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Germanium diffusion in polysilicon emitters of SiGe heterojunction bipolar
transistors fabricated by germanium implantation
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A study is made of germanium diffusion in polysilicon emitters of SiGe heterojunction bipolar
transistors made by germanium implantation. Implanted Ge is found to diffuse from the
single-crystal silicon substrate into deposited polysilicon emitter layers during rapid thermal anneal
at 1045 °C. Measurements of germanium diffusivity in polycrystalline silicon are reported at
temperatures between 800 and 900 °C and modeled by an Arrhenius relationship with a
preexponential factor ofDo50.02660.023 cm2/s and an activation energy ofE52.5960.36 eV.
The measured diffusivity in polycrystalline silicon is'104 times larger than that reported for
single-crystal silicon. It is hypothesised that germanium diffusion in polysilicon occurs by diffusion
along grain boundaries. ©2002 American Institute of Physics.@DOI: 10.1063/1.1518770#
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SiGe heterojunction bipolar transistors~HBTs! are find-
ing increasing application in high-performance integra
circuits for mobile communication systems in the 1–10 G
range.1 This is made possible by the very high-frequen
operation that can be achieved with SiGe HBTs, for exam
values of f max up to 180 GHz and values off T up to 210
GHz2–6 have been reported. To achieve these good per
mances in a SiGe HBT, the SiGe layer is produced us
epitaxy, which allows very thin layers to be grown with goo
control over layer thickness and composition. However, g
manium implantation has also been used to produce S
HBTs.7,8 While this approach does not deliver such high p
formance as epitaxy, it does improve transistor performa
using a process that is fully compatible with standard p
duction technology, without resorting to expensive epitax
deposition.

A feature of ion implantation is the Gaussian-like dep
distributions of the implanted species and thus in a S
HBT produced using Ge implantation there is no silicon c
layer. In this case, the polycrystalline silicon~polysilicon!
emitter is in direct contact with the synthesised SiGe lay
which means that there can be interactions between the G
the substrate and the polysilicon emitter. In this article, b
the diffusion of Ge from a crystalline substrate into polys
con and the diffusion of Ge in polysilicon are investigated
is shown that significant Ge diffusion into the polysilico
emitter occurs during emitter anneal and subsequently va
of Ge diffusivity in polysilicon are determined for anne
temperatures between 800 and 900 °C.

To investigate Ge diffusion from crystalline silicon int
polysilicon, a 1.8631016 cm22, 200 keV Ge1 implant was
made into a~100! silicon wafer, which subsequently had
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polysilicon emitter layer of thickness 0.13mm deposited by
chemical vapor deposition. Prior to polysilicon depositio
the Si was cleaned by etching to a depth of 50 nm. The wa
was annealed for 30 s at 1045 °C in dry N2 , which is typi-
cally used for the fabrication of polysilicon emitters.

To determine the diffusivity of Ge in polysilicon, a
0.35-mm layer of amorphous silicon was deposited on
~100! p-type Si wafer and annealed for 30 s at 1025 °C in d
N2. This anneal has the effect of converting the layer
amorphous silicon into polysilicon. Germanium was then i
planted into the polysilicon to a dose of 231016 cm22 and at
an energy of 100 keV. Finally, an oxide capping layer w
deposited and the wafer sawn into 15 mm2 test samples. The
samples were then annealed in nitrogen in a furnace for
min at temperatures between 800 and 900 °C. The sam
were loaded into the furnace at 750 °C and a ramp rate
;5–7 °C/min used to reach the anneal temperature.

Figure 1 shows a Ge secondary ion mass spectrosc
~SIMS! profile to demonstrate the effect of a polysilico
emitter drive-in on the Ge distribution in the substrate a
polysilicon layer. The sample was implanted with 1.
31016 cm22, 200 keV Ge1 into bulk Si prior to polysilicon
deposition and annealed at 1045 °C for 30 s in dry N2 . The
peak Ge concentration is 1.531021 cm23, which is equiva-
lent to a Ge content of 3 at. %. The depth of the peak of
Ge concentration~;0.11 mm! is in good agreement with a
predicted implant peak depth of 0.12mm for a 200-keV im-
plant. Although the polysilicon was deposited after the
implantation, the layer contains a significant concentration
Ge due to out diffusion during the 1045 °C anneal. This
sult illustrates that significant Ge diffusion into the polysi
con emitter is to be expected in transistors fabricated us
Ge implantation. Diffusion of Ge in single-crystal Si ha
been reported by Hettichet al.8 and Dorneret al.,9 and at
1045 °C the diffusivity is around 4310216 cm2 s21. This is
4 © 2002 American Institute of Physics
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a very low value of diffusivity, and suggests that Ge diff
sion in polysilicon is considerably faster than that in sing
crystal Si.

