flects 29, 24y
Chemistry of
‘aber, Report

s. Proc. Conf,
Osaka 1974

Radiation Effects
1978, Vol. 39, pp. 163-167

TGordon and Breach Science Publishers Lid.. 1475
Printed in Great Brijam

PROPERTIES INVESTIGATION OF THIN SILICON
NITRIDE LAYERS SYNTHESIZED BY ION
IMPLANTATION

F. F. KOMAROV, I. A. ROGALEVICH and V. S. TISHKOV

Instirute of Applied Physics Problems, Byelorussian State University, Minsk, USSR
(Received April 12, 1978, in final form July If), 1978)
e

Structure and phase transformations of Siirradiated by hitrogen ions of 80 keV with doses from 5 x 104 jons-em~* 10
6 x 10'7 jons- em~2, and ion current density 20 gA - em~? have been studied by transmission electron microscepy and ir
absorption techniques. The samples were annicaled in vacuum from 600°C to 1100°C.

1. INTRODUCTION

The synthesis of Si;N, layers on Si by ion
implantation technique has been reported earlier.'?
However, the results on recrystallization tem-
perature of Si;N, layers and identification of the
formed phases on-the basis of optical and structural
data are not sufficient, sometimes controversial and
demand further investigations.

The present paper reports the basic results of the
study of structure and phase transformations in Si
crystals, irradiated with different nitrogen ion doses,
as well as the data of their isochronal and iso-
thermal annealing. The studies have been carried out
by transmission electron microscopy and ir-
absorption techniques,

2 EXPERIMENTAL PROCEDURE

Si original samples were cut in (111) plane,
mechanically and chemically polished. The initial
dislocation density in the samples was 10° to
10 em~2 Irradiation was performed by 60 keV
nitrogen ions at room temperature (no special
precautions were taken against heating of the
samples during irradiation) at ion current density,
J=20 pA-cm~? with integral doses from 5 x 10'%
ions-em~*to 6 x 10" ions - cm—2. The samples were
annealed isochronally in wvacuum (better than
5 x 10-® Torr) in the temperature range of 600°C to
1100°C, AT = 100°C, ¢ = 30 min and isothermally
at 1100°C from 5 to 60 minutes, At = 5 min.

For structure investigations samples were
chemically etched in the mixture of nitric and hydro-
fluoric acids.
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3 EXPERIMENTAL RESULTS AND
DISCUSSION

Irradiation of Si crystals by nitrogen ions in the
above dose ranges have been found to cause
amorphization of the near-surface region of a
crystal. At doses of 0.05x 10" to 1x 10V
ions - em~2 the diffraction pattern coincides with that
of Si amorphous film, obtained by thermal sputter-
ing in vacuum. Two diffusion rings with the effective
interplanar distances d, = 3.22 A andd, = 1.78 A
are observed.

At doses higher than 1 x 10!7 jons.cm™? the
character of the diffraction pattern considerably
changes due to an essential growth of the phase
Si,N,. Two diffusion rings with the effective inter-
planar distances d, = 3.17 A and d, = 1.26 A are
observed. 1t should be noted that the difference
between the d values of the present paper and
those in Ref. 10 (d, = 3.9 A and 4, = 1.35 A) for
amorphous Si;N, is apparently due to a complex
structure of the volume being probed which includes
regions of amorphous Si and non-stoichiometric
complexes like Si N, along with the precipitates of
the phase Si;N,.

Annealing study of irradiated samples has shown
that recrystallization of the layers, implanted with
nitrogen ions at a dose of 3 x 10" ions.cm™2,
occurs epitaxially in the temperature range of 600°C
to 700°C. A complex structure formation in which
amorphous layer turns out to be buried should be
expected at the given dose of irradiation. Crystalline
state of the sample surface plays an orientational
role upon recrystallization of irradiated Si.

At high ion doses (0.1 x 10" ions-ecm~?to 1 x
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10 jons-cm™)  recrystallization  temperature
increases up to about 700°C to 800°C. The growth
of recrystallization temperature of ameorphous Si
may be associated either with stabilization of
radiation defects. by nuclei of the phase Si, N, ' and
melecular complexes Si N . or with the formation of
compound stable defects. which include molecules of
their compounds. The diffraction pattern in this case
exhibits a polycrystalline surface layver of Si. The
traces of Si;N, were not observed even at an
annealing temperature of 1000°C.

