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1. Introduction

Accelerated cluster ion beams are widely used for surface

modification and material analysis. Over the past two

decades, gas cluster ions have attracted attention in this

area [1,2]. The argon cluster Arn is an ensemble of n

argon atoms, where n usually lies in the range from a few

tens to several thousands. The atoms are held together by

the weak van der Waals interaction. After ionizing such a

cluster and accelerating it to an energy of E0 of the order

of tens keV, each atom of the cluster has a kinetic energy

of only a few eV. When colliding with the surface of a solid

body, the cluster is easily destroyed, and almost all of its

energy is released in a small region several atomic layers

deep. Obviously, the physical processes occurring when

the surface is irradiated with gas cluster ions are radically

different from the processes occurring when using atomic

ions [3–5].

The possibility of accurately selecting the kinetic energy

of the cluster atoms and, thus, controlling the characteristics

of the interaction of clusters with the surface, determines

the use of cluster ion beams in analytical techniques. In

the Secondary Ion Mass Specroscopy (SIMS), especially

organic samples, cluster ions are used as a profiling or

analyzing beam, because, unlike atomic ions, large clusters

are able to separate analyte molecules from the surface with

virtually no destruction of them [6,7]. In the X-ray pho-

toelectron spectroscopy technique (XPS), cluster ions are

used for surface cleaning or for depth profiling [8], although
the question of selectivity of sputtering (and, consequently,
changes in surface composition) of multicomponent matters

remains open [9,10].

In the study [11] the surface of lithium niobate LiNbO3

was studied by the XPS method using cluster ions. Crystals

of lithium niobate and tantalate are ferroelectrics and are

used in acousto-optical and electro-optical devices [12]. The
ability to switch domains using an electron or ion beam

was demonstrated, for example, to record information [13].

Lithium niobate is used as a substrate for the growth

of high-quality epitaxial films GaN and AlN due to the

similar parameters of crystal lattices [14]. There are works

devoted to the study of the possibility of using ferroelectrics

for the implementation of chemical reactions controlled by

polarization [15]. In addition to its own catalytic properties,

LiNbO3 can be used to control the activity of the catalytic

layer for the implementation of molecular detectors. An

extensive overview of the properties and applications of

lithium niobate is presented in [16].

Practical applications, as well as the development of

an understanding of the fundamental properties of ferro-

electrics, require high surface quality and precision methods

of its research. In our previous study [11] it was shown that

a beam of cluster ions with low specific energy (4 eV/atom)

allows for high-resolution depth profiling without violating

the Li/Ni ratio. On the other hand, the oblique irradiation

with cluster ions led to the development of a wave-like relief

(the so-called ripples) on the surface. Such ripples degrade

the depth resolution of the analytical technique, but they

can be useful, for example, for creating devices for optics,

sensors, catalytic surfaces [17]. In this paper the process

of sputtering LiNbO3 by gas cluster ions, in particular, the

regularities of the formation of ripples on its surface, was

investigated.
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It is well known that when the surface of a solid

body is irradiated with atomic ions, ordered structures

can form [18,19]. Their appearance is explained by the

development of Bradley−Harper instability [20], which

arises due to the dependence of the sputtering yield on

the local curvature of the surface: depressions are sputtered

faster than protrusions. Various nonlinear terms [21] have
been proposed to describe the saturation of the growth

of structures and other effects. However, in the case

of cluster ions, the protrusions are sputtered faster than

the depressions [1]. As a result, with normal irradiation

with cluster ions, it is possible to achieve smoothing of

the surface to subnanometer roughness values. Another

reason for the smoothing effect is stimulation of the lateral

movement of atoms along the surface when the cluster

collides with matter. Precision flattening of the surface with

cluster ions may be particularly of interest in the case of

lithium niobate [22], taking into account the numerous work

on the manufacture of nanostructures on its surface using

a co-focused ion beam (FIB) [23] or reactive etching [24],
which usually leads to a high surface roughness.

We emphasize that the effect of the formation of ripples

by an oblique beam of cluster ions to date does not have

a complete theoretical explanation. Only the work [25], in
which the asymmetric lateral motion of surface atoms was

considered as the cause of their occurrence, can be noted.

The occurrence of ripples on metals and semiconductors

(gold, copper, silicon) has been experimentally investigated

in [26–28], and it has been shown that ripples perpendicular

to the plane of incidence of the beam occur in a certain

range of angles of incidence (approximately from 30 to 70◦

from the normal to the surface). In general, their amplitude

and wavelength are on the order of tens to hundreds of

nanometers and increase with increasing irradiation fluence.

