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ABSTRACT Physicochemical characterizations of polysilicon thin multilayer
films have been studied after annealing. In-situ heavily boron-doped poly-
silicon (poly/Si) and nitrogen-doped silicon (NIDOS) films were deposited
by low-pressure chemical vapor deposition (LPCVD) onto an oxidized
monocrystalline silicon substrate. Secondary ion mass spectrometry (SIMS)
profiles showed a boron diffusion reduction in the NIDOS layer. In addition,
Fourier transform infrared spectroscopy (FTIR) analysis clearly showed an
evolution of the absorption picks related to the nitrogen atom in the
complex form leading to boron atom activation in the films. Therefore, this
multilayer structure can be largely used for metal-oxide-semiconductor
(MOS) devices.

KEYWORDS annealing, NIDOS, physicochemical, polysilicon

INTRODUCTION

The improvement of microelectronic components requires knowledge
of the polysilicon properties used for complementary metal-oxide-
semiconductor (CMOS) technology. During the past years, heavily boron-
doped silicon deposited by LPCVD technique in a polycrystalline state
was used as a gate for MOS transistors because it makes possible the auto-
alignment of the drain and the source."™ The boron penetration can result
in threshold voltage instabilities and degradation of the electrical character-
istics of the gate oxide.*™® Nitridation processes have been proposed to
reduce the boron penetration into the gate oxide, such as nitrogen implanta-
tion, NH3, N,O, and NO annealing.[9_m In previous works, we have pro-
posed an original solution by the insertion of a nitrogen-doped layer
(NIDOS) between the polySi gate and the insulator."? The main advantages
of this two-layer gate engineering approach are controlling the nitrogen
concentration in the 4-nm-thick NIDOS layer during the LPCVD deposition
and the large grain size of the amorphous as-deposited silicon film at low
temperature with disilane gas source. Gate depletion has been observed
when using the standard boron implantation/annealing process to electri-
cally activate the P+ gate, even without the NIDOS film at the interface,
and boron penetration was reduced when using the NIDOS film. Then,
the implantation/annealing process was not suitable for activating the poly-
silicon gate. In this paper, a new process is proposed by using heavily i7-situ
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boron-doped silicon film deposited onto the
NIDOS thin layer. Both the boron electrical activa-
tion, the boron diffusion into the NIDOS film, and
the recrystallization of the amorphous as-deposited
boron-doped silicon are presented. In this paper,
we study the effect of the heat treatment of
these films by performing the physicochemical
characterization of multilayer thin film poly-
Si/NIDOS/SiO, in order to optimize the annealing
conditions for reliable multilayer material suitable
for CMOS technology.

MATERIALS AND METHODS

Polysilicon multilayer thin films are deposited on
oxidized (P-type 0.025umoxide thick) single-
crystal silicon substrates. The two polysilicon layers
were deposited in a vertical furnace by low-
pressure chemical vapor deposition (LPCVD) tech-
nique at 480°C. The first layer elaborated from a
mixture of disilane and ammonia (about 0.2 pum
thick) was in situ nitrogen (1% of nitrogen content)
doped (NIDOS). The second layer (about 0.13 pm
thick) deposited from a mixture of disilane and
boron trichloride was in situ boron doped (Fig.
1. These layers are thermally annealed at 700°C
for different duration. Finally, the samples were
characterized by two physicochemical methods.
The first permits one to obtain SIMS experimental
impurities concentration versus depth penetration.
The profiles were recorded using a CAMECA IMS4
F instrument (Department of Electrical Engineering,
INSA Toulouse, France). Moreover, the physico-
chemical characterization technique is used to iden-
tify the absorbance spectrum of the films in Fourier
transform spectrometry analysis. FTIR was perfor-
med on an Avatar-360 spectrometer. The spectra

were acquired between 4000 and 400 cm ™.

Polysilicon:
NIDOS
Oxide

Substrat P type

FIGURE 1 Sample structure.
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RESULTS
SIMS Profiles

Figure 2 illustrates the distribution of boron
impurities in multilayer film polySi/NIDOS/oxide
before and after thermal annealing for 2h duration.
It should be noted that the boron peak at the poly-
Si/SiO, interface is an artifact due to the matrix
effects. The superposition of SIMS profiles shows
clearly that the boron concentration remains constant
(about 10*°cm™) in polysilicon top layer (about
0.11 pm). This can be explained by a homogeneous
boron concentration during the deposition. It should
be noted that under thermal annealing, the in situ
doped polycrystalline layer is textured <110>
oriented and does not rearrange significantly during
the annealing"® hence obtaining a very good
electrical conductivity of this material." The boron
concentration decreases to about 10'®cm™ at the
polySi/NIDOS interface region (about 0.13 um
depth) and decreases drastically to 10'°cm ™ in the
NIDOS film (at 0.16 um depth). Although the barrier
depth is reduced, the boron does not reach the inter-
face NIDOS/oxide. This result shows the slowing
down of diffusion of boron impurities caused, on
the one hand, by the amorphous layer that is fully
crystallized, giving a random oriented polysilicon,
and on the other hand by the presence of nitrogen
in the NIDOS layer, hence the formation of the clus-
ter or complexes that contain nitrogen atoms."” This
effect can be suitable to preserve the silicon oxide
integrity.

