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Abstract
In this work an Ar+ cluster ion beam with energy in the range of 10–70 keV and dose of 7.2 × 1014–2.3 × 1016 cluster/cm2 was used

to irradiate pressed Si nanopowder targets consisting of particles with a mean diameter of 60 nm. The influence of the target densi-

ty and the cluster ion beam parameters (energy and dose) on the sputtering depth and sputtering yield was studied. The sputtering

yield was found to decrease with increasing dose and target density. The energy dependence demonstrated an unusual non-mono-

tonic behavior. At 17.3 keV a maximum of the sputtering yield was observed, which was more than forty times higher than that of

the bulk Si. The surface roughness at low energy demonstrates a similar energy dependence with a maximum near 17 keV. The

dose and energy dependence of the sputtering yield was explained by the competition of the finite size effect and the effect of debris

formation.
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Introduction
Etching using gas clusters is generally recognized an effective

technique to sputter solid materials [1]. Sputtering using gas

cluster ions differs drastically from sputtering using monomer

ions; this difference arises from the peculiar features of the

cluster beam. Due to the large quantity of monomers which

constitute each cluster (hundreds or even thousands), the kinetic
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energy per monomer in the cluster is only a few eV. Therefore,

individual monomers cannot penetrate deeply into targets. On

the other hand, the interaction between the monomers forming

the cluster and the atoms of the target is highly nonlinear in

comparison with the Sigmund’s collision theory [2]. Such non-

linearity and low individual kinetic energy result in dissipation

of the cluster energy mostly in the near-surface region and for-

mation of craters on the surface. The crater formation is accom-

panied by a huge increase in temperature and pressure in the

impact area [3], resulting in ejection of a large amount of mate-

rial. Effective sputtering during the cluster bombardment is also

explained by the high probability of the crater formation as

compared with the monomer bombardment [4]. The angular

distribution of the sputtered atoms demonstrates an under-

cosine shape, in other words, the atoms are sputtered mostly in

the lateral direction [5]. This effect results in another prominent

phenomenon called surface smoothing. Using molecular dy-

namics (MD) and Monte Carlo simulations it has been shown

that the effect of the cluster impact depends on the surface mor-

phology, with preferable erosion of hills as compared with

valleys [6], which also results in the smoothing of the surface

[7].

Sputtering by an argon cluster beam has been studied for many

pure metals (Cu, Ag, Au, W, Pt, Ni) and their alloys, semicon-

ductors (Si and SiC), and insulators (SiO2 and diamond) [1,8-

12]. In comparison with bombardment by a monomer beam,

cluster irradiation increases the sputtering yield Y (estimated as

a number of the sputtered target atoms per cluster ion) by one

order of magnitude. No remarkable dose effect has been ob-

served, i.e., the sputtering depth shows linear dependence on the

cluster ion dose [8,12,13]. The energy dependence of the sput-

tering yield of Ag, Cu, Au, and Si exhibits a linear or ultra-

linear behavior [8,14,15]. In both cases, the energy threshold of

3–6 keV is observed. This value correlates with the surface

binding energy of the target materials [14].

All of the above-mentioned sputtering experiments have been

carried out for massive poly- or single-crystalline solid targets

under bombardment by cluster-like projectiles. However, sput-

tering effects also can be enhanced in finite size systems such as

nanoparticles or nanowires. There are many molecular dynam-

ics simulations using the collision cascade theory and, at the

same time, only a few experimental studies on the interaction of

monomer and cluster projectiles with nanodimensional systems.

Using a MD simulation, Kissel et al. [16] have studied the

effect of the bombardment of gold nanoparticles with radius

R = 4 nm by 100 keV gold atoms. The sputter yields ranged

from only a few sputtered atoms to complete particle disintegra-

tion. Järvi et al. [17,18] have shown that the highest sputtering

yield of gold nanoparticles by 25 keV gallium or 200 keV argon

beams is observed for particles of ≈8 nm in diameter. The sput-

tering yield was about three times higher than that of bulk gold.

Zimmermann et al. [19] have revealed that the sputtering yield

of Au nanoparticles with a radius of 10 nm bombarded by

16 keV or 64 keV Au projectiles is more than double the num-

ber compared to the sputtering of the bulk target. The sput-

tering yield versus radius of a-Si or SiGe particles scaled to the

energy deposition depth has been studied by Nietiadi et al.

using MD and Monte Carlo simulations [20,21]. As projectiles,

Ar atoms were used with an energy of 20 keV. The sputtering

yield was maximium when the radius of the particle was close

to the energy deposition depth. The sputtering yield of Au parti-

cles bombarded by 200 keV Xe atoms in the collision-spike

sputtering regime has been also found to be more than three

times higher in comparison with that of the bulk Au target [22].

