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This paper reports on the study of structural modifications induced
by the implantation process and by the subsequent thermal annealing in
near-surface layers of Si single crystals implanted with Si*t ions of energy
140 keV and doses from 1x 10*® to 1 x 10'° ions/cm?. The grazing incidence
X-ray diffraction and X-ray reflectivity measurements were applied to deter-
mine the thickness and structural composition of the damaged layers. The
fitted electron density profiles indicated an existence of an interfacial layer
with density higher than the density of Si matrix or near-surface oxide layer.
Formation of polycrystalline phases of silicon and silicon oxides is discussed
in dependence on the conditions of annealing treatment and implantation
dose.

PACS numbers: 61.10.—1, 61.10.Kw, 61.72.Tt, 68.35.Fx, 81.40.Ef, 81.65.Mq

1. Introduction

The surface oxidation of crystalline semiconductors is one of the most phys-
ically fundamental and technologically ubiquitous of solid-state processes. Many
studies concerned the oxides epitaxially growing on Si surfaces and especially the
silicon/silicon oxide interface [1, 2]. The studies of this interfacial region have
reported a high-density layer abounding with Si compared to SiO» [3].
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Implantation process for silicon crystals leads to creation of the structural
changes in the near-surface layer, it can lead to formation of the secondary phase.
In most of cases the oxide precipitates in the top silicon layer were observed [4—6].
The thin layers of the silicon oxide were grown at room temperature on the Si
substrates after low-energy copper implantation [7] or high-energy implantation
with oxygen ions [8, 9].

In this paper we report on the studies of structural modifications induced
by the implantation process with Si’* ions at the room temperature and by the
subsequent thermal annealing in thin near-surface layer of Si single crystal.

2. Experimental

Silicon samples cut perpendicularly to the (111} axis were implanted with
140 keV Si’T ions at doses of 1 x 10 or 1 x 10'® cm~2. Samples were annealed
at 900°C for 46 h. Particular care was taken to minimize a possible contribution
from MNT ions.

Grazing-incidence X-ray reflectivity (GIXR) patterns were recorded at W1.1
wiggler beam line at Hasylab (Hamburg). The monochromator was set to
10.000 keV (A = 1.2398 A). The incident beam width was limited to 40 ym by
means of slits, the value small enough to keep the whole spot within the sample
surface from below the critical angle of incidence. The FWHM of the reflectometer
was estimated to be of 0.0025 4 0.0005°.

The X-ray diffraction patterns were measured by a powder diffractome-
ter installed at the B2 beam line at Hasylab (Hamburg), using a parallel beam
monochromatized with a Ge(111) double crystal monochromator. The diffractome-
ter was equipped with a set of parallel horizontal foils (of angular aperture 0.1°)
at the diffracted beam. The patterns reported in this work were recorded with
monochromator set to A = 1.1368 A. The wavelength was determined by a least
squares procedure for silicon NBS 640b standard (asi = 5.43094 A) The inci-
dent beam geometry with grazing angle fixed at 0.7° was employed during the
measurements.

3. Results

Table I contains the data of the representative samples A, B, and C, for
which we obtained clear differences between structural modifications induced by
implantation process and thermal annealing in the near-surface layer and for which
the results of measurements by using X-ray grazing incidence methods are shown
below.

Figure 1 shows the diffraction patterns obtained for the investigated sam-
ples. The typical pattern received for the non-implanted over side of sample A 1s
presented in Fig. la. As it can be observed, there are no clear traces of a crystalline

Si10; phase.
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Samples measured by using X-ray grazing incidence methods.
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TABLE 1

Sample of Si crystal

Implantation process

Thermal annealing

sample A
sample B
sample C

140 keV Si?t ions at a dose 1 x 10*® cm ™2
140 keV Si?t ions at a dose 1 x 10*® cm ™2
140 keV Si?t ions at a dose 1 x 10%® cm ™2

900°, 46 h
900°, 46 h

The diffraction pattern obtained for the implanted side of sample A 1s shown
in Fig. 1b. Besides the broad band at 18-22° (26) we observe the distinct diffraction
peaks at angles &2 28°, & 33° and & 47°. The run of the diffraction curve, position
and intensity relation of these peaks indicate the presence of polycrystalline SiO,
phases mixed with amorphous phase in the near-surface layer.

Figures 1c and d show the diffraction patterns obtained for samples B and C
(implanted and annealed, see Table T). As a consequence of the thermal annealing,
in both cases, the amorphous phase almost completely disappears. On the other

El El
2 4004 * (@) & | Si impl. Si** 140keV, (b)
S » 5% 1x10%cm”®
g \ g
EOly £ 200-
200 UN }\
\
W 100 % sio sio,
100 MU‘WM MW .
w iy ﬁw
o Wirabmsorbi e . Myt il
10 20 30 40 50 10 2 2 40 50
20 [deq] 20 [deg]
= 400 = 400
E Si impl. Si** 140keV, (C) E ‘ si | Siimpl. Si*' 140keV, (d)
2 300 1% 10%cm?, 2 300 1x10"em®,
[ TA 900°C, 46h % TA 900°C, 46h
Q -~
E ’ Sio = \
200 ! sio, 200 si
sio,
»()4 sio, si %
100 100 WM Sio_
Mot | i
o [ ol " | ‘ si
. WWWI‘ bl S e oy o WWMWW Y h
10 20 30 40 50 10 20 30 40 50
20 [deq] 20 [deg]
Fig. 1. Diffraction patterns obtained for selected samples: (a) non-implanted over side

of non-annealed sample, (b) Si sample implanted with 140 keV Si*t ions at a dose

—2

1% 10'* em™2, (c)—(d) Si samples implanted with Si*T ions at doses 1 x 10'® cm™2 and

1 % 10'® cm™2, respectively, and then thermally annealed.
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hand, we observe the distinct diffraction peaks at angles & 28°, = 33° and = 47°
like for the non-annealed sample A. These changes of intensity relation in diffrac-
tion patterns confirm some ordering of the polycrystalline SiO, phase induced by
thermal annealing. In the diffraction pattern obtained for sample C we observe
the appearance of new peaks. Their positions and intensity relation point to the
presence of the polycrystalline silicon.

