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Ion sputtering of nanostructured, with an average grain size of about 200 nm, fine-grained, with an average grain size of
5 um, and coarse-grained nickel and copper samples with a focused gallium ion beam with an energy of 30 keV has been
investigated. As a result of ion sputtering with a focused ion beam, sputtered (etched) areas with different reliefs have been
formed on the surface of the samples. It is shown that the relief formed on the surface of the sputtered area in the process
of ion sputtering depends on the grain size of the sample. With a grain size corresponding to the fine-grained or coarse-
grained states, sputtering occurs unevenly. With a grain size corresponding to the nanostructured state, sputtering occurs
relatively evenly. For the energy of gallium ions 30 keV, the dependence of the maximum relief height R__of the sputtered
surface on the grain size d of the metal in the range from nanostructured to fine-grained states is established: R =0.1d.
The sputtering yields of nickel and copper samples with different grain sizes are determined. The value of the sputtering
yields has been estimated from the measurements of profilograms of the sputtered areas using scanning probe microscopy.
Ithasbeen established that the deformation nanostructuring ofametalleadstoadecrease in the emission of atoms from its surface
when bombarded with gallium ions with an energy of 30 keV. Thus, the sputtering yield of coarse-grained nickel and copper is
4.8+1.5 and 4.9+1.3 atom/ion, respectively, of fine-grained nickel — 4.1+1.6 atom/ion, nanostructured nickel and copper —
2.0+0.5and 2.1+ 0.2 atom/ion, respectively. On the basis of the sputtering mechanism in the linear cascade regime, an analysis
of the reasons for the decrease in the sputtering yield of the metal as a result of its deformation nanostructuring is made.
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ViccnemoBano MOHHOE pacHblIeHNe HAHOCTPYKTYPHBIX, CO CPEIHUM pasMepoM 3epeH 0Komo 200 HM, METKO3ePHUCTHIX,
CO CPefHUM pasMepoM 3epeH 5 MKM, M KPYITHO3EPHMCTHIX OOpas3IloB HMKeNA U Mefy (OKYCHPOBAHHBIM MOHHBIM
ITyYKOM MIOHAMM TaymusA ¢ sHeprueit 30 kaB. B pesynbrate monHOTO pacnbiieHMA GOKYCHPOBAHHBIM MOHHBIM ITyIKOM
Ha MOBEPXHOCTM 06pasIjoB 06pa3oBaHbl pacIblIeHHbIE (TPOTPaBIeHHbIe) YIACTKH C Pa3mNIHbIM penbedom. TTokasaHo,
9TO penbed, GOPMMPYIOIINIICA Ha MOBEPXHOCTU PACIBIIEHHOTO YYacTKa B IPOIjecce MOHHOTO PACIBIIEHMA, 3aBUCUT
OT pasMepa 3epeH ob6pasma. IIpm pasmepe 3epeH, COOTBETCTBYIOIIMM MENKO3EPHUCTBIM MM KPYITHO3EPHMCTHIM
3HA4YEeHMAM, PaCIbUIEHNE IPOMCXOAUT HepaBHOMepHO. IIpu pasMepe sepeH, COOTBETCTBYIOIMM HAaHOCTPYKTYPHBIM
3HA4YEHMAM, paclblIeHNe IPOMCXOANT OTHOCUTENbHO paBHOMEpHO. [Ina sHeprum monHos rammma 30 k3B ycranosneHa
3aBMCUMOCTDb MaKCUMA/IbHOI BBICOTHI pentbedpa R pacibizieHHOl TOBEPXHOCTM OT PasMepa 3epeH d MeTajlIa B iuanasoHe
OT HaHOCTPYKTYPHOTO /10 MenKosepHucroro: R ~0.1d. Onpesenennl koaduipmenTsl pacmplienns 06pasiioB HIUKEN
Yl MEJIV C PasTMIHBIM PasMepoM 3epeH. Bemmunay koappuiineHToB pacbl/IeHNs OLeHVIN M3 U3MePeHNIT IPOQUIIOTpaMM
PACTIBIZIEHHBIX YYacTKOB METOZIOM CKaHMPYIOIIell 30H[0BOJ MMKPOCKOIMM. YCTaHOBIEHO, UTO JedopMalMoOHHOe
HaHOCTPYKTYPUPOBaHUe MeTa/lla IPUBOAUT K CHYDKEHUIO SMIUCCHUM aTOMOB C €TO MOBEPXHOCTV Ipu 60oM6apampoBKe
noHaMy rayums sHepruei 30 x3B. Tak, koa¢duiyeHT pacnblIeHNsa KPYIIHO3epHUCTOrO HUKEA M Mefu paBeH 4.8 £1.5
un 4.9+1.3 aTOM/MOH, COOTBETCTBEHHO, MENKO3€PHUCTOTO HuKensa — 4.1+1.6 aToM/MOH, HAHOCTPYKTYPHOTO HUKENA
u megy — 2.0£0.5 n 2.1+0.2 aToM/1OH, COOTBETCTBEHHO. Ha OCHOBe MexaHNM3Ma PAaCHbIIEHNS B PeXUMe TMHENHbIX
KacKaJIoB IIPOBEJIeH aHA/N3 IPUYNH CHIDKeHNA K03 UIIMeHTa PacIIbIEHV MeTasIa B pe3y/abTaTe ero eopMaIyioHHOTO
HaHOCTPYKTYPUPOBaHMA.

