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To investigate the mass composition of the ion beam obtained through field ion emission, a mass analyzer designed analogous to the
Wien velocity filter was utilized. This Wien filter analyzer operates based on the principle of intersecting mutually perpendicular
electric and magnetic fields (ExB) to classify charged particles according to their mass and charge. The ion beam was obtained using
mInSb and InSbo.gsBio.o2 as the working materials. The mass composition of the ion group was analyzed using this method. In the
experiments, it was found that the ion beam obtained using InSb as the working substance had a homogeneous composition, consisting
solely of (InSb)" ions. However, in contrast, when the working substance was (InSb)o.osBio.02, it was determined that the ion beam had
a miscellaneous composition. In addition to (InSb)" ions, the ion beam was found to contain ((InSb)o.9sBio.02)" and (Bi)" ions.
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INTRODUCTION

A highly promising method for modification various surface structures is the deposition of nanodroplets on a
conductive surface. Liquid metal ion sources (LMIS) or electrohydrodynamic ion sources (EHD emitters) with sharp
emitters are commonly used for this purpose [1]. Sharp emitters exhibit the highest current density and a remarkably small
emission area. They are capable of generating charged droplets of the working substance with nanoscale dimensions. The
ability to focus the generated beams to submicron sizes makes them suitable for applications in microtechnology.
Moreover, the generation of nanoparticles with diverse compositions is of great interest for thin film deposition and
nanotechnology.

Under specific operating conditions, these sources also generate charged nanoparticles [2]. The determination of the
emission area size in these sources has been the subject of extensive experimental and theoretical research. Theoretical
estimates for the diameter of the emission area indicate a value of around 3-4 nm [3]. Based on this size, a high initial
current density on the order of 108A/cm?is achieved.

Liquid metal ion sources have been the subject of intensive research in recent years, particularly for applications in
submicrometer lithography, ion-stimulated chemical synthesis, implantation, and microanalysis. These sources are being
studied for their capability to fabricate, analyze, and process surface relief with submicrometer resolution using focused
ion beams. Initially, liquid metal ion sources relied on pure metals with low melting points as the working substances.
However, addressing numerous contemporary technological tasks, including localized ion implantation, ion beam mixing,
direct non-resistive ion lithography, and the fabrication of micro and nanoelectromechanical systems, necessitates the
application of ion beams with various masses, charge states, and chemical properties [4]. This fact has stimulated the
development of liquid metal ion sources using alloys, which allow for the generation of a wide range of different ions [5].

The purpose of the work is to obtain ion beams in liquid metal ion sources based on InSb and (InSb).9gBio.0> working
materials and to study their composition using an (ExB) Wien velocity filter [6].

EXPERIMENT

The experiment was conducted in a vacuum chamber, specifically a Leybold-Heraeus type A700Q, and the overall
schematic of the experiment is provided in Figure 1 [7,8]. A needle made of nickel-chromium (NiCr) with a diameter of
0.5 mm was used as the needle material. The needle was placed in a graphite container and heated to the melting
temperature of the working substance (approximately 450°C) by the impact of thermo-electrons emitted from a heated
cathode. Prior to the experiment, the needle tip was chemically treated and sharpened to ensure optimal wetting of the
needle surface with the working substance.

It is known that Wien mass filters are mass and energy separators that operate by separating charged particles in
crossed electric and magnetic fields perpendicular to each other. In our experiments, a mass analyzer similar to the Wien
velocity filter was used for the mass analysis of ion beams, with crossed (ExB) fields. A homogeneous magnetic field in
the analyzer was created by two smooth ferrite plates measuring (120x80%12) mm, positioned at a distance of 20 mm
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from each other. The magnetic field strength in the analyzer had a magnitude of 11.2x10* A/m. To generate the electric
field, a specific controllable voltage was applied from a DC voltage source to the parallel electric plates (with a distance
of 2 cm between them) resembling a capacitor configuration. The analyzer was positioned between the extractor and the
collector. The collector is connected to ground through an ammeter, where the neutralization of positive ions occurs. In the
experiments, the ion currents in the extractor and collector circuits were measured. Currents as low as 10'2A were detected
in the collector circuit using a DC current amplifier, KEITHLER 6487.
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Figure 1. Experimental scheme of investigating the composition of the ion group using a Wien filter
1) electrical circuit of the heated cathode; 2) thermo-electron emission current circuit; 3) circuit of the extracting emission electric
field; 4) circuit of constant voltage applied to the analyzer's electric plates; 5) filament; 6) container; 7) working substance;
8) needle; 9) extractor; 10) ion beam; 11) magnet; 12) frame; 13) plate; 14) collector.