Sputtering experiments have been performed mostly for gold

nanoparticles and nanorods. Klimmer et al. [23] have studied

the sputtering of gold nanoparticles with a radius of 3.6 nm on a

sapphire substrate irradiated with 200 keV Ar ions. Their model

predicts a strong size effect of the sputtering yield Y for radii

below 200 nm. For particles with radii less than 25 nm, a para-

bolic dependence Y(R) = kR2 is predicted, where k is a constant

and R is the radius of the nanoparticle. The sputtering yield

within the range of 100–1900 atoms/ion (compared with values

for a flat surface of 50) has been revealed for 80 keV Xe ion ir-

radiation of Au nanowires of 20 nm in diameter and microme-

ters in length [24,25]. The sputtering yield dependence on the

gold particle size under bombardment with 20 keV С60 ions has

been studied in [26]. At 9.3 nm the particle diameter the yield

was 320, whereas for 98.8 nm particles and thin films, the yield

was 96 and 129, respectively.

In this study, we combine two of the above-mentioned ap-

proaches to further increase the sputtering yield, i.e., employ-

ing heavy cluster projectiles to irradiate finite size targets. The

feasibility of such an increase in the sputtering yield has already

been discussed by Belykh et al. [27]. In the present work, we

use massive argon clusters, as projectiles, and pressed Si nano-

powder consisting of nanoparticles with a mean particle diame-

ter of 60 nm, as the sputtered material. The sputtering yield de-

pendence versus average target density, cluster dose and cluster

energy are studied and compared with the data for the bulk Si

target.

Experimental
To produce the argon cluster ion beam we use a custom-built

gas cluster accelerator described elsewhere [28]. In this study, a

conical metal nozzle with a throat diameter of 65 µm is used,

the pressure in the gas source is P = 10 bar, and the ionizing

electron energy is 150 eV. The time and area averaged cluster
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current I in µA on the 5 × 5 mm2 target depends on the acceler-

ating voltage U in kV and can be described by an empirical

equation: I = –0.007U2 + 0.2U – 0.53. The gas pressure at the

full gas supply is 0.13 Pa in the nozzle chamber, 5 × 10−3 Pa in

the ionization chamber, and 3 × 10−3 Pa in the processing

chamber. The base gas pressure is 2 × 10−4 Pa.

In Figure 1 two time-of-flight mass spectra of the cluster beam

ionized by an electron beam with different energies Ee are

shown. The electron energy influences the mass spectra rather

profoundly. The mean cluster specific sizes  are 2900 and

840 atoms at Ee = 17 and 150 eV, respectively. It is known that

the effect of the cluster fragmentation under electron impact is

negligible for massive clusters (N > 100) [29]. Therefore, the

decrease of the mean cluster specific size at higher electron

ionization energy can be interpreted as a formation of multiple

ionized cluster ions [30]. The multiple ionization is also charac-

terized by some charge distribution with the most probable

value, which we designate as an effective charge, qeff. Thus, the

multiple ionization results in a higher speed obtained by the

cluster ions in the accelerating field and, as a consequence, in a

decrease of the estimated specific size  in qeff times.

Given that at low Ee = 17 eV only singly charged cluster ions

are formed with

(first ionization potential of Ar is 15.8 V) and an absence of

cluster defragmentation, then at Ee = 150 eV we can estimate

the effective charge qeff as

Therefore, in our experiment “mean”  clusters are em-

ployed. The multiple ionization influences the energy of the

cluster ion, i.e., the  cluster in the accelerating voltage of

U obtains an energy of 3.45·e·U, where e is the electron charge.

It should also be noted that the multiple ionization complicates

the ion dose measurement, namely, the actual number of the

cluster ions reaching the target becomes smaller by the factor

qeff compared to the measured dose, i.e., the charge collected by

the target. In this paper, we use cluster/cm2 as a dose unit.

