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This article presents the theoretical results of energy and angular distributions of Ar*ions from the surface of blue phosphorus at a
small value of the angle of incidence and initial energy receiving by computer simulation method. It is shown that at a small value of
the initial energy of ions from the trajectory of scattered ions it is possible to obtain the general shape of the surface semichannel.
Moreover, increasing the value of the initial energy makes it possible to obtain the full shape of the semichannel, as well as the shadow
behind the semichannel, which provides information on the location of the atom of the second layer. It is established that in the energy
distribution due to an increase in the value of the initial energy a multi-peak structure is formed. This makes it possible to determine
the surface structure. The obtained angular distribution shows that there is a specular and multiple scattering of ions from the target.
Keywords: lon scattering; Semichannel; Computer simulation,; lon bombardment,; Energy and angular distributions
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INTRODUCTIONS

Low-energy small-angle ion scattering (Low Energy Ion Scattering (LEIS) is one of the most sensitive and accurate
methods of material surface analysis [1-5]. This method allows obtaining information about the composition, structure
and properties of the upper atomic layer of a solid. LEIS is based on the detection of ions scattered from the sample
surface at small angles. The ions used typically have energies of several hundred to several thousand electron volts. Due
to the small penetration depth of the ions (less than one nanometer), the method provides exceptionally high sensitivity
to atoms located on the surface itself [6-8]. One of the main advantages of LEIS is its ability to selectively analyze only
the upper atomic layer, unlike other spectroscopic methods that penetrate deeper into the material. This makes it an
indispensable tool for studying surface modification processes, adsorption, catalysts, and for monitoring surface
cleanliness.

Blue phosphorus is an allotropic form of phosphorus with unique electronic and structural properties, making it a
promising material for micro- and nanoelectronics. Unlike black phosphorus, blue phosphorus has a stable two-
dimensional hexagonal lattice similar to graphene, but with semiconductor properties. One of the key parameters
determining the suitability of a material for microelectronics is the band gap. For blue phosphorus, it is in the range from
~1.9 to 2.0 eV (depending on the number of layers and the substrate), making it suitable for creating field-effect
transistors, photodetectors and other components of nanoscale electronics [9-13]. Therefore, due to the great interest in
the structure of blue phosphorus, we studied the energy and angular distributions of scattered Ar* ions from the surface of
blue phosphorus at low values of the initial energy and incidence angle.

METHOD OF RESEARCH AND DISCUSSION OF RESULTS

Binary Collision Approximation Method (BCA) is widely used to model the interaction of ions with a solid surface,
especially in problems related to ion scattering, ion implantation and surface structure analysis [14]. The BCA method is
based on the assumption that the motion of ions during interaction with target atoms can be described as a sequence of
independent two-particle collisions — between the probe ion and an individual atom of the material. In this case, many-
body interactions and collective effects are ignored, which significantly simplifies the calculations. There are many
advantages of this method [15]. BCA allows modeling the processes of ion interaction with a surface without significant
resource costs, especially in comparison with more complex methods such as molecular dynamics. Despite its
approximate nature, the method gives good quantitative estimates for a wide range of energies (from tens of eV to
several MeV) [16]. It is especially effective in modeling processes in low-energy ion scattering methods, where
interactions are limited to the upper layers.

In our calculations, we considered a semichannel formed on the surface of blue phosphorus (Fig. 1). It has a zigzag
form. And this semichannel was divided into two parts from the middle. And the first part of the semichannel was divided
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into 1000 aiming points (in the direction of I). Ar*ions with small values of initial energy at sliding angles were directed
to each aiming point.

Figure 1. The semichannel, formed on the surface of blue phosphorus

One of the main objectives of this work was to study the trajectory of scattered ions, since the trajectory of scattered
ions mainly determines the formation of peaks in energy and angular distributions. We analyzed the trajectories of
scattered Ar'ions with an initial energy of Eg= 1 and 3 keV and at angles of incidence y= 9-15°. The choice of such a
value of the incidence angle is due to the fact that the width of the semichannel formed on the surface of blue phosphorus
is quite wide and is 4.2 A. To study the trajectory of scattered ions from this semichannel, it was sufficient to study the
trajectory of ions scattered from half of the semichannel, since the remaining ion trajectories are symmetrical.

