsic diffusion coefficient of antimony.
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TABLE II. Effective values 8D,y estimated from the effective diffusion
coefficients in Table 1.

Phosphorus Phosphorus
Without phosphorus ~ 3X10'% cm™  2x 10" cm™2
o FZ —-0.675 -0.467 0.154
930°C ¢z ~0.645 ~0379
1050 °C FZ —0.347 -0.173
CZ -0.594 —0.478

phosphorus to a dose of 3X10'® cm™, even these increased

diffusivities are considerably lower than the respective in-
trinsic values.

Assuming local equilibrium between vacancies and self-
interstitials, Tan and Gosele found that the relative diffusivity
enhancement 8D, i.e., the difference measured in units of
the intrinsic diffusion coefficient of the dopants between
their diffusion coefficient under nonequilibrium conditions
and their intrinsic diffusion coefficient, can be expressed as a
function of the relative oversaturation of self-interstitials, s;,
as

D(s;.f1)=Dg sy
D, =0 Qfr+fisi—1). )

SD(s;.f)=

fr denotes the fraction of dopant diffusivity via self-
interstitials with the limits of 1 for diffusion via self-
interstitials alone and O for diffusion via vacancies alone.
The relative oversaturation of self-interstitials, s;, is defined
via the concentration of self-interstitials, C;, and the respec-
tive equilibrium concentration C7? as

CI— C?q

SI=TEm €))

From the effective diffusion coefficients reported in
Table I and the values for the intrinsic diffusion coefficient
determined above, effective values of § D ¢ can be estimated
and are listed in Table II.

Equation (2) has a minimum for s;>0 when f, takes
values in the range 0<f;<C0.5, as is the case for antimony.
Figure 9 shows the relation for some values of f;. The mini-
mum of 6D, 8D, , decreased monotonically with decreas-

‘ing f;. Because of the minimum in the 8D(s;) curves, a
measured mean value is always higher than 6D, . Thus the
values in Table II can be used as upper limits for 6D, and,
because of the monotonic relation between 8D, and f;,
upper values for f; can be estimated straightforwardly from
the values in Table II. The estimates f;=0.027 at 950 °C
and f,=<0.043 at 1050 °C include f;=0.02 as proposed by
Tan and Gosele!® and f,=0.015 as given by Antoniadis and
Moskowitz,!” both estimated for 1100 °C.

It can also be seen from Fig. 9 that the increased diffu-
sivity of antimony in samples with implanted phosphorus
can be interpreted in two ways, either by a reduced concen-
tration of self-interstitials, i.e., an injection of vacancies, fol-
lowing the left branch of the curve, or by an additional in-
jection of self-interstitials, following the right branch. To
distinguish between the two possibilities, the different phos-

J. Appl. Phys., Vol. 78, No. 3, 1 August 1995
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FIG. 9. Dependence of the relative diffusivity enhancement 8D as a func-
tion of the relative oversaturation of self-interstitials s, for specific values of
the fractional diffusivity via self-interstitials f;.

phorus and antimony profiles in the processed CZ and FZ
samples can be used. These differences may be caused by
variations in the epitaxy process, by bulk effects like oxygen
precipitation, or by a different capturing capability of the
polysilicon layers. Their true origin is of little concern for the
following analysis as long as it can be assumed that these
effects affect the point defect distributions similarly in the
neighboring regions of the phosphorus tail and the antimony
marker layer.

During heat treatment of the samples doped with phos-
phorus to a dose of 3x10'® cm™? at 950 °C, the effective
diffusion coefficient of antimony was smaller in the FZ
sample than in the respective CZ sample. When we assume
that phosphorus injects vacancies, following the left branch
of the curve in Fig. 9, this means that the mean oversatura-
tion of self-interstitials was higher in the FZ wafers. Since f;
has to be in the range from 0 to 0.027, it can be estimated
that the observed relative diffusivity enhancement would cor-
respond to effective values of s; in the range from 0.88 to 1.0
for the FZ sample and from 0.61 to 0.69 for the CZ sample.
Because of the problems mentioned with relating mean val-
ues for the relative diffusivity enhancement to mean values
for the relative oversaturation of self-interstitials, these effec-
tive numbers are not directly mean values of the relative
oversaturation of self-interstitials. Rather, they correspond to
the value of s; under the assumption that s, is constant dur-
ing the process. From Fig. 3, it can be seen that the effective
diffusivity of phosphorus is lower in the FZ sample. A lower
phosphorus diffusivity in connection with a higher oversatu-
ration of self-interstitials wotild mean a value of f,<<0.5 for
phosphorus. However, this would also mean that the relative
diffusivity enhancement of phosphorus is negative for the
possible values of the relative oversaturation of self-
interstitials, i.e., the diffusion coefficient in the tail would be
lower than Dg. Since this would not possibly lead to the
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observed kink and tail in the phosphorus profiles, the left
branch of the 8D (s,) curve can be ruled out conclusively at
950 °C. :

At 1050 °C, in contrast to the experiments at 950 °C,
assuming again an injection of vacancies from the high-
concentration phosphorus region, the antimony data suggest
a higher self-interstitial concentration in the CZ samples. At
the same time, it can be seen from Fig. 4 that the effective
diffusivity is higher in the FZ sample. Such a behavior is
again possible only for f;<C0.5 where the relative diffusivity
enhancement of phosphorus would be negative. Under such
circumstances, the relative diffusivity enhancement of phos-
phorus would be negative which is a gain in contradiction to
the shape of the profiles in Fig. 4.

