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The molecular dynamics method has been used to study the effect of low-energy
irradiation with self-ions on the microstructure and residual stresses arising in niobium
films in the course of ion-atomic deposition. The ion flow constituted 10 % of the total
atomic flow being deposited, the ion energy was 200 eV. After thermal deposition of the
film at 300 K up to the thickness at which the steady-state density is attained, the
ionic-atomic deposition of the film was performed. The growing film density was increased
under ion action. This increase has been shown to be caused mainly by the film smoothing
under ion bombardment that results in decreasing number of "micro-cracks” below which the
pores are localized. The investigation results show that the ion action changes the character of
internal microstresses. This is related with formation of interstitial atom clusters. A correlation
has been found between the density of films formed, their microstructure and arising micros-
tresses.

B paGore meTogoM MOJIEKYJIAPHON ITUHAMHUKN HCCJIE€LOBAHO BJIMSHNE HU3KOIHEPTeTUUEC-
KOro o0siyuyeHHMs COOCTBEHHBLIMM HMOHAMM Ha MHKPOCTPYKTYPY M OCTATOUYHBIE HAMPAMKEHNS,
BOBHUKAION[ME B ILJIEHKAX HUOOUS IIPU aTOMHO-MOHHOM OCaKAeHuM. MOHHBIN IIOTOK COCTaB-
asax 10% ot obmiero moToka ocasKaaeMbIX aToMoB, sHeprusi noHoB - 200 »B. Ilocse Tepmu-
YeCKOro ocaxaeHus IeHKku npu remmneparype 300 K 10 TOJIMHLI, IPU KOTOPOM AOCTUIAET-
csl CTalMOHAPHAs ILJIOTHOCTh, IIPOBOJMJIOCH ATOMHO-MOHHOE OCarKiaeHue iaeHKu. MoHmoe
BO3/eCTBIE MPUBOAMIO K IIOBBIIIEHUIO ILJIOTHOCTH PAacCTyIlmei mieHKu. IlokasaHo, 4TO 9TO
IIPOMCXOAUT B OCHOBHOM O0Jaromapsi CriIaKMBAHUIO IIOBEPXHOCTM ILIEHKM BO BPEMS HOHHOM
60MOAPANPOBKY, YTO IPHUBOIUT K YMEHBIIEHHIO KOJIMYECTBA MHUKPOTPEINUH IIOZ KOTOPBIMU
pacroJiaraioTcs mopbl. PesysibTaThl HMCCAeIOBAHUM CBUIETENbCTBYIOT O TOM, UTO MOHHOE BO3Iei-
CTBHE M3MEHSIeT XapaKTep BHYTPEHHUX MHUKPOHAIPAMKEHUil. 9TO CBI3aHO ¢ 00pasoBaHUEM KJac-
TEPOB MEK/I0Yy3€JbHBIX aTOMOB. PACKphITA KOPPENSIUsa MEKIY ILJIOTHOCTHIO O0pasyeMbIX ILje-
HOK, X MHUKPOCTPYKTYPOIl M BOSHHUKAIOIMMU MHUKPOHAIIPSIKEHUSIMHA.

tures T]. ~ 0’3Tml and T2 ~ 0’5Tml’
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where

during the physical vapor deposition (PVD)
is the object of intense study during many
years [1—4]. Thin films exhibit a wide vari-
ety of microstructures depending on the
substrate temperature T. Movchan and
Demchishin developed the structure zone
models which systematically categorize the
self-organized structure evolution during
PVD [5]. They have established that in the
deposited metals, there are 3 different tem-
perature ranges separated by the tempera-
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Tmp is the melting point. It is that the proc-
esses of coarse micro-crystallite growth in
Zone III (T > T5) are assumed to be associ-
ated with the bulk diffusion processes. The
formation of a columnar structure in Zone II
is generally associated with the surface self-
diffusion. The film growth at the tempera-
ture (T' < T;) proceeds in the low-tempera-
ture deposition Zone I. The low-temperature
deposition permits to obtain protective lay-
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ers avoiding degradation of bulk properties
in the products under treatment. At the
same time, the films deposited at low tem-
peratures are porous and show a weak adhe-
sion to the substrate. Recently, various
technologies of ion-beam assisted deposition
are used to improve the protective, harden-
ing, friction, and other properties of coat-
ings. These methods make it possible to ob-
tain compact coatings with a good adhesion
at low temperatures. One of the methods to
form films from atomic-ionic flows is the
thermoionic deposition (TID) [6]. The es-
sence of the TID consists in what follows:
using an electron beam for material heat-
ing, partially ionized metal vapors are ob-
tained to be deposited onto a substrate. The
ion current density is controlled by the de-
gree of vapor ionization in the low-voltage
DC discharge. The ion energy is varied by
the potential applied to the substrate. The
experimental data evidence that changing
the atomic-ionic flow energy and ionization
degree, it is possible to influence apprecia-
bly the microstructure of films, their den-
sity, residual microstress level, ete. [7, 8].
Despite the available experimental data and
the theoretical investigations [9-15], the
mechanisms of this ion irradiation effect
are not fully clear up to now. The purpose
of this work is to study the mechanisms of
ion irradiation effect on the structural
properties of niobium films in the process
of low-temperature atomic-ionic deposition
using computer simulation.