The formation of ripples can be controlled by setting the

target temperature and thus changing the ratio between

smoothing due to isotropic diffusion and the development

of roughness due to cluster irradiation [29,30].
The occurrence of ripples on dielectrics has been studied

to a much lesser extent. Recently, studies using a

single crystal of potassium titanyl phosphate (KTiOPO4,

KTP) [31,32] have shown that ripples occur in a low-energy

irradiation mode (12.5 eV/atom) and do not occur at an

energy of 110 eV/atom. The work of Yamada et al. [33]
demonstrated the growth of ripples arising on SiO2 film

on silicon, with an increase in fluence. The sputtering

yield also depended on the fluence, that is, it changed

as the relief developed. This effect is widely discussed

for sputtering with atomic ions [34,35], but we are not

aware of other works describing it for sputtering with

cluster ions. Moreover, the sputtering yield Y (the average

number of atoms knocked out by the incident ion) and its

dependences on the energy of the cluster are known only

for a limited set of matters, although such data are extremely

useful for etching with cluster ions. Empirical dependencies

describing the dependence of Y on the specific energy E/n
(kinetic energy per cluster atom) for this set of materials

at a fixed angle of incidence are proposed in [36,37].
At the same time, data on the dependence of Y on the

angle of incidence θ are quite contradictory. The first

measurements of such a relationship for metals (Cu,Au)
showed a monotonic decrease Y ∝ cos(θ) [38]. Later,

numerical simulations showed that the dependence Y (θ) is

monotonous in the case of sputtering of the original ideal

Ag crystal, but acquires a weakly expressed maximum at

θ ∼ 30◦ after modification of its surface with a certain dose

of irradiation [39]. The dependence for SiO2 resembled a

similar dependence for the case of atomic ions and had a

maximum at approximately 60−70 degrees [33].
To describe the surface topography, the values of average

(Ra) or root-mean-square (Rrms, σ or RMS) roughness are

usually used. However, often a single statistical quantity

can not provide enough information about the structure

of the surface, its periodicity, etc. So, surfaces with the

same values Rrms can have a different nature of the relief.

The power spectral density function (PSD) carries more

information and describes two aspects of roughness: the

range of heights relative to the midplane and the lateral

dimensions of the corresponding irregularities [40,41]. In

this paper, an analysis of the evolution of the relief formed

on the surface of LiNbO3 by a beam of cluster ions was

carried out using the PSD formalism, described in more

detail in section 3. The sputtering yield Y of lithium niobate

by cluster argon ions have been determined, and the effect

of surface topography on the value of Y has been studied.

2. Material and methods

For the experiments, commercial polished plates LiNbO3

congruent composition with a thickness of 0.5mm (Elan
LLC, St. Petersburg) were used. The plates were oriented

in the polar direction z , the experiments used a negative

surface Z- (note that in the previous study [11] the

dependence of the sputtering yield and surface relief on

the polarity of Z-cut of plates was not observed). The

samples were washed in an ultrasonic bath for 10minutes

sequentially in isopropyl alcohol and deionized water.

Sputtering experiments were carried out at the PHI 5000

VersaProbeII (ULVAC-PHI) unit, equipped with a source

of argon cluster ions with energies up to 20 keV. Two

geometries of the experiment were implemented: at the

angle of incidence of the beam on the sample θ = 0◦

(normal incidence) and θ = 55◦ (oblique incidence). The

average cluster size n was 2500 atoms.

To study the topography of samples irradiated with

various fluences of cluster ions, an accelerating voltage

of 20 kV was used. In addition, a voltage of 10 kV was

used to determine the effect of ion energy. The cluster

ion beam was scanned within a rectangular region on the

surface of the sample. The ion current measured from the

metal sample holder was 88 nA at an accelerating voltage

of 20 kV and 29 nA at a voltage of 10 kV. The pressure

in the sample chamber was no more than 3 · 10−8 Pa
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before the experiment and about 10−5 Pa during irradiation.

During each sputtering experiments charging of the surface

was compensated by low-energy fluxes of electrons and

ions.

Etching crater depths were measured with an Alpha-

Step IQ stylus profilometer. The measured width of the

crater at half-height (FWHM) was used to determine the

fluence of ion irradiation.

The topography of the surface was determined by

atomic force microscopy (AFM) using the MFP-3D Stand

Alone system (Asylum Research, USA) in contact mode.

