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DEPOSITION OF Ni ATOMS ON THE IONIC (NaCl) AND METALLIC (Fe)
SUBSTRATES

The deposition of a nickel on the foreign substrates is investigated by means of molecular
dynamic simulation with pair potentials of different kinds dependently of type of atomic interaction.
An effect of energy of deposited atoms and surface defects on nucleation and growth of nickel islands is
considered. The general trends can be explained in terms of the lifetimes and diffusion mobility of
adsorbed atoms, the interaction between them and atoms of the substrate. The parts of deposited atoms
in dependence on their kinetic energy as well as an amount of deposited atoms, which are needed to
form a continuous film, are determined. Almost all Ni atoms with smaller energy (10000 K) join to the
surface of the Fe-substrate. The obtained results confirm the theoretical point of view on the different
deposition mechanisms in the cases of different substrates: the island (Folmer-Veber) mechanism in the
case of Na-Cl substrate (mixture of haloid) and the layer-by-layer (Franc and Van der Merve) one in
the case of metallic substrate.

Keywords: metal deposition, molecular dynamics simulations, surface diffusion, nucleation, fine-
dyspersated structure.

BuBueHo ocajikeHHsI HiKeJI0 HAa MIAKJIAAKY MeTOIOM  MOJIEKYJSIPHO-IMHAMIYHOIO
MOJe/IIOBAHHAl 3 NAPHUMM HOTEeHUiaJaMH Pi3HMX BHAIB 3aJIe7KHO Bil THIY aTOMHOI B3aemofil.
PosruisiHyTHii BIUIMB eHeprii oca/ukeHUX aTOMIB i moBepXHeBHX JedeKTiB Ha YTBOPeHHs i 3pOCTaHHA
OCTPIBKOBHMX 3apoikiB Hikes10. 3arajbHi TeHIeHUIl MOKYTb OyTH NOSICHeHi TPHMBAJICTIO KMTTH,
nu(y3iiiHo0 pyX/JuBicTIO aacopOOBaHUX aTOMIB i B3aemoji€l0 Mik HUMHM i aTomamMu niakiIaaku. Mu
3HAHIUIM YacTKY OCAIKeHUX aTOMIB B 3aJ1€:KHOCTI Bif iX KiHeTH4HOI eHeprii, a Takoxk KiJbKicTb
ocaJKeHHX aToMiB, NpH fAKiii popmyeThes Ge3nepepBHa MIiBka. Maiiske Bci aToMHu Hikes1o 3 Oiab
Masienbko10 eHeprieo (10000 K) npuennyiorbes 10 noepxHi Fe- miaknaaku. Otpumani pesyiastaTu
NiATBEPAKYIOTh TEOPETHYHY TOYKY 30py NpO Pi3Hi MeXaHi3MH OcCaJ:KeHHSl y BHNAAKaX Pi3HUX
niAKIa10K: ocTpiBKOBHUII MexaHi3M (Poabmepa - Bebepa) y pasi minkaaaku Na-Cl (cymim ranoigy) i
nomaposuii MexaHizm (®Ppanka i Ban nep Mepse) y pasi meTajieBoi miakjiagku.

KorodoBi ciioBa: HammimoBaHHS MeTajly, MOJEKYJSIDHO-AMHAMIUYHE MOJICITIOBAHHS, ITOBEPXHEBA
Iudy3ist, 3apoPKEHHS, TOHKOAUCHIEPCHAsS CTPYKTYypa.