For the sputtering experiments, we have prepared samples of

pressed Si nanopowder with a spherical particle diameter of

60 nm (Shanghai Yao Tian New Material Co., Ltd., oxygen

content <2 atom %, the particles were prepared by plasma arc

techniques). The Si nanopowder was pressed into pellets with a

diameter of 17 mm and thickness of 160–290 µm at different

Figure 1: Mass spectra of the argon cluster beam ionized by elec-
trons with the energies of 17 and 150 eV. The vertical lines represent
the mean cluster specific sizes .

loads during 10 min by a mechanical press. Then, the pellets

were cut into 5 × 5 mm2 samples and mounted on a steel sub-

strate holder of the same size. Since in the pressed powder the

particles do not occupy all of the space we characterize the

pellets by an average density, estimated as ρ = m/St, where m is

the pellet mass, S is its area, and t is its thickness measured by

an optical microscope. The sputtering yield is estimated as

Y = atom/cluster ion = ρhNA/µD, where h is the sputtering

depth, NA is Avogadro’s number, µ is the silicon molar mass,

and D is the cluster ion dose. The sputtering depth was

measured using a tungsten wire with a diameter of 15 µm as a

mask. Tungsten is a convenient mask material due to its low

sputtering rate [31]. Before irradiation the samples were

covered by a few coils of the wire mask. During irradiation the

surface under the mask was not subjected to the sputtering,

hence, a step was formed between the irradiated and covered

surfaces. Then, the height of the step, which is equal to the sput-

tering depth, was measured by an atomic force microscope

(AFM). As reference samples, we use a bulk single crystalline

silicon. These samples before irradiation were etched in 10%

HF solution to remove a surficial thin oxide layer. Both sets of

the samples were irradiated with the cluster beam at a right

angle to the plane of the surface, with energy in the range of

10.4–69 keV and dose of 7.2 × 1014–2.3 × 1016 cluster/cm2 at

room temperature.

The sputtering depth and surface roughness RRMS (root mean

squared roughness) were monitored by AFM with a Shimadzu

SPM-9500 J3 device, operated in tapping mode with a

measuring area of 7 × 40 µm2 and 10 × 10 µm2, respectively.

Each sputtering depth was calculated as a mean of nine values

measured at different sample spots to eliminate any possible

nonuniformity of the cluster beam.
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Results and Discussion
Average density dependence
Figure 2 shows the sputtering yield versus the average density

of the pressed nanopowder and bulk Si samples bombarded by

the cluster beam with the ion dose of 5.8 × 1015 cluster/cm2 at

an energy of 51.7 keV. The average density ranged from

0.95–1.54 g/cm3. One can see that the sputtering yield in-

creases from 14.3 to 28.6 atoms/cluster with decreasing

average density from 2.34 g/cm3 (bulk Si) to 0.95 g/cm3, re-

spectively. The sputtering yield reaches a maximum of

32.4 atoms/cluster at the density of 1.4 g/cm3. However, due to

the scattering of experimental data the presence of the

maximum is not clear enough. These uncertainties at low densi-

ties resulted from a huge increase of the surface roughness after

the bombardment, from an initial roughness RRMS = 6.7 nm up

to a few hundreds of nanometers, which complicates the depth

measurement by AFM.

Figure 2: Sputtering yield versus the average density of the pressed
nanopowder. Data on bulk Si is also shown. The cluster ion energy is
51.7 keV and the ion dose is 5.8 × 1015 cluster/cm2.

We explain the increase of the sputtering yield of the nanopow-

der sample, in comparison with the bulk Si, by the presence of

the finite size effect in such system [27], i.e., the energy of the

cluster ion after impact with a certain silicon particle cannot be

spread effectively at a large range inside the material due to too

little contact of the particle with neighbors. This concept is

proven by the increase in the sputtering yield with a decrease in

average density, since the average distance between Si nanopar-

ticles in less dense material is larger. This causes less effective

energy transfer to the neighboring nanoparticles, i.e., increase in

the energy density in the impact area. Particular mechanisms of

the sputtering can include desorption of intact silicon nanoparti-

cles similar to the process described in [32] as well as more or

less complete disintegration of the silicon particles during colli-

Figure 3: The sputtering depth (a) and sputtering yield (b) depen-
dence on the ion dose of the nanopowder Si irradiated at different
energies and bulk Si irradiated at 34.5 keV.

sion with the cluster ions, analogous to disintegration by atomic

bombardment [16]. Below we describe the results for the sam-

ples with an average density of 1.4 g/cm3 showing high sput-

tering yield.