NSG30/Pt (Tipsnano, Estonia) cantilevers with a resonance

frequency of 240 kHz and a hardness of k = 20N/m were

used. Scan sizes with a resolution of 512 × 512 dots

were 5× 5µm, 10× 10µm and 20× 20µm, scan speed

was 0.8Hz. The direction of the scan coincided with

the direction of the cluster beam incidence. The im-

ages were analyzed using the Gwyddion 2.58 package

(http://www.gwyddion.net) [42]. Scans data with different

sizes were used to calculate the combined PSD function.

This approach made it possible to consider the range of

spatial wavelengths from 0.31 to 80µm−1.

In addition, simultaneously with the recording of the

topographic signal, a piezoresponse signal was recorded. To

do this, a voltage of 3V was applied to the probe.

The topography of the surface of the samples was also

observed in the Zeiss Ultra55 scanning electron microscope

(SEM) in the mode of collecting secondary electrons.

The image recording at an electron energy of 5 keV was

carried out quickly enough to prevent distortions caused by

charging.

3. Calculation technique

The image of the surface topography in the AFM makes

it possible to directly calculate the value σ 2 as the average

square of the height deviations measured in N points of the

surface from the average height

σ =

√

√

√

√

1

N

N
∑

n=1

(hn − 〈h〉)2. (1)

For a more complete description, you can use the PSD

function. It is the square of the Fourier transform of the

surface profile. Thus, it contains information on both the

height and lateral dimensions of surface structures. In

addition, the PSD function makes it possible to identify

spatial frequencies corresponding to periodic features of

topography, such as ripples.

Several types of PSD functions are used in the literature,

defined in different ways. The two-dimensional function

PSD2D(kx , ky) can be written as the Fourier transform

from an autocorrelation function or as the squared module

of Fourier transform of the h(x , y) function describing

the topography of the surface. It gives more complete

information about the surface. For isotropic surfaces,

you can introduce a radial PSD function PSD2D(|→r |).
In our case of a strongly anisotropic surface, the one-

dimensional PSD function PSD1D(kx ), which is an integral

of PSD2D(kx , ky) by ky (with a multiplier dependent on

the normalization used) was used. According to definitions,

functions PSD2D have dimension m4, while dimension of

PSD1D — m3.

Mathematically, the
”
areas“ under the PSD graphs of

each type coincide (as they coincide for the functions

PSD1D(kx) and PSD1D(ky )) and are equal to the square

of Rrms (again, taking into account the multiplier dependent

on the normalization). In practice, these values may vary

due to effects related to the bandwidth of spatial frequencies,

especially in the case of anisotropic surfaces.

So, all the PSD functions in further discussion are PSD1D .

To determine the experimental combined PSD function

of each sample, the geometric mean of the individual

PSD function defined for partially overlapping scans was

calculated at 5× 5µm, 10× 10µm and 20× 20µm [43]:

PSDcombined =

[

3
∏

J=1

PSDi

]1/3

. (2)

For simplicity, the formula of the geometric mean was

used without taking into account the weights, since the PSD

function of the various scans in the region of frequency

overlap did not differ much.

The experimental combined PSD function were approxi-

mated by the sum of two analytical models. K-correlation

model (or ABC model) describes a surface with random

roughness. The PSD function given by the ABC model is

expressed as [44]:

PSDABC =
A/2π

(

1 + (B/2π)2k2
)C/2

, (3)

where A, B and C — model parameters, k — the spatial

wave number. Equation (3) describes a monotonically

decreasing with increasing frequency of the PSD (usually
depicted on a double logarithmic scale). The A parameter

describes the low-frequency limit of the spectrum. The

physical meaning of the gentle part of this curve is that with

such measurements in straight space there are no significant

deviations in height. The B parameter defines the correlation

length beyond which height fluctuations are not correlated,

and the C parameter determines the slope of PSD function.

Given the normalization used in the Gwyddion package,

the root mean square roughness σABC and the correlation

length τABC within this model can be calculated as [43,44]:

σ 2
ABC =

4πA′

B2(C − 1)
, τ 2

ABC =
2(C − 1)2B2

C
, (4)

where A′ — parameter of the two-dimensional PSD function

PSD2D(|→r |) [44]:

A′ =
AB
2
√
π

Ŵ
(

C+1
2

)

Ŵ
(

C
2

) , (5)
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and Ŵ(ξ) — gamma function. It should be noted that such

a definition of σABC applies only to isotropic surfaces (it
is obvious that otherwise the two-dimensional PSD function

cannot be reconstructed by one-dimensional). Therefore, we
assume that the random roughness described by the ABC
model is quite isotropic.

Local maxima on the PSD function graph corresponding

to structures such as ripples are well described by the

Gaussian function with a maximum shifted to a non-zero

spatial wavenumber ksh [43,45]:

PSDsh =
σ 2

shτsh

4
√
π

exp

[

− τ 2
sh(k − ksh)

2

4

]

. (6)

In this formula, σsh and τsh — the root mean square

roughness and correlation length, respectively, associated

with part of the relief described by the Gaussian model.