N3yueHo ocaxkaeHHe HHKeJsl HAa MNONJIONKKY MeTOAOM  MOJIEKYJISIPHO-TUHAMHUYECKOIO
MO/Ie/IMPOBAHUS C MAPHBIMH MOTEHUHAJAMHM Pa3JIMYHBLIX BHAOB B 3aBHCHMOCTH OT THIIA ATOMHOIO
B3auMojeiicTBusa. PaccMOTpeHO BJIMSIHME JHEPrHM OCAXKAAIOIIMXCSI ATOMOB M TOBEPXHOCTHBIX
nedexToB Ha 00pa3oBaHHe M POCT OCTPOBKOBLIX 3apoAbllieii HUKe/s. O0IMe TeHAeHIHH MOTYT ObITh
00bSICHEHbI MPOJO/IKUTEILHOCTBIO SKHU3HH, IU(P(PY3NOHHOI TNOABMIKHOCTBIO a]COPOMPOBAHHBIX
aTOMOB M B3aMMojeiicTBHeM MeKAy HHMH H aTOMaMH MOMJIOKKH. PaccuuTaHbl 10JIM OCAKIEHHBIX
aTOMOB B 3aBHCHMOCTH OT HX KHHETHYECKOH YJHEPTHH, a TAK:Ke KOJTHIECTBO 0CAKAEHHBIX ATOMOB, IPH
KOTOpoM (opMupyeTcsi HenmpepbiBHasi MuieHka. I[louTtu Bce aTomMbl HuKeJasi ¢ 0ojiee MajleHbKOI
sHeprueii (10000 K) npucoenunsirorcsi k noepxHoctu Fe- mopnoxku. IlonydyeHHbIe pe3yabTaThl
NOATBEP:KIAI0T TEOPeTHYECKYH TOYKY 3PEHHSl HAa pa3iN4yHbie MEXAHU3MBI OCAKIACHHMSI B CJIy4asix
Pa3IMYHbIX MNOMIOKEK: OCcTPOBKOBBI (Poibmepa - Bebepa) B ciayuyae nomnoxkku Na-Cl (cmech
rajonaa) u nocjoiinpiii (Ppanka u Ban 1ep Mepge) B ciydae MeTAJJIHYECKOI MOII0KKH.

KnioueBble cioBa:  HambUIeHHE  MeTalla,  MOJISKYJISIPHO-IMHAMHYECKOE  MOJCIMPOBAHUE,
MOBEpXHOCTHast AU dy3Hs, 3apokIeHNE, TOHKOIUCIEPCHAsI CTPYKTYpa.
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1. Introduction

It is known that the condensed films can be either continuous, starting already from
a monoatomic layer, or to consist of the separate isolated particles (islands). And it
renders large influence on subsequent structure and properties of the condensed films.

Mathematical simulation of the atom deposition is indispensable to understand the
stages of film formation, the arising, and the growth of nucleus. Their structure caused by
these processes is practically inaccessible for experimental researches.

There are many unresolved questions, concerning the deposition of the high energy
atoms by plasma-ionic scattering. Such experiments are widely applied to obtained new
structure and phase states of alloys. At least, fine-dispersed structures were obtained in
many works, for instance in Ref. [1-5].

The most known works, concerning the deposition from the gas phase, are fulfilled
by means of Monte Carlo simulations, for instance [6-10]. The bond-counting kinetic
Monte Carlo (KMC) method is widely used. The key point in this technique is the
calculation of activation energy for the surface atom diffusion. In order to calculate the
activation energy, the contribution of the surrounding atoms in the initial position or of
the difference between the number of the nearest atoms in the initial and the final
positions are only taken into account in most of the proposed models (see in Ref. [10]).
The atom states during diffusion jumps are not considered. Thus, the simulation with
using KMC method has an essential limitation concerning their correspondence to reality.

Many papers with modeling of atoms deposition by the molecular dynamics (MD)
method appeared in the recent years, for instance [11-16]. The main problem of such
method is the values of the time step (of order 1-2 fs) which are usually applied in the
simulation. It is not enough small to reach needed accuracy of calculations as the
deposited atoms penetrates in areas of large repulsion forces. Therefore, in many papers,
simulation of clusters placed on the surfaces or falling onto them are considered. At the
small time steps, only unrealistically high energy atom, which flows to the surfaces, can
be considered. Thus, the new works on the modeling of deposition process are necessary
for the correct study and visualization of mechanisms of thin film formation. A focus of
interest in our work is the formation of centers of condensation.

The very porous Ni-films were obtained as results of simulation in the case of the Si
substrate [15]. We use other substrates and much smaller timestep (0.2 fs) for correct
investigation of the condensation mechanisms.

2. Details of the simulation

The MD simulation was fulfilled using our program for parallel computing. The
interactions between the metal atoms were described by potentials of the embedded atom
type, elaborated in work of Bonny [17]. We included into impute file the tables of EAM
potentials from repository (see http://www.ctcms.nist.gov/potentials/) in 5000 point each.
Interaction between pairs of atoms Na-Na, Na-Cl and CI-Cl was calculated using the
Born—Mayer—Huggins potential specified by Fumi and Tosi in paper [18]. Such
potentials were slightly modified to insure the right melting temperature (with accuracy in
10 K) after decrease of the cut-off radius up to 0.8 nm. For Ni-Na and Ni-Cl pairs the
used potentials were nearly the same ones as for Na-Cl with the reduced minimal energy
(&min=—0.29 eV, dpin = 0.295 nm for Ni-Na, and &,;,= — 0.29 eV, duin = 0.325 nm for Ni-
Cl pair). Certain prefactors were used in the program to change the values of energies and
forces for these pairs. Parallel calculations were fulfilled by means of Graph processors
(NVIDIA graphics-cards) with the help of CUDA software.
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All simulations employed the Verlet algorithm with a time step of 0.2 fs in the case
of the NaCl-substrate and 0.5 fs in the case of Fe-substrate. The weak thermostating for
the substrates was chosen in all cases; in our program, a multiplier to velocity of atoms
was 1 £ 0.001sqrt(|T=T4/T) (T is an instantaneous temperature, T, is the set temperature,
sign “+”if T <T)).

