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Abstract: A new understanding of the deposition of in situ boron doped polysilicon based on
a comparison between experimental results and modeling predictions, is proposed. The
depletion of both silane and boron trichloride is put in evidence and the necessity of the use of
injectors is established.

1 - Introduction

The in situ doping of polysilicon is of interest /1/, as this technique makes it possible to
reduce, both the number of steps involved in the preparation of the doped layer and the amount of
equipments required to process the wafers. For boron doped polysilicon, two ways in industry have
been considered: (1)- from diborane /2/ BoHg, but covered boats are required to obtain a good
uniformity across a wafer; (2)- from boron trichloride /1/ BCl3, but the use of injectors is required.

In this work, studies are devoted to the SiH4-BCl3 system /1/, where normally the design of
injectors is empirical and consequently seldom satisfactory because the use of such a system requires
significant maintenance, due to the filling-in of the holes.

In this paper, a studied approach of the in situ boron doped polysilicon is carried out, taking
into account, on the one hand, experimental and simulation results of the deposition step and, on the
other hand, electronic and physical characterizations. Comparison is made between results obtained
with or without the use of injectors, in order to achieve a better understanding of the physical and
chemical phenomena underlying the deposition.

2 - Experimental results

Deposition is made in a horizontal LPCVD reactor in isothermal conditions at 555°C from
SiHy (200 sccm) and BClj diluted at 3% in Ny (90 sccm), injected from the front door, at a pressure
of 46.7 Pa, without injectors and compared with results obtained when 40 sccm of the BCl3 + N are
spread by the injectors, and 50 sccm injected from the front door /1/. The load included in both cases
162 wafers of 5" silicon wafers, separated by a 3.8 mm interval. The position of each of the wafers
in the batch is indicated by a number starting from 1 (first wafer reached by the gases) to 162 (last
wafer reached).

For every wafer, the thickness of the deposit layer has been measured by an interferometrics

method and the silicon growth rate has been deduced from it. The boron concentration has been
evaluated by SIMS experiments and conductivity measurements have also been made.
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2.1- Results without injectors

Figure 1 shows that the deposition rate varies linearly with the position, from 85 to 32 A/min.

SIMS experiments (see Table 1) indicate a boron concentration of 1.3 102! cm3 on the wafer
n°82, and 5 times lower on the wafer 136. Conductivity measurements are given in figure 2, which
shows that a maximum value of 510 s.cm™} is obtained between position 10 and 50, and that a
minimum value of 120 s.cm™1 is obtained on the last wafers of the load. The two mass balances on
silane and on boron trichloride, taking into account respectively the silicon and the boron atoms
deposited on the solid surfaces, put in evidence conversion rates of 30% and 80%.
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Fig. 1: Experimental polysilicon growth rate along the reactor with and without injectors
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Table 1: SIMS measurements (without and with injectors)

Wafer number | Cg (At /cm3)
Without injectors 1 221021
Without injectors 82 1.31021
Without injectors 136 41020
‘With injectors 28 2.5 1021
‘With injectors 135 1.51021

2.2- Results with injectors

The values of deposition rate (Fig. 1), boron concentration and conductivity obtained in
presence of injectors are approximatively the same on the wafer n°82 (middle of the load) as without
Injectors. It has been observed that the gradient of variation of all these properties along the load is
much lower in presence of injectors.

2.3- Comparison with the deposition from diborane /2/

At the same pressure and at T = 560°C, the silicon growth rate obtained from the SiHs-BoHg
gas mixture is lower, i.e. 40 A/min, than the growth rate obtained from the SiH4-BCl3 mixture, for
the same value of the boron source / silane flow ratio. The mean conductivity is also lower in the
former case, i.e. 170 s/cm. Finally, the boron doped silicon films on a wafer are more uniform from
a SiH4-BCl3 mixture.

3 - Simulation results

The deposition of in situ boron doped polysilicon has been treated via a global modeling
approach /3, 4/. The unidirectional model has been elaborated, taking only into account the reactions
on solid surfaces:

Silicon deposition /5/: SiHg > Si +2Hp

Boron deposition : BClz -> B +3/2 Clp

In this simple model /3, 4/, the gas phase chemistry is neglected, not only the silane
decomposition but also the possible formation of boron-silicon compounds.

The expression (1) for the pure silicon deposition has been deduced from /5/ :

k PSiH4
1+ knPH, +ksPsin,
The terms k, kp et kg are constants representative of gas adsorption at the surface and
decomposition of the gases in the reactor volume.