The model corresponds to an autocorrelation function in

the form of a product of the Gaussian function multiplied

by a harmonic wave. The period of the latter corresponds

to the period of surface structures and is determined by ksh.

The use of the sum of the k-correlation function and

Gaussian functions made it possible to achieve a good corre-

spondence with the experimental combined PSD functions:

PSDsum = PSDABC +

n
∑

j=1

(PSDsh)i , (7)

where n — the local maximum number.

The parameters A, B, C, ksh, σsh, τsh were adjusted using

EXCEL. The spatial wavelength λsh was defined as 2π/ksh.

4. Results and discussion

4.1. Surface topography

First of all, consider the evolution of surface topography

with the oblique incidence of cluster ions and their fixed

energy. SEM images of the lithium niobate surface after

sputtering with cluster ions with an energy of 20 keV

at different fluences are shown in Fig. 1. Although

such images do not provide quantitative information about

the topography, they are very useful for the qualitative

observation of the relief form. The smallest fluence used

(0.93 · 1016 ion/cm2) resulted in ordered ripples with an

average wavelength of about 100−150 nm. Their wave

vector lies in the plane of the incidence of the ion beam.

Ripples uniformly cover the entire surface. You can see

a few scratches left after polishing the surface, and these

scratches do not have a noticeable effect on the shape of

the ripples.

With an increase in fluence (Fig. 1, b, c), a second mode

of ripples with a longer wavelength arises. Interestingly,

unlike the first mode, such ripples are distributed on the

surface inhomogeneously. Their appearance can not be

associated with scratches or any other originally existing

embryos, apparently, they developed as a result of local

instability. At the largest fluences (Fig. 1, d, e), the ripples

again become homogeneous, their wavelength is about

0.5−1.5µm. Between the crests of the waves in Fig. 1, d a

thin structure is visible in the form of drift lines [11,17,46],
while the side of the waves facing the ion beam remains

fairly smooth. In Fig. 1, e the crest of the upper wave is

broken, which indicates that it hung over the surface. The

thin structure has the appearance of drift lines only at the

end of the posterior slopes of the waves.

Figure 2 shows atomic force images of the same samples

and surface profiles obtained from AFM data. The height

span of ripples at the lowest fluence is 4−8 nm. With an

increase in fluence, the height of ripples slightly increased,

you can see the emergence of a second mode of ripples

with large wavelengths and a height of about 20−60 nm.

At maximum fluence, the height span is 250−350 nm. The

shape of the ripples is asymmetrical. The side facing the

ion beam becomes almost perpendicular to its direction,

and the opposite side approaches the direction of the beam

incidence, that is, to a state where it is obscured by the crest

of the wave.

The above description can be quite subjective, while

statistical analysis makes it possible to determine the

quantitative characteristics of the topography. Fig. 3 shows

the experimental combined PSD functions of the irradiated

samples and the reference surface.

All experimental curves show features of the model

ABC (3). In addition, local maxima indicate the presence

of periodic structures, that is, ripples; they correspond to

Gaussian functions (6). An increase in fluence leads to

an increase in the amplitude of the PSD function and a

shift in local maxima to the region of large wavelengths.

The PSD function of the initial surface is several orders

of magnitude smaller than after irradiation. Therefore,

the initial roughness of the polished surface does not in

itself contribute to the spectral power density functions, the

analysis of which is given below.

Summation of the k-correlation model and Gaussian

functions for approximating experimental PSD functions,

Fig. 4, made it possible to obtain a good quality of

approximation, with the exception of the low-frequency

region for samples with small fluences. This frequency

range from 0.3 to 3µm−1 corresponds to wavelengths from

2.1 to 21µm and contains the first 10 points that are

least reliable. The obtained approximation parameters are

given in Table 1. The values of σtot given in table are

the RMS roughnesses calculated from the area under the

corresponding combined PSD function. In general, these

values are slightly higher than the values calculated from

the approximation parameters as

(

σ 2
ABC +

∑

i

(σsh)
2
i

)1/2

, (8)

in particular, because the sum of k-correlation model and

Gaussian functions underestimates the PSD function at the

first few points, as shown in Fig. 4, a. The values of σtot
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a b c

d e f
400 nm

Figure 1. SEM images of the surface of lithium niobate after sputtering with cluster ions at oblique incidence (θ = 55◦) with an energy