The diffraction pattern from the amorphous
structure remains the same up to an anncaling
temperature of 900°C whereas annealing at 1000°C
leads to an amorphous layer recrystallization at a
dose of 4 x 10" ions - cm~% This phase is identified
as a-Si;N, (Table I). Substrate plays an important
role in determining the recrystallization temperature.
In our case, the layers, separated from the matrix by
chemical etching, remained amorphous after anneal-
ing to 1000°C.

Three diffusion rings with the effective inter-
planar distances d, = 3.9 A, d, =212 Aand d; =
1.22 A were observed on the diffraction pattern.
Recrystallization  temperafiire of 1000°C s
characteristic of the samples irradiated with nitrogen
jons at a dose of 6 x 107 ions-cm™2% Lines of only
o-phase of Si;N, were observed on the diffraction
pattern. The layers separated from the matrix by
chemical etching remained amorphous at the given
annealing temperature. Mixture of - and fS-phases

of Si,N, have been observed for the given nitrepen
ion dose in Ref. 6.

Previousiv’ it was pointed out that a-phase uwy
ally forms in the presence of excess oxyvgen, The
type of a phase formed during creation of SiN,
tayers by lon implantation technique depends nof
onlv upon the presence of free silicon or oxygen but
on irradiation conditions (the target temperature®
ion current density. vacuum conditions in the
accelerator chamber) as well.

Isothermal annealing of Si, irradiated by nitrogen
jons at a dose of 6 x 10" ions-cm™2 at 1100:C
from 5 to 60 r_gigutes»(ét = 5 min) was performed in
order to clear out the nature of nucleation centres
and the dynamics of §i;N, crystal growth. It was
found that following a 5-min annealing interval gave
(Figure 1a) crystalline inclusions of the aS§i;N,
phase appearance in Si,N, amarpheus film in the
form of spherulitic and linear dendrites (the shape of
the dendrites being shown in Figures 1 and 2) with
the size up to 2 ygm and 2 to 6 gm, respectively. The
observed density of the spherulites was 1 x 107 em=?
to 10 x 107 em? and that of linear dendrites was
1% 10% em? to 10 x 107 em~2. Annealing for 30
min gave a continuous polyerystalline layer of
a-Si;N, whereas 60-min annealing only caused an
enlargement of the crystallites.

According to the model proposed in Ref, 6 the
traces of dislocation loops introduced into the matrix
owing to the coagulation of point defects, at the
initial stage, afterwards become decorated by

TABLEI
‘Interplanar distances of Si;N, layers prepared by different technigues
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FIGURE 1 Tsothermal annealing of Si irradiated by nitrogen
jons to a dose of 6 x 10" ions. em™2, T, = 1100°C, A¢ =
5 mia.

nitrogen atoms can be thought to be the nucleation
centres. of the spherulites, and those of linear
dislocation segments which existed in the layer
before irradiation can be considered to be the
nucleation centres of the linear dendrites.

et .
FIGURE2 Linear dendrite Si,N,

in Si irradiated by
titrogen ions to a dose of 6 x 10' jons - o2, Ty = 1100°C,
At =15 min.

nitrogen ions to a dose of 4.7 x 10'7 ions-cm-2 Before
annealing (1), T, = 700°C (2}, Tong =900°C ¢ = 30 min (3).

IR-transmission spectrums were recorded on
Model 180 Perkin-Elmer Spectrometer at room
temperature in the wave range of 1200 to 200 em—!,
Figure 3 shows transmission spectrum of Si crystals
irradiated by nitrogen ions at a dose of 4.7 x 10"
ions - cm~2 before (curve 1) and after annealing at
700°C and 900°C {curves 2 and 3, respectively).

An unannealed sample showed a broad asym-
metric band with the absorption maximum near
800 cm™'. Annealing at 700°C and 900°C leads to
an essential increase of transmission in the range of
the long waves and to the band’s symmetrization.

