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The behavior of silicon slices very heavily implanted (1.531017 cm22) with phosphorus was investigated
by transmission electron microscopy and secondary neutral mass spectrometry~SNMS! after annealing at 800,
850, 900, and 1000 °C. Precipitation of large monoclinic, and partially orthorhombic, SiP particles takes place
in the most heavily doped region. From the shape of the SNMS profiles in the dissolution stage of these
precipitates, we determined the concentrationCsat of P in equilibrium with the conjugate phase:
Csat52.4531023exp(20.62/kT! cm23. This concentration has to be compared with the equilibrium concen-
trationne of the electrically active dopant. To this end, more accurate determinations ofne were performed on
heavily P-doped polysilicon films. It was found thatne51.331022exp(20.37/kT! cm23. Hence for
T.750 °C,Csat exceedsne and the concentration (Csat2ne) of inactive mobile P increases with temperature.
The formation and the diffusion behavior of this inactive dopant are in keeping with a preprecipitation
phenomenon.

I. INTRODUCTION

Phosphorus is one of the dopants more largely used in
silicon device technology. The determination of the equilib-
rium in the Si-P binary system is important for basic knowl-
edge, and for the comprehension of phenomena which are
relevant for device technology, e.g., the annealing behavior
and the diffusion processes.

In literature different SiP compounds were prepared by
direct synthesis of the elements: an orthorhombic structure1

and a cubic sphalerite-type one,2 the latter obtained under
high pressure. According to the phase diagram, below the
eutectic temperature~1131 °C! and under normal pressure,
the solution of phosphorus in silicon is in equilibrium with
orthorhombic SiP.3

The formation of large SiP precipitates in Si is difficult; it
was only obtained at very high dopant concentrations, for
strong supersaturations. In slices doped by thermal predepo-
sition precipitates mainly nucleate at the surface, adjacent to
the doped oxide layer which grows during the process. In
previous papers we reported the occurrence of large precipi-
tates after predeposition at 920 and 1000 °C using POCl3 .
By selected area diffraction~SAD! their structure was found
to correspond to an orthorhombic one,4 in agreement with
the results of x-ray analysis.5

Bourret and Schro¨ter6 performed a high-resolution elec-
tron microscopy~HREM! study of SiP precipitates obtained
by heavy predepositions at 900 °C using a P2O5 source. For
these precipitates they proposed a monoclinic structure, iso-
morphic with SiAs. Benderet al.7 obtained a surface layer of
polycrystalline SiP by annealing at 900 °C wafers implanted
at extremely high fluences (131018 cm22). These crystals
presented a monoclinic structure, with a minor amount of
orthorhombic phase.

The understanding of the equilibrium is further compli-
cated by the presence of electrically inactive phosphorus. It
is known that the carrier density of annealed Si crystals in-
creases with the concentration of P, and attains an upper limit
~of the order of 1 at. %! which depends on temperature,8

while the total dopant can attain concentrations as high as 10
at. %.8 Furthermore, it has been observed that the inactive
dopant mainly occupies substitutional positions in the Si
lattice.9 This behavior is similar to the one presented by As
in Si.10

A hypothesis to account for the inactive P was the forma-
tion of complex point defects (E centers! which compensate
or make the dopant electrically inactive.11,12 In subsequent
works, we deduced that the inactive P is in the form of small
coherent particles which keep the structure of the Si matrix.
This conclusion was based on electrical measurements,8,13

and was supported by double-crystal x-ray-diffraction14 and
TEM and HREM examination.8,13,15A sphalerite-type struc-
ture was proposed for these particles.15

Until now no experiment for thermal equilibration of
heavily doped specimens containing clearly identified, ortho-
rhombic or monoclinic, SiP precipitates has been performed.
This is a crucial determination to analyze the phase equilib-
rium and the nature of the inactive P.

We recently carried out experiments of this type on As-
doped Si.16,17Our determinations were performed on wafers
bearing a layer of monoclinic SiAs in the surface region,
obtained by annealing after very heavy As implantation~1
and 1.531017 cm22). The As concentrationCsat in equilib-
rium with this phase was determined by the shape of the
diffusion profiles after equilibration at temperatures in the
range 800–1050 °C.

The present work reports the results of experiments per-
formed on the same line, by annealing very heavily
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(1.531017 cm22) P-doped slices at temperatures in the
range 800–1000 °C. Features of the precipitates have been
studied by electron microscopy techniques. Moreover, we
report more accurate values of the saturation carrier concen-
tration ne in the same temperature range. Finally, the equi-
librium in the Si-P system and the nature of the inactive
dopant are discussed in the light of these results.