of 20 keV and fluences of 0.93 · 1016 ion/cm2 (a), 4.6 · 1016 ion/cm2 (b), 9.3 · 1016 ion/cm2 (c), 19 · 1016 ion/cm2 (d), 56 · 1016 ion/cm2 (e)
and with an energy of 10 keV and fluence of 33 · 1016 ion/cm2 (f). The direction of ion incidence — on the left for images (a−c) and on

top for images (d−e).
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Figure 2. AFM images of areas irradiated with fluences 0.93 · 1016 ion/cm2 (a), 4.6 · 1016 ion/cm2 (b), 56 · 1016 ion/cm2 (c). Surface

profiles (d), fluences are given in units 1016 ion/cm2. Real forms of profiles are shown. The direction of ion incidence — from the left.
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Table 1. Parameters of approximation of the PSD function. σ — RMS roughness, τ — correlation length, λ — dominant ripple

wavelength, h — ripple height span estimated directly from AFM profiles.

Fluence, 1016
σtot , nm σABC , nm τABC , nm

Characteristics of ripples, nm

ions/cm2
λsh σsh h

0 0.43 0.4 245

0.93 2.5 1.8 126 151 0.50
4−8

286 0.85

4.6 7.0 4.7 151
165 1.1 4−10

650 3.2 20−60

9.3 20 12 201
220 1.4 20−40

900 9.2 50−130

19 55 39 327
816 14

140−180
1210 28

56 69 39 282 1370 57 250−350

10 keV,
18 19 276

546 4.2
25−60

33 · 1016 ions/cm2 873 7.8

–1k, µm

1 10
–1010

–910

–810

–710

–610

–510

–410

–310

3
P

S
D

, 
µ

m

56

19

9.3

4.6

0.93

0

Figure 3. Experimental combined PSD functions of lithium

niobate samples, irradiated with clusters Ar+2500 with an energy

of 20 keV at oblique incidence (fluences in units of 1016 ion/cm2)
and the original sample (fluence 0).

also correspond well to the root mean square roughness

calculated directly from the AFM data using (1), which

indicates the correctness of our assumptions about PSD1D .

As can be seen from Table 1 and Fig. 5, a, the

dominant wavelength of ripples (λsh) and the associated

roughness (σsh) increase with increasing fluence. There

is a transition from small ripples with σsh ∼ 0.5−0.85 nm

and a wavelength of 150−300 nm to combined structures

with a wavelength of more than 500 nm, and then to large

ripples with σsh ∼ 60 nm and a wavelength of more than

1.2µm. The values of λsh, shown in Table 1, coincide

with the previous qualitative description. As for the values

of σsh, recall that for a harmonic wave, the height span

is 2.8 times higher than the root mean square roughness.

The values h given in Table 1 are more than 2 times

higher than the corresponding σsh, since (i) the shape of

ripples is generally far from harmonic (as can be seen

from Fig. 2) and (ii) ripples do not always cover the

surface completely (as a mode with λsh = 650 nm with

fluence 4.6 · 1016 ion/cm2, Fig. 2, b). Thus, σsh can be

used to describe the statistical characteristics of ripples,

but not their actual heights. Along with ripples, the

roughness associated with the k-correlation model also

increases.

Continuing the discussion of the results obtained, we

emphasize that neither AFM nor SEM alone can give an

exhaustive picture of topography. Thus, the SEM images

show that with significant fluences, the front part of the

wave is quite smooth (although it shows a structure formed,

apparently, as a result of overlapping craters from individual

clusters). On the back slope, drift lines are visible along the

direction of movement of the clusters, formed as a result of

the reprecipitation and redistribution of target atoms.

Statistical analysis of AFM images provides quantitative

information about the heights of the ripples (although their

shape at a high aspect ratio can be distorted by the shape

of the probe). The anterior slope of the waves at high

fluences is almost perpendicular to the surface. Geometric

calculations show that at an angle of incidence θ = 55◦, a
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Figure 4. Approximation of the experimental combined PSD function with the sum of k-correlation model and Gaussian functions for

samples irradiated with fluences 4.6 · 1016 ion/cm2 at 20 keV (a) and 33 · 1016 ion/cm2 at 10 keV (b).
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Figure 5. The dependence of ripple parameters on fluence.

protrusion with a height of h obscures the beginning of the

next protrusion if the distance between them λ is 2.13h
(Fig. 6, c). The measured ratios of λsh/h decrease with a

fluence increase from 25 to 4−5. The latter values are still

larger than 2.13, but we can expect a further decrease in

λsh/h up to a stationary value. Of course, this does not

mean that in a stationary state the growth of the height of

ripples will stop. The monotone descending of λsh/σsh is

also shown in Fig. 5, b.

