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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 ob,=0.026+0.023 cnd/s and an activation energy &=2.59+0.36 eV.

The measured diffusivity in polycrystalline silicon is10* times larger than that reported for
single-crystal silicon. It is hypothesised that germanium diffusion in polysilicon occurs by diffusion
along grain boundaries. @002 American Institute of Physic§DOI: 10.1063/1.1518770

SiGe heterojunction bipolar transistqitdBTs) are find-  polysilicon emitter layer of thickness 0.13n deposited by
ing increasing application in high-performance integratedchemical vapor deposition. Prior to polysilicon deposition,
circuits for mobile communication systems in the 1-10 GHzthe Si was cleaned by etching to a depth of 50 nm. The wafer
range! This is made possible by the very high-frequencywas annealed for 30 s at 1045 °C in dry,Nwhich is typi-
operation that can be achieved with SiGe HBTSs, for examplegally used for the fabrication of polysilicon emitters.
values off . up to 180 GHz and values df; up to 210 To determine the diffusivity of Ge in polysilicon, a
GHZ° have been reported. To achieve these good perfo@.35um layer of amorphous silicon was deposited on a
mances in a SiGe HBT, the SiGe layer is produced using100 p-type Siwafer and annealed for 30 s at 1025 °C in dry
epitaxy, which allows very thin layers to be grown with good N2. This anneal has the effect of converting the layer of
control over layer thickness and composition. However, geramorphous silicon into polysilicon. Germanium was then im-
manium implantation has also been used to produce SiGelanted into the polysilicon to a dose 0k2.0'® cm™? and at
HBTs.”® While this approach does not deliver such high per-an energy of 100 keV. Finally, an oxide capping layer was
formance as epitaxy, it does improve transistor performancéeposited and the wafer sawn into 15 fbest samples. The
using a process that is fully compatible with standard prosamples were then annealed in nitrogen in a furnace for 30

duction technology, without resorting to expensive epitaxialMin at temperatures between 800 and 900 °C. The samples
deposition. were loaded into the furnace at 750 °C and a ramp rate of

A feature of ion implantation is the Gaussian-like depth~2~7 “C/min used to reach the anneal temperature.
distributions of the implanted species and thus in a SiGe Figure 1 shows a Ge secondary ion mass spectroscopy

HBT produced using Ge implantation there is no silicon cap>IMS) profile to demonstrate the effect of a polysilicon
layer. In this case, the polycrystalline silicgpolysilicon) emitter drive-in on the Ge distribution in the substrate and

emitter is in direct contact with the synthesised SiGe |ayer§<°1§2'°°f12'aggg kTCeGEa_mfleb VIVI?Z |m_pla;1ted IW'.tIh 1.86
which means that there can be interactions between the Ge (I:p lgm ' d € led '?10042 °c ]1 pn;(; o.podys%chon
the substrate and the polysilicon emitter. In this article, both eposition and annealed a or o0 s I dpy TThe

. . l 73 - - . _
the diffusion of Ge from a crystalline substrate into polysili- peak Ge concentration is 1:E.0”” cm°, which is equiva
e . o : . lent to a Ge content of 3 at. %. The depth of the peak of the
con and the diffusion of Ge in polysilicon are investigated. It

. el - ncentratiof~0.11 um) is in reement with
is shown that significant Ge diffusion into the polysilicon Ge concentratiort~0.11 um) is in good agreement with a

it duri it | and sub . | redicted implant peak depth of 0.12n for a 200-keV im-
emitter occurs during emitter anheal and subsequently va u‘%ﬁant. Although the polysilicon was deposited after the Ge
of Ge diffusivity in polysilicon are determined for anneal

S implantation, the layer contains a significant concentration of
temper.atures' between SOO _and 900°C. ) . i Ge due to out diffusion during the 1045 °C anneal. This re-
To investigate Ge glfo§|20n from crystalline silicon into gt jjjystrates that significant Ge diffusion into the polysili-
polysilicon, a 1'86(_1_01 cm- %, 200 keV Ge implant was .1 emitter is to be expected in transistors fabricated using
made into a(100 silicon wafer, which subsequently had a ¢ jmplantation. Diffusion of Ge in single-crystal Si has
been reported by Hettickt al® and Dorneret al.® and at
aEjectronic mail: PA@ECS.SOTON.AC.UK 1045 °C the diffusivity is around 210" cn?s™ 1. This is
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FIG. 1. Germanium SIMS profile from a sample implanted with 1.86 . o o ) »
X 10% cm2, 200 keV Gé prior to deposition of a polysilicon emitter and FIG. 3. Germanium diffusion coefficient in polysilicon for peak (Ge

