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Abstract

Transient enhanced diffusion of boron in SiGe HBTs is studied by comparing measurements of the temperature
dependence of the collector current with the predictions of 2D process and device simulations. The collector current
is chosen for modelling because it is extremely sensitive to very small amounts of out-diffusion from the SiGe base,
and hence provides a rigorous test for the accuracy of the transient enhanced diffusion models. The SiGe HBT
studied incorporates an ion implanted extrinsic base adjacent to the SiGe base, which allows the influence of the
implantation damage on the boron diffusion to be studied. The process simulations show that point defects
generated by the extrinsic base implant lead to a broadening of the basewidth around the perimeter of the emitter
due to transient enhanced diffusion of boron from the SiGe base. This causes parasitic energy barriers to form,
which in the worst case, extend laterally several microns from the edge of the extrinsic base. The electrical effect of
the transient enhanced diffusion is a decrease in collector current as the emitter geometry is reduced. Transistors
with different emitter geometries and undoped SiGe spacer thicknesses are studied and the collector/base reverse
bias is varied to modulate the parasitic energy barrier at the collector/base junction. The trends in the measured
collector current are in all cases well predicted by a simplified “plus one” transient enhanced diffusion model.

© 1998 Elsevier Science Ltd. All rights reserved.

1. Introduction

The trend in high-speed, silicon bipolar transistors is
towards thin, highly doped bases to reduce the base
transit time and base resistance and hence produce cir-
cuits which operate at high frequencies [1]. This trend
can be taken further in a SiGe Heterojunction Bipolar
Transistor (HBT), since the increased gain resulting
from the narrower base bandgap can be traded for a
dramatically increased base doping. Furthermore, the
high base doping concentration allows the basewidth
to be further reduced without encountering the limit
imposed by punch-through of the base. This approach
to HBT design has led to transistors with cut-off fre-
quencies as high as 130 GHz [2], maximum oscillation
frequencies as high as 160 GHz [3] and ECL gate
delays as low as 9.3 ps [4-6].

Device performance such as this is only achievable if
out-diffusion of boron from the SiGe base can be
avoided. In the majority of SiGe HBT technologies,
high temperature heat treatments after the growth of
the SiGe layer are either avoided or minimised. From
the point of view of CMOS integration, this approach
has the advantage that a low thermal budget SiGe
HBT can be fabricated at the end of the process with-
out altering the characteristics of the MOS transistors.
However, it has the disadvantage of limiting the sav-
ings in process complexity that can be achieved by
combining MOS and bipolar process steps. An
example of such a saving is the p-channel source/drain
implant, which can also be used to produce the extrin-
sic base region of the SiGe HBT. This approach has
been used to produce a simple, single-polysilicon
BiCMOS process which incorporates a SiGe HBT [7].
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In a technology such as this, it is important to be able
to accurately model transient enhanced diffusion [8—
10], because the point defects generated by the extrinsic
base implant cause a dramatic enhancement of the
boron diffusion coefficient. In fact the relative contri-
bution of non-equilibrium point defects to boron diffu-
sion becomes more important as the anneal
temperature is reduced, and hence it is vital to under-
stand the effects of transient enhanced diffusion in
devices such as SiGe HBTs where the anneal budgets
have to be minimised.

Although considerable research has been carried out
on modelling the defect interactions involved in transi-
ent enhanced boron diffusion, relatively little has been
published on the 2D modeling of these effects in
devices. Some work on polysilicon emitter bipolar
transistors has been reported [11,12] in which two-
dimensional device modelling was used to study the
effects of transient enhanced diffusion in CMOS-com-
patible silicon bipolar transistors. However, little has
been published on similar 2D process and device mod-
elling in SiGe HBTs. The modelling of transient
enhanced diffusion in SiGe HBTs offers a severe chal-
lenge, since the collector current is extremely sensitive
to very small amounts (tens of angstroms) of boron
out-diffusion from the SiGe base. Measurements of
collector current on SiGe HBTs therefore provide a
uniquely sensitive method of detecting small amounts
of transient enhanced boron diffusion, and hence pro-
vide an effective way of assessing the accuracy of tran-
sient enhanced diffusion models.