It is known that the angular distributions of the sputtered

matter by cluster ions are lateral in nature, that is, most of

the substance is emitted at high angles from the local normal

to the surface. Angular distributions become strongly

asymmetric with the oblique incidence of clusters [47].
Thus, the evolution of ripples can be described as shown

in Fig. 6. With large λ/h (i.e., small fluences), the

matter sputtered from the posterior slopes of the waves is

reprecipitated on the front slopes in such a way that the

depressions are sputtered faster (cf. [25]). The accumulation

of this matter leads to the growth of protrusions, at some

point their ridges begin to hang over the back slope. Finally,

when the ratio of λ/h is close to the shading condition, the

overall flow direction of the reprecipitated matter changes to

the opposite. This explains the structure between the ripples

in Fig. 1, e: drift lines appear, directed along the posterior

slope of the wave to its crest and interacting with the lines

originally directed from the crest downwards.

Let us consider further how the formation of ripples is

affected by the energy of clusters. From Fig. 1, f it can

be seen that with less energy, the shape of the ripples

retains the same features. Quantitative analysis (Fig. 4, b,
Fig. 5, b and Table 1) makes it possible to obtain roughness

parameters. In general, ripples have a fairly large length

and low height. However, it makes sense to compare
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Table 2. Sputtering yield of lithium niobate by cluster ions Ar+2500

Parameters Fluence, Depth Y , σtot ,

of sputtering 1016 ion/cm2 of craters, nm at/ion nm

Source
0 − 34± 5 0.43, scratches

surface

10 keV, 0◦ 59 45 0.72±0.1 < 0.1, without scratches

10 keV, 55◦ 33
−20 (measured)

− 18
40 (evaluation)

20 keV, 0◦ 97 2280 22± 2 0.1, scratches

0.93 34 34±5 2.5

4.6 162 30± 4 7.0

20 keV, 55◦ 9.3 300 28± 2 20

19 585 25± 2 55

56 1492 23± 2 69

a

b

c

q

q

q q

h

l

Figure 6. Schematic image of sputtering and reprecipitation at

small fluences (a), intermediate fluences (b) and when shading

by the wave crest with large fluences (c). The arrows show the

directions of the clusters and the sputtering matter falling.

ripples obtained not with the same fluences, but with the

same amount of sputtered matter. This would make it

possible to compare the contributions of sputtering and

redeposition to the process of relief formation. Therefore, let

us consider further the sputtering yields of lithium niobate

by gas cluster ions.

4.2. Sputtering yields

One of the tasks of the work was to study the sputtering

yields Y of lithium niobate by cluster ions and their

relationship with the surface roughness. Data on Y allows

us to better understand the mechanisms of cluster ion

sputtering and ripple formation; in addition, they are

valuable in themselves for optimizing the processes of

etching, smoothing and cleaning the surface.

The sputtering yield of cluster ions changes greatly with

increasing size. The average cluster size in our experiments

was 2500 atoms, but even for the same average sizes, Y
can vary due to different cluster size distributions. The

exact distribution of clusters in the beam created by the

ULVAC-PHI source is unknown. Therefore, in order to

make our data on sputtering yields more relevant, the

sputtering yield of the material with a known dependence

Y (E/n) was also measured and the results were compared

with the literature.

For this purpose, measurements of Y were made for

SiO2 films with a thickness of 100 nm, thermally grown on

silicon. The amount of material removed is determined by

the measurement methodology used. If Y does not change

with fluence Fion, the thickness of the removed layer z is

related to the sputtering yield by a simple ratio

z =
Fion

nat
Y =

It/eS
nat

Y, (8)

where I — measured ionic current, t — sputtering time,

S — the crater area (according to its dimensions at half-

height, determined by the profilometer). In the case of

a nonlinear dependence z (Fion), Y (Fion) can be calculated

as the local slope of this dependence (the average of one-

sided derivatives was used in the calculation). In the

calculations, it was assumed that each cluster carries one
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elementary charge, the atomic density of nat was taken to be

6.6 · 1022 cm−3 for SiO2 and 9.46 · 1022 cm−3 for LiNbO3.