Vpure si poly =

The enhancement factor of silicon deposition, in the presence of boron atoms in the gas
phase, has been taken as a function of the ratio of the concentrations in the gas phase of silane and
boron trichloride. Finally, the silicon growth rate (2) has been expressed as follows:

XsiH,
VBoron doped Sipoly = (1 +2a 5>
o ped Si poly Xacl,

)V Pure i poly

The constant a has been adjusted by successive simulations in order to fit with the
experimental data of the growth rate.
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The kinetics of boron deposition (3) has been deduced from the incorporation rate Cg of the
boron into the silicon:
Mg;
VBoron = ( QB,___SI_) VBoron doped Si
psi-N
Mg, Pg; and N represent respectively the molar mass of silicon, the density of silicon and the

Avogadro number.The incorporation rate of boron into the silicon has been adjusted, so that the
values of the growth rate predicted by the model fit the experimental data.

4 - Comparison between experimental results and modeling predictions
4.1- Comparison without injectors

The comparison between experimental and simulation results is displayed in Fig. 3. for the
run implemented without injectors.
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Fig. 3: Comparison between experimental and simulation results (without injectors)

The calculated profile of the boron incorporation rate into the silicon layer along the reactor is
presented in Fig. 4. The order of magnitude of Cp is comparable to the experimental results given by
SIMS and relative to the wafer n° 82.
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Fig. 4: Calculated and experimental profiles of the boron concentration

It can be seen that the model represents satisfactorily the severe depletions of silane (see fig.
3) and boron trichloride (see fig. 4) observed experimentally.

4.2- Comparison with injectors

The profile corresponding to the presence of injectors has been evaluated by simulation: the
results are presented in Fig. 5 and are in agreement with the experimental data, also indicated in the

same figure.
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Fig. 5: Comparison between experimental and simulation results (with injectors)
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5 - Characterization of the crystalline quality of the films obtained without
injectors.

It must be noted in figure 2 that conductivity increases between wafers 1 and 10, whereas we
established experimentally that boron concentration decreases. This effect is certainly due to a lower
temperature profile on the first wafers /3/. It can also be shown that the conductivity decreases less
quickly than the boron concentration between wafers 82 and 136. These apparent discrepancies were
already noticed in a previous work /1/, where we saw that the conductivity of B-doped Si films
decreases when the temperature of deposition increases.

We showed that this was related to the crystalline quality of the deposit, which was
crystallized at a deposition temperature higher than 520°C; it has also been observed that the higher
the temperature is , the smaller the grain size is.

A correlation was also established between the grain size given by Raman experiments (i.e.
the size of grain without defects) and optical constants n and k at 405 nm. We thus demonstrated that,
as the crystalline quality-of a polycrystalline layer increases, n and k move from the values of
amorphous silicon (n=4.8; k=2.2) to the values of crystalline silicon (n=5.42; k=0.329), i.e n
increases and k decreases: Figure 6 shows the values of. these parameters across the load.
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Fig. 6: Evolution of the optical constants n and k at 405 nm along the load

It can be noticed that n increases monotonically across the load, and that k decreases between
wafer 1 and 10 and then is almost stable until wafer 125. We then deduce that the evolution of
conductivity across the load results from the balance between the boron concentration which
decreases and the mobility which increases with the crystallinity. In particular, the crystalline quality
on the first wafers is so bad that the conductivity is lower than on wafers 10 to 50. This evolution of
crystallinity is due to the evolution of the nucleation rate which is a priori proportional to boron atoms
concentration, and to the evolution of the deposition rate. As the product nucleation rate by deposition
rate decreases, the grain size or the defect density decreases, leading to a higher crystalline quality.
As TEM in plan-view does not indicate any clear evolution of apparent grain size, the evolution of
mobilty must rather be due to an evolution in defect density inside the grains. We believe that this
explanation fits well the behaviour of the conductivity and of the optical constants across the load.
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6 - Comments and conclusion

In this work, the strong exhaustion of boron trichloride during in situ boron doped
polysilicon deposition under industrial conditions has been shown.

First, a convenient identification of kinetic parameters has allowed us to develop a modet
fitting the experimental data. This model constitutes a useful tool for choosing appropriate operating
conditions, for giving longitudinal variations in silicon growth rate in agreement with strict industrial
specifications.

Second, some elements brought out in this study make possible the choice of the quality of
the deposited layers, according to their applications; for instance, this work suggests that films of
conductivity superior to the values reported in this article can be achieved, which 1s of interest for the
fabrication of connection layers.
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