In this paper, a detailed comparison of measured
and simulated collector currents is made on SiGe
HBTs over a range of temperatures from 200 to

300 K. The simulated results are obtained by first of
all calibrating the transient enhanced diffusion model
parameters by comparing measured SIMS profiles with
1D process simulations on buried boron marker layers
implanted with a high dose boron extrinsic base
implant. 2D process simulation is then carried out to
predict the two dimensional boron profile in the SiGe
base adjacent to the extrinsic base. The resulting 2D
doping profiles are finally fed into a 2D device simu-
lator, which is used to predict the temperature depen-
dence of the collector current for comparison with
measurement. Measured and simulated characteristics
are compared for devices with different undoped SiGe
spacer thicknesses and different geometries. It is shown
that a simple “plus one” transient enhanced diffusion
model is able to predict both the measured collector
current as a function of temperature and the geometry
dependence of the collector current.

2. Simulation procedure

Fig. 1 shows a schematic diagram of the transistor
geometries used for the 2D process simulations which
were performed using TSUPREM4. Two device geo-
metries were initially simulated, with the dimensions
shown along the bottom of the diagram (emitter diam-
eters of 22 and 66 um). These dimensions were chosen
to be consistent with those of SijgsGeg > mesa
test transistors for which measured data was
available [13, 14]. The measured results were obtained
on a device with an emitter dimension of 66 x 66 umz,
and a device comprising nine transistors connected in
parallel, each with an emitter geometry of 22 x 22 pm?.
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Fig. 1. Schematic illustration of the geometries of the devices studied using the 2D process and device simulations.
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Fig. 2. Comparison of the measured and simulated boron profiles used to calibrate the non-equilibrium diffusion models in the pro-
cess simulator. The sample was implanted with 120 keV, 2 x 10> ecm~2 B and 35 keV, 2 x 10'* cm =2 BF, and annealed for 30 s at

900°C.

The two experimental devices therefore had the same
emitter area of 4356 pm>, but one had a perimeter of
264 nm and the other a perimeter of 792 um. The prac-
tical devices were fabricated using the process
described in Ref. [15] and had an extrinsic base formed
from a 120keV, 2x10°cm~? B implant and a
35keV, 2x 10 cm 2 BF, implant. The emitter was
fabricated using an arsenic-implanted polysilicon emit-
ter contact, and a single anneal of 30 s at 900°C was
used to activate the dopant in the extrinsic base and
polysilicon emitter.

In order to model diffusion in the SiGe base, it was
necessary to modify the diffusion parameters in
TSUPREM4 to take into account the slower diffusion
of boron in SiGe than Si. In this work, the diffusion

Table 1

coefficient in SiGe was assumed to be four times smal-
ler than that in Si [16]. In the process simulations, Si
diffusion parameters were used in the SiGe base, but
the thicknesses of the p* base and the SiGe spacers
were adjusted to take into account the slower diffusion
in SiGe than Si. It can readily be shown that a dou-
bling of the width of the p* base and a doubling of
the undoped SiGe spacer thicknesses is needed to
account for the four times lower diffusion coefficient in
SiGe than in Si.

The device simulations were carried out using the
device simulator MEDICI, and the doping profiles
were imported directly from the process simulator. The
models used in the simulations for doping induced
bandgap narrowing, mobility, and density of states in

Summary of the diffusion parameters used in the process simulations

Parameter Pre-exponent 4 Units B (eV) Refs.

D, 1.55x 10° cm?s™! —322 Boit ef al. x1.5 [24]
Cr* 3.11 % 10Y em 3 —1.58 Boit et al. [24]

Dy 6.34 x 10° em?s ™! —3.29 Law [25]

Cy* 477 x 10" em 3 —0.71 Law [25]

Kg 1.4 cm®s™! —4 Law [25]

Ksi 733 x 10° cmxs! —1.88 Crowder et al. [22]
Ksv 1.12 x 10* emxs ! —248 Law [25]

The parameters are given in the form A4-exp(B/kT).
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Fig. 3. Effect of a 120 keV, 2 x 10" em 2 B and 35 keV, 2 x 10'° ecm~2 BF, extrinsic base implant on the boron diffusion at differ-
ent distances from the edge of the implantation window. (a) Interstitial supersaturation ratio as a function of anneal time at 900°C.

