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Abstract. The redistribution of boron has been studied during solid phase crystallization (SPC) of a homogeneous
phosphorus-doped amorphous silicon layer deposited by low pressure chemical vapor deposition, for different thermal
annealing. We show that for the lower temperature annealing (T = 586 °C, 1h) boron diffuses without changing the P
profile, while for the higher temperature annealing (T = 800 °C, 3h), the initially homogeneous P profile is modified,

showing two concentration peaks.

Keywords: Boron, Phosphorus, amorphous Silicon, Crystallization, Diffusion

PACS: 78.40.Fy

INTRODUCTION

Dopant redistribution in silicon is of great
importance in microelectronics. While boron diffusion
has been extensively studied in crystalline silicon (c-
Si), fewer studies exist concerning boron redistribution
in poly-crystalline silicon [1-4] as well as in
amorphous silicon [5-8]. In this work, we investigate
the boron redistribution in a thin silicon film during a
typical non volatile memory (NVM) process flow. In
this process, the Si floating gate is first deposited on
the Si oxide by low pressure chemical vapor
deposition (LPCVD) as an amorphous homogeneously
phosphorous-doped layer, and then implanted with
boron. This layer crystallizes later in the process
during the formation of the oxyde-nitride-oxyde
(ONO) layer. The crystallization phenomenon is
expected to greatly influence the redistribution of the
dopants, and may lead to unusual variation of their
concentration profiles versus the annealing time. For
instance, it has been shown that both the nature of the
dopant and its concentration can influence the silicon
crystallization [9-10]. Furthermore, dopant diffusion
depends on the crystalline state of the Si matrix, being
faster in polycrystalline and amorphous Si than in
monocrystalline Si.

EXPERIMENTAL

The samples were made of a 100 nm thick
amorphous Si (a-Si) layer deposited by low pressure
chemical vapor deposition (LPVCD) on a 12 nm thick
SiO, layer, which has been thermally grown on
Si(001) substrates. The a-Si film was in-situ co-
deposited with phosphorous at a temperature (T) of
530 °C, in order to obtain a homogeneous P
concentration of 7 x 10! atoms / cm® in the whole
layer. The a-Si film was then implanted with !'B* ions,
with a beam energy of 7 keV and an ion fluence of 3.5
x 10'° atoms / cm?.

The samples were annealed under secondary
vacuum (pressure < 107° mbar) at temperatures
ranging from 585 to 800 °C for time between 1 and 50
hours. The temperature was measured using an in-situ
thermocouple located at a few millimeters from the
samples. Transmission electron microscopy (TEM)
measurements and X-ray Diffraction (XRD)
measurements have shown that all the samples were
polycrystalline after these differentthermal treatments.
The dopant profiles were analyzed by secondary ion
mass spectroscopy (SIMS). The B profiles were
measured using a 3 keV O," primary ion beam with an
incidence angle of 45° while the P profiles were
acquired under oxygen atmosphere (oxygen leak)
using a 3 keV O,* primary ion beam with an incident
angle of 25.2°.

Complementary experiments were performed in

order to estimate the crystallization time (time which



is needed to completely crystallize the a-Si layer at a
given temperature). In-situ XRD measurements were
performed on a-Si undoped, phosphorus-doped and
boron-doped layers made following the same process
as previously described. During isothermal annealing
at T = 565 °C under vacuum (p < 10* mbar), the
variations of the (111)Si X-ray peak intensity was
recorded versus time, in the classical Bragg-Brentano
geometry. The temperature was monitored using a
thermocouple in contact with the surface of the
samples.

RESULTS AND DISCUSSION

The boron concentration profiles measured before
and after a low temperature thermal annealing (1h at
585 °C) are shown in Fig. 1. Despite an annealing at
low temperature, a non negligible part the B atoms did
diffuse and an additional shoulder appear on the
profile.
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FIGURE 1: Boron profile measured by SIMS, before
thermal annealing (left) and after T = 585 °C 1h annealing

(right).

One can clearly observe on Fig. 1 that this shoulder
located in the region between 50 nm (Cg =2 x 10%
cm™) and 70 nm (Cp. = 8.5 x 10" cm™) is followed
by an abrupt slope which ends at a depth of ~ 94 nm
(Cp.= 4 x 10'7 cm™). The peak at a depth of ~ 100
nm, located in the SiO; layer zone, is certainly a SIMS
artifact due the so-called matrix effect [11], which
originates here from a higher ionization rate of B
atoms in the SiO, matrix compared to the Simatrix.

It is important to notice that for these experiments
the concentration of boron in the as-implanted sample
is notably higher than the boron solubility limit in
monocrystalline Si (~ 4 x 10'7 cm™ at 600 °C [12]).
Thus the fact that a part of the B atoms did not diffuse
can be explained considering that during the annealing
the immobile atoms formed boron-interstitial-clusters
(BICs), whose properties have been the object of
theoretical [13-15] and experimental [16-20] studies.

