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In the model of the nonlocal thermoelastic peak of low-energy ion, the formation of intrinsic stress in the coating
deposited from inclined ion beam at the pulsed bias potential with different values of pulse frequency f and duration
t, is analyzed. The stress in the TiN coating deposited from Ti ion flux in the mode of the pulsed bias potential at
various angles of incidence a and different values of time parameter z = f t, is calculated. It is established that in the
region 0.01 <7 < 0.2 the stress ¢ varies nonmonotonically with increasing «, decreasing up to angles of incidence

a ~ 70° with subsequent growth. The calculated curve o (z) coincides with the experimental data at U = 1.5 kV

and a = 0.
PACS: 61.80.Az, 81.65.-b

INTRODUCTION

Various methods of plasma-ion deposition, which
are used for coatings, are characterized by appearance
of significant intrinsic stresses in coatings. Intrinsic
stress in the coating is one of the key characteristics,
which, in turn, determines a number of other important
physical properties and technological parameters of the
coating — density, hardness, adhesion of coating to the
substrate [1]. In particular, high stresses can lead to the
destruction of deposited coatings. The use of the pulsed
bias potential permits reducing value of arising intrinsic
stress. It is known that, in case of normal incidence, the
intrinsic stress depends considerably on the parameters
of the pulsed potential (duration t,, repetition frequency
f, amplitude U). However, the deposition of coatings on
objects of complex geometric shape requires
investigation of influence of the pulse potential
parameters and the angle of incidence on the intrinsic
stress. The effect of surface orientation was revealed
experimentally [2] and was confirmed by simulation
with the molecular dynamics method [3].

Earlier, we developed the theory of intrinsic stresses
formation in coatings at plasma-ion deposition, based on
the model of the nonlocal thermoelastic peak (NTP) of
the low-energy ion (see, for example, [4-6]). The theory
describes intrinsic stresses arising in the coatings at the
normal incidence of the ion beam as a function of
deposition temperature, species, energy, and charge of
the deposited ions in DC and pulsed potential modes.
Comparison of the results of stress calculations with
experimental data has shown their qualitative agreement
for a number of practically important cases, in
particular, for diamond-like and nitride coatings [5, 6].

The influence of the pulsed potential amplitude on
the value of the intrinsic stress in TiN coatings at
obligue incidence of the ion beam was investigated in
[7]. However, the influence of the time parameter
7 = ft, on the intrinsic stress value was not investigated.
The parameter ¢ characterizes the average flux of
energy of the ion beam.

The purpose of this paper is the investigation
intrinsic stresses in TiN coatings deposited from the
inclined beam of Ti" ions, depending on the time
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parameter z of pulse potential and comparison of the
calculation results with the experimental data.

INTRINSIC STRESS IN COATING
DEPOSITED FROM INCLINED ION BEAM

The use of the NTP model for inclined ion beam
(angle of incidence o # 0) will require the modification
of the formulas, taking into account changes in the
geometric parameters and energy content of the NTP
ions, ion flux density falling on the surface and causing
the change in its mean temperature, the number of point
defects, formed by the primary ion and determining the
deformation of the deposited coating. To take into
account the change in the geometric parameters and the
energy content of the NTP, it is necessary to carry out
the complex of computer experiments using the
SRIM2000 program package [8] simulating cascades of
excited atoms. The analysis of the geometric and energy
characteristics of the resulting model cascades will
allow us to modify the previously developed NTP
model for the oblique incidence of the ion on the
irradiated surface.