(b) Boron profiles after an anneal of 30 s at 900°C.

SiGe were the same as those used in Ref. [13]. The
effects of freeze-out were taken into account by cali-
brating the model to the measured temperature depen-
dence of the base sheet resistance. No attempt has
been made to exactly fit the measured and simulated
device characteristics, so close agreement between the

magnitudes of the measured and simulated currents
should not be expected. Nevertheless the trend in the
temperature dependences of the measured and simu-
lated collector currents should be broadly similar, since
these are determined primarily by the out-diffusion of
the boron from the SiGe base.
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Fig. 4. Simulated collector current densities (Vcg = 0 V) at temperatures of 300 and 200 K for two SiggsGeg 1o HBTs with emitter
diameters of 22 and 66 um. For comparison, the inset shows the measured collector current densities on SigggGeg 1, HBTs with

5 nm undoped SiGe spacers.

The parameters required to model transient
enhanced boron diffusion were calibrated by compari-
son with measured SIMS profiles on a special test
structure in which the extrinsic base implant was made
into an n-type Si layer above a buried p-type Si marker
layer. The results are shown in Fig. 2 for the default
equilibrium diffusion model and for a full non-equili-
brium model. The diffusion coefficient in the default
model had to be multiplied by a factor of 300 to give
good agreement with the measured boron profile in the
marker layer, but this then over-estimated the boron
diffusion in the ion implanted region. In contrast, the
full non-equilibrium diffusion model is in excellent
agreement with the measured profile in both the mar-
ker layer and the ion implanted region.

The non-equilibrium model is based around the sim-
plified “plus one” model in which the dose of excess
interstitials is directly related to the dose of implanted
ions [17,18]. In our simulations we found that 0.01
excess interstitials per implanted boron ion was
required to obtain the fit in Fig. 2. This low ratio is
rather surprising, though it should be noted that the
assumed dose of 4 x 10'? interstitials cm =2 is still very
large when it is borne in mind that our background
concentration of interstitials at 900°C is only
5% 10"”cm™3 In addition the +1 model tends to
imply that the damage cascades from the implanted
ions do not overlap, which is not the case for a light

element, like boron, implanted at a high dose. The dif-
fusion parameters used in the process simulations are
summarised in Table 1 and in Ref. [19] and are essen-
tially similar to those of Lever et al. [20]. Bracht et
al. [21] have since published work on zinc diffusion in
Si in which a somewhat higher value for D; and a
smaller value for Dy were measured, but the essentials
remain unchanged. The three basic quantities on which
there appears to be general agreement are DCr*,
DyCy* and KgCr* (or Ksi/Dp) and the actual values
of D;, Dy and Kg; have to be adjusted to conform to
these three quantities if Cy* or Cy* are changed in the
input to the program. The value of Kg;, the recombina-
tion velocity of interstitials at the Si/SiO, interface, is
particularly important and has been taken from the
measurements of Crowder et al. [22]. This parameter
determines the extent to which interstitials diffuse later-
ally from the ion implanted extrinsic base, and hence it
has an important influence on the lateral distance over
which transient enhanced diffusion occurs. The effec-
tive Kg; under the boron implants is greatly increased
by the expected presence of dislocation loops near the
surface as a result of the amorphisation and re-growth
caused by the BF, implant. We have simulated this
effect directly by using the dislocation growth feature
in the program. The effect was to essentially maintain
the equilibrium value of C; = Cy* at the surface of the
implanted regions.
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3. Results and discussion

Fig. 3(a) shows the interstitial supersaturation ratio
at y = 0 (at the depth of the collector/base junction) as
a function of anneal time for different lateral distances
from the edge of the extrinsic base implant window. In
the early stages of the anneal, the interstitial concen-
tration is dramatically increased above its equilibrium
value. For example, at a distance of 1 pm from the
edge of the extrinsic base implantation window, the
interstitial supersaturation ratio peaks at a value of
over 1000. As expected, the interstitial concentration
decreases on moving laterally away from the edge of
the implantation window, but there is still a sizeable
enhancement (a factor of nearly 10) at a distance of
11 um from the implant. At the centre of the device,
the interstitial concentration is at its equilibrium value
and hence transient enhanced diffusion of the boron
would not occur in this part of the base. These simu-
lation results can be understood by considering the
parameter values used in Table 1 to model the lateral
diffusion of the interstitials. The ratio Dgj/Ks can be
considered as defining a characteristic ‘“‘surface diffu-
sion length”, which determines the lateral distance
over which interstitials diffuse before recombining.
From the parameter values in Table 1, the “‘surface
diffusion length” at the anneal temperature of 900°C is
3.7 um. This value is consistent with the interstitial
supersaturation ratios at different depths shown in
Fig. 3(a).

