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Abstract. Influence of the initial Si surface state on the rate of ripple nucleation under bom-
bardment with low-energy O,* ions was investigated. It was found that the creation of a defect
area in the Si near-surface layer or the creation of the initial surface relief by ion bombardment
with a focused Ga* ion beam facilitates a significant acceleration of the ripple nucleation on
the Si surface during subsequent irradiation with an O," ion beam.
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AnHoTanmusa. MccienoBaHO BAMSHHUE TIpPeIBapUTEIbHO C(HOPMUPOBAHHOIO pelibeda
moBepxHocTH Si, obnydeHHOTro MOHHBIM myukoMm Ga* c sHeprueir 30 keV Ha ckopocTb
3apOXJIEHUA PUMIUIOB Npu OGomOapauposke moHamu O,". YCTaHOBIEHO, YTO HadYaJbHBIHA
peabed IMOBEPXHOCTH CIIOCOOCTBYET CYIIECTBEHHOMY YCKOPEHHUIO IIpoOliecca 3apOXKIeHMUS
PMIIIIJIOB Ha TOBEPXHOCTU Si.
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Introduction

Ion beam sputtering is a powerful method for micro- and nanostructures formation on the
surface of various materials. The main advantages of this method are the fairly short processing
time of large areas and the possibility of metals, semiconductors, insulators nanostructuring.
Moreover, the adjustment of irradiation parameters, such as angle of incidence, fluence, kinetic
energy and ion beam diameter, allows generating a sized-controllable structure. Recently, a large
number of works is devoted to the study of a periodic wavelike nanostructures (ripples) formation
on the metal and semiconductor surfaces [1].

According to experiments, ripple nucleation on the Si surface occurs at a certain (critical)
fluence, which depends on the energy and type of ions and the ion beam incidence angle [2-5].
At the moment, there is a small number of works [6, 7] which demonstrate that the creation of
initial topographic inhomogeneity’s on the Si surface leads to a marked reduction of the critical
fluence required for the sputter ripple nucleation.

In the present work, we have studied an influence of the initial Si surface state on the process
of ripple nucleation and evolution under bombardment with low-energy O,* ions. Initial surface
is defined as the Si surface irradiated by 30 keV Ga* ion beam.

Materials and Methods

Experiments on the formation of ripples on the Si (100) surface were carried out on the
Cameca IMS 4f machine. All the samples were bombarded by separated 12,5 keV O,* ion beam
at an angle of 38° with respect to the surface normal.

Fig. 1 a) shows the geometry of the conducting experiments. At the moment of ripple
nucleation, which are perpendicular to the plane of the ion beam incidence, oxygen enrichment
occurs on the wave slopes facing to the incidence ion beam. The concentration of this enrichment
is corresponding to SiO, [9]. This leads to increasing of the current of secondary Si* ions (Fig.
1b6). Reaching the plateau of the I(t) dependence indicates the completion of the ripple formation
process with a constant wavelength. Two series of samples were prepared. In the first series, the
surface bombardment was stopped at the moment of ripple nucleation; in the second series it was
stopped after final ripple formation.
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Fig. 1. Ripple formation scheme (a). The dependence of the secondary ion current output on the
irradiation time (in this case, ion implantation of Si were carried out under
0 =0°, ® = 10" cm?) (b)

The process of ripple nucleation was determined by an increasing the current of secondary
Si* ions [8], which detected during ion bombardment of the surface. The depth of the sputtering
crater where ripples nucleated was determined on a Talystep profilometer. The samples were
pretreated by ion implantation of Si(100) surface with a 30 keV Ga* ion beam on a Quanta 3D
200i. Beams with a diameter of 4 um were used. The dimensions of the irradiated area were
200x200 pm? An angles of incidence of the ion beam were ® = 0°, 30°, ion fluences were
® = 10", 2:10"7, 4-10"7 cm2. A more detailed analysis of the surface topography was carried out
ex-situ using a scanning electron microscope Supra 40.
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Results and Discussion

Silicon samples irradiated with a Ga* ions were examined by the SEM method. It was found
that at a fluences of 2-10"7, 4-10"7 cm? a noticeable surface relief in the form of grid-like structure
and ripples occurs and ® = 0°, 30° respectively. As the fluence increases, the surface rms rougness
increases up to 30 nm at ® = 30° and ® = 4-10"7 cm™. At a fluence of ® = 10" cm-2, an irradiated
surface stays smooth at normal incidence and a small perturbations are observed at ® = 30°.

Fig. 2 demonstrates the Si surface relief before (left column) and after (right column) irradiation
with an O,* ion beam. In Fig. 2, a) there is an experiment with initial smooth Si surface, Fig. 2, b)
shows an experiments where the initial surfaces were pretreated with a gallium ions at different
ion fluences.
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Fig. 2. The surface state before (left column) and after (right column) irradiation with an O," ion
beam in cases of initial smooth (a) and pretreated (b) Si surface. The arrow indicates the direction of
incidence of the ion beam

Irradiation with O," ion beam of the virgin Si surface leads to the ripple formation at a depth
of ~ 6.5 um with an average wavelength of A = 460 nm, which is in good agreement with the data
of [8]. The formation of ripples with wavelength A = 45030 nm was observed on the pretreated
Si samples. In this case, the depth of ripple nucleation decreased significantly: practically 1.5
times at a fluence of ® = 10'7 cm? and more than 2 times at ® = 2-10"7 and 4-10'7 cm, both in
the case of pretreated samples with Ga* ions at normal and oblique beam incidence (Fig. 3). In
the last case, the critical dose for ripple nucleation is lower for all ion fluences, possibly due to
the shallower depth of the implanted gallium and the higher amplitude of the relief created by
Ga* ion bombardment.
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Fig. 3. The dependence of the ripple nucleation of separate nanometer-sized precipitates lying

depth on the fluence of irradiation of initial Si at a depth of 10-20 nm in the Si near-surface

surface with Ga* ions layer (at ® = 0°) [10]. During the sputtering of

such samples with O,* ion beam at depths of

10—20 nm a topographic instability may arise due to the difference in sputtering rates of Ga and
Si, which will initiate the ripple nucleation process.

One of the first models explaining the formation of ripples [11] combines the effects of
sputtering and surface diffusion and is based on the sputtering theory of Sigmund [12]. It
relates the rate of atom removal to the energy deposited by incident ion into surface layer. The
coefficients in proposed equation [11] are functions of the ion beam parameters and relate the
sputtering yield at any point on the surface to the local curvature. Thus, the presence of the
original surface local curvature is necessary. Later in the work [13] it is stated, that transition
between the flat and rippled states of the surface is not possible. To explain the appearance of the
initial surface topography leading to a change of the local angle of ion incidence the term n(x,y,t)
which accounts the stochastic nature of the current density of incident ions was introduced in
the equation of a nonlinear model of ripple formation [14]. From a practical point of view,
accounting of this summand seems to be quite difficult. Therefore, in [15] it was suggested to
substitute it for an arbitrary initial relief in the modeling of the formation of the wave-like relief.
This approach led the authors to the results of modeling structures that quite well consistent with
the experimental results.

Thus, it is shown that both the creation of the initial relief on the Si surface and the creation
of a defective region in the near-surface layer lead to a significant reduction in the critical dose of
irradiation with O," ions required to initiate the formation of ripples on the Si surface.
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