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The silicon surface was irradiated with 30 keV gallium ion beam at incidence angles from 0 to 50° and fluences
from 6-10'® to 5:10'® cm 2. Surface topography was investigated by scanning electron microscopy. It was found
that one of four types of a relief can be formed on the silicon surface depending on the ion beam incidence angle
and these fluences. Pattern formation starts with fluences of ~2-10'7 cm~2 The peculiarities of a relief evolution
can be explained by the angular dependences of silicon sputtering with gallium ion beam and the possible ex-

istence of implanted gallium in the near-surface layer in the form of precipitates.

1. Introduction

Surface sputtering with focused ion beams (FIB), which is used for
samples preparation for transmission electron microscopy (TEM) and
integrated circuits failure analysis, is now becoming widely used for the
formation of nanostructures on the surface of different materials [1-9].
Depending on the type of substrate, ion energy and kind of ions, it is
possible to form a certain nanostructures on the surface. The advantages
of the FIB technique compared to others (electron-beam and
photo-lithography) are the high rate of pattern formation, the ability to
process different materials (semiconductors, metals, dielectrics), the
localization and selectivity of the etching process, which greatly sim-
plifies the technological process of the surface nanostructuring. Ion
beam irradiation can be carried out at different incidence angles and at
different fluences. Nevertheless, despite these advantages, the formation
of nanoscale structures by FIB can be associated with a number of
problems. One of them is related with the formation of topographic
inhomogeneities on the bottom and lateral faces of the sputtering crater.
Formation of the relief can lead to a change of the sputtering rate [10]
and the reproducibility of the experimental results, especially in the case
of structures with a high aspect ratio [11]. At the moment, there are only
few experimental works devoted to the formation of the surface topog-
raphy (generally in the form of ripples) under sputtering of the most
commonly used materials with a gallium FIB [12-16]. This paper rep-
resents the results of an experimental study of the topography formation
on the Si surface irradiated with a Ga™ ion beam at different fluences and
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the ions incidence angles.
2. Experimental

The irradiation experiments of Si (100) with a 30 keV Ga™ ion beam
were carried out in a Quanta 3D 200i facility. It is a dual-beam FIB-SEM
system equipped with a Ga™ liquid metal ion source (LMIS). A Si (100)
wafers with a natural oxide layer were used as samples. Beams with a
diameter of 4 pm, 300 nm and 85 nm were used at following irradiation
parameters: ion beam overlap percentage of 95% (for ion beam with
diameter of 4 pm) and 50% (300 and 85 nm), 0.1 ps dwell time and
serpentine scan type. In all experiments the ion beam current wasI =5
nA, the scan area was 20 x 20 pm?2, and the current density was j = 1.25
mA cm 2 (7.8-1015 cm™2 s_l). The experiments were carried out at room
temperature.

A series of the samples were prepared for the study. The incidence
angle of the ion beam O is defined with respect to the surface normal and
varied from O to 50° with 5° increments. The ion fluence D varied from
60106 to 5108 cm 2. These experiments allowed to identify the main
trends in the formation of the surface topography at the certain angular
and fluence ranges.

To illustrate the ripples profile the SEM images of the samples
transverse sections were prepared.

The initial analysis of the surface topography was performed using
the Quanta 3D 200i facility (in-situ). A more detailed analysis of all
samples was carried out ex-situ using a scanning electron microscope
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Supra 40. The energy of the electron beam amounted to 10 and 20 keV
and angles of view were equal 0 and 60°. The necessity of using both
methods of topography study is caused by the results presented in
Ref. [17]. There it was shown that during atmospheric extraction of Si
samples containing Ag atoms in the near-surface layer, which do not
form chemical compounds with Si, Ag atoms are displaced onto the
surface in the process of Si oxidation. Moreover, the Si surface remains
smooth during in-situ measurements, and after removing the samples
from the vacuum chamber for ex-situ measurements is covered by Ag
droplets. Implanted Ga ions also don’t form chemical compounds with
Si, but they are present in the near-surface layer as a precipitate of a few
nm in size [18,19]. A comparison of in-situ and ex-situ images of the Si
surface after irradiation with a Ga™ ions shown that extraction of the
samples to the atmosphere doesn’t change the surface topography. At
the same time, the quality of images obtained on the Supra 40 is
significantly better. Therefore, this article provides images obtained on
this machine.