Dose and energy dependence
The dose dependence of the sputtering depth and sputtering

yield of the nanopowder and bulk Si are shown in Figure 3. The

sputtering depth of the bulk Si exhibits a linear dependence

(Figure 3a), which suggests a nearly constant sputtering yield of

4.1 atoms/cluster (Figure 3b). This value is much lower than the

sputtering yields of ≈125 and ≈85 atoms/cluster found by Ichiki

et al. [15] and Seki et al. [33], respectively, at the same energy

and comparable cluster specific sizes. However, in the referred

studies, the authors do not define the charge state of the cluster

ions, and for that reason, their actual energy is unknown. More-

over, the higher ionizing electron energy of 300 and 400 eV

used in [15] and [33], respectively, causes the formation of a

larger amount of multiply charged cluster ions than in the
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Figure 5: AFM images of the Si nanopowder surface before (a) and after irradiation by the cluster beam at an ion dose of 5.8 × 1015 cluster/cm2 and
energy of 34.5 keV (b) and 17.3 keV (c).

present work, which further increases the cluster ion energy

and, as a consequence, the sputtering yield.

The sputtering depth and sputtering yield of the nanopowder

sample irradiated at 17.3 keV are almost three times higher than

those obtained at 34.5 keV and more than twenty times higher

than those obtained for the bulk Si. The nanopowder samples

demonstrate a steep sublinear increase of the sputtering depth at

low doses with a subsequent change to a linear dependence (see

the data for 34.5 keV irradiation shown in Figure 3a). The sput-

tering yield dependence of the nanopowder samples show a de-

crease with an increase in the ion dose (Figure 3b). The slope of

the linear part of the sputtering depth dependence at 34.5 keV is

rather close to that obtained for the bulk Si (Figure 3a). In the

sputtering yield dependence, this fact is observed as neighbor

values of the sputtering yields (see a region of high doses,

Figure 3b).

The roughness of the pressed nanopowder pellets irradiated at

different doses and energies is shown in Figure 4. For the sam-

ples irradiated at 34.5 keV the smoothing effect is observed

with a roughness value decreasing from initial 6.7 to final

3.9 nm at a dose of 2.3 × 1016 cluster/cm2. Whereas the sam-

ples irradiated at 17.3 keV, on the contrary, demonstrate a

roughening effect. Due to the large experimental uncertainty,

the dependence of the roughness versus dose is not clearly ob-

served.

To explain the decreasing dose dependence of the sputtering

yield, we propose that during the sputtering process the forma-

tion of particle debris on the surface occurs.

This process is proved by comparison of AFM images before

and after irradiation (Figure 5). On the surface before irradia-

Figure 4: The roughness of the Si nanopowder versus the ion dose at
different energies. The dashed line represents the initial roughness of
the pressed pellet.

tion, individual nanoparticles can be observed (Figure 5a),

whereas after 34.5 and 17.3 keV irradiation (Figure 5b and 5c)

the particles are no longer visible, and instead, large (larger than

the nanoparticle size of 60 nm) morphological structures are

presented. Therefore, it can be suggested that an effective

milling of the top layer silicon particles occurs. The space be-

tween the nanoparticles are filled by debris, which due to the

limited lateral resolution cannot be observed. Such filling of the

voids results in densification of the top surface layer. Therefore,

as the number of contacts between neighbor nanoparticles in-

creases, consequently, we can expect the weakening of the

finite size effect. It means that the sputtering yield decreases

and even reaches that of the bulk Si for 34.5 keV irradiation

(Figure 3b). Thus, the decrease of the sputtering yield with the
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dose demonstrates continued weakening of the finite size effect

due to accumulation of the debris in the top layer.

Bombardment at 17.3 keV revealed more effective sputtering

(Figure 3b), accompanied by the roughening effect (Figure 4),

which is related to the formation of the large morphological

structures (Figure 5c). Higher sputtering can be explained by

less effective formation of small Si particle debris on the sur-

face due to lower projectile energy. Therefore, only a slight

densification of the surface layer and retention of the finite size

effect at given doses occurs, and an increased sputtering yield is

observed even at lower energy. Nevertheless, at higher doses,

the sputtering yield tends to decrease (Figure 3b), which suggest

a slow accumulation of the debris, but slower than in case of

34.5 keV energy. The roughening effect is scarcely responsible

for the increase of the sputtering yield, since the curvature of

the appearing morphological structures is much larger than that

that discussed in [6,7], ≈1 µm and 60 nm, respectively. More-

over, the roughening effect itself can be a consequence of the

high sputtering yield. A more accurate explanation of the sput-

tering yield increase at the low energy requires additional study

of the structure of the top layer.

It should be noted that the sputtering yields in Figure 3b were

discussed without any assumption of the surficial densification.