The ion source was mounted on a Leybold-Heareus vacuum system, which provided vacuum of 6x10%mbar. The
ion source was heated to the melting temperature of the working substance using therms-electrons emitted from the heated
cathode [9]. To heat the working material to its melting temperature, the dependence of the container's temperature on
the power supplied to the heater was used. At the same time, a high electric field is applied between the ion source and
the extractor in advance. Once the source is heated and the working material melts, ion emission occurs, and the optimal
power of the heater is maintained constant. In the experiments, the characteristics of the ion and nanoparticle phases were
determined by gradually increasing the extraction voltage. Ion emission occurred above a threshold voltage of (5-6) kV
between the source and the extractor (with a needle-extractor distance of approximately 0.5 mm) [10]. By applying a
constant voltage to the plates of the analyzer, with emission currents ranging from 30-60 pA, the ion beam was separated
based on the particles' mass and charge. The current in the collector circuit was measured using a picoammeter. Peaks in
the current were observed in the collector circuit at specific constant voltage values on the analyzer, allowing for the
determination of the mass composition of the ion beam.

RESULTS AND DISCUSSION
Theoretical values of the fixed voltage applied to the plates generating the electric field of the analyzer were
calculated in order to observe the current generated by the charged particles, which are potentially present in the ion beam
obtained from InSb and (InSb)osBioo> materials, in the collector circuit. For the current generated by particles of equal
mass and charge to be observed in the collector circuit, it is essential for these particles to move in a straight trajectory
inside the analyzer without sensing the electric and magnetic fields. To achieve this, the forces exerted on the particles by
the electric and magnetic fields inside the analyzer must balance each other.

FE—FB,I@qE—qul:m—B—Bd@v / -

In this case, Fr and Fgrepresent the forces exerted by the electric and magnetic fields, respectively, on the charged
particles passing through the analyzer. By solving the last two equations simultaneously, we obtain the following
expression for the fixed voltage applied to the plates creating the electric field of the analyzer [11]:

U= /% - 2Uyd?B?

Through this principle, we can find the voltage at which particles of different masses and charges in the beam can
provide maximum collector current. Here, U represents the voltage applied to the plates generating the electric field of
the analyzer, q is the charge of a singly ionized particle, Na is Avogadro's number, M is the molar mass, Uy is the
accelerating voltage applied to the extractor, d is the distance between the plates generating the electric field, and B is the
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induction of the magnetic field. According to the above principle, theoretical calculations have been performed to
determine the theoretical values of the fixed voltages at which different charged ions, whose presence is estimated in the
composition of the ion beam entering the analyzer, can produce maximum collector current. The calculated values are
given in Table 1 below.

Table 1. Voltage of the analyzer according to the value of mass and charge for different ions

Ion species U (V, DC)
(InSh)£ 95
(InSh)? 110
(InSh)3 130
(InSh)* 190

(InShBi)* 140

(Bi)* 210

In the experiment conducted using InSb as the working material, the composition of the ion beam was investigated
with an accelerating voltage of 6 kV and an emission current of 40 pA. The extractor was connected to ground through a
microammeter. Only around a voltage of 190 V, a peak was observed (Figure 2). According to the table, this result
corresponds to (InSb)" ions, which are singly ionized with a specific charge of q/my = 4.09-10°C/kg. Therefore, the
emitted ion beam consists exclusively of (InSb)ions. The same observation is obtained when the beam current is varied
within the range of (30-50) pA.
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Figure 2. Composition analysis of the InSb ion beam (U, = 6kV, I, = 40uA)