KrioueBbie coBa: fedbopMaliOHHOe HAHOCTPYKTYpUPOBaHue, QOKYCHPOBAHHDII HOHHDII IYYOK, KOIDPUIMEHT pacIblIeHN.

1. Introduction

Ion sputtering, i.e. the emission of neutral atoms from the
surface of a material when it is bombarded with accelerated
ions, occurs during the operation of many ionic devices,
such as ion sources, gas lasers, light sources, etc. Such
sputtering can distort the operation of devices. So, for
example, in case of a cold cathode, which is an electron
emitter in these devices, when sputtering changes the surface
relief, the emission efficiency and durability of the cathode
are reduced. Sputtered atoms can also change the optimal
pressure of the working gas, which can lead to a decrease in
the efficiency of the device.

Traditionally, a reduction of the sputtering yield of
a cathode material is achieved by varying its chemical
composition. At the same time, not only the chemical
composition of the material, but also its microstructure, in
particular, grain size and crystallographic texture, has an
influence on the sputtering yield [1-9].

Deformation nanostructuring is one of the attractive
methods for producing nanostructured materials with
an average grain size of 100-200 nm. This method, in
comparison with other known methods of nanostructuring,
allows obtaining bulk nanostructured materials without
residual pores and impurities. To date, many physic-
mechanical properties of nanostructured materials obtained
by the deformation method of nanostructuring have been
studied [10-14].

However, studies of the effect of deformation
nanostructuring of the material on its ion sputtering, in
particular, on the sputtering yield and the relief formed on
the surface of the nanostructured material as a result of ion
sputtering, have not been carried out. In this regard, the
purpose of the work was to study the effect of the average
grain size of a metal in the range corresponding to states
from the nanostructured to coarse-grained ones on its
sputtering yield and the relief formed on the metal surface as
a result of ion sputtering.

2. Materials and methods

Metals with an fcc lattice — nickel (99.9%) and copper
(99.9%) — were used as materials for studies. Deformation
nanostructuring was carried out by the method of high-
pressure torsion (HPT) [15-19]. HPT was performed
at a pressure of 6 GPa on Bridgman anvils with a number
of revolutions of 10 at room temperature. The samples
obtained by the HPT had the form of disks with a diameter
of 10 mm and a thickness of 0.2 mm. Discs for studies with
a diameter of 3 mm were cut out from each obtained sample
at a distance of 3 mm from its center (Fig. 1). One of the
disks of each metal remained as a nanostructured sample,
the remaining disks were annealed to obtain a fine-grained
and coarse-grained structure in them. Nickel disks were
annealed at temperatures of 150, 500, and 800°C, copper
disks at 900°C. To ensure a smooth shape, the surface of
the samples was subjected to mechanical polishing using
sandpapers with grit numbers increasing up to 4000 and
subsequent electrochemical polishing. Nickel samples
were polished in a solution of 90%C H,OH+10%HCIO,

HPT

grinding
and polisfing

= sample

sample
SEM FIB and FBSD SFPD depth profile
analysrs analysis

Fig. 1. The scheme of investigations.
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at U=40 V, J=35-45 mA, T=23°C, copper samples —
20%H,PO, +80%H O at U=12 V, J=0.65 mA, T=23°C. After
that, the samples were cleaned in an ultrasonic bath in ethanol.
The surface roughness of the samples was determined using a
NanoScan-3D scanning probe microscope (Tisnum, Russia).
The roughness parameter R of the samples did not exceed
40 nm. The microstructure of the samples was examined
using a Mira 3LHM scanning electron microscope (Tescan,
Czech Republic) equipped with an EBSD analyzer.

