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Comparison of arsenic diffusion in Si 1ÀxGex formed by epitaxy
and Ge¿ implantation
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A comparison is made of arsenic diffusion in Si0.95Ge0.05 produced by epitaxy and ion beam
synthesis using a 231016 cm22 Ge1 implant into silicon. The arsenic diffusion depth at 1025 °C in
the Si0.95 Ge0.05 epitaxy sample is enhanced by a factor of 1.26 compared with a similar Si control
sample and by a factor of 1.30 in the ion beam synthesized sample. The arsenic diffusion in the
Si0.95 Ge0.05 epitaxy sample is modeled by increasing the arsenic diffusion coefficient from the Si
value of 1.92310215 to 5.15310215 cm2 s21, and in the ion beam synthesized sample by using the
same diffusion coefficient of 5.15310215 cm2 s21 and increasing the ‘‘plus one’’ factor in the
transient enhanced diffusion model from 0.01 to 1.5. Arsenic diffusion in a silicon sample implanted
with 231015 cm22 Si1 can be modeled using the same plus one factor of 1.5, thereby
demonstrating the consistency of the modeling. ©2003 American Institute of Physics.
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I. INTRODUCTION

The characterization of dopant diffusion in Si12xGex is
important because Si12xGex is increasingly being used t
produce devices such as heterojunction bipolar transis
and heterojunction metal–oxide–semiconductor transist
While boron diffusion in Si12xGex has been reasonably we
characterized,1–3 much less research has been published
arsenic diffusion in Si12xGex . Hu et al.4 have studied segre
gation of arsenic in Si12xGex , and Zouet al.5 have studied
the rapid thermal annealing of arsenic implanted Si12xGex

epilayers and shown that arsenic diffusion in Si12xGex is
enhanced compared with that in silicon.

Ion beam synthesis can be used to form Si12xGex het-
erostructures, and offers a simple way of improving dev
performance.6 Lombardoet al.6 have studiednpn transistors
fabricated by ion beam synthesis and found that the bo
diffusion was slower than in silicon, in agreement with wo
on Si12xGex epitaxial layers.1-3 Pnp transistors are also o
interest for complementary bipolar circuits, and ion be
synthesis of Si12xGex would offer the prospect of improving
the performance of thepnp transistor, which is inferior to
that of thenpn transistor.

In this article, we report a quantitative comparison
arsenic diffusion in Si12xGex layers produced using ion
beam synthesis and epitaxy. It is shown that arsenic diffus
in epitaxial Si12xGex is increased compared with that in S
and further increased in ion beam synthesized layers.

a!Author to whom correspondence should be addressed; electronic
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II. EXPERIMENTAL PROCEDURE

Four ~100! 0.5–1V cm silicon wafers were used to in
vestigate arsenic diffusion in Si12xGex produced using ion
beam synthesis and epitaxy. An ion beam synthesized la
was produced in one wafer using a 231016 cm22, 100 keV
72Ge1 implant into silicon at liquid-nitrogen temperature
give an average germanium content of 5% and an epita
Si12xGex layer was grown on a second wafer using low pre
sure chemical vapor deposition. The third silicon wafer w
given a 60 keV, 231015 cm22 Si1 implant; the energy and
dose of the Si1 implant were chosen to give the same am
phization depth as in the Ge1 implant. The fourth wafer was
a silicon control, which was given no Ge1 or Si1 implants.
No regrowth anneals were performed after the Ge1 and Si1

implants. Each wafer was then implanted with 40 keV A1

with a dose of 131016 cm22, before oxide deposition and
sawing into 15 mm2 samples. Pieces from each wafer we
then given a rapid thermal anneal of 30 s at 1025 °C in
nitrogen.

The As and Ge profiles were determined using second
ion mass Spectroscopy~SIMS! with an O2

1 beam, and the
experimental arsenic profiles were compared with simula
profiles obtained usingTSUPREM4. The arsenic as-implante
profile was modeled using a dual Pearson distribution, w
the moments chosen to give good agreement with the m
sured profile. Arsenic diffusion was modeled using t
PD.FULL model, which includes mechanisms such as
senic clustering, concentration dependent diffusion,7 and
transient enhanced diffusion~TED!. The arsenic diffusion
mechanism was assumed to be diffusion by singly nega
vacancies, with an activation energy,Ea , of 4.15 eV and a
pre-exponential factor,D0, of 1.4931011 mm2/min and dif-
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fusion by singly negative interstitials with an activation e
ergy of 4.15 eV and a pre-exponential factor of 3.7231010

mm2/min. For the Si control and epitaxial Si12xGex samples,
singly negative interstitials were found to have little effect
the simulated profiles, whereas for the Si1 and Ge1 im-
planted samples, both singly negative vacancies and si
negative interstitials were found to influence the profil
TED was modeled using a ‘‘plus one’’ model, which a
sumed 0.01 excess interstitials per implanted arsenic ato8

III. RESULTS

Figure 1 shows the germanium SIMS profiles for t
Si12xGex on Si layers produced using epitaxy and ion be
synthesis. For the Si12xGex epitaxy sample, the germanium
concentration remains approximately constant down t
depth of 0.12mm, with an average concentration of 5 at. %
For the ion beam synthesized sample, the germanium
centration peaks at a depth of 0.071mm and has an averag
concentration of 5 at. % in the top 0.12mm of the profile.

FIG. 1. Germanium SIMS profiles for wafers created using epitaxy and
beam synthesis using a 100 keV 231016 cm22, 100 keV72Ge1 implant.

