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Abstract. This paper presents the results of atomic force microscopy and Raman spec-
troscopy studies of the effect of high-temperature annealing on the height/depth param-
eters of silicon areas modified by a focused ion beam. It is shown that the focused ion
beam treatment with 5 beam passes leads to swelling of the surface of the modified silicon
areas. It was found that the depth of the focused ion beam modified area is different after
annealing at 600 and 800 °C. An increase in the number of passes in both cases led to an
increase in the depth of the focused ion beam modified areas. The results of studies of
Raman spectroscopy showed that with an increase in the number of passes, a decrease in
the crystallinity of silicon occurs. It is also shown that annealing of such regions leads to
the restoration of crystallinity upon annealing at 600 °C and almost complete restoration
of crystallinity at 800 °C.
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Annoranua. B naHHo# paboTte mpeacTaBiieHbl pe3yabTaThl UCCASIOBAHUI C TTOMOIIBIO
aTOMHO-cWIoBOM Mukpockonuu (ACM) U paMaHOBCKON CHEKTPOCKOIMUU BIMSHMS
BBICOKOTEMIIEPATYPHOTO OTXKWTra Ha IlapaMeTpbl BBICOTHI/TJYOMHBI 00JIaCTeil KpEeMHUS,
MOIU(GUIIMPOBAHHBIX (HOKYCUPOBAaHHBIM HMOHHBIM ITyukoM (®UII). IlokazaHo, 4TO
oopaborka ®@UIT ¢ 5 mpoxomamu TIydyka TIPUBOAMT K <«BCIYYMBAHUIO» YYaCTKOB
MOIUGUIMPOBAHHOIO KPEMHUS. Y CTaHOBJIECHO, YTO I1yoruHa MonudunnupoBaHHbix ®UIT
yyacTkoB nocie orxkura rnpu 600 u 800 °C paszniuyHa. YBeJaMueHUE 4YHMCIa MPOXOJOB B
000MX clydasix TPUBOIMIIO K yBeaudeHUio TiyouHbsl PUIT-00paboTaHHBIX yYaCTKOB.
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PesynbraThl mccienqoBaHMil paMaHOBCKOM CIEKTPOCKOTIMU TOKAa3aiv, 4TO C YBEJWYCHUEM
yucia MPOXOAOB TMPOMCXOAUT YBelIUUeHUe nedekTHocTh KpemHus. [lokazaHo Takxke, 4TO
orxur DUIT-06paboTaHHBIX YYaCTKOB MPUBOAUT K BOCCTAHOBJIEHUIO KPHUCTALINYECKOI
CTPYKTYphI Tipu oTxkure Ha 600 °C 1 mpakTUYECKHU MOJHOMY ee BoccTaHoBieHuto mpu 800 °C.
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Introduction

Today, research in the field of searching for new functional materials is gaining more attention.
One of these scientific directions is the production of optoelectronic and photonic integrated
circuits based on the integration of III-V semiconductors on silicon [1, 2]. Obtaining such
structures is possible through monolithic integration which is a promising method that would
make it possible to obtain semiconductor structures in a single technological cycle and greatly
reduce the cost of their production. However, the direct growth of III-V semiconductors on Si is
difficult due to a significant lattice mismatch, which leads to a high level of defectiveness of the
grown layers [1, 3]. A different number of methods are used to reduce the number of dislocations:
the use of nucleation layers [4, 5], two- or three-step growth of buffer layers [4, 6], as well as the
growth of thick buffer layers [7, 9], substrate misorientation [1, 4], the use of dislocation filters [4,
6], aspect ratio trapping (ART) [2, 8] etc. [1, 2, 9], but it has not yet been possible to achieve a
minimum dislocation density comparable to the native substrate. In turn, surface modification by
a focused ion beam (FIB) is one of the most flexible, accurate, and operational tools for creating
a nanoscale relief on a surface [10] similar to ART method. FIB allows not only to control the
processes of self-organization of epitaxial nanostructures, but also the positioning and localization
of their formation. It is also assumed that partial or complete amorphization of the surface in this
way will help to avoid the occurrence of antiphase domains, improve stress relaxation and localize
most of the defects in the lower, nucleation layers.

In this work, atomic force microscopy (AFM) and Raman spectroscopy studies of the effect of
high-temperature annealing on the height parameter of FIB-modified silicon areas were carried
out, as well as to evaluate its defectiveness.

Materials and Methods

The modification of the silicon substrates was carried out by treating the areas of 5x5 pm with a
focused Ga* ion beam. The processing parameters for AFM studies were: accelerating voltage — 30 kV,
the number of beam passes varied from 5 to 200. The processing parameters for Raman spectroscopy
studies were: accelerating voltage varied from 5 to 30 kV; the number of beam passes varied from 1
to 200. After FIB processing, the substrates were studied by AFM and Raman spectroscopy. Next,
the samples were subjected to thermal annealing in an MBE chamber for 60 minutes. The annealing
temperature varied from 600 to 800 °C. Then they were removed from the MBE chamber and examined
by AFM and Raman spectroscopy to compare the resulting parameters.