For ion sputtering of the samples, the focused ion beam
method was used, which is one of the modern methods to
study the ion sputtering [20-28]. This method allows you
to locally sputter the surface of the material with constant
specified parameters of the ion beam.

Ion sputtering was performed with focused gallium ion
beam at currents of 0.8 and 2.7 nA, an energy of 30 keV for
30 minutes using a Strata FIB 205 scanning ion microscope
(FEI, Netherlands). The angle between the beam and the
sample plane was set to 90°. Using the software, a region of
40x40 um was defined. The sputtered areas on the samples
were examined with a Mira 3LHM scanning electron
microscope and a NanoScan-3D scanning probe microscope
(Tisnum, Russia). The sputtering yield and the relief formed
on the surface of the sample as a result of sputtering was
estimated from the measurements of the profilograms of the
selected region along five lines.

3. Results and discussion

As a result of HPT a nanostructure with an average grain
size d=180 nm was formed in nickel samples. Analysis of
the spectrum of misorientations of the grain boundaries
of nanostructured (NS) samples showed that more than
70% of the boundaries are high angle. Annealing of the NS
sample at 150°C led to an increase in the average grain size to
d=300 nm. As a result of annealing at 500°C, a fine-grained
structure with an average grain size d=5 pum was formed
in the sample. After annealing at 800°C, a coarse-grained
structure with an average grain size d=30 pm was observed
in the sample. HPT of copper samples led to the formation
of a nanostructure with an average grain size of 260 nm;
after annealing at 900°C, a coarse-grained structure with an
average grain size of 180 pm was formed in the sample.

The impact of a focused ion beam led to the sputtering
of the sample surface (Fig. 2). The relief on the surface of the
sputtered areas on samples with different grain sizes varied.
For example, on the NS samples of nickel and copper, the
surface was sputtered relatively evenly (Fig. 2a,b,c), the
maximum relief height R__ (roughness parameter) did not

exceed 30 nm (Fig. 3 ¢). The surface was sputtered unevenly
on the fine-grained nickel sample (Fig. 2d), R__ =300 nm
(Fig. 3¢). On the coarse-grained nickel sample, the surface
was also sputtered unevenly (Fig. 2e). On the coarse-grained
copper sample, the surface was sputtered relatively evenly
due to the fact that the sputtered area contained only one
grain (Fig. 2f). For the nanostructured and the fine-grained
samples, the dependence of the maximum relief height R
on the grain size can be described by the relation: R__ =0.1d.

Measurements of profilograms of the sputtered areas
using scanning probe microscopy showed that the average
values of the depth of the sputtered areas for samples with
different grain sizes varied (Fig. 3). The average depth of the
sputtered areas on the NS samples is lower than the average
depth of the areas on the fine-grained and coarse-grained
samples (Table 1). Therefore, all other things being equal, in
particular, the area and time of sputtering, the average volume
of the sputtered material, and, accordingly, the average
sputtering rate from the NS samples is lower than the average
sputtering rate from the samples with a large grain size. In its
turn, the sputtering rate of a material is directly proportional
to its sputtering yield. Consequently, the sputtering yield of
the NS sample is lower than the yields of the fine-grained and
the coarse-grained sample.

Evaluation of the sputtering yield of Y samples was
determined by the formula

Ve N, -e-p-S-h
A-1-t

where N is the Avogadro number, e is the electron charge,
p is the density, A is the molar mass, I is the ion current,
S is the area, h is the average depth of the region, ¢ is the
sputtering time [29]. Quantitative estimates indicating
lower values of the sputtering yield of the NS samples
compared to those of samples with a large grain size
are presented in Table 1.