However, it can have an influence on the calculation of the

number of sputtered atoms, which has been determined in

supposition of the constant average density. The thickness of

the dense surface layer can be estimated by characteristic sizes

of the crater formation on the surface during cluster bombard-

ment, which is considered to be the chief mechanism of the

smoothing and sputtering processes of the bulk material at the

high cluster energy. We propose that the effective debris forma-

tion and mixing of the material at the surface, i.e., the forma-

tion of the dense layer, occurs only in the finite layer with the

thickness, which is equal to the crater depth. The crater depth in

the case of the nanopowder target was found to be 3–5 nm at

the same accelerating voltage [28]. Such a value is almost one

order of magnitude lower than the sputtering depths in this

study. Therefore, the influence of the surficial densification on

the sputtering yield calculation is not significant.

Cluster energy dependence of the sputtering depth and sput-

tering yield are presented in Figure 6. Both characteristics in

case of the bulk Si show continuous increase along with energy.

The energy dependence of the sputtering yield of the bulk Si

has already been studied in [15], where the sputtering yield was

described by the power function:

(1)

Figure 6: The sputtering depth (a) and sputtering yield (b) depen-
dence of the Si nanopowder and bulk Si on energy at different ion
doses. The sputtering yield of the bulk Si is fitted to the curve de-
scribed by Equation 3.

where k and n are parameters describing the collision of the

clusters with the residual gas, E is the cluster energy, and Eth is

the sputtering threshold energy. The threshold energy has been

estimated to be about 6 keV. The same experimental data has

also been fitted by the power function without incorporation of

the threshold energy [34]:

(2)

where N is the number of atoms in the cluster, A = 57 eV and

q = 2.25 are the fitting parameters. At low energy, the denomi-

nator is close to 1 and the equation is simplified to

(3)
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The functional dependence in Equation 1 and Equation 3 is the

same except for the presence of the threshold energy Eth in

Equation 1. In general, the existence of the threshold energy in

the cluster collision with a solid-state surface seems rather

unlikely, since such a collision is a collective interaction

process of many atoms of the cluster with many atoms of the

target and utilization of the threshold energy, which describes

the binary collisions, can be unjustified. However, experimen-

tally it is quite difficult to reveal the presence or absence of the

energy threshold due to the exponential dependence of the sput-

tering yield on energy, i.e., a very small sputtering depth at low

energy. Suggesting an absence of the threshold energy, we fit

the experimental data to Equation 3 (Figure 6b) with the param-

eters N = 2900, A = 110 eV, and q = 2.95, which are compa-

rable with those used in [34].

The sputtering depth and sputtering yield of the nanopowder

samples do not show a simple increasing behavior (Figure 6).

Significant sputtering of 33 atoms/cluster is observed even at

10.4 keV, whereas the sputtering of the bulk Si is not observed

at this energy at the level of sensitivity. At 17.3 keV, unusual

strong maxima are revealed and at an energy higher than

34.5 keV a continuous increase is observed. With increasing

dose from 2.9 × 1015 to 5.8 × 1015 cluster/cm2, the sputtering

depth does not increase linearly (Figure 6a), which is in agree-

ment with the sublinearity of the dose dependence in Figure 3a.

The sputtering yields decrease with increasing dose at all ener-

gies (Figure 6b), in agreement with the data presented in

Figure 3b.

The sputtering yield of the nanopowder irradiated at 17.3 keV

and 2.9 × 1015 cluster/cm2 is higher than that of the bulk Si by

more than forty times, whereas when irradiated at 69 keV it is

higher only by 2.2 times. With an increasing in energy up to

17.3 keV, the sputtering of the nanopowder reaches the

maximum and occurs twice as much. Such unusual maximum in

the energy dependence of the sputtering yield can be explained

in terms of the above-developed concept based upon the compe-

tition of the finite size effect and debris formation. At low

energy of 10.4–17.3 keV, the high sputtering yield of the nano-

powder is caused by the finite size effect. An increase of the

cluster energy in this region results in more effective sputtering

due to an increase of the energy density in the impact zone and

intensification of the finite size effect. At higher energy

(17.3–30 keV), the sputtering yield decreases and reaches

minimum. In this energy region, we propose the weakening of

the finite size effect by the densification of the top layer due to

particle debris formation by the energetic cluster bombardment.

Then, at higher energy (30–69 keV), the sputtering yield again

starts to increase, but here the increase occurs due to the higher

energy delivered by the cluster ion to the surface, as it takes

place during the sputtering of the bulk material (see the bulk Si

sputtering (Figure 6b)).

Figure 7 shows the dependence of the roughness on the cluster

energy. At low cluster energies (10–35 keV) the dependence

demonstrates similarity with the energy dependence of the sput-

tering yield, i.e., the high sputtering yield is accompanied by the

roughening effect. As mentioned above, the roughening effect is

unlikely responsible for the sputtering increase and its mecha-

nism as well as mechanism of the high sputtering yield are not

clear yet.