Results and Discussion
AFM studies of the samples without annealing showed that the processing of silicon areas with
a small number of beam passes results in swelling of these areas (Fig. 1, a). A further increase
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in the number of beam passes led to etching and a gradual increase in the depth of the modified
areas (Fig. 1, b). It should be noted that the height of the processed area was compared with the
level of the substrate with the number of beam passes equal to 10. After that, the formation of a
deepening was observed with an increase in the number of beam passes.

Raman spectroscopy studies have shown that an increase in the number of passes leads to a
decrease in silicon crystallinity because the intensity of the main crystalline (c-Si) TO-phonon
peak (521 cm™') decreases (Fig. 1, ¢). This behavior is associated with an increase in the distortion
of the Si crystal lattice due to defects introduced during Ga ion implantation. It should be noted
that the intensity of the c-Si peak from the area treated with 200 passes is greater than the
c-Si peak from 100 passes. We attribute this behavior to the specifics of the FIB method, since
simultaneous processes of saturation of the area with the implanted material and etching of the
substrate occur. Thus, at 200 passes, most of the amorphous phase was etched off and the signal
from crystalline silicon increased.

a) b) =
| ‘ T
| g
= |1 | o,
E: E].J | | ol || E ,E_g
| e R e B
AT TS L T (T T 2
LRI N | i IlIi
ot l-rlll"i | Ig 11
i || I | | 2
| I
o 1 2 Ei 4 % & ? H. ] 1] °
¥ [um) g
C) 0, 1420

=
ES
gggsa“-

Ramar infensily (a.u.)
=
3

—_— S

i e
100 200 00 400 500
Rarman shiff fem™)

Fig. 1. AFM profiles of FIB-modified silicon areas treated with (a) 5 beam passes and (b) 200 beam
passes. (¢) Normalized Raman spectra of FIB-modified Si areas with different beam passes.

Next, the silicon samples were annealed at 600 and 800 °C. AFM studies of samples annealed
at 600 °C showed that no surface swelling was observed with 1 beam pass and the height of the
treated area, as in the case of processing with 10 passes without annealing, was compared with
the substrate level (Fig. 2, a). An increase in the depth of the modified areas is also observed
compared to the samples without annealing (Fig. 2, b). This is due to the release of the implanted
material to the surface and its partial desorption. It should be noted that a significant change in
depth is observed when processing with a large number of passes (100 and 200). Apparently, this is
due to the fact that during FIB processing with large number of beam passes, high damage to the
modified areas and, accordingly, high defectiveness occur, which contribute to a more intensive
release of the implanted material and its evaporation.

The situation slightly changes in the AFM study of samples after high-temperature annealing
at 800 °C. With a small number of beam passes, there is no swelling of the surface, and a
deepening of the changed areas is immediately observed (Fig. 1, @). This indicates that during
annealing, the implanted material emerges on the surface, followed by its evaporation and/
or etching of the modified area, which leads to the formation of a deepening. A subsequent
increase in the number of passes led to an even greater increase in the depth of the modified
areas compared to annealing at a lower temperature. Moreover, the change in the height/depth
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Fig. 2. Height of FIB-modified areas before and after annealing (negative height values indicate etch
depth) (a); Height difference between annealed and non-annealed substrate at different annealing
temperatures (b)

of the modified areas is not the same if we compare the cases of samples annealed at 600 and
800 °C (Fig. 2, b).

Raman spectroscopy studies of samples annealed at 600 °C showed that, upon annealing, the
intensity of the c-Si TO-phonon peak exhibits a nonmonotonic change with increasing number
of beam passes (Fig. 3, a). This minimum intensity behavior at 30 passes is possibly due to
the fact that the implanted material remains embedded in the silicon lattice after annealing.
Apparently, with such a set of parameters, there is no critical damage of the silicon crystal
lattice, during which an intense release of the implanted material to the surface occurs, as in
the cases with 100 and 200 passes. An increase in the annealing temperature to 800 °C leads to
an increase in the intensity of the crystalline Si TO-phonon peak (521 cm!) for almost all beam
passes to the spectral values obtained from the untreated substrate (Fig. 3, ). In this case, it
can be concluded that such annealing is not suitable, since no amorphous silicon phase remains
on the surface and ubsequent growth will occur in exactly the same way as on a substrate not
treated with FIB.
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Fig. 3. Normalized Raman spectra of FIB-modified Si areas at different beam passes after annealing
at 600 °C (a) and 800 °C (b)

Conclusion

As can be seen from the above results, the annealing temperature and the amount of implanted
material critically determine the depth and crystallinity of the modified silicon regions. An increase
in the annealing temperature led to an increase in the depth of the treated areas, as well as an
increase in their crystallinity due to the etching of the amorphous layer. We concluded that the
appropriate annealing temperature is annealing at 600 °C due to the incomplete removal of the
amorphous phase and the presence of an implanted material on the surface, which will act as
nucleation centers for subsequent growth. We believe that the growth of III-V structures on such
FIB-modified substrates will lead to complete localization of the structure, and potentially such
a solution will help achieve high-quality monolithic integration of III-V structures on silicon
substrates.
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