3. Results and discussion

As aresult of this study, the peculiarities of the Si surface topography
evolution under the Ga' ion beam irradiation of different diameters,
different ions incidence angles and fluences were experimentally
established.

Fig. 1 shows SEM images of the Si surface obtained at normal inci-
dence of the ion beam, fluence of 10'® cm™2 at different degrees of
focusing: (a) ion beam with a diameter of 85 nm, (b) ion beam with a
diameter of 4 ym.

Both samples were produced under identical conditions, except the
ion beam diameter. Similar studies were carried out at other incidence
angles and fluences of the ion beam. The identity of the images of
structures on the surface of silicon obtained by ion beams with 4 orders
of local current density magnitude difference indicates that the pattern
is not depending on the beam diameter or the local ion flux. Using an ion
beam with 4 pm diameter and 95% overlap practically mimics a broad
ion beam irradiation. Images obtained from the surface irradiated by an
ion beam with a diameter of 4 pm will be presented further in the paper
because the reproducibility of the results was higher when the sample
was irradiated with this beam.

Fig. 2 shows the topography of the Si surface irradiated by Ga™ ions
at normal and 25° incidence angles of the ion beam. It was found that
during sputtering of the sample material at incidence angles in the range
from O to 20°, starting with a fluence of 2-10'7 cm™2, a granular struc-
ture with a grain size ~35 nm is formed on the surface and practically
doesn’t change with further increase of the fluence (Fig. 2a and b).

A granular structure is observed in the case of 25° incidence angle up
to fluence of 4-10'7 em™2. In addition, some separate surface swellings
are present (Fig. 2c).

Such swellings can be a consequence of Ga precipitates reaching the
surface under ion sputtering. When a fluence increase up to 2:10'8 cm 2,
the grains are growing, thereby a grid-like structure is formed on the Si
surface (Fig. 2d).

The topography of the Si surface irradiated with Ga* ions at @ = 30°
with different magnifications (5000 and 50 000 respectively) are

Fig. 1. SEM-images of Si surface after ion irradiation. Angle of incidence 6 =
0°, ion fluence 10'® em™2 a) 85 nm, b) 4 pm ion beam diameter.
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presented in Fig. 3.

The periodic ripples perpendicular to the plane of incidence of the
primary beam are formed on the surface in this case.

Fig. 4 illustrates the sequential changes in the surface topography
under fluences from 6-10'® cm™2 up to 4-10'® cm™2. One can see the
appearance of the nanometric droplets on the surface at fluence D =
6-10'6 cm™2.The elemental maps obtained by energy dispersive X-ray
microanalysis showed that these hills are gallium enriched. It was shown
in Refs. [18,19] that implanted Ga in the near-surface layer exists in the
form of precipitates ~ 10 nm in size, located at a depth of 10-20 nm.
Apparently, at D ~6-10'® em ™2, Ga precipitates appear onto the surface
and merge into larger droplets (Fig. 4a). The difference between the Si
and Ga sputtering rates leads to the formation of topographic in-
homogeneities in the form of hills and troughs (Fig, 4b) which subse-
quently initiates the formation of a wave-like relief (Fig. 4c). Starting
with a fluence of 2-4-10" ecm™2 up to 2010® cm™2 one can see the
formation of ripples (Figs. 3 and 4c). The intersection and merging of the
waves are observed and starting from the fluence of 4-10'® ecm™2 the
ripples are destroyed keeping the periodicity pattern. In the considered
range of fluences, the average value of the wavelength changes in the
limits from 150 to 800 nm, and the amplitude from 30 to 70 nm (Fig. 5),
which agrees well with the data obtained in Refs. [12,13].

In the case of Si irradiation by Ga™ ions at angle of incidence of 35°
(starting with a fluence D = 2107 cm™2) hills appear on the surface and
ripples perpendicular to the plane of incidence of the ion beam are
observe. At the fluence D = 2¢10'® cm™2 two areas are distinguished on
the irradiated surface of the sample, one of which contains the wave
vector of a relief coinciding with the beam direction, while in the other
one it is rotated by a certain angle (Fig. 6¢). In Ref. [13], a rotation of a
wave vector of the wavelike relief with increasing fluence is reported,
the reasons of which are not clear.

Fig. 7 illustrates the topography of the Si surface irradiated by Ga™
ions at the incidence angles of the ion beam 40° (a) and 45° (b). In the
case of the ion beam incidence at an angle of 40°, there are non-contrast
and non-periodic irregularities on the surface, which are smoothed by
further increasing the fluence. And at an incidence angles of 6 > 45°, the
irradiated surface remains smooth over the studied range of the fluences.