Fig. 3(b) shows boron profiles at different lateral dis-
tances from the edge of the extrinsic base implant win-
dow after an anneal of 30s at 900°C. Considerable
boron diffusion from the base can be seen adjacent to
the extrinsic base (x = 1 um), and significant diffusion
occurs up to distances of 5 um from the implant. This
result is consistent with the interstitial supersaturation
ratios shown in Fig. 3(a).

Fig. 4 shows the simulated collector current densities
at temperatures of 300 and 200 K for two SiggsGeo 12
HBTs with emitter diameters of 22 and 66 um. For
comparison, the inset shows measured collector current
densities on SigggGeg» HBTs with 5Snm undoped
SiGe spacers. The main trend identifiable in the simu-
lated characteristics is a lower collector current density
for the 22 um device than the 66 um device. The differ-
ence in collector current density is a factor of approxi-
mately 6 at 300 K and 60 at 200 K. A similar trend
can be seen in the measured results, though the magni-
tude of the effect is slightly smaller.

The effects of the boron out-diffusion on the collec-
tor current can be seen more clearly in the bandgap
narrowing plots shown in Fig. 5(a) and (b) for collec-
tor/base reverse biases of 0 and 5V, respectively. The
graphs shown are plots of the ratio of the simulated
collector current density Jc to the saturation current
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Fig. 5. Plot of the collector current density Jc normalised to
the saturation collector current density Jo as a function of
reciprocal temperature (bandgap narrowing plots [13,14]) for
two SiggsGeg 1o HBTs with emitter diameters of 22 and
66 um. For comparison, the inset shows the measured band-
gap narrowing plots on Sip gsGep 1, HBTs with 5 nm undoped
SiGe spacers. (a) Collector/base bias of 0 V. (b) Collector/
base reverse bias of 5 V.

density Jo as a function of the reciprocal temperature.
The slopes of the graphs give information on the aver-
age bandgap narrowing in the base [13]. Results are
shown in Fig. 5(a) for two SiggsGeg 1o HBTs with 66
and 22 um emitter geometries and for a comparable
66 um silicon device (i.e. 0% Ge) at a collector/base
reverse bias of 0 V. For comparison purposes, the inset
shows measured bandgap narrowing plots for two
SiggsGeg.1» HBTs with 5nm undoped SiGe spacers.
The validity of these calculations can be confirmed by
referring to the simulated bandgap narrowing plot for
the silicon device. An activation energy of 68 meV is
obtained, which is in good agreement with the
expected value of 70 meV for the doping-induced
bandgap narrowing model of Klaassen [23] used in the
simulations.
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Fig. 6. Plots of the simulated conduction band energy in the x and y directions for a SigggGeg 12 HBT with a 22 um diameter emit-
ter and 5 nm undoped SiGe spacers. (a) Collector/base bias of 0 V. (b) Collector/base reverse bias of 5 V.
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For the Sipg3Geg 1o HBTs in Fig. 5(a), activation
energies of 188 and 71 meV are predicted for the 66
and 22 um emitter devices, respectively. A similar,
though smaller, change is seen in the measured results
in the inset of Fig. 5(a). These results indicate that the
simulations are successful in predicting the trend in the
measured collector current for transistors with different
emitter geometries. Fig. 5(b) shows the effects of an
increased collector/base reverse bias of 5V on the tem-
perature dependence of the collector current. Both
simulated and measured characteristics show an
increase in activation energy for both 66 and 22 pm
emitter devices. This is due to the modulation of the
energy barrier at the C/B junction, which is formed as
a result of boron out-diffusion from the SiGe base [14].
A comparison of the results in Fig. 5(a) and (b) for the
66 um device indicates that the simulations predict an
increase in activation energy of 3 meV (from 188 to
191 meV) on increasing the C/B bias from 0 to 5V,
which compares with a measured increase of 13 meV
(from 145 to 158 meV). For the 22 um device, the
simulations predict an increase of 46 meV (from 71 to
117 meV), which compares with a measured increase of
43 meV (from 89 to 132 meV). This agreement between
the measured and simulated results is excellent consid-
ering the extreme sensitivity of the collector current to
small amounts of boron out-diffusion from the base,
and indicates that the “plus one” diffusion model used
in this work can successfully predict the trends in the
measured collector current.

