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THE STUDY OF THE COMPOSITION OF SILICON-SUPERSATURATED
LAYERS OF SILICON NITRIDE WITH THE HELP OF SECONDARYION
MASS SPECTROMETRY?1

ABSTRACT. The elemental composition ofsupersaturated solutions ofsilicon in silicon
nitride has been investigated. The supersaturated solutions were obtained using twofollowing
methods: the method ofmagnetron sputtering ofa silicon cathode in thepresence ofthe reactive
gas ofnitrogen and the method ofsilicon ions implantation into the obtained 60 nm thick
stoichiometric samples ofSiN1.33 at irradiation doses ofthe order of(2-5) 1016 cm-2. In the
future, these technologies willprovide aformation of 'Si nanocrystals in a dielectric 'structures
intendedfor creation ofhighly efficient electro-luminescent light sourcefor optoelectronics
by using the method ofequilibrium andfast thermal treatments.

Preliminary research ofthe composition homogeneity ofthe producedsilicon nitridefilms
have been carried out by means ofthe layer-by-layer sputtering ofthesefilms with a beam of
gallium ions. The distribution ofelements through the thickness ofthe Silicon-supersaturated
layer ofsilicon nitride and the distribution ofimplanted silicon ions through the thickness of
silicon nitride layer of stoichiometric composition have been obtained with the help of
secondary ion mass spectrometry. Measurement accuracy is higher than the accuracy ofthe
method ofRutherford backscattering. The investigations ofthe composition ofthe obtained
nanomaterials allow an optimization ofmodes ofmatureplasma beam technologiesfor creation
ofsilicon-based light-emitting materials with the requiredparameters.

KEY WORDS. An efficient source oflight, the layer ofsilicon nitride, ion implantation,
secondary-ion mass-spectrometry.

The development of methods for obtaining supersaturated solutions of silicon in
silicon nitride and the formation ofthe ‘nanocrystals in a dielectric’ systems by the
method of heat treatment of supersaturated solutions of impurities in silicon-based
dielectrics are essential for silicon optoelectronics. Such an approach to the modification
of optoelectronic properties of silicon is novel and has a great practical potential to
create efficient silicon-based light sources.

* The research is carried out with the support ofthe International grant OfRussian Foundation for Basic
Research (Russia—Belarus), Ne 12-08-90013-Bela
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Previously the authors have developed the modes of magnetron deposition of
30-100 nm thick layers of SiNx on silicon substrates when silicon cathode sputtering
and supplying an inert gas of argon and a reactive gas of nitrogen in the working
volume. The stoichiometric samples ofnitride films ofSiN133; the samples of SiNwith
silicon supersaturation of about 7-10%, and the samples of SZW72 with silicon
supersaturation of 2-3% have been obtained. To create silicon nitride layers with a
controlled composition and low electrical resistance for efficient electroluminescence
the method ofreactive magnetron sputter deposition proposed in [ 1-5] has been used.
When magnetron sputtering silicon nitride is deposited with amore uniform distribution
of elements through the thickness of the layer in comparison with the alternative
chemical vapor deposition method.

Further the silicon ions implantation in the obtained stoichiometric 60 nm thick
samples of SiN13 at irradiation doses ofthe order of (2-5) 1013 cmir2 has been carried
out. The implantation module of nanotechnological complex NanoFab-100 has been
used to introduce silicon in silicon nitride layers of stoichiometric composition.

The implantation module of focused ion beams is used to modify the surface of
substrates, combining the quality of FIB technology with an ion doping method. It
allows creating nanostructures with Specifiedproperties oforder oftens Ofnanometers
in size.

For a preliminary assessment of the degree of silicon supersaturation of silicon
nitride layers one can apply an express nondestructive optical method—the method
ofellipsometry used in microelectronics to control dielectric layers. By the refractive
index, determined by this method, it is possible to judge about the degree of silicon
supersaturation ofnon-stoichiometric nitride silicon layers [6]. However, this method
turns out ineffective as the optical properties of SiNx films depend not only on the
total amount of excess silicon, but also on the form of the excess silicon in the
film—in clusters or randomly distributed in the atomic grid [7].

The distribution ofthe elemental composition through the thickness ofthe layer
can be investigated by the method OfRutherford backscattering (RBS). The sources
oferrors when using this method are: the energy scatter ofthe incident ion beam, the
detector resolution, the sub-optimal geometric conditions ofthe experiment, the use
of software products for the energy spectrum treatment, and instrumental errors. The
measurement error ofthe film thickness and the profile ofdepth distribution ofelements
by RBS do not exceed 7.2% [8].

An alternative method to RBS is the method of secondary ion mass spectrometry,
the error ofwhich does not exceed 3%. Higher accuracy ofthis method is stipulated
by the presence of only instrumental errors in the calibration of the mass analyzer.

The analysis of the quantitative composition of the 60 nm thick layer of silicon
nitride supersaturated with silicon and silicon ions-implanted layer of stoichiometric
silicon nitride has been carried out in the module of focused ion beams (FIB) with
the help of layer-by-layer sputtering ofgallium and the system ofsecondary ion mass
spectrometry.
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The module of focused ion beam with a scanning electron microscope and with
the system ofsecondary ion mass spectroscopy is used to modify the surface by cutting
and ion beam etching, and to investigate the structure and the composition of
nanomaterials.