Niobium was chosen as a material to be
investigated taking into account the avail-
able experimental data on the changes of
niobium film properties during the deposi-
tion under different conditions [8, 9]. Nio-
bium attracts an increasing interest in engi-
neering because of its use in manufacturing
of Josephson tunnel junctions [16, 17], and
thin niobium films are considered as a
promising material for application in super-
conductive cavities for particle acceleration
[18, 19]. The niobium film deposition was
simulated by the molecular dynamics method
using the Sdyn program as an updated ver-
sion of the DYMOD program [20] designed to
study the material surface properties. The
equations of motion were solved by a Verlet-
like algorithm method at the time step about
1 fs. The interaction between metal atoms
was described by the embedded-atom method
(EAM) [21]. The total energy of an elemental
system is represented as
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where @; is the pair potential as a function of

the distance R; between atoms i and j; Fy(p;), the
embedding energy as a function of the host elec-

tron density p; induced at a site i by all other
atoms in the system. The latter is given by:

P = z p})(Rij), (2)

Jj#i

where pQ(R;)) is the electron density function.

The simulations were conducted using the
Johnson-Oh EAM-potential for Nb [22]. In small
interatomic spaces, the Hartree-Fock potential
was used in the Molier approximation [23].

The atomic flow deposition of 9 close-
packed planes with {110} orientation onto a
substrate was simulated. Four first layers
were fixed in the positions of a perfect bec
lattice. To provide the required substrate
temperature before the deposition onset, a
kinetic energy was given to movable atoms
of the next five layers. The procedure used
to establish the thermal equilibrium has
taken 1 ns. The thermal film deposition was
carried out at 300 K. The temperature con-
trol was provided by scaling the atomic ve-
locities [24]. The velocity correction was ap-
plied to all the atoms except for four last
deposited monolayers. Thermally deposited
atoms had kinetic energy of 0.2 eV and a
pulse direction normal to the deposition
plane. The deposition time of one monolayer
tmono Was 0.142 ns. The ion flow charac-
teristics in the computer simulation were as
followis: ion energy 200 eV, ion number
10 % of the total number of impinging
atoms corresponding to the maximum den-
sity of films observed in experiments. The
incident atoms were distributed randomly in
the plane parallel to the deposition plane.
Crystallites were grown in the Z axis direc-
tion. The X axis had [100] the crystal-
lographic direction, Y — the [001] and Z— the
[011] one. Periodic boundary conditions were
applied in both X and Y directions. The simu-
lating cell was a rectangular parallelepiped
with dimensions of 4.63, 4.67, and 13.8 nm
along X, Y and Z axes, respectively.

The atomic structure and surface atomic
distribution in the film were analyzed using
the algorithm described in [25] based on
consideration of the electron density spatial
distribution. The entire space of the simu-
lating cell was separated into cubic blocks
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with an edge much less then the atomic
radius. The cell space was considered to be
"blank” if the electron density was less than
a certain value p,. The atoms neighboring to
these cells were considered as surface ones.
Successive analysis of neighboring cells from
the upper point of the simulating cell (certainly
"blank™) allows us to separate the atoms of the
internal and external surfaces. The p, parame-
ter value was determined by test calculations so
that atoms of the external planar surface and
vacancy-neighboring atoms be selected cor-
rectly. The film material density in depth was
characterized by the atomic layer occupation
6(Z,), where Z, is the center coordinate Z of
the atomic layer parallel to the substrate. The
value 6 = 1 corresponds to the fully occupied
(110) layer of the perfect lattice.