0 ~—3 ; 0 ~m—3 : ; ;
an anneal of 30 s at 1045 °C in dry, NThe profile shows diffusion of the >10% cm™?) and tail (Ge<10? cm™") Ge profiles as a function of recip-
germanium into the polysilicon emitter. rocal temperature, and for comparison values of germanium diffusion coef-
ficient in single-crystal silicorisee Refs. 8, @

a very low value of diffusivity, and suggests that Ge diffu-

sion in polysilicon is considerably faster than that in single-  To extract values of diffusivity, the profiles in Fig. 2

crystal Si. were modeled using Edq1), which combines logarithmic
Figure 2 shows Ge SIMS profiles in samples produced tqueighted double gaussians, so that diffusion in the tail region

quantify Ge diffusion in polycrystalline silicon. The samples (< 10?° cm™3) can be separated from diffusion around the
were implanted with X10'°cm™2, 100 keV G€ into a  peak of the profile & 107%° cm™3).

0.35-um polysilicon layer before annealing at 800, 825, 850,
875, and 900 °C for 30 min. Each of the annealed profiles
shows significant diffusion of the implanted germanium,
which increases with anneal temperature. The annealed pro-
files have two distinct regions, one in the tail of the profile
and one around the peak. The tail regions of the profiles Xexp{ _}
show significant diffusion of the implanted Ge, and are simi- 2
lar to profiles obtained for dopant diffusion in polysilicth,

which occurs by a mechanism of diffusion along the grainyy,, range and straggle were determined using the as-
boundaries. The peak region shows relatively little diﬁ“Sionimplanted profile witht=0 in Eq. (1) and a least-squares-

and suggests either that the Ge is trapped or segregatgging routine based on the Marquardt—Levenberg algorithm
around the implant peak or that the Ge is diffusing only iny;q"sed. In the diffused profiles, the near surface and end
the singI%-crystaI grain interiors where diffusion is known to points of the plotted profile€Fig. 2) were removed to reduce
be slow?* the noise in the data. The solid lines in Fig. 2 illustrate the fit
was obtained for each of the profiles. It can be seen that a
very close fit can be achieved with the experimental data.
polysilicon Figure 3 summarizes the values of diffusivity obtained
from fitting Eq. (1) to the profiles in Fig. 2. The values of
diffusivity in the tail region can be described by an Arrhenius
relationship with an activation enerdf) of 2.59+0.36 eV
and, a preexponential factoD{) of 0.026+0.023 cni/s.
For comparison, Fig. 3 also compares our measured values
of diffusivity in polysilicon with measured values from the
literature in single-crystal silicof® It can be seen that the
) values for polysilicon are considerably higher than those for
10 as-implanted "o’ ” oo single-crystal_ sili_cqn. For gxample_,_ at a temper_ature of
— fitted . 900 °C, the diffusivity of Ge in polysilicon is approximately
g |_O_ Mmeasured four orders of magnitude higher than that in single-crystal
0.00 0.05 0.10 0.15 0.20 0.25 0.30 silicon. Similar behavior is obtained for dopant diffusion in
Depth (microns) polysilicon!* where arsenic and boron diffusion in polysili-
FIG. 2. Germanium SIMS profiles compared with fitted profiles for samplescpn are 10 a”q, 16 times hl'ghel’ in polysilicon th:?\n m
implanted with 100 keV X 10 cm™2Ge" after polysilicon deposition and  Single-crystal silicon, respectively, as a result of diffusion
anneal for 30 min at a temperature of 800, 825, 850, 875, or 900°C.  down grain boundaries. From an analogy with dopant diffu-
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sion, we hypothesise that the diffusion seen in the tail of ther 0.023 cnd/s and an activation energy oE=2.59
Ge profile is due to diffusion along the grain boundaries.+0.36 eV. The measured values of diffusivity in polycrys-
Around the peak of the profile, an activation enef@ of  talline silicon are approximately four orders of magnitude
0.77£0.28 eV was obtained, together with a pre-exponentiahigher than reported values in single-crystal silicon. We hy-
factor (D,) of 1.46+0.10<10 *cn¥/s. However, the pothesis that Ge diffusion occurs along grain boundaries.
amount of diffusion around the implant peak was small and
further measurements at higher temperatures are needed ACGKNOWLEDGMENT
be a_lble to fully quantify the mechanisms influencing the Ge The EPSROSIGe program—Grant No. GRL500LEs
profiles around the peak. : e acknowledged for partial funding this research.
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