RESEARCH METHOD AND RESULTS

Fig. 2 shows the trajectories of scattered Ar” ions with an initial energy of E ¢= 1 keV and at angles of incidence
=9, 11, 13 and 15° At y= 9°(Fig. 2.1 a), the incident ions began to penetrate into the surface semichannel. And it is
noticeably visible that the set of trajectories of scattered ions began to form the shape of a semichannel, as well as the
location of the atom located at the bottom of the semichannel. It can also be seen that a small part of the ions penetrated
into the crystal (were implanted). The number of trajectories of refocused ions is also large. And Fig. 2.1b shows the
trajectories of scattered ions at y = 11°. It is seen that the shape of the semi-channel was completely formed. And the ions
were focused more clearly. The number of trajectories of overfocused ions decreased. Fig. 2.1c shows the trajectories of
scattered ions at y=13°. In this case, the location of the atom, which is at the bottom of the semi-channel and it focuses
many ions, is clearly visible. The number of trajectories of overfocused ions also became even smaller. Most of the ions
were implanted inside the crystal. At y=15°(Fig.2.1d), the number of implanted and focused ions increased significantly.
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Figure 2. Trajectories of scattered Ar' ions from a surface semichannel that formed on the surface of blue phosphorus with an
initial energy of Eo= 1 keV and at angles of incidence y =9, 11, 13 and 15°
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Fig. 3 shows the energy and angular distributions of scattered Ar" ions from the surface semichannel, which was
formed on the surface of blue phosphorus with the initial energy Eo= 1 keV and at angles of incidence y =9, 11, 13
and 15°. From the energy distribution (Fig.3a) it is evident that at the incidence angle values (W= 9, 11 and 13%) the
spectrum contains a single peak shape. This is due to the fact that the energy values of scattered ions from the bottom and
the surface atomic row are close to each other.

And at y= 15%penetration of ions inside increased, which formed a complex trajectory and therefore an energy spectrum
is observed, which has a two-peak shape. In the angular spectrum of scattered ions, two peaks are observed (Fig. 3b). The

first peak refers to ions scattered from the plane of incidence and the second peak refers to mirror scattered ions.
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Figure 3. Energy (a) and angular (b) distributions of scattered ions Ar * from a semichannel formed on the surface of blue
phosphorus with an initial energy of Eo= 1 keV and at angles of incidence y =9, 11, 13 and 15°

Fig. 4 shows the characteristic trajectories of scattered Ar"ions from the semichannel formed on the surface of blue
phosphorus with the initial energy E o= 3 keV at incidence angles y of =9, 11, 13 and 15° At the y = 9°the Ar "ions
penetrated the surface semichannel, and implantation of ions in small quantities is also observed (Fig. 4a). The ion
trajectories consist of specularly scattered, focused and overfocused ion trajectories. In general, the shape of the surface
semichannel can be determined. Fig. 4b shows the trajectory at y=11°. At this value of the ion incidence angle, the full

shape of the semichannel can be seen. It can also be seen that the number of implanted ions has increased than at y= 9°.
a

h,A
h,A

h,A
h,A

Figure 4. Energy (a) and angular (b) distributions of scattered ions Ar * from a semichannel formed on the surface of blue
phosphorus with an initial energy of Eo= 3 keV and at angles of incidence y=9, 11, 13 and 15°
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It should be noted that from the trajectory of scattered ions, the location of the atom of the semichannel, located at
the bottom of the semichannel, could also be more clearly seen. This can be observed by the formation of a shadow on
the back side of the atom. Fig. 4c shows the ion trajectory at y=13°. From the figure one can see that the implantation of
ions into the crystal occurs around the atom located at the bottom of the semi-channel. It should be noted that at this value
of the angle of incidence of ions, trajectories are observed, scattered from the surface atomic row, from the semi-channel
and implanted ions (crossing the walls of the semi-channel). And at y= 15° the shadow formed behind the atom of the
semichannel, located at the bottom of the semi-channel, narrowed even more compared to y=13° due to the increase in
the angle of incidence. It should be noted that at this value of the angle of incidence the number of ions that crossed the
walls of the semichannel decreased.
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Figure 5. Energy and angular distributions of scattered Ar"ions from a surface semichannel that formed on the surface of blue
phosphorus with an initial energy of Eo= 3 keV and at angles of incidence y=9, 11, 13 and 15°

Fig.5 shows the energy and angular distributions of scattered Ar" ions from the surface semichannel, which was formed
on the surface of blue phosphorus with an initial energy of Eo= 3 keV at the angles of incidence y =9, 11, 13 and 15°.