Simulation results using the SRIM 2000 software
package have shown that under normal incidence of the
low-energy ion, its NTP can be approximated by the
spherical segment adjacent to the target surface. The
radius of the NTP is determined by the relation:

R(t, E):I(E)/2+RT(t), 1)
where I(E) is the average projective range of an ion
with energy E; R (t) is the radius of the “smearing

sphere” of the point thermal source for time t. The NTP
center lies at the middle of the average projected range
of the ion. The analysis of the geometric characteristics
of the cascades of excited atoms generated by the ion at
various energies and incidence angles a has shown that
the radius of the NTP weakly depends on «. But the
position of the NTP with respect to the boundary varies
and is determined by the rotation of the NTP by angle o
around the ion's entry point in the plane determined by
the normal to the target surface and by the ion velocity
vector (Fig. 1).
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Fig. 1. Scheme of NTP transformation with the change
of the angle of ion incidence

At the arbitrary incidence angle, the NTP volume is
determined by the expression:
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As follows from (2), the volume of the peak decreases
monotonically with « increase from 0 to 90°. At
normal incidence a = 0° expression (2) coincides with
the expression for V given in [6].

The energy content of the peak is determined by the
phonon loss of the ion, which now depends on the
angle, and has the form:

Eph(E,a)=77(E,a)E. (3)
Functions |(E) and 7(E,«) are defined using the

SRIM2000 software package. The calculated functions
V(t,E,a) and E,(E,a) allow us to calculate the

average temperature of the NTP with oblique incidence
of the ion beam

T(LE T, a)=

1 fo

E,.(E,@) N
pCV (LE,a)

where p, C, and T, are the density, specific heat and
deposition temperature of the coating, respectively. We
note that at temperatures above room temperature, the
dependence of the heat capacity C on temperature can
be neglected, taking it equal to its high-temperature
limit.

The values obtained were used to calculate the
relaxation rate of intrinsic stresses in the coating,
determined by the number of thermally activated
transitions w (E, u, To, @) in the NTP of the ion:

(4)

w(E,u,T,,a)= novjv (tE,a)e “" =09 dt,  (5)
0

where kg is the Boltzmann constant; n, is the target
atom concentration; v is the vibrational frequency of
the atom; rt_is the lifetime of the NTP, and u is the

activation energy of the defect migration process [5, 6].

When determining the deposition temperature T, in
the steady-state regime, it is necessary to take into
account the change in the flux density of ions j falling
on the surface. As the first approximation for oblique
incidence, it can be assumed that the ion flux density on
the substrate is varied in proportion to the cosine of the
incidence angle a. Then the value of Ty, which depends
on the potential on the substrate U, and the incidence
angle a, is given by:

T(U.0) =Ty sl FEQU)+ (-1 XU | )
where T, is the temperature of the non-irradiated

substrate; j, = jcosa; 4 is the fitting parameter chosen

from the equality condition of the deposition tem-
perature to the experimentally observed value;

QU) = iy, (U +U, + Em) ; zi and Eg; is the fraction of

ions with charge i (in proton charge units) and the initial
ion energy per unit of charge, respectively; U; is the
floating potential; U, is the potential applied to the
substrate between pulses. Summation is carried out over
n charge states of ions (as a rule, n <5).

Intrinsic stresses are formed as a result of the defect
formation at ion implantation and stress relaxation
during the migration of defects into NTP ions [1, 4-6].
When deriving the formula for stresses, a linear
dependence was assumed between the volume
deformation of the target and the density of long-lived
defects formed as a result of the scattering of the
primary ion by target atoms. The resulting rate at which
defects are introduced into the film is determined by the
difference between the rate of appearance of defects due
to ion implantation and the rate of their loss due to
thermally activated migration. Calculations of the rate
of defect formation lead to the following formula for
calculating of intrinsic stresses in coatings deposited
from the inclined beam of differently charged ions:
G(U,r,a)z A E, rG(U,a)+(l T)G(Ul,a) @

1I-MM1+ WU, ) +(1-7)W(U,, )
where Ey and IT are the Young's modulus and the
Poisson's ratio of the coating material,

GU, @) =2 x¢ (i(U+U, +E,).a)

and
W(U,a):ZXiW(i(U +U, +E, ) ).