The band’s maximum being shifted towards
850 cm~. A similar broad structureless band was
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FIGURE 4 IR-transmission spectrum for §i irradiated by

nitrogen ions to a dose of 4.7 x 10T ions -em~2, T, = 1100°C,
£ =30 min.




166 F. F. KOMAROV. I. A, ROGALEVICH AND V. §. TISHKOV

TABLE 11

Absorption bands in the ir-transmission spectra

Data of this paper Data of Ref. 15

o aSiN, 5-Si.N,

No. Fem {(nem™h {r.cm™
1045
1040
| 1030
983
980
2 927
906
3 906
896
4 885
5 862 858
6 847
' 750
684
680
676
668
660
605
. 580
7 570 —
510
501
496
493
8 485 488
9 460 461
445
10 432
11 405 403
12 370 375 376
13 355 352
305

observed by other authors!® in the spectrum of SiyN,
amorphous films. Annealing at 1100°C consider-
ably alters the 850 cm~! spectrum, where a well-
defined structure appears. Furthermore, a series of
less intense bands are cbserved in a more distant
region of 700 to 200 cm~".

Figure 4 shows in detail the transmission
spectrum of the sample annealed to 1100°C. The
positions of the absorption bands 1 to 13 are
indicated in Table II along with the positions for
absorption bands of & and f-phases of 8i;N, from
Ref. 15. :

A comparison of &5i;N, spectrum’ with that of
ion-synthesized compound exhibits a good coinci-
dence in the long-wave region. However, the most
intense bands 2, 4 and 6 are hardly comparable to

the spectrum of @ or fFphase of SiyN;. It should be
noted. however. that the bands. 927 cm™'. 885 cm !
and 847 cm ' with similar intensity relationship
were ohserved in spectra of nitrogen-implanted §i
after proper thermal treatment performed by other
authors,”® Thus, in spite of some difficulties which
arise at interpretation of the absorption spectrum of
the synthesized compound partly due to the fact that
the process of a compound formation by ion
implantation takes place in extremely non-
equilibrium conditions, it should be identified as o
Si,N,. The presence of carbon in the near-surface
region of the crystak- which enters the sample
surface. from the residual gases in the accelerator
chamber and later is implanted deep inside owing to
recoil effects may possibly affect the position of
bands 2, 4 and 6.

Synthesis of Si;N, on Si substrate preliminarily
amorphisized by Si* ions was additionally perfor-
med. In this case the spectrum taken directly after
nitrogen ion implantation is similar to that of the
sample without preliminary amorphization but
annealed to 700°C. This implies that in the case of
amorphous target the synthesized layer obtained
was more perfect. At higher annealing temperatures
the difference in the spectrum was not observed.

4 CONCLUSIONS

A considerable increase in the magnitude of the
new phase by irradiation is observed in the ion

“dose range of 1x 10" ions-cm~2 to 4.7 x 107

ions -cm~2,

Recrystallization temperature of the irradiated
layer grows with irradiation dose from 600-700°C
at a dose of 5 x 10'% ions-cm™? to 700-800°C at
doses of 0.1-1.0 x 10" ions - cm~2, to 900-1000°C
at a dose of 4.7 x 10'7 ions-cm~2 and to 1000-
1100°C at a dose fo 6 x 10" ions - cm~2. Recrystal-
lization of the layers irradiated with a dose of 5 X
10%5 {ons - cm~? occurs epitaxially to the matrix.

Upon recrystallization of the layers irradiated
with ion doses in the range of 0.1 x 10'7 ions - cm™
to 1 x 10'7 ions - cm~2 polycrystalline silicon layers
form.

As a result of recrystallization of the layers
irradiated with ion doses in the range of 4.7 x 10"
ions-cm~2 to 6 x 10'7 jons - cm? polycrystalline &
$i,N, layers form. The nuclei of the phase a-Si;Ny
have the form of spherulitic and linear dendrites.
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Three intense absorption bands (927 cm~,
.- 885cm™" and 84T7cm~!) are observed on ir-
spectrum of transmission from the samples irradi-
ated with a dose of 6 x 10'" jons- cm=? having no
analogues in the spectrum from Si,N,. obtained by

other technique.
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