FIG. 2. Measured~SIMS! and simulated arsenic profiles for Si0.95Ge0.05

epitaxial layers implanted with 131016 cm22 As1 at 40 keV and annealed
in nitrogen for 10 s or 30 s at 1025 °C. The simulated profiles were obta
using an activation energy of 4.15 eV, a pre-exponential factor of 431011

mm2/min and a plus one model factor of 0.01.
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Figure 2 shows measured arsenic profiles in the epita
Si12xGex layer on silicon after anneals of 10 s and 30 s
1025 °C. Also shown in Fig. 2 are modeled profiles, whi
were obtained using an arsenic diffusion coefficient of 5
310215 cm2 s21. It can be seen that both of the profiles c
be reasonably well modeled using this value of diffusi
coefficient.

Figure 3 compares arsenic diffusion profiles in epitax
and ion beam synthesized Si12xGex , and in Si1 implanted
and Si control samples after a rapid thermal anneal for 30
1025 °C. Also shown in Fig. 3 is an as-implanted arse
profile for comparison. A number of trends can be identifi
in these profiles. First, the arsenic diffusion in the Si12xGex

epitaxy sample is significantly increased compared with t
in the Si control sample. Second, the arsenic diffusion in
ion beam synthesized Si12xGex sample is increased com
pared with that in the Si12xGex epitaxy sample and, finally
the arsenic diffusion in the Si1 implanted sample is in-
creased compared with that in the Si control sample. Tak
an arsenic concentration of 131019 cm23 as a reference, the
arsenic penetration depths are 0.094mm, 0.116mm, 0.128
mm, 0.146mm, and 0.151mm for the as-implanted, Si con
trol, Si1 implanted, Si12xGex epitaxy, and Si12xGex ion
beam synthesized samples, respectively. The arsenic d
sion depth in the Si12xGex epitaxy sample is therefore en
hanced by a factor of 1.26 compared with the Si cont
sample and by a factor of 1.30 in the ion beam synthesi
sample.

IV. DISCUSSION

In this section, we attempt to interpret the arsenic dif
sion by comparing measured and simulated arsenic profi

n

d

FIG. 3. Comparison of measured~SIMS! and simulated arsenic profiles in
wafers implanted with 131016 cm22 As1 at 40 keV and annealed in nitro
gen for 30 s at 1025 °C. Profiles are shown for five cases: As-implanted
control, Si0.95Ge0.05 epitaxy layer, ion beam synthesized Si0.95Ge0.05 layer
created using a 100 keV 231016 cm22 72 Ge1 implant, and a Si control
implanted with 60 keV 231015 cm22 Si1. The Si control is modeled using
a pre-exponential factor of 1.4931011 mm2/min and a plus one model facto
of 0.01, the Si0.95Ge0.05 epitaxy layer using a pre-exponential factor of
31011 mm2/min and a plus one model factor of 0.01, the Ge1 implanted
using a pre-exponential factor of 431011 mm2/min and a plus one mode
factor of 1.5 and the Si1 implanted using a pre-exponential factor of 1.4
31011 mm2/min and a plus one model factor of 1.5. In all cases, an acti
tion energy of 4.15 eV was used.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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as illustrated in Fig. 3. For the Si control sample, excell
agreement is obtained between the measured and simu
arsenic profiles using a diffusion coefficient of 1.92310215

cm2/s. This is close to the value of 3310215 cm2/s predicted
by Fair.9

For the Si12xGex epitaxy sample, Fig. 3 shows increas
arsenic diffusion in Si12xGex compared with that in silicon
This behavior can be modeled by increasing the diffus
coefficient by a factor of 2.8, as illustrated in the simulat
profile in Fig. 3. This gives a diffusion coefficient of 5.1
310215 cm2/s at a temperature of 1025 °C for arsenic
epitaxial Si0.95Ge0.05. Figure 3 probably represents a slig
underestimate, since the arsenic penetrates beyond the
portion of the Ge profile into the tail region.

The arsenic profiles in Fig. 3 showed that the Si1 im-
plant increased the arsenic diffusion. Since the Si1 implant
was performed to mimic the damage created in the subs
by a Ge1 implant, it would seem logical to simulate th
effect of the Si1 implant by increasing the amount of dam
age in the simulation. This was done by increasing the p
one factor from 0.01 to 1.5. Figure 3 shows that a plus o
factor of 1.5 for the Si1 implanted sample gives good agre
ment with the measured arsenic profile.

These results indicate that the increase in arsenic d
sion in the Si1 implanted Si control sample can be explain
by an increase in the number of point defects. In which ca
it would be expected that the Ge1 implant would give rise to
a similar increase in arsenic diffusion in the Si12xGex . To
test this hypothesis, arsenic diffusion in the Ge1 implanted
sample was modeled using the same plus one factor of
and by introducing diffusion by singly negative interstitia
as well as diffusion by singly negative vacancies. Figure
shows that the simulated arsenic profile for the Ge1 im-
planted sample is in good agreement with the measured
file, thereby demonstrating the consistency of the model
Downloaded 27 May 2003 to 152.78.0.28. Redistribution subject to AIP
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Krishnamoorthyet al.10 have reported increased arsen
diffusion in silicon due to damage beyond the end of ran
defects created by an arsenic implant, which might expl
the increased arsenic diffusion seen in our ion beam syn
sized Si12xGex layers. Furthermore, Joneset al.11 reported
that low-temperature amorphizing implants led to dislocat
loops which did not hamper the flow of interstitials acro
the amorphous/crystalline interface. As the Si1 implant in
our work was performed using liquid-nitrogen cooling, th
mechanism could also contribute to increased arsenic d
sion in the Si1 implanted layers.
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