We have calculated the microstress ten-
sor on every atom for the stresses arising in
the deposited films [26—-27]:

cs%ocB) = ( Z G?}rl] + M; VO‘VBJ (3)
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Here, oP is the stress tensor component in the

point r; where the atom i is positioned; G% is the

o component of the force acting between the
atoms i and j; €, is the atomic volume of the atom
i rﬁ is the [ component of the distance between
the atoms i and j; rij is the distance between the
atoms i and j; M, is the mass of atom i; V¢ is the

V velocity component of atom i. The mean hydro-
static microstress over the film depth was deter-
mined by averaging over the atomic layer:

(3)

0,(2) = N z (oF* + oY + o7?),

where the summation was made over atoms k
belonging to the layer having a center with Z
coordinate; IV, is the number of atoms in the layer.

To clear up the role of ionic irradiation
in the formation of a film structure, the
thermal deposition of a niobium film was
first simulated. The methods of computer
simulation were used before to investigate
the processes taking place in formation of
such niobium films by vacuum deposition
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Fig. 1. The height-height correlation func-
tions C, along the direction Y in different
moments of additional thermoionic deposi-
tion. I — moment of deposition onset; 2 —
after t = 2¢ ; 3 — after ¢t = Tt

mono?’ mono*

[28]. It has been shown that in the process
of low-temperature deposition, the film struc-
ture is defined by the instability of a smooth
form of the film surface during deposition.
On the surface of a growing film, a relief
arises consisting of ripples oriented mainly
along the <100> crystallographic direction.
Development of this relief results in the
roughness build-up and "microcracks” forma-
tion. The statistical measure of the surface
morphology variation in time ¢ along the di-
rection determined by the vector r is the
height-height correlation function:

C(r,t) = <(<2(x,t)— <z()>}2(x + r,t)- <2(t)>)>,(6)

where the vector x determines the atom co-
ordinates and the brackets refer to the aver-
aging over the surface atoms. In Fig. 1, the
hollow markers represent the plots of func-
tions Cy = C (y,t) along the vector parallel
to the simulating cell edge Y of the film
obtained by PVD. The morphology of the
statistically ordered surface structure is
qualitatively described by the correlation
length A(#), that is generally determined as
the value r of the first maximum in the
correlation function C(r,t) [29]. As it fol-
lows from the previous investigations re-
sults, during the low-temperature deposi-
tion of niobium films along the <110> di-
rection, the formation of a correlated
structure with the unchanged A(¢) value is
observed. In the same Fig. 1, the solid
markers show the change in the height-
height correlation function during the fur-
ther atomic-ionic flow deposition onto the
film. As is seen from the Figure, the pres-
ence of ions in the flow being deposited
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Fig. 2. Ratio of the external film surface
area change AS =S -S; to the perfectly
smooth surface area S,. (S is the current
value of the surface area). Hollow circles,
preliminary thermally deposited film; solid
markers, after additional atomic-ionic deposi-
tion of 9 monolayers.

results first in a decrease of the maximum
Mt) and then in the full disappearance of
the latter. Consequently, the ions hinder the
formation of a correlated structure on the
film surface in the course of deposition by
blocking the mechanism of microcracking
and formation of nanoblocks.

It is known that one cause of instability
arising during the film deposition is the
presence of Ehrlich-Schwoebel barriers [30].
This is the energy necessary to the atom to
perform a thermally activated jump from
the upper atomic terrace onto the lower
one. Irradiation of the film deposited with
low-temperature ions results in an increased
frequency of atomic transitions between the
terraces during the nonequilibrium stage of
atom-atom collision cascade. The calculation
results show [31] that the probability of
atomic displacements between the terraces
increases by several times. It follows from
the analysis of data obtained that during
thermal deposition, while forming one
monolayer, approximately every fifth atom
undergoes the transition. Under atomic-
ionic action, the number of atomic transi-
tions increases. Every impinging ion pro-
vokes in average about 20 additional atomic
transitions between the layers. So, the main
mechanism of low-energy irradiation effect
on the film structure is the increase of the
atomic transition frequency between the
terraces; and, as a consequence, the block-
ing of the mechanism of correlated struc-
ture microcracking. The increase of atomic
mobility between the layers results in
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Fig. 3. Change of the atomic layer occupation
0(Z,) characterizing the material density in the
thickness of films deposited by PVD and TID.