Assuming an injection of self-interstitials from the
phosphorus-doped region, following the right branch of the
curve in Fig. 9, the decreased diffusivity of antimony at
950 °C in the FZ sample with respect to the respective CZ
sample indicates a supersaturation of self-interstitials in the
latter. Since the fractional diffusivity of phosphorus via self-
interstitials is larger than for antimony, there will always be
an increased diffusivity of phosphorus when the diffusivity
of antimony is increased. This is in agreement with the ob-
servations of the diffusivities of phosphorus and antimony at
both 950 and 1050 °C.

We thus conclude that the observed increased diffusivity
of antimony below regions with phosphorus being present in
large concentrations can be attributed only to an injection of
self-interstitials. This conclusion replaces our erroneous con-
clusion published in the proceedings of ESSDERC’9418
which was already corrected in the respective oral presenta-
tion.

From the phosphorus profile with a dose of 2X 10"
cm 2 in Fig. 3 it can be seen that the phosphorus atoms were
basically immobile within the first 150 nm of the polysilicon
layer. The most likely reason is the formation of phosphorus
precipitates. Below this region, the concentration corre-
sponds to the solubility concentration of phosphorus in the
crystalline silicon being in equilibrium with the phosphorus
atoms in the precipitates. It can be estimated from Fig. 3 to
be approximately 5 %x10% ¢m™3, In contrast, a phosphorus
dose of 3X10'® cm™? was not sufficient to maintain the solu~
bility concentration in the crystalline region during the whole
process.

A constant concentration at one boundary of the simula-
tion area is a prerequisite19 for a Boltzmann—Matano
analysis.”® Another prerequisite would be that the diffusion
coefficient is a function of concentration only. This is virtu-
ally never the case in high-concentration phosphorus diffu-
sion because of the interaction with the intrinsic point de-
fects. Nevertheless, Boltzmann—Matano analysis is often
used to estimate effective diffusivities in regions of a profile
like in the tail regions of boron or phosphorus profiles.”! The
diffusivity at a certain concentration C; results from the pro-
file diffused for at time # via

Cy
j x dC
0

D=5 @CTdnome,” “
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FIG. 10. Boltzmann—Matano analysis of the phosphorus profile after heat
treatment at 950 °C for 28 h in the FZ sample with polysilicon doped with
a phosphorus dose of 2X10'7 em™2

The result of the Boltzmann—Matano analysis for the phos-
phorus profile with the dose of 2x10' cm™? in Fig. 3 is
shown in Fig. 10. Because of the uncertainty in the origin of
the depth scale for such an analysis, analyses was performed
assuming that the origin is at the interface between polysili-
con and silicon or at the end of the implanted region where
the peak at the surface drops to the solubility concentration.
The results of both analyses were identical within the experi-
mental error.

From Fig. 10, an effective tail diffusivity of 10" cm¥s
can be estimated for concentrations below the intrinsic value.
Using the intrinsic diffusion coefficient of 3.39X107'% cm%s
from Fair,?? the effective relative diffusivity enhancement of
phosphorus in the tail can be estimated to be 28.5. Since the
fractional diffusivity of antimony via self-interstitials has to
be in the range from zero to 0.027, it can be estimated that
the effective oversaturation takes values of s,240.6. From
this value, together with the effective relative diffusivity en-
hancement of phosphorus in the tail region, it can be esti-
mated that the fractional diffusivity of phosphorus via self-
interstitials is smailer than 0.71.

The values of f;=0.02 and f;=0.015 for antimony re-
ported by Tan and Gosele' and Antoniadis and Moskowitz'’
for 1100 °C would lead at 950 °C to estimates for phos-
phorus of f;~0.52 and f;~0.39, respectively. These values
would fit to the value of f;=0.468 at 950 °C given by Col-
lard and Taniguchi®® who, at 1100 °C, estimate a value of
fr=0.846. A value of f;=0.135 as given by Mathiot and
Pfister>* would mean an effective oversaturation of s;=217
for the diffusivity in the tail region. This would imply that
the fractional diffusivity of antimony via self-interstitials has
to be smaller than f,=0.0053.

Vi. CONCLUSIONS

In a series of experiments, it was found for the first time
that diffusion of phosphorus in high concentrations from a
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polysilicon source increases the diffusivity of a spatially
separated antimony marker layer. Differences between sepa-
rately processed CZ and FZ wafers indicate that high-
concentration  phosphorus  diffusion  generates self-
interstitials at both investigated temperatures of 950 and
1050 °C. This might be caused by phosphorus diffusing at
high concentrations predominantly via self-interstitials, or
because of the observed recrystallization of the polysilicon
hampering its capability to capture intrinsic point defects
possibly generated by phosphorus precipitation.

Using Boltzmann—Matano analysis and antimony diffu-
sivity data, the fractional diffusivity of phosphorus via self-
interstitials was estimated to be lower than 0.71 at 950 °C.
Considering the experimental errors and the uncertainties in-
volved in the Boltzmann—Matano analysis, the assumption
of local equilibrium between self-interstitials and vacancies,
and in the relation between effective oversaturation of self-
interstitials and effective diffusion coefficients, it seems pre-
mature to draw a final conclusion concerning the fractional
diffusivity of phosphorus via self-interstitials:
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