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Abstract: Furnace-annealing behavior of B-doped poly-SiGe on insulating films has been in-
vestigated. With increasing Ge fraction, thermal stability of electrically active B atoms at a
supersaturated concentration was significantly improved, for example, the stability at 800°C for
poly-Sig ¢Gep.4 films was nine times as high as that for poly-Si films. The deactivation process
consists of the fast and slow processes. The fast process was due to sweeping out of B atoms from
substitutional to interstitial sites, enhanced by a local strain induced by the difference in atomic
radii between Si and B atoms, and the slow process was due to trapping of B at grain boundaries
during grain growth by annealing. The improved thermal stability of B atoms is due to the local

strain compensation by Ge doping.
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1. Introduction

Poly-SiGe is a promising material for gate elec-
trodes in the future ultralarge-scale integrated cir-
cuits (ULSIs) because of the low resistivity and the
ability of work function tuning?3+4»8).6),

Doping characteristics and effects of dopant
atoms on grain growth in in-situ doped poly-
SiGe films have been investigated by many
researchers” 8%, However, diffusion and deacti-
vation of dopant atoms can be modulated signif-
icantly by the grain boundaries and Ge fraction.
Consequently, the thermal stability of dopant atoms
should be examined in order to establish the poly-
SiGe films as ULSI materials. In line with this,
post-annealing behavior of in-situ doped poly-SiGe
layers on SiON films has been investigated.

2. Experimental Procedures

The SiON films (thickness: 2.5 nm) were grown
on Si wafers. Subsequently, Si buffer layers (2 nm)
and SiGe layers (70-180 nm) were deposited at
690°C by the reduced pressure chemical vapor de-
position (CVD). During deposition, B;Hg was in-
troduced into the chamber for in-situ doping of B.
The flat B profile with the concentration of about
2 x 102 c¢m~2 was confirmed by SIMS measure-
ments. Finally, the samples were annealed at 600-
900°C for 5-5000 min in nitrogen ambient. The
carrier density was evaluated by using Hall effect
measurements.
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3. Results and Discussion

Post-annealing characteristics of carrier density
in in-situ B doped poly-SiGe annealed at 800°C are
shown in Fig. 1(a). With increasing annealing time,
the carrier density decreases and converges to a con-
stant value. The rate of decrease is lower for samples
with a higher Ge fraction, which suggests that ther-
mal stability of carriers increases with increasing Ge
fraction. The decrease in the carrier density can be
attributed to segregation of B at the sample surface
or the interface with SiON, or electrical deactiva-
tion of B in the poly-SiGe film. The SIMS mea-
surements revealed that the B concentration pro-
files did not change after post-annealing, i.e., the
profiles showed a flat distribution of B atoms with
a concentration of about 2 x 102 cm~3 in the SiGe
layers (70-180 nm). Thus, it is suggested that the
decrease in the carrier density is due to deactivation
of B.

Figure 1(b) compares the average carrier concen-
trations for as-deposited and annealed (10 min)
samples. The average carrier concentration was ob-
tained by dividing the carrier density by the layer
thickness, assuming that carriers were distributed
uniformly in the depth direction. The thermal equi-
librium solubility of B in SiGe® is also shown as a
function of the Ge fraction in Fig. 1(b). The re-
sults suggest that the decrease in the carrier con-
centration after post-annealing is due to a transi-
tion from the supersaturated concentration in the
as-deposited films to the thermal equilibrium solu-
bility of B at the annealing temperature.
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Fig.1 Isothermal annealing behaviors of carriers at
800°C (a) and Ge fraction dependence of car-
rier concentration for as-deposited and annealed
(~ 10® min) samples (b), and time to 50% de-
activation (c). The solubility of B in poly-SiGe®
are also shown in (b).

Figure 1(c) shows the annealing time at which
50% of the initial carriers were deactivated. The
time to 50% deactivation markedly increases with
increasing Ge fraction. This indicates that the ther-
mal stability of substitutional B at the supersat-
urated concentration is significantly improved by
Ge doping. For example, the stability for poly-
Sip.6Geg 4 is nine times as high as that for poly-Si.

Next, the deactivation process was analyzed. Fig-
ures 2(a) and 2(c) show semi-log plots of normalized
change in the carrier concentration after annealing
at 700 and 800°C, respectively. The change is nor-
malized by the initial and final carrier concentra-
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Fig.2 Isothermal annealing behaviors of normalized
carrier concentration at 700 (a) and 800°C (c).
The characteristics in the initial stage are mag-
nified in (b) and (d).

tions. The deactivation characteristics in the ini-
tial stage are magnified in Figs. 2(b) and 2(d). It
is found that the annealing characteristics consist
of two linear parts, which suggests that the deac-
tivation process consists of two first-order reactions
with different time constants. Thus, the experimen-
tal data can be fitted to the following equation:
N(t) — N

No N = ANj exp(—t/m1)

+AN; exp(—t/12), (1)
where N (t), No, and N, are carrier concentrations
at t, t = 0, and ¢t = oo, respectively, AN; and AN,
are the carrier concentrations deactivated in the fast
and slow processes, respectively, and 7, and 7» are
the time constants for the fast and slow processes,
respectively. The solid lines in the figures were ob-
tained by fitting, and show good agreement with
the experimental data.