Figure 7: The roughness of the nanopowder Si versus the energy at
different ion doses. The broken line represents the initial roughness.

At the energy of 17.3–34.5 keV the smoothing effect accompa-

nied with the effective ion milling is appeared, which reduces

the finite size effect and the sputtering rate. Further, at higher

energy (up to 69 keV) the smoothing effect is retained. The

dose dependence of the roughness due to a large experimental

uncertainty cannot be revealed.

Conclusion
In this work, we reported the results of the sputtering of silicon

nanopowder (60 nm-sized particles) by Ar2900 clusters with

energy of 10.4–69 keV. The samples were prepared as pressed

tablets and irradiated at a right angle to the plane of the surface

with a dose ranging from 7.2 × 1014–2.3 × 1016 cluster/cm2 at

room temperature. The influence of the target density and

cluster beam parameters (energy and dose) on the sputtering

depth and sputtering yield were investigated. It was found that

the sputtering yield exhibited an increase with decreasing aver-

age density of the pressed powder. The dose dependence of the

sputtering yield of the nanopowder showed a decrease with in-

creasing dose and the sputtering yield approached that of the

bulk Si, which was dose independent. At doses lower than
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2.9 × 1015 cluster/cm2 and energy of 17.3 keV, the sputtering

yield was more than forty times higher as compared to the bulk

Si. The energy dependence of the nanopowder sputtering yield

exhibited unusually strong sputtering at 10.4–17.3 keV, where-

as the sputtering yield of the bulk Si was negligible. In the mod-

erate energy range (17.3–34.5 keV), the sputtering yield of the

nanopowder decreased and then again increased at higher ener-

gies. A simple rational explaining the sputtering of the pressed

nanopowder targets was developed. The increase of the nano-

powder sputtering yield in comparison with the bulk sample

was explained by the presence of the finite size effect. The ob-

servation of a smoother surface after cluster bombardment treat-

ment suggested the densification of the top layer, which resulted

in the weakening of the size effect, which, in turn, caused the

decrease of the sputtering yield at high doses. The explanation

of the sputtering yield energy dependence is based on the finite

size effect strengthening the sputtering, on the one hand, and the

process of nanoparticle debris formation, which weakens the

finite size effect, on the other hand. The roughness measure-

ment of the nanopowder samples after irradiation at

10.4–34.5 keV demonstrated a similar dependence with the

sputtering yield. In this work, we studied a nanopowder with a

fixed particle size of 60 nm in diameter. However, this is a key

parameter considered in the finite size effect, and our further

studies will aim to clarify the sputtering yield dependence on

the particle size. The particular mechanism of the sputtering and

the roughening effect will also be studied.

Acknowledgements
This study was supported by Wuhan Municipal Science and

Technology Bureau grant No. 2017030209020250 and Shen-

zhen Municipal Committee on Science and Technology Innova-

tion grant No. JCYJ20170818112901473, and partly by the

Ministry of Education and Science of the Russian Federation

within the framework of project no. 8.2810.2017.

ORCID® iDs
Alexander Tolstogouzov - https://orcid.org/0000-0001-8642-2674
Dejun Fu - https://orcid.org/0000-0001-9080-5424

References
1. Matsuo, J.; Toyoda, N.; Yamada, I.

J. Vac. Sci. Technol., B: Microelectron. Nanometer Struct.–Process., M
eas., Phenom. 1996, 14, 3951–3954. doi:10.1116/1.588621

2. Sigmund, P. Sputtering by ion bombardment theoretical concepts. In
Sputtering by Particle Bombardment I; Behrisch, R., Ed.; Topics in
Applied Physics, Vol. 47; Springer Berlin: Berlin, Germany, 1981;
pp 9–71. doi:10.1007/3540105212_7

3. Insepov, Z.; Yamada, I. Nucl. Instrum. Methods Phys. Res., Sect. B
1996, 112, 16–22. doi:10.1016/0168-583x(95)01127-7

4. Birtcher, R. C.; Matsuo, J.; Yamada, I.
Nucl. Instrum. Methods Phys. Res., Sect. B 2001, 175–177, 36–39.
doi:10.1016/s0168-583x(00)00626-1