IR Spectroscopy

FTIR analysis was performed on the polySi/
NIDOS/Si02/Si structure before and after annealing.
To highlight the annealing effect on the evolution of
boron bonds, the FTIR spectra of the structure cap-
tured before the annealing step has been subtracted
from the FTIR spectra corresponding with the
annealed structure. For bonds due to the silicon
oxide, the SiO, thickness is lower than the polySi
thickness; the Si—O-Si bonds are very sensitive in
FTIR but in our study do not appear because the
oxide layer was subtracted. Figure 3 shows IR
absorption spectra of polySi/NIDOS structure
an—nealed at 700°C for different durations. The IR
analysis highlights absorption peaks between 1400
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FIGURE 2 Superposition of SIMS profiles before and after annealing.

and 600cm™'. This area concerns the chemical
characteristic bonds of the principal atoms present
in polysilicon film (Fig. 3). The peak located around
1100cm™" corresponds with B-B bonds,"®" and
moves toward the low wavelengths as the annealing
duration increases, which indicated the transforma-
tion of B-B bonds into B-N bonds located at
1083 cm™ "7 Absorption intensities bonds that con-
tain boron and nitrogen such as B-N (1400 and

0,030

626 cm™ O and B-N-B (750 cm™H?% decrease
with the duration increasing. In the same way, the
absorption intensity of the Si-N bond located at
1250 cm ™ '#" decreases with the annealing duration.
On the other hand, the absorption intensity of the
Si-N bond located at 950 cm™"?? increases with the
thermal annealing duration. This can be explained
by nitrogen partial dissociation in B-N, B-N-B, and
Si-N bonds, where boron atoms in polysilicon are
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FIGURE 3 Variation of the FTIR spectra polySi/NIDOS/oxide structure with annealing.
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released leading to the increase of Si—N peak inten-
sity localized at 950 cm™'. During heat treatment,
the crystallization of the heavily in situ boron-doped
polySi layer gives us a very good electrical conduc-
tiVity;[M’zal however, boron atoms penetrate quickly
in the NIDOS amorphous underlying layer. The
trapping of boron by the nitrogen in the NIDOS is
illustrated by the presence of various bonds B-N
and B-N-B. The intensity of their peaks decreases
but does not disappear. Finally, this study showed
that the boron atoms do not reach the NIDOS/SiO,
interface.

CONCLUSION

The physicochemical proprieties of annealed
polySi/NIDOS/SiO, structures obtained by LPCVD
technique have been studied for MOS gate struc-
tures. The SIMS results showed clearly the boron dif-
fusion evolution versus thermal annealing. In this
structure, boron stopping in the NIDOS layer is used
as barrier for boron atoms diffusion, leading to
improvement of silicon gate oxide quality. The FTIR
analysis results clearly showed a reduction in the
absorption intensity of the bonds related to the nitro-
gen atom (B-N, B-N-B, and Si-N) as well as the
weakening of B-B bond intensity according to the
annealing conditions. This has been explained by
the partial release of nitrogen and boron in silicon.
The evolution of these complexes in NIDOS layer
and the boron activation in polySi layer gives a good
electrical conductivity of this structure. Finally, from
these results, it is noted this multilayer film can be
used as material for MOS gate structure.

REFERENCES

1. Sung, J. M.; Lu, C. Y. A comprehensive study on p* polysilicon gate
MOSFETSs instability with fluorine incorporation. IEEE Trans. Electron
Devices 1990, 37, 2312-2321.

2. Mahamdi, R.; Mansour, F.; Scheid, E.; Teemple-Boyer, P.; Jalabert, L.
Boron diffusion and activation during heat treatment in heavily doped
polysilicon thin films for P* metal-oxide-semiconductor transistors
gates. Jon. Journal Appl. Phys. 2001, 40, 6723-6727.

3. Cuscuna, M.; Mariucci, T. L.; Fortunato, G.; Bonfiglietti, A,
Pecora, A.; Valletta, A. Improved electrical stability in asymmetric
fingered polysilicon thin film transistors. Thin Solid Films 2005,
487, 237-241.

4. Pfiester, J. R.; Baker, F. K.; Mele, T. C.; Tseng, H. H.; Tobin, P. J,;
Hayden, J. D.; Miller, J. W.; Gunderson, C. D.; Parrillo, L. C. The

R. Mahamdi et al.

10.

11.

14.

17.

18.

20.

21.

22.

23.

effects of boron penetration on P* polysilicon gate PMOS Devices.
IEEE Trans. Electron Devices 1990, 37, 1842-1851.