Table 1 summarizes the main irradiation parameters and the types of
inhomogeneities that arise from them.

An important feature of all types of relief observed on the silicon
surface at ion beam incidence angles less than 40° is that the formation
of structures occurs at fluences slightly higher than the fluence corre-
sponding to the start of the erosion process. It was shown in Refs. [18,
20] erosion of surface of Si by a 30 keV Ga™ ion beam becomes appre-
ciable starting with the fluence D ~ 3010'® cm™2 and at a fluence of
6010'% cm~? the sputtering crater depth amounts to ~10 nm. As noted
above, it was experimentally established in Refs. [18,19] that Ga atoms
in the near-surface layer of Si exist in the form of precipitates dissolved
in this layer a few nm in size, located in two layers at a depth of 10-20
nm (Si was irradiated at normal ion beam incidence with a fluence of
10'7 em™2). This means that relief nucleation at incidence angles close to
the surface normal starts at the depths corresponding to the Ga precip-
itate depth location in the near-surface layer of Si. The surface binding
energy of Ga atoms is almost two times less than that of the Si atoms. The
difference in the sputtering yields [21] of Ga and Si in the surface layer
provides the development of the observed topographic inhomogeneities.

Differences in the shape of the topography of the Si surface irradiated
with Ga™ ions at different incidence angles are apparently related to the
different content of implanted gallium near the surface. A recent study
[22] determined the angular dependences of the surface layer compo-
sition and the sputtering yields due to the bombardment of the Si surface
with 30 keV Ga™ ions. Fig. 8 shows the angular dependences of Ga
content near the surface, obtained by integration of Ga concentration
profiles measured by SIMS analysis and on the surface measured by the
AES. It can be noticed that the concentration of Ga in the near-surface
layer (~30 nm) is about 30% at incidence angles from O to 20°. At the
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Fig. 2. SEM-images of Si surface after ion irradiation. Angles of incidence: 6 = 0° (a, b), 25° (¢, d), ion fluences: 2-10'7 (left column), 2:10*® cm ™2 (right column).

Fig. 3. Micrographs of ripples on the Si surface. Angle of incidence 6 = 30°. Ion
fluence 10'® cm™2. The arrow indicates the direction of incidence of the
ion beam.

same time, it reaches 60% on the surface. With increasing an angle of
incidence, the Ga content in the layer and on the surface decreases
rather sharply and it is less than 10-15% at ©® > 40°. Apparently, the low
Ga concentration in the near-surface layer at these incidence angles is
the reason of absence of noticeable relief on the surface at fluences up to
510" cm ™2

The peculiarity of the appearance of ripples on the Si surface under
irradiation with 30 keV Ga™ is that it occurs at sufficiently low ion flu-
ences (D = 40107 cm™2) or at small depths of sputtering craters (~150
nm). It’s known that ripples appear on the Si surface under irradiation
with 20 keV Ar* ions at a sputtering crater depth of ~44 pm (critical
fluence D = 6010'° cm™2) [23]; with 12.5 keV OF ions ~ 1 pm [24]; with
9 keV Nj ions ~ 0.2 pm [25]. So, the critical fluences for ripples
nucleation during bombardment with ions of inert and chemically active
gases differ by 1-2 orders of magnitude. Such differences can be
explained by the existence of silicon oxide and silicon nitride pre-
cipitates [26-28] in the near-surface layer during oblique incidence of
ion beams. Heterogeneity of the near-surface layer leads to the forma-
tion of an arbitrary initial relief on the surface due to the difference in
sputtering rates of silicon and its compounds. This initial relief initiates
the generation of ripples. Under bombardment by ions of inert gases, the
accumulated bulk defects can initiate the appearance of a wave-like

relief, which determines the high fluences that precede the appear-
ance of ripples [23].

One of the first models explaining the formation of ripples [29]
combines the effects of sputtering and surface diffusion and is based on
the sputtering theory of Sigmund [30]. It relates the rate of atom
removal to the energy deposited by incident ion into surface layer. The
coefficients in proposed equation [29] 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 [31] 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 ac-
counts the stochastic nature of the current density of incident ions was
introduced in the equation of a nonlinear model of ripple formation
[32]. From a practical point of view, accounting of this summand seems
to be quite difficult. Therefore, in Ref. [33] 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.