Figure 2 shows the experimental reflectivity with the corresponding fits. To
fit the data we used a computer model electron density profiles with parameters
that represent the bulk substrate, the oxide overlayer and the interfacial layer.
These last two layers can consist of several layers and each of them is described by
density p; and layer thickness d;. A computer algorithm was based on the Parratt
iterative procedure making use of the Fresnel formula [10].

The experimental reflectivity measured for sample A (implanted and non-
-annealed, see Table T) with the best fitting result is shown in Fig. 2a. The
theoretical parameters used to fit are presented in Table II. The run of the ex-
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Fig. 2. Experimental reflectivity profiles with the corresponding fits (solid line):

(a)-(b) Si sample implanted of Si** ions at a dose 1 x 10'® cm™2

, non-annealed or
thermally annealed, respectively, (c) Si sample implanted with Si*T ions at a dose

1 x 10'® ¢m™2 and thermally annealed.
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perimental reflectivity shows that owing to implantation process, the near-surface
layer with electron density clearly different from the electron density of the bulk
material was created. The experimental reflectivity shows the oscillations with a
period being a function of the near-surface layer thickness. The fitted parameters
suggest that close to the surface a thin silicon oxide film of low mass density was
formed (thickness d = dy + da = 59 A) At the silicon/silicon oxide interface a
high-density layer with a theoretical thickness (thickness d = ds + d4 = 188 A)
was created. This result is in agreement with the results of theoretical studies of
the crystalline Si oxidation and especially of the silicon/silicon oxide interface [3].

TABLE 11

Modeled structure of the samples A (Si implanted with Si*T ions at a
dose 1 x 10'° cm™2).

Material | Density, p | Thickness, d | Roughness, p
lg/em?] 4] 4]
top oxide layer Si02 1.4 27.00 3.70
SiO 1.67 32.00 4.30
interface layer SiO 2.8 8.00 8.50
SiO 2.29 180.00 3.80
bulk substrate Si 2.33 8.00

In Fig. 2b we present the experimental reflectivity obtained for sample B (im-
planted and annealed) with the best theoretical reflectivity. The fitted parameters
for this sample were comprised in Table III. The near-surface layers with electron
density different from density of the bulk material were formed as a consequence
of implantation process and thermal annealing. The thickness of the near-surface
oxide layer was higher than in the case of non-annealed sample and it equals
d = 12 A. At a very sharp interface the thick silicon layer (d = 255 A) of the
density slightly lower than the density of the substrate was formed.

TABLE III

Modeled structure of the samples B (Si implanted with Si*T ions at a
dose 1 x 10'* cm ™2, thermally annealed).

Material | Density, d | Thickness, d | Roughness, p

[8/cm?] [A] [A]
top oxide layer Si02 2.1 12.00 5.30
interface layer Si 2.2 255.00

bulk substrate Si 2.33 8.00
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TABLE IV

Modeled structure of the samples C (Si implanted with Si*T ions at a
dose 1 x 10'® cm ™2 thermally annealed).

Material | Density, p | Thickness, d | Roughness, p
[8/cm?] [A] [A]
top oxide layer SiO 2.2 42.00 3.5
SiO 2.1 35.00 6.00
interface layer SiO 3.6 10.00 4.00
bulk substrate Si 2.33 8.00

The experimental and theoretical reflectivity obtained for sample C (im-
planted and annealed, see Table T) are shown in Fig. 2¢c. The fitted parameters for
this sample are given in Table IV. Similarly for the last sample, the near-surface
layer (d = dy + ds = 77 A) with the electron density different from the bulk
material electron density was formed as a consequence of implantation process
and thermal annealing. In the fit model we assumed the existence of a very thin
(d =12 A), highly-dense (p = 3.6 g/cm?) oxide layer covered with a near-surface
oxide layer at the silicon/silicon oxide interface.

4. Summary

We have studied structural modifications induced in thin near-surface layer
of an Si single crystal by the implantation process of Si?t ions and by the sub-
sequent thermal annealing. The grazing-incidence X-ray diffraction and X-ray re-
flectivity measurements were applied to determine the thickness and structural
composition of the damaged layers. The fitted electron density profiles indicated
an existence of an interfacial layer with density higher than the density of Si ma-
trix or near-surface oxide layer. Annealing process decreased the thickness of this
interfacial layer. This finding 1s comparable with the results of theoretical studies
of the crystalline Si oxidation and specially of the silicon/silicon oxide interface

As a consequence of implantation process, the near-surface layer of the amor-
phous phase mixed with polycrystalline SiO, phases was formed. As expected,
the amorphous phase almost completely disappeared owing to thermal annealing,
while some ordering in the Si0, phase was induced. Additionally the polycrys-
talline phase of Si appeared in the near-surface layer of Si sample implanted with
ions at higher dose and thermally annealed.
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