II. EXPERIMENT

Silicon wafers,~100! oriented,p type, of 10-V cm resis-
tivity, have been phosphorus implanted with a dose
1.531017 cm22. In order to increase the dopant concentra-
tion near the surface further, the process has been performed
in two steps: a first implantation with a fluence 1.031017

P/cm2, at an energy of 100 keV, and followed by a second
implantation with a fluence 531016 P/cm2 at 50 keV.

The specimens were subsequently furnace annealed at
800, 850, 900, and 1000 °C for different times, ranging from
15 min to 160 h, in a nitrogen atmosphere. To reduce the
outdiffusion of the dopant, these treatments were performed
for the first 4 h at 800 °C~1 h at 850 and 900 °C, and 15 min
at 1000 °C, respectively! in a slightly oxidizing atmosphere
~N2110%-O2).

Secondary neutral mass spectroscopy~SNMS! has been
employed to measure the profiles of P concentration in Si. A
Leybold INA 3 instrument has been used, with an argon
plasma as the postionizer source of ions to sputter the
samples. To reduce ion mixing which, increasing with the
primary ion energy, degrades the depth resolution, a negative
voltage of 800 V was applied to the samples for sputtering.
The primary current density was of about 1–2 mA/cm2.

The maximum carrier concentrationne obtainable in
heavily P-doped Si after thermal equilibration, as a function
of the temperature, has been determined by a different ex-
periment. Polycrystalline Si films were deposited in a low-
pressure chemical vapor reactor at 660 °C, onto previously
oxidized single-crystal wafers. The film thickness, deter-
mined by an Alpha-Step 200 Tencor Instruments, was of 0.45
mm. P was implanted in the films at an energy of 100 keV
and dose 431016 cm22. The samples were first heated 3 h at
1100 °C, to recover the implantation damage and redistribute
the dopant, and successively annealed for 1000 h at
600 °C. To avoid outdiffusion processes the first high-
temperature heat treatment was performed in a slightly oxi-
dizing atmosphere~90% N2110% O2). By using this pro-
cedure we obtain that the carrier concentration measurements
performed at the end of the annealing cycle~600–1100 °C!
and immediately after the first annealing~1100 °C, 3 h! gave
exactly the same value. Furthermore, the poor loss of P is
confirmed by a simulation of the annealing processes per-
formed by using the process simulatorSUPREM III, which
gives a P loss of 1.7%. The average grain size after these
thermal treatments was 1.3mm. The specimens were then
annealed at temperatures increasing in steps of 25 °C up to
900 °C, and in steps of 50 °C up to 1100 °C. The treatments
were performed in a nitrogen atmosphere for times which
decreased as the temperature increased, and exactly as fol-
lows: 250 h at 625, 650, 675, and 700 °C; 120 h at 725, 750,
and 775 °C; 97 h at 800 °C; 50 h at 825, 850, and 875 °C;
24 h at 900, 950, and 1000 °C; 2.5 h at 1050 °C; and 1 h at

1100 °C. In order to investigate the P deactivation during the
cooling, some specimens were also annealed with a rapid
thermal processing system~Heat Pulse 210 T by AG Assoc.!.
These samples were heated at 900 and 1000 °C for 60 s and
1100 °C for 30 s, respectively, in a flowing nitrogen atmo-
sphere.

The carrier density and mobility were determined by Hall
effect and sheet resistivity measurements, using a Van der
Pauw geometry defined with a photolithographic process.
The carrier concentration profile in few selected specimens
was determined by incremental sheet resistance and Hall ef-
fect measurements performed after thinning of the specimen
by anodic oxidation and oxide stripping. Finally, for the elec-
tron microscopy observations on plan and cross sections, a
Philips CM30 TEM, operating at 300 kV, has been em-
ployed.

III. RESULTS AND DISCUSSION

A. Dopant profiles and P concentration in equilibrium
with SiP precipitates

The as-implanted P profile and its evolution during an-
nealing at 800, 850, and 900 °C are reported in Figs. 1, 2,
and 3, respectively. As shown in Fig. 1, the as-implanted
distribution shows a maximum concentration slightly lower
than 131022 cm23 at a depth of 80 nm. After annealing, the
SNMS profiles reveal the presence of two distinct peaks in
the P distribution. The first one, due to P segregation, is
observed at the sample surface, whereas the second wider
peak, attaining a concentration of about 231022 cm23, a
factor 2 higher than the maximum concentration in the as-
implanted sample, is present at a depth of about 100 nm at
800 and 850 °C, and at a depth of about 90 nm at 900 °C.
The exact position in depth of these second peaks appears to
depend slightly on the annealing time.