The energy distribution (Fig. 5a) contains two peaks in all values of the incidence angle. The peak formed by the
high-energy part of the distribution refers to ions scattered from the surface atomic row, and the peak located in the low-
energy part of the distribution refers to ions scattered from the bottom of the semichannel. A low-intensity peaks formed
by the low-energy part of the distribution refers to ions multiple scattered from the wall of the semichannel. Fig. 5b shows
the angular distribution of scattered Ar" ions from the surface semichannel, which was formed on the surface of blue
phosphorus with an initial energy of Eg= 3 keV at the angles of incidence y=9, 11, 13 and 15°. It is seen that the angular
distribution also contains two peaks. The first peak refers to specularly scattered ions, and the second peak is formed at
y/ 2 and it refers to ions multiple scattered ions inside the semichannel.

CONCLUSIONS

We have studied the energy and angular distributions of scattered Ar" ions from the surface semichannel, which was
formed on the surface of blue phosphorus with the initial energy Eo= 1 and 3 keV at the angles of incidence y=9, 11, 13
and 15°. It is shown that an increase in the initial energy leads to a splitting of the peak into at least two parts, which
corresponds to ions scattered from the surface atomic row, from the semichannel. Low-intensity peaks of ions, repeatedly
scattered from the wall of the semichannel are also observed. Thus, the trajectories of scattered ions are analyzed and it
is shown that due to an increase in the initial energy, cones (shadow) are formed on the back side of the atom of the
semichannel, located on the bottom of the semichannel.
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EHEPTETUYHHMI TA KYTOBH PO3MOILJ PO3CISIHUX IOHIB Ar+ 3 HOBEPXHI BJIAKUTHOT'O ®OCDPOPY
M1 KOB3AIOYUMHU KYTAMU
¥.0. Kyraies?, O.A. Carrapora®, H.Y. Cermeros, [Ix.Y. Icmoinos?
@Vpeenucoruil depoicasnuil ynisepcumem imeni A6y Patixana Bepyni, kageopa gizuxu,
eyn. Xamioa Onimoscana, 14, Ypeeny 220100, Y36exucman
bYpeenucvra ginin Tawxenmcvkoi meduunoi axademii, kageopa biomeduyunu, isuunoi Kyrmypu ma cnopmy,
syn. Anv-Xopesmi, 28, Ypeeny 220100, V30exucman
“Tawkenmcokuil ynigepcumem ingpopmayitinux mexnonocii imeni Myxammaoa anv-Xopesmi, Ypeenucora ginis, kageopa

menekoOMyHIKayitinoi inocenepii, yi. Anv-Xopesmi, 110, Ypeenu 220100, V3zb6exucman
VY wiii crarTi NpeAcTaBiIeHi TEOPETHYHI pe3yNbTaTH PO3IOALUTYy eHepril Ta KyTOBHX PO3IOALTIB i0HIB Art+ 3 MOBEpXHi OJaKUTHOTO
¢dochopy mpu MaroMmy 3HAUCHHI KyTa MaaiHHS Ta MMOYAaTKOBOIO OTPUMAHHS CHEprii METOJOM KOMIT'IOTEPHOrO MOJICTIOBAHHS.
Ioka3zaHo, 110 MPU MaJoOMy 3HAYCHHI MOYATKOBOI CHEprii iOHIB 3 TPA€EKTOPil PO3CISIHUX 1OHIB MOXKHA OTPUMATH 3arajibHy (Gopmy
MMOBEPXHEBOT'0 MiBKaHaTy. binblie Toro, 30ipIIeHHS 3HAYSHHS IOYAaTKOBOI €HEpPrii J03BOJIsiE OTPUMATH NMOBHY (opMy MiBKaHAITy, a
TaKOX TiHb 3a MiBKaHAJIOM, IO Haja€ iH(OPMALIO PO PO3TAIYBaHHS aTOMa APYroro mapy. BeTaHoBIEHO, 10 B pO3MOIiNi eHeprii
BHACTIJOK 301IbIIIEHHS 3HAUCHHS II0YaTKOBOI eHeprii (JOpMYEThCSI CTPYKTypa 3 OaratbMa mikami. Lle 1ae 3Mory BU3HaYHTH CTPYKTYpY
noBepxHi. OTpUMaHUi KyTOBHH PO3MOALT MOKa3ye, 110 iCHYe J3epKajbHe Ta OaraTopa3oBe po3CilOBaHHS i0HIB BiJ] MillICHI.
KurouoBi ciioBa: posciiosanns ionie; niekanan, Komn'tomepre Mooenosants; Gomoapoyeans ionamu, enepeemuynuil ma Kymosui
Po3n00in