The fluence required to remove the SiO2 film with a

thickness of 100 nm (i.e. at a fixed z = 100 nm) was

estimated by XPS measurements carried out in parallel

with the sputtering. It was assumed that it corresponds

to a decrease in the intensity of the line O 1s by a factor

of two. The calculated sputtering yields were 4.3 and

7.2 for 20 keV Ar+2500 with normal incidence (θ = 0◦) and

oblique incidence (θ = 55◦), respectively. Yamada et al.

reported a value of Y = 3 for 20 keV Ar+3000 with normal

incidence and change of Y with an increase in fluence

(i.e. with the development of roughness) from 23 to

13 at θ = 60◦ [33]. The empirical formula proposed by

Seah [37] gives Y = 17.5 for 8 eV/atom at θ = 45◦ (fluence
unknown). Data on sputtering yields are also analyzed

in [48]. Thus, our measurements of the sputtering yields

SiO2 correspond quite well to the data of the literature. In

addition, it should be emphasized that ripples were observed

at the bottom of the crater obtained at θ = 55◦, which

reduces the accuracy of the determination of Y by a method

based on measurements of the film removal time by the

XRS signal. A stylus profilometer was used to determine Y
of lithium niobate plates and the size of ripples according

to AFM data was taken into account, which increases the

accuracy of the experiment.

Measurements of lithium niobate sputtering yields at

normal incidence yielded values of 0.71 for energy of

10 keV and 22 for 20 keV. In both cases, the surface became

smoother (Table 2). But although much more material was

removed by clusters with an energy of 20 keV scratches

remained noticeable on the surface. Irradiation with an

energy of 10 keV made it possible to remove scratches.

The shapes of the craters etched on LiNbO3 by clusters

with an energy of 10 keV at normal and oblique incidence

are shown in Fig. 7. It is surprising that with an oblique

incidence, the depth of the crater is
”
negative“ (which is

also reflected in Table 2).
This result is easily interpreted as ridges of ripples that

have grown beyond the crater. The lateral resolution of

the profilometer is not enough to resolve individual ripples,

and the profilometer shows a protrusion instead of a crater.

This result demonstrates that the growth of ripples is

not due to a difference in local sputtering yields (as in

Bradley−Harper theory for atomic ions), but implies an

intensive redistribution of matter and its accumulation in

protrusions. The matter is deposited on the protrusions

faster than it is sputtered from them. Another finding is

that determining the sputtering yield using a profilometer

can significantly skew the results. The same can be said

about methods based on measuring the thickness of films

(ellipsometry [48], determination of the fluence necessary

for film removal using SIMS or XPS [49]). Methods

based on direct measurement of the sputtering mass (quartz
microbalance [36]) are more reliable in this regard.

Next, the evolution of the sputtering yield with an

increase in fluence in the case of an oblique incidence of

x, mm
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Figure 7. Forms of etching craters according to the profilometer.
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Figure 8. The dependence of the sputtering yields of clusters

Ar+2500 20 keV at θ = 55◦ on the roughness of the surface.

clusters with an energy of 20 keV was investigated. For a

more accurate calculation of the Y , the topography of the

crater bottom was taken into account according to AFM

data. With low fluence, Y (55◦) = 34, which is 1.5 times

higher than Y (0◦). With an increase in fluence, the value of

Y decreased to 23, that is, almost to the value in a normal

incidence, although, of course, it cannot be argued that

reaching the value of Y (0◦) is a general rule. The reason

for the change in the sputtering yield is the development of

surface roughness. The correlation between the root mean

square roughness and Y is shown in Fig. 8.

Theoretically considering the influence of surface topog-

raphy on the sputtering yield of atomic ions, Makeev and

Barabasi [50] on the basis of Sigmund’s theory integrated the

energy deposit of the ion into the curved surface (similar to

how the formation of the relief is considered as part of

Bradley−Harper theory). They found that the curvature of
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the surface can both decrease and increase Y . In the case

of cluster ions, several mechanisms can be considered that

affect the sputtering yield of a rough surface.

1) The dependence Y on the local angle of incidence.

It was believed that the Y monotonously falls with

increasing angle [38]. However, at least for materials such as

SiO2, KTiOPO4 [31] and LiNbO3 it is now known that this

dependence has a pronounced maximum at non-zero angles.

Thus, at high fluences (Fig. 6, c), the cluster ion flying on the

front side of the protrusion causes less sputtering. Assuming

that for a flat surface Y (55◦)/Y (0◦) = 1.5, we get that this

effect will reduce the sputtering yield of the surface with

pronounced ripples by 1.5 times.

2) Blocking of sputtered atoms.

The distribution of the matter sputtered by the cluster ion

is lateral, so the capture of this matter by protrusions on the

surface is more significant than in the case of atomic ions.

For the case shown in Fig. 6, c, up to half of the sputtered

matter will be redeposited, further reducing the sputtering

yield.

3) The influence of the curvature of the surface.