The in-depth defect distribution in samples annealed in
the above-reported temperature range has been obtained by
cross-sectional TEM analysis. The bright-field~BF! TEM
micrograph shown in Figs. 4~a! and 4~b! correspond to
samples annealed at 850 °C for 4 h and 900 °C for 3 h,
respectively. A comparison between Figs. 4~a! and 4~b! and
Figs. 2 and 3 shows that in correspondence of the second
peak of the P distribution a high density of precipitatelike
defects is observed. Electron microdiffraction obtained from

FIG. 1. SNMS phosphorus profiles after implantation and an-
nealing at 800 °C for increasing times.
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several defects have shown that they are mainly monoclinic
SiP precipitates, a structure first reported by Bourret and
Schroeter,6 although some orthorhombic SiP precipitates,
with a structure reported by Wadsten,1 were also found, as
shown in Fig. 5. The coexistence of the two structure of the
SiP precipitates has already been reported by Benderet al. in
Si samples implanted at higher P doses.7

In the region between the sample surface and the SiP pre-
cipitates which corresponds to the P-depleted region in the
SNMS profiles, the BF images in Figs. 4~a! and 4~b! reveal
the presence of a polycrystalline layer. A weak beam dark
field ~WBDF! micrograph of this region, taken in a sample
annealed at 900 °C for 3 h, is shown in Fig. 6, where it is
noted that the type of contrast of the grain labeledA is very
similar to the one of the Si matrix. X-ray microanalysis per-
formed on single grains inside the polycrystalline layer has
clearly shown that most of these are Si grains, in agreement
with SNMS results.

This TEM and SNMS analysis of the P distribution shows
an apparently different behavior of this dopant with respect
to the one observed in the case of heavy As-implanted Si.16,17

In fact, whereas for As the nucleation of SiAs precipitates
was found to take place uniquely at the sample surface, i.e.,
heterogeneously, in the present case the nucleation takes
place inside the Si matrix. However, as noted above, these
precipitates lie mainly at the interface between the Si matrix

and the surfacial polycrystalline layer, indicating, on one
hand, a heterogeneous nucleation similar to the one observed
for As in Si, but, on the other hand, a different behavior of
the two dopants during the solid-phase epitaxy~SPE! growth
leading, in the case of P, to an imperfect regrowth of the
uppermost amorphous layer~Fig. 4!.

The shift of the P peak toward the surface, observed to a
larger extent at 800, 850, and 900 °C~Fig. 4!, by increasing
the annealing time cannot be justified by the surface strip-
ping produced by the oxidation, because the oxygen flows in
the furnace only in the early phases of the annealing. A ten-
tative explanation of this phenomenon is the Si diffusion

FIG. 2. SNMS phosphorus profiles after annealing at 850 °C.
With increasing time the concentration diffusing from the precipi-
tates attains a constant equilibrium valueCsat defined by the shoul-
der.

FIG. 3. SNMS phosphorus profiles after annealing at 900 °C for
different times.

FIG. 4. BF TEM micrographs taken in specimens annealed at
850 °C for 4 h~a!, 900 °C for 3 h~b!, and 1000 °C for 30 min~c!.
The rodlike SiP precipitates are buried in~a! and to a minor extent
in ~b!, whereas they are found at the sample surface in~c!.
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from the surface polycrystalline layer toward the single-
crystal bulk. The driving force for this diffusion is the free-
energy difference between crystals of different sizes.

The isothermal evolution of the P distribution, as shown
in Figs. 1–3, can be described as a P diffusion from the
region adjacent to the SiP-rich layer both toward the precipi-
tates, which continue to grow, and to the bulk. This process
continues until the dopant concentration in the Si lattice at-
tains the value of equilibrium with the SiP precipitates. Then
the concentration stays constant, and the shoulder in the con-
centration profile assumes a value which represents the satu-
ration concentrationCsat of P in Si. From our profiles the
saturation concentration in equilibrium with orthorhombic
SiP turns out to be 3.2, 4.0, and 5.431020 cm23 at 800, 850,
and 900 °C, respectively. We note that for all temperatures,
the longer annealing time corresponds to a P diffusion length
2ADt, evaluated at the concentrationCsat, higher than 1
mm.18

A different distribution is observed in the samples isother-
mally annealed at 1000 °C. As shown in the SNMS profile in

Fig. 7, a unique peak of the P concentration is detected at the
sample surface. This is confirmed by the BF TEM micro-
graph in Fig. 4~c!, taken in a sample annealed at 1000 °C for
15 min, where large SiP precipitates are uniquely visible at
the sample surface. TheCsat value determined from the pro-
files in Fig. 7 is 9.231020 cm23.