The first step before simulations was preparing of samples for simulations. The
total number of atoms was 16384. Only the bottom layer of the substrate contained atoms
with stationary positions, which correspond to structure of substrate materials (Na-Cl or
Fe). In upper 6-10 layers, atoms of the substrate were placed initially in right positions,
and their movement was simulated; thermostating was applied for them. All atoms of the
deposited element (Ni) were placed randomly in one plane above the substrate; their
interaction was not considered. Periodically, one of deposited atoms began movement in
the direction to the substrate (only 1/3 part of its kinetic energy was related to the
movements in the directions parallel to the substrate). Atoms, which were reflected from
the substrate or torn out atoms of the substrate, were removed into the plane placed above
the plane with atoms for depositions.

A process of deposition was continuously imaged on the screen of monitor. And
one can change the angle of viewing and to make an enlargement of current images.

For analyzing the results of simulations, we use the program, which enables viewing
with the step in one angstrom all sections of the model with coordinates of atoms from
saved files (the brightness of images of atoms placed behind of chosen section depended
on their distance from the section). Thus, centers of crystallization, which arises in
deposited liquid drops, could be determined visually; their structure was verified studying
graphs of the local radial pair distribution functions (LRPDF) — they were calculated by
the same program. Knowing the location of the crystallization centers, we studied
changes in structure of these areas in the past, using the results of the earlier saved files,
so we can define the time of appearance of the crystallization center within a few
picoseconds. In the mentioned program, all the volume in consideration was marked out
with cube cells (an edge | = 0.5 or 0.7 nm). When moving a cursor to the image of atom
(for the section in which it was brightest), the values of his number and coordinates of
small cell were writing in the message windows. It allowed studying the environment of
concrete atoms or determining the LRPDF.

3. Results and their discussion

As it was mentioned above, only high flows of atoms may be considered at
nowadays; we considered the flows from 500 to 3000 atoms/(a’s) for the NaCl substrate
(is the area per one atom site). In the case of this substrate a collision at falling of
deposited atom is almost elastic and the greater part of atoms is reflected from the
surface. The falling atoms accelerated at approaching to the surface of the substrate by
attractive forces. Therefore, those atoms, which become adsorbed atoms, have
sufficiently large velocities of moving at the surface and their lifetime in adsorbed state is
not large. Trajectories of movement of adsorbed atoms are intricate; their distant from the
averaged surface plane changes all time.

At flows less than 1000 atoms/(a*s), we usually see only one adatom, seldom two
atoms. To increase the average lifetime of adatoms we input the crystal step in initial
conditions for the substrate (Fig. 1). Thus, we could to determine the waiting time for
appearing of nucleus of condensation. After that, the ratio of deposited and evaporated
atoms began increasing. And it was possible to determine the dependences of the waiting
time on the energy (temperature) of deposited atoms and intensity of their flow.
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Fig. 1. Deposition of Ni-atoms on the NaCl-substrate, Tge, =5000 K; Tqyps,=300 K;
1=1721 atoms/(a’-s), the time of deposition t=40; 128 and 168 ps; Ni-atoms are lightest.

Nuclei of deposition from less than 4 atoms broke up often. Fig. 2 shows the waiting
times of appearance of such group from 4 atoms which becomes in feature the growing
deposited center.