The length of the anterior slopes of ripples (100−200 nm)
significantly exceeds the size of the area of interaction of

the cluster with the matter (∼ 10 nm) [51]. However, some

clusters collide with the tops of the protrusions, which will

lead to an increase in the sputtering yield. The exact type

of dependence of Y on the curvature of the surface is

unknown, so the contribution of this mechanism cannot be

estimated.

Determination of sputtering yields makes it

possible to compare the efficiency of ripple formation

at different energy clusters. Considering that

Y (55◦,20 keV)/Y (0◦,20 keV)=Y (55◦ ,10 keV)/Y (0◦,10 keV)
(of course, this is a rather rough estimate), we get that the

amount of material removed at 10 keV, 55◦ corresponds to

a depth of 40 nm (Table 2). The difference between this

estimate and the measured depth (−20 nm) is consistent

with the ripple height of 60 nm given in Table 1. The

basic wavelengths are 546 nm and 873 nm (Table 1). Data
for sputtering with an energy of 20 keV show that at

this energy, 200−300 nm of material must be removed to

form ripples with the same wavelength. The same can be

said for the values of σsh. Thus, although large fluences

are required to form ripples at lower cluster energy, less

material must be sputtered. The redistribution of mass

becomes more significant compared to the actual sputtering.

For the same reason, irradiation of the surface with clusters

at θ = 0◦, 10 keV resulted in the removal of scratches

as a result of mass redistribution. The effect of energy

on the formation of ripples can be compared with the

data [32], where the energy and size of the clusters changed

simultaneously, and in the high specific energy mode the

ripples were not detected.

4.3. Local piezoresponse of surface with ripples

Figure 9 shows the distributions of piezoresponses of the

original surface and the surface with the most pronounced
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Figure 9. Distributions of the piezoresponse signal of the original

surface and the surface with the most pronounced ripples.

ripples. The left arm of the curve corresponding to the

irradiated surface arose due to the significant roughness

of the surface. The probe reacted to sudden changes in

altitude, which was mistakenly interpreted by the system as

the result of deformation under the action of the applied

voltage.

The maximum distribution practically did not change

its position, therefore, the level of piezoresponse did not

change much as a result of the formation of ripples with

a height of 300 nm. We note that the resolution of the

technique for depth on lithium niobate was investigated

in [52], where it was shown that the damaged surface

layer with a thickness of 0.4µm completely masks the

piezoresponse signal, and a much thinner layer noticeably

weakens it. Therefore, it can be concluded that the damaged

layer of matter, which inevitably covers the irradiated

surface, is quite thin. The surface of lithium niobate, covered

with ripples, retains piezoelectric properties and can be

used in nonlinear optics, devices based on surface acoustic

waves, etc.

5. Conclusion

Ripples arising on the surface of lithium niobate during

irradiation with cluster ions have been studied in detail.

Their growth to a height of 350 nm and a wavelength of

1.4µm is shown. The wavelength-to-height ratio decreased,

although a value consistent with the shading condition was

not achieved. With an increase in fluence, the slope of the

anterior slope of the protrusions approached perpendicular

to the direction of ion incidence, and the rear slope was

oriented along the beam. A bimodal distribution of ripples

by wavelengths was found, especially noticeable in small

fluences, and not previously observed on other materials.

The sputtering yield of lithium niobate by cluster ions

at incidence angles of 0◦ and 55◦ from the normal to
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the surface have been determined. The sputtering yield

at oblique incidence Y (55◦) was 1.5 times higher than

the Y (0◦), and as the ripples developed, it decreased to

Y (0◦). The mechanisms responsible for such a change in

the sputtering yield are proposed: this is the dependence

of the Y on the local angle of incidence, the blocking of

emitted atoms and the influence of the curvature of the

surface.

Ripples formed at the energy of clusters of 10 keV

protruded from the crater of etching, which led to
”
negative“

depth of the crater according to the stylus profilometer.

This result highlights that surface elevation is particularly

important to consider when determining the sputtering

yields of cluster ions. In addition, it shows the importance

of the contribution of the material redistribution process to

the formation of ripples compared to the actual sputtering.

The results obtained speak in favor of the mechanism of

ripple formation proposed by Postawa et al. [25] and based

on mass redistribution dependent on local angles. However,

note that in large fluences, nonlocal redistribution as a result

of precipitation of the sputtered matter prevails over local.

An important role is also played by sputtering: since Y with

a direct local angle of the incidence of the cluster is less, and

in acute, at the beginning of the formation of ripples, their

anterior slope is sputtered more slowly than the opposite.

According to piezoresponse microscopy, the surfaces of

lithium niobate coated with ripples retained their piezoelec-

tric properties virtually unchanged.
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