The effect of the boron out-diffusion on the collector
current can be understood by considering the plots of
the conduction band energy in Fig. 6(a) and (b) for the
22 um device at collector/base reverse biases of 0 and
5V, respectively. Parasitic energy barriers can be seen
close to the extrinsic base contact, which get progress-
ively smaller towards the centre of the emitter. These
barriers are present at both the emitter/base and collec-
tor/base junctions and are due to transient enhanced
out-diffusion of boron from the SiGe base at the per-
imeter of the emitter due to point defects generated by
the extrinsic base implant. The penetration of the para-
sitic energy barrier towards the centre of the emitter is
less at the emitter/base junction because the doping
concentration in the emitter (1 x 10'® cm™?) is higher
than that in the collector (I x 10'®cm™3). Increasing
the collector/base reverse bias from 0 to 5V has the
effect of reducing the extent that the energy barrier at
the collector/base junction penetrates towards the
centre of the emitter. As a result, the decrease in col-
lector current resulting from the boron out-diffusion is
less at higher collector/base reverse biases. The geome-
try dependence of the collector current arises because
the boron out-diffusion takes place over a larger pro-
portion of the emitter area in devices with a smaller
emitter size.

Results for thicker 15nm spacers are shown in
Fig. 7(a) for a collector/base bias of 0 V. Both simu-
lated and measured results show increased activation
energies for both 22 and 66 um devices. For the 22 um
device, the simulations predict an increase in activation
energy of 107 meV (from 71 to 178 meV) on increasing
the spacer width from 5 to 15nm, which compares
with a measured increase of 72meV (from 89 to
161 meV). For the 66 um device, the simulations pre-
dict an increase of 1 meV (from 188 to 189 meV),
which compares with a measured increase of 18 meV
(from 145 to 163 meV). Given the extreme sensitivity
of the collector current to small amounts of out-diffu-
sion from the SiGe, this agreement between simulated
and measured results is reasonable. The simplified
“plus one” diffusion model therefore gives a good rep-
resentation of transient enhanced diffusion in SiGe
HBTs. The effect of the 15 nm undoped SiGe spacers
on the parasitic energy barriers is indicated in Fig. 7(b)
which shows the conduction band energy diagram for
a 22 um emitter device at a collector/base bias of 0 V.
A comparison with Fig. 6(a) shows that increasing the
undoped SiGe spacer thickness to 15 nm has dramati-
cally reduced the extent that the potential energy bar-
riers penetrate towards the centre of the emitter.

4. Conclusions

Two dimensional process and device simulation has
been applied to SiGe HBTs to study the effects of tran-
sient enhanced diffusion resulting from point defects
generated by an extrinsic base implant. The diffusion
simulations were based around a simplified “plus one”
model in which the dose of excess interstitials is
directly related to the dose of implanted ions. The
model was calibrated in 1D by modelling diffusion in a
buried boron-doped marker layer below an extrinsic
base implant. Good agreement with the measured pro-
file was obtained for a model in which 0.01 excess
interstitials were generated per implanted boron ion.
2D process simulations were performed on transistor
structures and showed that the point defects generated
by the implant caused significant out-diffusion of
boron from the SiGe base adjacent to the extrinsic
base. A comparison of measured and simulated collec-
tor currents was made for SiGe HBTs at temperatures
in the range 200-300 K. The collector current was
found to vary strongly with device geometry, collector/
base voltage and undoped SiGe spacer thickness. The
simplified “plus one” transient enhanced diffusion
model was able to predict all of the trends in the
measured collector current.
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