To have an unambiguous confirmation that the procedure
employed to obtain the P saturation concentration gives equi-
librium values, we have submitted a specimen previously
annealed for 160 h at 800 °C to a second thermal treatment
at 900 °C for 9 h. The result of this experiment is reported in
Fig. 8. The P concentration at the shoulder increases from the
lower Csat value attained at 800 °C to the higher one at
900 °C. This shows that the values of the P saturation con-
centration can be attained reversibly, thus confirming that
they are the equilibrium ones.

The above results confirm that extensive precipitation of
monoclinic~or orthorhombic! SiP takes place only in condi-
tions of very high dopant supersaturation. We notice in this
respect that Benderet al.7 did not detect the above phases
after annealing for 3 h at 900 °Cspecimens implanted with
131017 cm22 at 100 keV. However, after the same heat
treatment, we observe their precipitation, but with a dose
1.531017 cm22; i.e., for a dopant concentration which ex-
ceeds the value ofCsat at 900 °C by over a factor 15. Com-
petition between clustering and nucleation can hinder the

FIG. 5. ~a! Microdiffraction pattern taken in a sample annealed
at 1000 °C for 30 min.~b! Schematic diagram of~a! with the spots
of SiP indexed, according to the@532# projection of the orthorhom-
bic structure reported by Wadsten~Ref. 1!.

FIG. 6. WBDF (2g,5g) micrograph taken in a sample annealed
at 900 °C for 3 h, withg5^111& showing a Si grain close to the
surface~labeledA). In this micrograph very small particles are
visible in Si regions~see arrows!. In the enlarged view reported in
the inset it is shown that some of these particles exhibit a Moire´
fringe contrast.

FIG. 7. SNMS phosphorus profiles showing the shoulder attain-
ing Csat after annealing at 1000 °C for increasing times.

FIG. 8. Comparison of SNMS phosphorus profiles after anneal-
ing ~i! at 800 °C,~ii ! 800 °C and subsequently at 900 °C, and~iii !
at 900 °C. After the second annealing at 900 °C the concentration
of the shoulder increases from the lowerCsat value attained at
800 °C to the higher one of 900 °C.

53 7839DOPANT AND CARRIER CONCENTRATION IN Si IN . . .



kinetics of precipitation.19,20 On this line the behavior of P
can be attributed to competing aggregation of the dopant,
i.e., to the same phenomenon which we concluded to be
responsible for its electrical deactivation. A similar hindered
precipitation is presented by As.17

B. Equilibrium carrier concentration
vs annealing temperature

The carrier concentration measured on our samples as a
function of temperature is reported in Fig. 9, together with
our previous data obtained in polysilicon films21 and crystal-
line Si.22 Although the dopant concentration in these speci-
mens (;931020 cm23) exceedsCsat only for temperatures
lower than 1000 °C, it is worth noting thatne is independent
of P concentration at these extremely high dopant densities.
In previous experiments we confirmed this behavior for P
concentrations up to 431021 cm23.8

In the low-temperature range below 800 °C, equilibrium
values of the carrier density can hardly be obtained, even for
long annealing times.21,22 Moreover, in these experimental
conditions the precipitation of orthorhombic~or monoclinic!
SIP was not detected. Instead TEM WBDF observations re-
ported evidence of a high density of small particles.13 At the
other extreme, at high temperatures, furnace annealing pro-
vides lower values with respect to rapid thermal annealing
~RTA!. The differences tend to increase with increasing tem-
perature, and are clearly due to a dopant deactivation during
cooling. This effect is minimized by RTA, which provides
rapid cooling. However, at 900 °C, the furnace-annealed
samples provide the same concentration values as the ones
submitted to RTA.

The results reported in Fig. 9 match very well an expo-
nential dependence as a function of reciprocal temperature.
The best fit, determined leaving out the three points referring
to furnace annealing at the highest temperatures, gives
ne59.231021exp(20.33/kT) cm23.

C. On the nature of the electrical inactive P

The dopant concentrationCsat in equilibrium with mono-
clinic SiP precipitates, and the equilibrium carrier concentra-

tion ne , are reported in Fig. 10 as functions of the reciprocal
temperature. The two curves, characterized by different
slopes, meet at about 750 °C, corresponding to a concentra-
tion of 2.231020 cm23. According to these results, above
;750 °C, the ionized P can exist in equilibrium with both
the dopant in monoclinic SiP precipitates and the inactive
dopant (Csat2ne), which can undergo diffusion.