. Lin, Y. H.; Lee, C. L Lei, T. F.; Chao, T. S. Suppression of boron pene-

tration in PMOS by using oxide guttering effect in poly-Si gate. Jon. J.
Appl. Phys. 1995, 34, 752.

. Nakayama, S.; Sakai, T. The effect of nitrogen in a p™ polysilicon gate

on boron penetration through the gate oxide. J. Electrochem. Soc.
1997, 144, 4326-4340.

. Mansour, F.; Mahamdi, R.; Jalabert, L.; Temple-Boyer, P. Boron diffu-

sion into nitrogen doped silicon films for P polysilicon gate struc-
tures. Thin Solid Films 2003, 434(1-2), 152-156.

. Song, S. C.; Zhang, Z.; Lee, B. H. Effects of boron diffusion in pMOS-

FETs with TiN-HfSIiO gate stack. IEEE Electron Device Letters 2005,
26, 366-368.

. Kuroi, T.; Kusunoki, S.; Shirahata, M.; Okumura, Y.; Kobayashi, M.;

Inuishi, M.; Tsubouchi, N. The effects of nitrogen implantation into
P+ poly-silicon gate on gate oxide properties. Symposium on VLSI
Technology, 7-9 Jun 1994, Honolulu (USA), 107-108.

Yount, J. T.; Lenahan, P. M.; Krick, J. T. Comparison of defect
structure in N,0- and NHs-nitrided oxide dielectrics. J. Appl. Phys.
1994, 76(3), 1754-1758.

Han, L. K.; Wristers, D.; Yan, J.; Bhat, M.; Kwong, D. L. Highly sup-
pressed boron penetration in NO-nitrided Si0O, for gated MOS device
P+ polysilicon. IEEE Electron Device Lett. 1995, 16, 319-321.

. Jalabert, L.; Temple-Boyer, P.; Sarrabayrouse, G.; Cristiano, F;

Colombeau, B.; Vaillot, F.; Armand, C. Reduction of boron penetra-
tion through thin silicon oxide with a nitrogen doped silicon layer.
Microelectronics Reliability 2001, 41, 981-985.

. Temple-Boyer, P.; Maudit, B.; Caussat, B.; Couderc, J. P. Correlation

between stress and microstructure into LPCVD silicon films. Journal
de physique 1V 1999, 9, 885-892.
Scheid, E.; Furgal, L.; Vergens, H. Boron doped polysilicon deposition
in a sector reactor: Specific phenomena and properties. Journal de
physique 1V 1999, 9, 1107-1114.

. Bouridah, H.; Mansour, F.; Mahamdi, R.; Bounar, N.; Temple-Boyer, P.

Effect of thermal annealing and nitrogen content on amorphous
silicon thin film crystallisation. Phys. Stat. Sol. (a) 2007, 204(7),
2347-2354.

. Mortensen, M. W.; Sorensen, P. G.; Bjorkdahl, O.; Jensen, M. R;;

Gundersen, H. J. G.; Bjornholm, T. Preparation and characterization
of boron carbide nanoparticles for use as a novel agent in T cell-
guided boron neutron capture therapy. Appl. Radiat. Isotopes
2006, 64, 315-324.

Essafti, A.; Gomez-Aleixander, C.; Fierro, J. L. G.; Fernandez, M.;
Albella, J. M. Chemical vapor deposition synthesis and characteriza-
tion of co-deposited silicon-nitrogen-boron materials. J. Mater. Res.
1996, 71, 2565-2574.

Essafti, A.; Ech-chamikh, E.; Fierro, J. L. G. Structural and chemical
analysis of amorphous B-N-C thin films deposited by RF sputtering.
Diamond Relat. Mater. 2005, 14, 1663-1668.

. Yu, M. Y,; Cui, D. L; Li, K; Chen, S. G.; Wang, Q. L.; Yin, Y. S,

Wang, X. Mixed nitrogen source effect in the hydrothermal synthesis
of cubic BN. Mater. Lett. 2007, 61, 76-78.

Jaschke, T.; Jansen, M. A new borazine-type signal source precursor
for Si/B/N/C ceramics. J. Mater. Chem. 2006, 16, 2792-2799.
Wang, C.; Yu, X;; Yu, J.; Meng, H. A study of fundamental mechan-
isms of Si-B-N composite films deposited by duplex treatment.
Vacuum 2003, 71, 451-457.

Cheng, F.; Kelly, S. M.; Lefebvre, F.; Toury, B.; Bradley, J. S. Mesopor-
ous Si-B-N ceramics from a single source precursor via an Imide gel.
J. Ceramic Soc. Japan 2006, 114, 545-548.

Ylénen, M.; Torkkeli, A.; Kattelus, H. In-situ boron-doped LPCVD
polysilicon with low tensile stress for MEMS applications. Sensors
Actuators 2003, A109, 79-87.

170