5. Toyoda, N.; Matsuo, J.; Yamada, I. AIP Conf. Proc. 1997, 392,
483–486. doi:10.1063/1.52506

6. Insepov, Z.; Yamada, I. Nucl. Instrum. Methods Phys. Res., Sect. B
1999, 148, 121–125. doi:10.1016/s0168-583x(98)00761-7

7. Toyoda, N.; Hagiwara, N.; Matsuo, J.; Yamada, I.
Nucl. Instrum. Methods Phys. Res., Sect. B 2000, 161–163, 980–985.
doi:10.1016/s0168-583x(99)00771-5

8. Matsuo, J.; Toyoda, N.; Akizuki, M.; Yamada, I.
Nucl. Instrum. Methods Phys. Res., Sect. B 1997, 121, 459–463.
doi:10.1016/s0168-583x(96)00541-1

9. Ieshkin, A. E.; Ermakov, Y. A.; Chernysh, V. S.
Nucl. Instrum. Methods Phys. Res., Sect. B 2015, 354, 226–229.
doi:10.1016/j.nimb.2014.11.065

10. Chernysh, V. S.; Ieshkin, A. E.; Ermakov, Y. A. Appl. Surf. Sci. 2015,
326, 285–288. doi:10.1016/j.apsusc.2014.12.008

11. Mashita, T.; Toyoda, N.; Yamada, I. Jpn. J. Appl. Phys. 2010, 49,
06GH09. doi:10.1143/jjap.49.06gh09

12. Sumie, K.; Toyoda, N.; Yamada, I.
Nucl. Instrum. Methods Phys. Res., Sect. B 2013, 307, 290–293.
doi:10.1016/j.nimb.2013.01.087

13. Isogai, H.; Toyoda, E.; Senda, T.; Izunome, K.; Kashima, K.;
Toyoda, N.; Yamada, I. AIP Conf. Proc. 2006, 866, 194–197.
doi:10.1063/1.2401493

14. Seki, T.; Murase, T.; Matsuo, J.
Nucl. Instrum. Methods Phys. Res., Sect. B 2006, 242, 179–181.
doi:10.1016/j.nimb.2005.08.023

15. Ichiki, K.; Ninomiya, S.; Seki, T.; Aoki, T.; Matsuo, J. AIP Conf. Proc.
2011, 1321, 294–297. doi:10.1063/1.3548384

16. Kissel, R.; Urbassek, H. M. Nucl. Instrum. Methods Phys. Res., Sect. B
2001, 180, 293–298. doi:10.1016/s0168-583x(01)00431-1

17. Järvi, T. T.; Pakarinen, J. A.; Kuronen, A.; Nordlund, K. EPL 2008, 82,
26002. doi:10.1209/0295-5075/82/26002

18. Järvi, T. T.; Nordlund, K. Nucl. Instrum. Methods Phys. Res., Sect. B
2012, 272, 66–69. doi:10.1016/j.nimb.2011.01.034

19. Zimmermann, S.; Urbassek, H. M. Int. J. Mass Spectrom. 2008, 272,
91–97. doi:10.1016/j.ijms.2008.01.004

20. Nietiadi, M. L.; Sandoval, L.; Urbassek, H. M.; Möller, W. Phys. Rev. B
2014, 90, 045417. doi:10.1103/physrevb.90.045417

21. Urbassek, H. M.; Nietiadi, M. L.; Bradley, R. M.; Hobler, G.
Phys. Rev. B 2018, 97, 155408. doi:10.1103/physrevb.97.155408

22. Sandoval, L.; Urbassek, H. M. Nanoscale Res. Lett. 2015, 10, 314.
doi:10.1186/s11671-015-1009-x

23. Klimmer, A.; Ziemann, P.; Biskupek, J.; Kaiser, U.; Flesch, M.
Phys. Rev. B 2009, 79, 155427. doi:10.1103/physrevb.79.155427

24. Greaves, G.; Hinks, J. A.; Busby, P.; Mellors, N. J.; Ilinov, A.;
Kuronen, A.; Nordlund, K.; Donnelly, S. E. Phys. Rev. Lett. 2013, 111,
065504. doi:10.1103/physrevlett.111.065504

25. Ilinov, A.; Kuronen, A.; Nordlund, K.; Greaves, G.; Hinks, J. A.;
Busby, P.; Mellors, N. J.; Donnelly, S. E.
Nucl. Instrum. Methods Phys. Res., Sect. B 2014, 341, 17–21.
doi:10.1016/j.nimb.2014.03.025

26. Yang, L.; Seah, M. P.; Anstis, E. H.; Gilmore, I. S.; Lee, J. L. S.
J. Phys. Chem. C 2012, 116, 9311–9318. doi:10.1021/jp300900j