First, under the conditions of layer-by-layer sputtering of silicon nitride film by
ion beam with the 1| nm step the composition ofthe silicon nitride layer of SiN133and
the layers supersaturated with silicon with the help of the system of secondary ion
mass spectrometry have been investigated. As it can be seen from Fig. 1, the ratio of
the number of silicon atoms to the number of nitrogen atoms through the thickness
of SiNI 33 layer is practically unchanged. The same uniformity of the distribution of
elements through the thickness of the layer is observed in Silicon-Supersamrated
samples.

Fig. 1. Change ofthe ratio of the number of silicon atoms to the number of nitrogen atoms
through the thickness ofthe layer.

Then, using the same system the distribution ofimplanted ions of silicon through
the thickness ofthe composite material of SiN133/Si has been investigated. In Fig. 2
the points reflect the experimental distribution ofimplanted silicon ions and the solid
curve is the distribution obtained from the calculation by the Monte Carlo method
with the help of a software product [9, 10].

We have obtained 2 nm resolution of the discrete method of layer-by-layer
sputtering and 3% measurement accuracy of quantitative composition ofthe 30 100 nm
thick material with the help ofthe system ofsecondary ion mass spectrometry, which
exceeds the accuracy ofthe method OfRutherford backscattering.

Thus, the method of creating silicon solutions with a required supersaturation in
silicon nitride layers has been developed. Preliminary studies of the composition of
the obtained nanomaterials have been carried out to optimize the modes of mature
technologies for creation of silicon-based light-emitting materials with the required

PHYSICS AND MATHEMATICS



72 D. V. Zhuravsky, G. P. Laskin, K. V. Misyuk, S. Yu. Udovichenko

parameters (of multilayer structures comprising the layers supersaturated with silicon
and thin barrier layers for the localization ofrecombination processes of charge carriers
in quantum wells).

Fig. 2. Distribution of implanted silicon ions through the thickness of stoichiometric
silicon nitride layer: the curve in the form ofpoints is the experimental distribution,
the solid line is the calculated distribution

REFERENCES

1. Danilin, B.S. Primenenie Hizkotemperaturnoj plazmy dlja nanesenija tonkih plenok
[The use of low-temperature plasma for the deposition of thin films], M.: Jenergoatomizdat,
1989. 328 p. (in Russian).

2. Berlin, E.V., Dvinin, S.A., Sejdman, L.A. Vakuumnaja tehnologija i oborudovanie
dlja nanesenija i travlenija tonkih plenok [Vacuum technology and equipment for etching and
deposition ofthin films]. M: Tehnosfera, 2007. 93 p. (in Russian).

3. Sejdman, L.A. The growth mechanism ofsilicon nitride films under reactive magnetron
sputtering. Jelektronnaja tehnika — Electronic Engineering. 1985. Ne 5 (178). Pp. 44-47. (in
Russian).

4. Sejdman, L.A. Production of silicon nitride films by reactive sputtering under D.C.
Jelektronnaja promyshlennost'— Electronic Industry. 1984. Ne4(132). Pp .15-20. (in
Russian)

5. Kolesov, E.l., Sejdman, L.A. The method of plasma jet of the films in a vacuum //
author's Certificate from 15.07.1994. Ne 1163656. (in Russian).

6. Gritsenko, VA. Atomic structure ofthe amorphous nonstoichiometric silicon nitrides
and oxides. Uspehifizicheskih nauk — Successes ofphysical sciences. 2008. Vol. 178 B. Ne 7.
Pp. 727-737. (in Russian).

7. Efremov, M.D., Volodin, VA., Marin, D.V., Arzhannikova, S.A., Kamaev, G.N.,
Kochubej, S.A., Popov, A.A. The variation of the absorption edge of light in the SiNx films
with clusters of silicon. Fizika i tehnika poluprovodnikov — Physics and Technology
Semiconductors. 2008. Vol. 42. Ne 2. Pp. 202-207. (in Russian).

Tyumen State University Herald. 2013. No. 7



The study ofthe composition ofSilicon-supersaturated layers... 73

8. Kadyrzhanov, K.K., Komarov, F.F., Pogrebnjak, A.D., Rusakov, V.S., Turkebaev, T.
Je. lonno-luchevaja i ionno-plazmennaja modifikacija materialov [lon-beam and ion-plasma
modification of materials]. M.: Moscow University Publ. 2005. 640 p. (in Russian).

9. Laskin, G.P., Kuznecov, A.P. Simulation of ion-plasma doping. Vestnik Tjumenskogo
gosudarstvennogo Universiteta— Tyumen State University Herald. 2010. Ne6. Pp. 64-67. (in
Russian).

10. Laskin! G.P. The creation ofa computer program to simulate the process of ionplasma
doping [Sozdanie kompjutemoj programmy dlja Uiodelirovanija processa lonnoplazmennogo
legirovanija]. M-ly mezhd. nauch.-praktich. konf. «Prikladnye problemy optiki, informatiki,
radiofiziki ifiziki kondensirovannogo sostojanija» (Int. scientific and practical conf. «Applied
problems of optics, computer, radio physics and condensed matter physics»). Minsk, 2011.
Pp. 138-139. (in Russian).

PHYSICS AND MATHEMATICS