Fig. 1 shows that boron atoms which have diffused
during the thermal treatment correspond to a
concentration lower than 2 x 10* cm™, which is
higher than the common solubility limit of B in c-Si at
600 °C. This higher value can be understood
considering that atoms could have diffused while the
layer was still amorphous. In this case the solubility
limit of B is expected being higher than in c-Si (a-Si
has a lower density than c-Si [21]) and is not precisely
known as it may depend on the nature of the
amorphous layer. Also, it has been shown that in the
case of implanted pre-amorphized Si layer the
solubility of B can be greatly increased after solid
phase epitaxial crystallization ( 3.5 x 10% cm™ in the
temperature range T = 800-1000 °C [22] and up to 2 x
10%° cm™ in the low-temperatures range T=500-600°C
[7] ). The same mechanism can take place in our
experiments.
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FIGURE 2: Phosphorus profile measured by SIMS, before
thermal annealing (left) and after T = 585 °C 1h annealing

(right).

The width of the extra-shoulder observed on the
SIMS profile measured after annealing can be
considered as the diffusion length of the B atoms



during the treatment. It is about 20 nm. This distance
is somewhat greater than the one expected for boron
diffusion in polycrystalline Si (poly-Si), as according
to [2] this distance should be only of ~ 7 nm for our
annealing conditions. This may be explained by a
faster diffusion of boron in a-Si.

Furthermore, the abrupt slope observed after the
shoulder (depth greater than 70 nm) cannot be
simulated with a diffusion model using a constant
diffusion coefficient (even if the presence of boron
clusters is considered). Different phenomena that
could explain this abrupt slope include a concentration
dependence of the boron diffusion coefficient and/or
the influence of the mobile interface between the
amorphous and the crystalline parts of the Si layer
during the crystallization.

Figure 2 shows that the phosphorus profile is found
unchanged after the lower temperature annealing (T =
585 °C, 1h). This is what is reasonably expected in the
case of a homogeneous material, as the SIMS profile
of phosphorus does not present any concentration
gradient. Neither the presence of boron, nor the
crystallization is thus found having a significant effect
on the phosphorus distribution.

As already cited, at sufficient high temperatures
crystallization of doped a-Si takes place relatively
quickly. Normalized (111)Si X-ray diffraction peaks
(26=28.4°) for undoped a-Si (250 nm-thick),
phosphorus-doped a-Si (150 nm-thick) and boron
implanted a-Si (250 nm-thick) as a function of
annealing time are shown in Fig. 3 . All the samples
where annealed at T=565 °C.
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FIGURE 3: XRD normalized peaks for non doped (circle),
phosphorus doped (triangle) and boron doped (square) a-Si
films, as a function of annealing time at T=565 °C.

In all three cases, the intensity peak does not start to
increase immediately; it takes some time, a latent time,
for crystallization to start. This latent time is maximum
for undoped a-Si and minimum for the phosphorus-
doped a-Si film. The phosphorus doped a-Si sample is
the fastest to crystallize; total time for crystallization is
about 360 minutes at T=565 °C. At higher temperatures,
crystallization time should be much shorter because of
the exponential dependence of crystallization rate on
temperature. Through these measurements we were able
to: 1) confirm that boron and phosphorus enhance
crystallization; ii) set a lower bound for crystallization
time for all the experiments that we have performed.

Figure 4 shows the boron (left) and the phosphorus
(right) profiles measured after annealing at 650 °C for
50 hours. In contrast with the previous annealing (T =
585 °C, 1h) diffusion in poly-Si cannot be neglected
anymore [2]. As the Si film is found being
polycrystalline after a thermal treatment at 585°C for 1
hour, it is reasonable to consider that at 650 °C for 50
hours the crystallization is faster (diffusion in the a-Si
is shorter), and thus boron atoms diffuse in a poly-Si
matrix during at least 49 hours. The boron profile, at a
depth below 70 nm is found to be similar to the one
obtained during the lower temperature annealing.
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FIGURE 4: Boron (left) and phosphorus (right) profiles
after T = 650 °C 50h thermal annealing.

The significant changes in the boron profile,
compared to the boron profile obtained after annealing
at 585 °C for 1 hour, start from a depth of 70 nm with
a concentration about Cp =1 x 10% cm™. We



conclude that the left part of the profile (depth below
70 nm) is mainly due to the boron redistribution before
and during crystallization, while for greater depth the
concentration profile of boron results from the
diffusion of atoms in poly-Si. Boron solubility limit in
phosphorus-doped poly-Si seems thus to be 1x10?°
cm”  consistent with the previous study [13]. The
right-hand phosphorus profile in Fig. 4, shows an
almost constant concentration after the annealing, with
small variations at depth around 33 nm and 70 nm
where little local maxima appeared.

High-temperature crystallization annealing
(T=800°C, 5h) results are shown in Fig. 5 for boron
(left) and phosphorus (right). Boron profile is quite flat
between 75 nm and 94 nm (Cp=1.2x10? cm™ and
9.3x10" cm3 respectively) due to boron diffusion in
polycrystalline silicon. The rest of the profile, namely
for depth below 70 nm, is similar to the one obtained
after low-temperature annealing (T=585°C, 1h) despite
a significant change in the 30 nm peak which
concentration diminished and reached the value of
6x10%° cm™ We conclude that at T=800°C 5h, boron
diffusion length in polycrystalline is about 20 nm.
Atomic Force Microscopy measurements (not shown
in this paper) yield an average diameter of 40 nm for
the grains. Phosphorus profile displays two
concentration peaks at 30 nm and 70 nm; since
concentration profile is constant before annealing,
these peaks are certainly due to boron-phosphorus
interactions; such interaction may include electrical
and/or chemical ones.
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FIGURE 5: Boron (left) and phosphorus (right) profiles
after T=800°C 5h thermal annealing
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