This finding is put in clear evidence in Fig. 11, which
reports the dopant and carrier profiles, in the region down-
stream the large SiP precipitates, after 15 min of annealing at
1000 °C. We point out that the value of the concentration in
the plateau region of the carrier profile closely corresponds
to the one in Fig. 10. Moreover, the P and carrier profiles
overlap for concentrations lower than 331020 cm23. This is
an indication of the accuracy of our measurements. Qualita-
tively similar behavior was also observed for As.16,17For this
last element the fraction of inactive mobile dopant is higher
than in the case of P. In fact, it can exceed the electrically
active one by more than one order of magnitude.17

An alternative hypothesis is that the formation of inactive
P at concentrations lower thanCsat, as is shown in Fig. 10

FIG. 9. Dependence on the annealing temperature of the equi-
librium carrier concentrationne measured in the specimen’s fur-
nace, and rapid thermal annealed.

FIG. 10. Dependence on the annealing temperature of the carrier
concentrationne and the dopant concentrationCsat in equilibrium
with SiP precipitates.

FIG. 11. Phosphorus and carrier profiles after 15-min annealing
at 1000 °C.
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for T.750 °C, is merely due to deactivation taking place
during cooling. However, this hypothesis is in contrast with
the results of Fig. 9~same carrier concentration for the
samples heated at 900 °C both by furnace and RTA!, and
with the following findings.

~i! Equilibration annealing at 1000 °C was performed on
both polycrystal and single-crystal specimens by using dif-
ferent heating and cooling techniques. The spread of our
results for ne , also considering our previous
determinations,8,19 is in the range 3.8/(4.631020 cm23),
where the highest figure was obtained by RTA followed by
rapid cooling in a nitrogen flux. These values have to be
compared with the one ofC sat, i.e., 9.231020 cm23.

~ii ! Determinations of the carrier profiles, after heating
heavily doped laser annealed samples at 850 °C, have shown
that heating times exceeding 5 min are needed to obtain the
equilibrium value (ne52.931020 cm23).8

~iii ! The analysis of the deactivation kinetics13 indicates
that the rate of this process decreases strongly with decreas-
ing supersaturation. Instead, the carrier profiles, like the one
of Fig. 11, present a wide, nearly flat, region.

According to the results in Figs. 10 and 11, the inactive
dopant at concentrations belowCsat should be due to an ag-
gregation phenomenon which precedes the phase transition.
In these heterophase fluctuations, first analyzed by Frenkel,23

the population of embryos is in a mass action equilibrium
with the parent monomer. Such an equilibrium can account
for the diffusion behavior, such as the one shown in Fig. 11,
for the inactive dopant.

Finally, we have found that, as in the case of heavy As-
implanted Si,17 in addition to large second-phase precipitates
small particles are detected in WBDF observations. In the
present case, as shown in Fig. 6, they are observed both
inside the surfacial Si grains and deeper in the substrate, i.e.,
at concentrations belowCsat, with diameters ranging from

1.5 to 7.5 nm. In the inset in Fig. 6, it is shown that in some
cases they present a Moire´ fringe contrast with fringe spac-
ing ranging from 0.9 to 1.6 nm. A detailed analysis on the
origin of these Moire´ patterns is in progress. Presently, al-
though some features of these small objects suggest that they
are related to P, no certain conclusion can be inferred.

IV. CONCLUSIONS

We have determined values of the P concentration in Si in
equilibrium with large monoclinic~or orthorhombic! SiP
precipitates as a function of the temperature
Csat52.4531023 exp(20.62/kT) cm23. These concentra-
tion values have been compared with the equilibrium con-
centrationne of the electrically active dopant. To this end,
more accurate determinations ofne were performed on
heavily P-doped polysilicon films. It has been found that
ne51.331022 exp(20.37/kT) cm23.

For temperatures higher than 750 °C,Csat exceedsne .
The concentration (Csat2ne) of the inactive and mobile P
increases with temperature: at 1000 °C about 50% of the P
in equilibrium with the SiP precipitates~i.e., ;531020

cm23) is electrically inactive.
This inactive mobile dopant should be due to an aggrega-

tion phenomenon which precedes the phase transition. In
these heterophase fluctuations the population of embryos is
in a mass action equilibrium with the parent monomer. Such
an equilibrium can account for the diffusion behavior and the
electrical inactivity of the dopant.
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