The effect of topographic inhomogeneities on the ripple nucleation
process was demonstrated experimentally in Refs. [34,35]. As was
shown in Ref. [34], the presence of Au islands on the Si surface leads to
almost immediate formation of ripples on the Si surface under N3 ion
bombardment with the same wavelength as under irradiation of pure Si
surface after reaching the critical fluence of ripple nucleation. In
Ref. [35] it was shown that the initial surface roughness on the Si surface
which was formed by a preliminary chemical treatment with 16.7 keV
07 ions leads to a two orders of magnitude reduction of the ion fluence
required for a relief nucleation on the Si surface under 16.7 keV O3 ion
bombardment. Recently, a fairly large number of works have appeared
that consider processes of relief formation on the surface of various
materials, including Si, during simultaneous sputtering by inert gas ions
and deposition of metal atoms [17,36-38] and bombardment by metal
ions [35]. According to the opinion of the authors [17,37,39], the ex-
istence of metal silicides in the near-surface layer is one of the necessary
conditions for the ripples formation. The higher sputtering rate of Si
compared to silicides of metals leads to the appearance of topographic
inhomogeneities on the surface, initiating the appearance of a periodic
relief. Therefore, it is possible to conclude that the existence of Ga
precipitates in the near-surface layer of Si, which rate exceeds the
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Fig. 4. SEM images of the Si surface irradiated by Ga ion beam. Angle of incidence 8 = 30°. Ion fluences: a) 6-10'°, b) 2-10'7, ¢) 8-10%7, d) 4-10'® cm~2.

— i — a) b)
Fig. 5. SEM images of the cross section of the Si surface irradiated with a Ga *
ion beam at an angle of 30° with irradiation doses of: (a) 4107 and (b)
210" em™2
100 nm| 100 nm)
— —

Fig. 7. Micrographs of the Si surface after ion irradiation. Ion fluence D = 108
cm 2. Angles of incidence: a) 40°, b) 45°.

Fig. 6. Micrograph of a ripple structures on the Si surface after ion irradiation. Angle of incidence 8 = 35°. Ion fluences: a) 2-10'7, b) 4.10'7, ¢) 2-10'8, d)
410" em ™2
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Table 1
Summary of experimental data.

2

0, grad D, cm™ Type of a relief
0-20 20107 - 4108 a granular structure
25 4010"7 - 4010'® a grid-like structure
30-35 40107 - 40108 a periodic ripple relief
40 4010'7 - 4010'8 a non-periodic irregularities
45-50 6010'° - 4010'® a smooth surface
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Fig. 8. Angular dependences of Ga concentration in Si surfa ce layer based on
SIMS (square tags) and AES (circle tags) data [22].

sputtering rate of the surrounding silicon, leads to the formation of
topographic inhomogeneities and the rapid appearance of ripples.

4. Conclusions

The process of the Si (100) surface topography evolution under
irradiation with a 30 keV Ga' ion beam with fluences D = 610'° -
50108 em ™2 at incidence angles of 0 from 0 to 50° was studied. Irra-
diation of Si with Ga ions was carried out on the Quanta 3D 200i dual
beam microscope. The surface topography was analyzed with SEM by
using the Quanta 3D 200i (in situ) and the Supra 40 (ex situ) facilities.

According to the experimental results, it can be concluded that four
types of inhomogeneities can be observed on the Si surface under
sequentially changing the ion beam incidence angle from 0 to 50° in the
studied range of fluences: a granular structure, a grid-like structure, a
periodic wave-like structure and a non-periodic irregularities.

The peculiarity of all relief types at ion beam incidence angles less
than 40° is that the formation of structures occurs at fluences slightly
higher than the fluence needed for the high rate of formation. The reason
for the early development of topographic inhomogeneities is that the
implanted Ga is located in the form of precipitates lying at a depth of
10-20 nm at ion beam incidence angles close to the surface normal. By
increasing the ion beam incidence angle, the concentration of implanted
Ga in the near-surface layer of Si significantly decreases but remains
observable up to 40°. The possible existence of Ga in the form of pre-
cipitates near the surface leads to the rapid development of a relief of the
irradiated surface due to the difference in sputtering yields of Si and Ga.

The results obtained by studying of the Si surface topography under
Ga ion beam irradiation allow proposing usage of the gallium FIB for
formation of microstructures on the Si surface at incidence angles of ion
beam exceeding 6 = 45°. This helps to improve the reproducibility of the
results of surface structuring.
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