27. Belykh, S. F.; Tolstogouzov, A. B.; Lozovan, A. A.
J. Surf. Invest.: X-Ray, Synchrotron Neutron Tech. 2015, 9,
1144–1151. doi:10.1134/s1027451015060075

https://orcid.org/0000-0001-8642-2674
https://orcid.org/0000-0001-9080-5424
https://doi.org/10.1116%2F1.588621
https://doi.org/10.1007%2F3540105212_7
https://doi.org/10.1016%2F0168-583x%2895%2901127-7
https://doi.org/10.1016%2Fs0168-583x%2800%2900626-1
https://doi.org/10.1063%2F1.52506
https://doi.org/10.1016%2Fs0168-583x%2898%2900761-7
https://doi.org/10.1016%2Fs0168-583x%2899%2900771-5
https://doi.org/10.1016%2Fs0168-583x%2896%2900541-1
https://doi.org/10.1016%2Fj.nimb.2014.11.065
https://doi.org/10.1016%2Fj.apsusc.2014.12.008
https://doi.org/10.1143%2Fjjap.49.06gh09
https://doi.org/10.1016%2Fj.nimb.2013.01.087
https://doi.org/10.1063%2F1.2401493
https://doi.org/10.1016%2Fj.nimb.2005.08.023
https://doi.org/10.1063%2F1.3548384
https://doi.org/10.1016%2Fs0168-583x%2801%2900431-1
https://doi.org/10.1209%2F0295-5075%2F82%2F26002
https://doi.org/10.1016%2Fj.nimb.2011.01.034
https://doi.org/10.1016%2Fj.ijms.2008.01.004
https://doi.org/10.1103%2Fphysrevb.90.045417
https://doi.org/10.1103%2Fphysrevb.97.155408
https://doi.org/10.1186%2Fs11671-015-1009-x
https://doi.org/10.1103%2Fphysrevb.79.155427
https://doi.org/10.1103%2Fphysrevlett.111.065504
https://doi.org/10.1016%2Fj.nimb.2014.03.025
https://doi.org/10.1021%2Fjp300900j
https://doi.org/10.1134%2Fs1027451015060075


Beilstein J. Nanotechnol. 2019, 10, 135–143.

143

28. Pelenovich, V. O.; Zeng, X. M.; Ieshkin, A. E.; Chernysh, V. S.;
Tolstogouzov, A. B.; Yang, B.; Fu, D. J.
J. Surf. Invest.: X-Ray, Synchrotron Neutron Tech. 2019, in press.
doi:10.1134/s0207352819040140

29. Karnbach, R.; Joppien, M.; Stapelfeldt, J.; Wörmer, J.; Möller, T.
Rev. Sci. Instrum. 1993, 64, 2838–2849. doi:10.1063/1.1144371

30. Gspann, J.; Körting, K. J. Chem. Phys. 1973, 59, 4726–4734.
doi:10.1063/1.1680685

31. Yamada, I.; Matsuo, J.; Insepov, Z.; Takeuchi, D.; Akizuki, M.;
Toyoda, N. J. Vac. Sci. Technol., A 1996, 14, 781–785.
doi:10.1116/1.580389

32. Baranov, I.; Della-Negra, S.; Domaratsky, V.; Chemezov, A.;
Novikov, A.; Obnorsky, V.; Pautrat, M.; Anders, C.; Urbassek, H. M.;
Wien, K.; Yarmiychuk, S.; Zhurkin, E.
Nucl. Instrum. Methods Phys. Res., Sect. B 2008, 266, 1993–2001.
doi:10.1016/j.nimb.2008.03.094

33. Seki, T.; Matsuo, J. AIP Conf. Proc. 2006, 866, 214–217.
doi:10.1063/1.2401498

34. Seah, M. P. J. Phys. Chem. C 2013, 117, 12622–12632.
doi:10.1021/jp402684c

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular

requires that the authors and source are credited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(https://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.10.13

https://doi.org/10.1134%2Fs0207352819040140
https://doi.org/10.1063%2F1.1144371
https://doi.org/10.1063%2F1.1680685
https://doi.org/10.1116%2F1.580389
https://doi.org/10.1016%2Fj.nimb.2008.03.094
https://doi.org/10.1063%2F1.2401498
https://doi.org/10.1021%2Fjp402684c
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.10.13

	Abstract
	Introduction
	Experimental
	Results and Discussion
	Average density dependence
	Dose and energy dependence

	Conclusion
	Acknowledgements
	ORCID iDs
	References