Figure 3(a) shows the annealing temperature de-
pendence of 75. It is found that 5 does not depend
on the Ge fraction. From this Arrhenius plot, it
is suggested that 7 can be fitted to the following
equation:
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Fig.3  Arrhenius plot of 1 for slow process (a), Ge frac-
tion dependence of activation energy and pre-
exponential factor for 72 (b), and Arrhenius plot
of 7 for fast process (¢). The data of solid-phase
growth of SiGel? are also shown in (b).

1/ = fzexp(—%), (2)

where f; and E; are the pre-exponential factor and
activation energy, respectively, k is the Boltzmann
constant, and T is the annealing temperature. By
fitting to Eq. (2), an activation energy Ej of 2.8 eV
and pre-exponential factor fo of ~ 1010 s~1 were
obtained for all samples.

The activation energy and pre-exponential factor
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Fig.4 Ratio of concentration deactivated in fast process
to that in slow process as a function of Ge frac-
tion.

for the slow process are compared with those for
solid-phase growth of SiGe!? in Fig. 3(b). The pa-
rameters for the slow deactivation process of carri-
ers show good agreement with those for solid-phase
growth of SiGe. Moreover, grain growth under these
annealing conditions was confirmed by TEM obser-
vation. These results clearly indicate that B deacti-
vation in the slow process is related to grain growth
of poly-SiGe. Thus, it can be concluded that B de-
activation in the slow process is due to trapping of
B at the grain boundaries during grain growth.

Figure 3(c) shows the Arrhenius plot of 7. The
time constant for the fast process negligibly depends
on the Ge fraction. The plot yields almost the same
activation energy E; of 1.3 eV and pre-exponential
factor fi of ~ 10% s~! for all samples. Since de-
activation of B atoms at supersaturated concentra-
tion should firstly be initiated by the movement of
atoms, i.e., from substitutional to interstitial sites,
it is suggested that the fast process is due to the
transition of sites of B atoms.

Thus, the fast and slow deactivation processes
have been assigned to the two kinetics. However,
the Ge fraction dependence of thermal stability
shown in Fig. 1(c) cannot be explained by the anal-
ysis of 71(Ey, f1) and m2(Ey, f2).

In order to solve this problem, we focused on the
ratio of carrier concentration deactivated in the fast
and slow processes, i.e., ANy/AN;. As shown in
Fig. 4, with increasing Ge fraction, this ratio signif-
icantly decreases, and the slow deactivation process
becomes dominant. Therefore, the thermal stability
of B improves by Ge doping.

In order to understand these phenomena, we pro-
pose the two-state model as shown in Fig. 5: B
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Fast Process Slow Process
(AN) (AN)
State 1 B deactivation
) (substitutional to
Si-B-Si | interstitial sites) by B trapping during
' Si local strain grain growth
State2 B stabilization by
Si- ,'? —Ge local strain
s compensation

Atomic radius: 0.117nm(Si), 0.122nm(Ge), 0.081nm(B)

Fig.5 Two-state model for improvement of thermal sta-
bility of B by Ge doping.

atoms in poly-SiGe exist in two states, that is, B
atoms surrounded by only Si atoms (state 1), and
by Si and Ge atoms (state 2). In state 1, a lo-
cal strain is induced due to the difference of atomic
radii between Si and B atoms, so that B atoms are
easily swept out from substitutional to interstitial
sites. Such a local strain is compensated by Ge
doping, because Ge atoms are larger than Si atoms.
Thus, B atoms in state 2 are stable. Since stable B
atoms (state 2) increase, the deactivated B atoms
in the fast process (AN;) decrease with increasing
Ge fraction. It has been reported that diffusivity
of B in epitaxial SiGe layers decreases with increas-
ing Ge fraction'!1213)1) " which is attributed to
atom-size misfit'¥'®). The decrease in the diffusiv-
ity with increasing Ge fraction corresponds to the
increase in thermal stability of B atoms. Thus, such
reports support our model for the improvement in
thermal stability of B atoms in the fast deactivation
process.

On the other hand, the slow process (AN;) is
due to B trapping at grain boundaries, which is con-
trolled by grain growth and is almost independent of
Ge fraction. In this way, AN; /AN, decreases with
increasing Ge fraction. Therefore, thermal stability
of B in poly-SiGe is improved by Ge doping.

4. Conclusion

Post-annealing characteristics of in-situ B-doped
poly-SiGe have been investigated. Thermal stabil-
ity of B is significantly improved by Ge doping, e.g.,
the stability for Sig.¢Geg 4 is nine times as high as
that for Si. The deactivation process of B consists

of the fast and slow processes. The time constants
for both processes do not depend on the Ge fraction,
while the ratio of deactivated B in the fast process
to that in slow process decreases by Ge doping. The
two-state model has been proposed, and explained

the improved thermal stability of B by Ge doping.
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