1 ( circular solid marker) — niobium film after
additional thermoionic deposition during 8¢, . .
2 (triangular markers) — niobium film prelimi-
nary obtained by PVD (¢ = 24¢t, . ); For com-
parison, the circular hollow markers (3) show
the change in 0(Z,) corresponding to the fur-

ther thermal deposition during 8¢, . .

smoothing of the surface and in decreasing
number of surface atoms. The ratio of the
film surface area change to its perfect value
AS/Sy for two cases — during thermal film
deposition of and after TID is given in Fig. 2.
During thermal deposition, AS/S, increases
in time. In the case of atomic-ionic deposi-
tion, the film roughness decreases.

In [28], it is shown that the porosity of
films obtained by low-temperature PVD is
due to the microvoids being formed below
the "microcracks” on the surface of a grow-
ing film. As a result, the film density is
decreased as compared to that of solid ma-
terial. The density change in the thickness
of the thermally deposited film is shown in
Fig. 38 by triangular markers. Subsequently,
the atomic-ion flux was deposited upon this
film. For comparison, the circular hollow
markers show the density values of the
thermally deposited film during further
thermal deposition without ion assistance.
From Fig. 3, it follows that the density of
the thermally deposited film is 8 % lower
than that of solid niobium. The density of
the film formed by the TID is marked on
the plot by solid circles. It is seen from Fig.
3 that the density of newly deposited layers
is increased. After deposition of several
monolayers from the atomic-ionic flow, the
film density has reached that of solid mate-
rial. It should be noted that in the course of
thermoionic deposition, not only the density
of newly formed layer is increasing, but
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also the density in the film thickness
changes. It is noteworthy that areas appear
in the film exceeding in density the solid
material. This is connected with the emer-
gence of self-interstitial atoms in the film.
The interstitial atoms are formed due to
transferring to the film of atoms having the
kinetic energy higher than the threshold
displacement energy of the film atoms.

As a result of this process, the Frenkel
interstitial-vacancy pairs are formed. As a
rule, the vacancies are formed on the film
surface. The interstitial atoms arising in
the bulk of the growing film have the con-
figuration of dumb-like interstitials elon-
gated along the crystallographic <110> di-
rection characteristic for bee materials [32]
when a lattice atom is displaced from the
site into a position symmetric to the inter-
stitial atom. Such an interstitial configura-
tion is very mobile and migrates easily even
at low temperatures. As a result, the inter-
stitial atoms can arrive at the boundary of
the growing film and can also heal the va-
cancy clusters in its bulk. So, one of mecha-
nisms of ion densification at low energies is
the "healing” of vacancy clusters by self
interstitial atoms being formed. However,
this effect is not determining one in the
porosity suppression as well as in the film
nanostructure formation. The important
factor in the formation of interstitial atoms
is that those can form clusters of defects.
During the film growth, we observed the
formation of clusters including six and
more interstitial atoms. In the course of
growth, such clusters of defects can form
interstitial dislocation loops. Thus, the ion
interaction may result in formation of
structural defects not typical of thermal
film deposition. In experiments on thermal
ion deposition of films, it has been shown that
while in the case of thermal deposition prefer-
ably voids are formed, in the case of atomic-
ionic deposition, a dislocation structure is de-
veloped [8, 9]. The present study allows us to
believe with good reason that the dislocation
structure observed in the TID experiments is
formed due to development of interstitial loops
arising under ion irradiation.