Ion sputtering of a metal at an energy of incident ions of
30 keV occurs in the linear cascade collision regime [29-31].
At such energies, the projective penetration depth of gallium
ions in nickel and copper samples is about ten nanometers.
Bombarding ions transfer kinetic energy to atoms, due to
which the latter are displaced from their equilibrium positions.
Displaced primary atoms create a cascade of collisions with
other atoms, which result in the formation of secondary,
tertiary, etc. displaced atoms, which moving along the crystal
lattice of a metal, can reach its surface, overcome the surface
barrier, and leave the metal, i. e. to be sputtered.

An NS metal contains a high concentration of defects
(vacancies, dislocations) and a large volume fraction of grain

(1)

Table 1. Sputtering yield for Cu and Ni with the different average grain size (Ga*, 30 keV). The depth values indicated by number “1” are

sputtered at 2.7 nA, by number “2” — at 0.8 nA.

Metal NS-Cu Cu NS-Ni Ni Ni
d=260 nm d=180 pm d=180 nm d=5um d=30 um
Depth, nm 480'+50 1100'+300 120%+30 250%+100 1000'+ 300
Y, atom/ion 2.1+0.2 49+1.3 2.0+0.5 4.1+1.6 4.8+1.5
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Fig. 2. Secondary electron microscopy images of the surface after FIB machining: NS-Ni (d=180 nm) (a), NS-Ni (d=300 nm) (b), NS-Cu
(d=260 nm) (c), fine-grained Ni (d=5 pm) (d), coarse-grained Ni (d=30 um) (e) and coarse-grained Cu (4=180 pum) (f).
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Fig. 3. (Color online) Scanning probe microscopy images of the surface after FIB machining for 30 keV Ga* at 0.8 nA: nanostructured Ni
(d=180 nm) (a), fine-grained Ni (d=5 pm) (b) and profiles (c).
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boundaries. It can be expected that the displaced initial
atoms, as well as secondary, etc. atoms “dissipate” their kinetic
energy at defects and grain boundaries so that the efficiency
of energy transfer in cascade collisions decreases. As a result,
a certain number of displaced atoms do not reach the metal
surface. In the case of a fine-grained or coarse-grained metal,
where the concentration of defects and the volume fraction
of grain boundaries are lower than in a nanostructured
metal, the “kinetic energy” sputtering on crystalline defects
is lower, respectively, the efficiency of the energy transfer in
cascade collisions is higher. The number of atoms reaching
the surface during ion bombardment (sputtering atoms) for a
fine-grained or coarse-grained metal will be greater than for
an NS metal. Accordingly, the sputtering yield of an NS metal
will have a lowered value.

4. Conclusions

The effect of deformation nanostructuring of fcc
metals — copper and nickel on ion sputtering by the
FIB method with gallium ions with an energy of 30 keV
has been investigated. It is shown that the relief formed
on the metal surface during the action of a focused
ion beam depends on the grain size of the metal
On coarse-grained and fine-grained metals, the surface
is sputtered unevenly with a relief height R__ of the
order of several hundred nanometers. On the surface of a
nanostructured metal, sputtering occurs relatively evenly
with the height of the relief R__of the order of several tens
of nanometers. For an energy of 30 keV, the dependence of
the relief height R on the grain size d in the range from
nanostructured to fine-grained is established: R =0.1d.

Measurements of profilograms of the sputtered areas
showed that the average depths of the areas for samples with
different grain sizes vary. The average depth of the sputtered
areas on NS samples is lower than the average depth of areas
on fine-grained and coarse-grained samples.

The ion sputtering yields of nickel and copper with
different grain sizes are determined. The sputtering yield
of nanostructured nickel with a grain size of 180 nm and
nanostructured copper with a grain size of 260 nm is
2.0£0.5 and 2.1+0.2 atom/ion, respectively. The sputtering
yield of fine-grained nickel with a grain size of 5 pmis 4.1+1.6
atom/ion, coarse-grained nickel with a grain size of 30 pm
and coarse-grained copper with a grain size of 180 um is
4.8+1.5 and 4.9+1.3 atom/ion, respectively.

Ion sputtering of the metal at an energy of bombarding
ions of 30 keV occurs in the linear cascade collision regime.
The decrease in the ion sputtering yield of a nanostructured
metal is due to the high concentration of defects and an
increased volume fraction of grain boundaries in it, which
reduce the efficiency of cascade collisions.
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