Fig. 3 shows growth of the centre of condensation. A majority of adsorbed atoms
joins to the centers when those become sufficiently big. The comparatively big drop in
Fig. 3, c is liquid, as it is frequently distorted by irregular oscillation of the substrate
surface in result of blows by falling atoms.
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Fig. 2. The waiting times for appearance the first group from 4 deposited atoms,
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Fig. 3. Growth of the centers of condensation,
Tgep=5000 K, | = 1720 atoms/ (az-s); for a,b,c time t = 0.295, 0.530 and 0.820 ns,
Ni-atoms are lightest.
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To determine at which size of the drop the crystal nuclei arise in it, it is necessary
to exclude the flow or set it very small in accordance with the experimental conditions. In
this way, we studied sufficiently large drops. And we change the interaction of Ni-atoms
with atoms Na and Cl (increasing and decreasing it in 2 times) to study an equilibrium
form of the condensation centers at different energies of adsorption. Examination of
sections of the drops shown in Fig. 4, a-c gives evidence of forming of crystallization
center in their central part. The waiting time of crystal nucleus forming depends on the
drop shape. The crystal nucleus is formed in drop of 360 atom (it is shown in Fig. 4, ¢)
less than 170 ps after stopping of deposition. Whereas in large drop of 670 atoms, which
is like that is shown in Fig. 4, b, the waiting time for crystal nucleus appearing is roughly
260 ps.

Fig. 4. Forms of the center of condensation at different interactions of Ni atoms with the substrate,
Tgep=5000 K, 1 =1720 atoms/(az-s); for a,b,c time t = 2.295 ns,
800 ns at small flow (I = 17.2 atoms/ (m*s)); Ni-atoms are light.

Thus, the Folmer—Veber islet mechanism is takes place in the case of Ni deposition
on the NaCl substrate that coincides with experimental works for many metals on halides.

Fig. 5. Deposited films of Ni on the Fe-substrate,
1 =1720 atoms/ (a 2s); t=18000 ps; a — Tyep, = 10000 K, b — a section of the film, Ty, = 150000 K
Fe-atoms are light.

Absolutely another way of condensation takes place in the case of deposition Ni-
atoms on the Fe-substrate. Fig. 5 shows the films from deposited Ni-atoms with different
kinetic energy. Here the majority of Ni-atoms occupies stationary site at once or after
brief diffusion on the surface. The majority of falling atoms with joins to the Fe-substrate.
At high kinetic energy (Fig. 6, b, the temperature 150000 K is equivalent to the energy
~13 eV) roughly 6% from the all quantity of falling atoms reject from the surface and
there are also events when Fe-atom are beaten out from the substrate (the ratio of falling
and beaten out atoms is 0,1 on average from the beginning). After a full layer of Ni is
formed, the part of rejected atoms becomes smaller. Atoms with energy 10000 K reject
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rarely from the surface even at the beginning. Fig. 5,a shows the section of the Ni-film at
deposition of not high energetic atoms (10000 K). As one can see, an outward upper
surface of the film is wavy; the difference in height is 1-3 layers.

From the beginning, the structure of deposited Ni remains bcc; after deposition of
5-6 layers the fcc atomic structure appears. However, we did not see forming nuclei of the
fcc phase.

The structure changes gradually. Even in comparatively thick film, the structure of
sections outwardly resembles the distorted bee structure. However, local g(r) — RPDFs,
unambiguously corresponds to the fcc structure. Fig. 6 shows 3 RPDFs obtained within
spheres with a radius of 7.5 nm for 15 central atoms placed in the 3-rd, 7-th and 16-th
layers from the bottom in the cases a, b, c. The first of them (Fig. 6,a) corresponds to the
bee structure; while the second LRPDF (Fig. 6,b) is intermediate between those that
correspond to the bee (Fig. 6, a) and fce (Fig. 6, ¢) structures.

0 (13%01 (i;r—*x(): (1131

g(r)

Fig. 6. Local radial pair distribution function obtained from different layers
of Ni- films on the Fe-substrate, | = 1720 atoms/ (az-s); t=18000 ps;
a— Ty, = 10000 K, for a,b,c n=3, 7, and 16 (the number of layers).

In the case of the high energy (150000 K) of falling atoms, ~6% from them is
reflected from the metal surface. Almost all Ni atoms with smaller energy (10000 K) join
to the surface of the Fe-substrate. Continuous film of Ni is formed after deposition of that
number of atoms which responds to 3.3 full layers. In thick films the surface is wavy with
the thickness in 2-3 layers.

4. Conclusions

It is shown that some part (of about 6%) of the falling high energy (150000 K)
atoms is reflected from the metal surface. Almost all Ni atoms with smaller energy
(10000 K) couple with the surface of the Fe-substrate. The number of Ni atoms, which is
needed to form continuous film after deposition, is found to be correspondent to 3.3 full
layers. Thus, our results confirm theoretical viewpoints on different mechanisms of
deposition in cases of different substrates: the islet (Folmer-Veber) in the case of Na-Cl
substrate (the haloid compound) and layer-by-layer (Franc and van der Merve) in the case
of the metallic substrate. However, direct simulation gives an additional information on
details of these processes and more full information about the structure of the first layers.
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