Figure 2 shows Ge SIMS profiles in samples produced
quantify Ge diffusion in polycrystalline silicon. The sampl
were implanted with 231016 cm22, 100 keV Ge1 into a
0.35-mm polysilicon layer before annealing at 800, 825, 85
875, and 900 °C for 30 min. Each of the annealed profi
shows significant diffusion of the implanted germaniu
which increases with anneal temperature. The annealed
files have two distinct regions, one in the tail of the profi
and one around the peak. The tail regions of the profi
show significant diffusion of the implanted Ge, and are sim
lar to profiles obtained for dopant diffusion in polysilicon,10

which occurs by a mechanism of diffusion along the gr
boundaries. The peak region shows relatively little diffusi
and suggests either that the Ge is trapped or segreg
around the implant peak or that the Ge is diffusing only
the single-crystal grain interiors where diffusion is known
be slow.8,9

FIG. 1. Germanium SIMS profile from a sample implanted with 1.
31016 cm22, 200 keV Ge1 prior to deposition of a polysilicon emitter an
an anneal of 30 s at 1045 °C in dry N2 . The profile shows diffusion of the
germanium into the polysilicon emitter.

FIG. 2. Germanium SIMS profiles compared with fitted profiles for samp
implanted with 100 keV 231016 cm22Ge1 after polysilicon deposition and
anneal for 30 min at a temperature of 800, 825, 850, 875, or 900 °C.
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To extract values of diffusivity, the profiles in Fig.
were modeled using Eq.~1!, which combines logarithmic
weighted double gaussians, so that diffusion in the tail reg
(,1020 cm23) can be separated from diffusion around t
peak of the profile (.1020 cm23).

N~x!5
F

A2p~DRp
212D~T!t !1/2

3expH 2
1

2 F x2Rp

~DRp
212D~T!t !1/2G2J . ~1!

The range and straggle were determined using the
implanted profile witht50 in Eq. ~1! and a least-squares
fitting routine based on the Marquardt–Levenberg algorit
was used. In the diffused profiles, the near surface and
points of the plotted profiles~Fig. 2! were removed to reduce
the noise in the data. The solid lines in Fig. 2 illustrate the
was obtained for each of the profiles. It can be seen th
very close fit can be achieved with the experimental data

Figure 3 summarizes the values of diffusivity obtain
from fitting Eq. ~1! to the profiles in Fig. 2. The values o
diffusivity in the tail region can be described by an Arrheni
relationship with an activation energy~E! of 2.5960.36 eV
and, a preexponential factor (Do) of 0.02660.023 cm2/s.
For comparison, Fig. 3 also compares our measured va
of diffusivity in polysilicon with measured values from th
literature in single-crystal silicon.8,9 It can be seen that the
values for polysilicon are considerably higher than those
single-crystal silicon. For example, at a temperature
900 °C, the diffusivity of Ge in polysilicon is approximatel
four orders of magnitude higher than that in single-crys
silicon. Similar behavior is obtained for dopant diffusion
polysilicon,11 where arsenic and boron diffusion in polysil
con are 104 and 102 times higher in polysilicon than in
single-crystal silicon, respectively, as a result of diffusi
down grain boundaries. From an analogy with dopant dif

s

FIG. 3. Germanium diffusion coefficient in polysilicon for peak (G
.1020 cm23) and tail (Ge,1020 cm23) Ge profiles as a function of recip
rocal temperature, and for comparison values of germanium diffusion c
ficient in single-crystal silicon~see Refs. 8, 9!.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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sion, we hypothesise that the diffusion seen in the tail of
Ge profile is due to diffusion along the grain boundari
Around the peak of the profile, an activation energy~E! of
0.7760.28 eV was obtained, together with a pre-exponen
factor (Do) of 1.4660.10310212 cm2/s. However, the
amount of diffusion around the implant peak was small a
further measurements at higher temperatures are need
be able to fully quantify the mechanisms influencing the
profiles around the peak.

No work has been published on Ge diffusion in po
crystalline silicon, though considerable work has been p
lished on Ge diffusion in single-crystal silicon. For examp
the isotope 71Ge has been used to study silicon s
diffusion12,13 using radiotracer methods in combination wi
mechanical sectioning or sputter sectioning. These e
studies showed significant discrepancies between results
tained by the various groups. More recently, Faheyet al.14

have investigated germanium diffusion under conditions
nonequilibrium point defect concentrations in single-crys
Ge–Si grown by molecular-beam epitaxy. They conclud
that germanium diffusion in single-crystal silicon occurs
both substitutional-interstitial interchange and vacan
mechanisms. Both Franket al.13 and Faheyet al.14 suggest
that non-Arrhenius behavior seen at about 1050 °C is cau
by a change in diffusion mechanism at this temperature,
though this view is not supported by Dorneret al.,9 who
performed a large study on70Ge using SIMS analysis.

In conclusion, the diffusion of Ge in polysilicon ha
been quantified to support an investigation of the anom
lously high diffusion of Ge in polysilicon emitters of synthe
sized SiGe HBTs. Measurements of germanium diffusivity
polysilicon at volume concentrations,131020 cm23 have
been made at temperatures between 800 and 900 °C.
found that the diffusion can be modeled by an Arrhen
relationship with a pre-exponential factor ofDo50.026
Downloaded 27 May 2003 to 152.78.0.28. Redistribution subject to AIP
e
.

l

d
to

e

-
,
f

ly
b-

f
l
d

y

ed
l-

-

is
s

60.023 cm2/s and an activation energy ofE52.59
60.36 eV. The measured values of diffusivity in polycry
talline silicon are approximately four orders of magnitu
higher than reported values in single-crystal silicon. We h
pothesis that Ge diffusion occurs along grain boundaries
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