When the ion source based on InSby¢sBip.ooworking material was used, and the extractor voltage was 6 kV and
6.2 kV, with a beam current of 30 pA and 60 pA, the composition of the beam was investigated, and the results are
presented in Figure 3. As observed in the figure, three distinct peaks are visible in both cases. These peaks correspond to
ions with specific voltages: +190V for (InSb)*, 142V for ((InSb)o.9sBio.02)" and +210V for Bi* (Figure 3). The ion beam
obtained from the combination of InSby ¢sBig 218 not monatomic; instead, it consists of subclusters composed of ionized
(InSb)*, ((InSb)o.0sBio.02)*, and Bi* ions. The ((InSb)o.ssBioe2) ions have a specific charge of q/m¢=2.16-10° C/kg. It is
observed that as the beam current increases, the peak corresponding to Bi+ ions decreases in height. This is because of
the higher accelerating voltage, which results in a larger portion of Bi atoms in the composition of
(InSb)o.9sBig.02semiconductor being emitted.
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Figure 3. Composition analysis of the (InSb)o.9sBio.02 ion beam: a) Uy = 6kV, I, = 30ud; b) Uy = 6.2kV, I, = 60uA
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Thus, the results of the experiments conducted for the mass analysis of the ion groups obtained through the ion
source of the considered compounds are in full agreement with the theoretically calculated values. The width of the slit
at the entrance of the mass analyzer is 200 um, and the diameter of the slit at the exit is 2 mm. These dimensions have
been determined for analyzing the composition of a specific portion of the ion beam current, taking into account the
resolving power of the analyzer.

CONCLUSIONS
Composition analysis of ion beams was conducted using the field ion emission method for ion sources based on
InSb and (InSb)9sBio.o2 as working materials. The ion beam obtained from the InSb substrate was monatomic and
comprised solely of singly ionized (InSb)" ions. However, the beam obtained from the (InSb)o.9sBio.0> material consisted
of three subclusters, each consisting of singly ionized ions. The experimental results align with theoretical calculations.
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AHAJII3 CKJIAAY IOHHOT'O ITYYKA InSb TA InSbo,sBio,02, OTPUMAHOI'O 3 BUKOPUCTAHHSAM
PIAKUX METAJIIB
®.E. Mamenos, C.A. Auies, LI. I'ypoanos, I11.O. Eminos, A./lx. XaJjinos, E.M. Axkéepos, A.A. Bagajos
ITnemumym ¢izuxu Minicmepcmea oceimu i nayku Pecnyobnixu Azepbatioscan, np. I. [ocasioa, 131, Az1143, Baky, Asepbaiioscan

Jns mocmimkeHHs MacoBOTO CKJIAY ITydKa iOHIB, OTPHMMAHOTO 3a JOMOMOTOI0 TOJNBOBOI 10HHOI eMicii, BUKOPHCTOBYBAaBCSI Mac-
aHanizaTop, po3poOiieHnit aHanoriuHo ¢inbTpy mBuakocti Bina. Ile# amamizaTop ¢imbrpa Wien mparfoe Ha OCHOBI NPUHIUITY
MIePEeTUHAHHS B3a€MHO IIEPHEHANKYIIPHUX €JIeKTpHYHOro Ta MarHitHoro nomiB (ExB) s kmacudikarmii 3apspkeHHX 4acTHHOK
BIZIMOBIZIHO 10 1X MacH Ta 3apsity. JOHHHWH ITy4OK OTPUMAHO 3 BUKOPHUCTAHHSAM poOounx MarepianiB mInSb ta InSbovsBio2. Hnum
METOJIOM aHAJIi3yBAIM MAacOBUH CKJIaJ 10HHOI rpynu. B excrepuMeHTax Oyso BHSBICHO, IO 10HHHH ITy4OK, OTPHMaHUH 3
BuKopuctanusaM InSb sk po6o4oi peHoBHHH, MAa€ OAHOPIAHUI CKIIAJ, IO CKIAAAEThCs BUKIIOYHO 3 i0HIB (InSb)+. Oxnak, Ha BigMiHy
BiJl IbOTO, KOJIM p0O040I0 pedoBUHOIO OyB (InSb)o.9sBio,02, OyJ10 BU3HAa4YEHO, 1110 i0HHMIT ITy4oK Mae pi3uuii cknan. Kpim ionis (InSb)+,
OyI10 BUSIBIICHO, 1110 Ty40K i0HIB MicTuTh i0HU ((InSb)o,9sBio,02)+ 1 (Bi)+.

KurouoBi cioBa: piokomemanesi ionni oowcepena, LMIS, cocmpuii emimep, ionnui nyuox, macosutl ananis, InSb, InSbBi