The film microstructure change results
in changing of internal microstresses. The
plot of hydrostatic microstress distribution
in the thickness of a deposited film is given
in Fig. 4. The hollow markers present the
microstresses in the PVD film. It is seen
that there are compressive microstresses in
the film. These microstresses result from
formation of vacancies. The vacancy forma-
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Fig. 4. Distribution of hydrostatic micros-
tresses o, in thickness of the deposited nio-
bium film. Hollow markers, microstresses in
the preliminary thermally deposited film,
solid markers, after additional atomic-ionic

deposition of 8 monolayers.

tion mechanism was studied in [33]. The
solid markers in the same plot designate
internal microstresses in the niobium film
after additional TID of 8 layers. It is seen
that the character of microstresses in the
film bulk is changed appreciably. The com-
pressive microstresses are converted into
tensile ones. At the same time, at the
boundary of the growing film they remained
compressive. The presence of compressive
microstresses at the growing film front is
due to the non-compact filling of several
first atomic layers in the course of thermal
deposition and atomic-ionic deposition as
well. A conclusion can be made that the
change of internal microstresses in the
films under irradiation is due to formation
of interstitials and their clusters which de-
velop and transform into dislocations,
thereby changing the film microstructure.
Thus, the effect of low-temperature irra-
diation with self-atoms on the microstruc-
ture of niobium films has been studied. It is
shown that the ion action influences the
growing film relief. The effect of ion densi-
fication has been studied. It has been estab-
lished that at the ion energy 200 eV and the
ionization degree 0.1, the density of films
formed is equal to that of the solid mate-
rial. These data are well correlated with the
experimental data obtained by TID of nio-
bium films. It is demonstrated that the ion
densification is provided mainly by blocking
the "microcrack”™ formation at the growing
film surface. The influence of ion action on the
character of microstresses in the film depos-
ited has been studied. Changing of the stress
sign in the film bulk from compressive to tensile
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ones is related with the formation of inter-

stitial atom clusters.

as

These clusters can act
nuclei of interstitial dislocation loops ob-

served in the experiments studying the ion
irradiation effect on the film properties. It

is

tween the
microstructure

10.

11.
12.
13.

established that there is a correlation be-
density of formed films, their
and arising microstresses.
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®DizuyHi MexaHi3MM BIJIMBY iOHIB
Ha (opMyBaHHA MIKPOCTPYKTYPH ILIiBOK HiOO0ii0
IIPM HU3bKOTEMIEPATYPHOMY OCaJKeHHI

I.I''Mapuenko, I.M.Hexnodoé

VY pobGori mMeromomM MOJEKYJIAPHOI AMHAMIKH JOCHiIMKEHWH BIIJINB HU3LKOEHEPreTUYHOI'O
ONPOMiHEHHS BJIACHHMM iOHAMM Ha MiKPOCTPYKTYPY Ta S3aJUIIKOBI HAIpPyru, 10 BUHUKAIOTh
y miaiBkax HioGiio mpy aroMHO-ioHHOMY ocamxenHi. lomnuit morik cranmoBus 10% Bin sarasun-
HOI'0 IIOTOKY aTOMiB, IO OCALKYIOTh, eHepris iouis - 200 eB. Ilicia TepmiuHOro ocajsKeHHS

niaisgu npu temueparypi 300 K mo ToBIjmMHH,

npu AKifl gocsraeTrbcs cralioHapHa

HIiJIBHICTh, MIPOBOAUIOCS ATOMHO-IOHHE OCAKeHHS ILTiBKM. [OHHMH BILIUB IIPUBOAUB IO ITiIBU-
IIeHHs IiIbHOCTL 3pocrarouoi ruiiBku. IloxasaHo, 110 e BinmOyBaeTbCs B OCHOBHOMY 3aBAAKH
3IJIQPKYBaHHIO IIOBEPXHI ILIIBKM IIif yac ioHHOro 6oMOapayBaHHS, 1[0 HPUBOAUTHL IO 3MEHIIIEeH-
HA Kinpkocti "Mikporpimme" Imif SKMME PO3TAIIOBYIOTHCS IIOPH. PesyJbTaTé mOCIiLKEeHb
cBiguaTh mpo Te, 10 iOHHUMI BHJAMB SMiHIOE XapakTep BHyTpimrHix mikponampyr. Ile mos’ssane
3 YTBOPEHHSM KJACTEePiB MiKBy3JieBUX aTOMiB. POBKPHUTO KOpPEJaAIilo MiK MNIiJBHICTIO yTBOpE-
HUX ILTiBOK, IXHBOIO MIKPOCTPYKTYPOIO I BUHHMKAIOUMMN MiKPOHAIIPYTaMU.
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