Parameter A, as well as the value of the activation
energy of defect migration u, are determined from the
comparison of the theoretical dependence with the
experimental data for the normal incidence of the ions

a=0° The function ¢*(E,«) is determined by the

density of interstitial defects ¢ (E,«) generated by the

primary ion, minus those that are removed during the
ion sputtering of the coating material. Let the total
number of defects created by both the primary ion and

all secondary ions be given by the function ¢, (E,«),
and the total number of sputtered atoms is function
Ve (E ). Both these functions, as well as the func-

tion ¢(E,a), can be obtained using the SRIM2000
software package. Then the part of the stable defects

that is not removed from the material as a result of
sputtering can be determined by the expression:

¢ (Ba)=¢(E.a) (1~ (E.@)/S 0 (E @) (8)
Formula (7) defines the intrinsic stress that arises in
the coating during deposition of the one-component
beam of charged ions at both the constant (7= 1) and
the pulsed ( r < 1) potentials on the substrate.



RESULTS AND DISCUSSION

Calculation of intrinsic stresses in the TiN coating
was carried out at the following values of the para-
meters: u=0.58¢eV, Us =20V, U; =0, Tgo =300 K. In
accordance with the experimental conditions, the pulse
frequency f and duration t, were selected from intervals
2.5..12 kHz and 5...20 ps, respectively. The NTP
parameters of Ti ions in the TiN coating material,

necessary for calculating the functions ¢(E) and

W(E) were determined using the software package

SRIM2000. The calculations also  assumed
uj=0.223 K/V, which corresponded to the average
deposition temperature T, (0.12)=400 K in the pulsed
potential mode and the normal incidence of the
deposited beam on the coating surface. The values of
the parameters y; and Eg; for Ti ions were taken from
the monograph [9].

In Fig.2 the shape of the function
7(E, @) =¥\ (E, @)/ S (E, ) is shown for the case
of Ti ions bombarding the TiN target for different
values of the incidence angle of ions a. The functions
&y Com» Wi Were calculated using SRIM2000.
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Fig. 2. Function y(E,«) for different values of the

incidence angle « of Ti ion, a = 0, 45, 60, 70, 80°
(curves 1-5, respectively)

As can be seen from Fig. 2, the relative decrease in
the number of long-lived defects due to their sputtering
in the case of the normal incidence of the ion is
relatively small and varies slowly from 0.4 to 0.2 in the
ion energy range from 0.2 to 2.5 keV. For qualitative

analysis, it is possible to replace the function »(E,0)

with constant y~0.3. In the accepted approximation,
account of the sputtering at normal incidence changes

the shape of the stress curve o(E) only slightly,

leading only to the renormalization of the fitting
parameter A in expression (7). Thus, the obtained
previously results of calculations of intrinsic stresses in
the TiN coating at normal incidence of the Ti ion beam
[5, 6], in which sputtering is not taken into account,
qualitatively correctly describe the stresses arising at
a =0 and need only in an insignificant correction. We
note that for the fixed ion energy, the number of
sputtered atoms increases with « for a<70° and
decreases for o > 70° (see Fig. 2).

Fig. 3 displays the dependences o(z) in TiN

coatings bombarding by Ti ions for U=1.5 kV at
different angles of incidence of a, calculated using
formula (7).
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Fig. 3. Intrinsic stresses o(7) in TiN coating deposited

from Ti ion beam in the pulsed potential mode for
U = 1.5kV at incidence angles « =0, 45, 60, 70, 80°,
curves 1-5, respectively. The symbols o are
experimental points at « =0°[10]

It can be seen from Fig.3 that at a=0° the
calculated curve coincides qualitatively with the
experimental data [10]. In the region 0.01 <7 < 0.2, as
the angle of incidence « is increased, the stress ¢ varies
nonmonotonically, decreasing up to angles of incidence
a ~70° with subsequent growth. This behavior is
associated with different influence of processes of
defect formation, sputtering and the deposition
temperature at different angle of incidence of ions.
When approaching the regime of constant potential
(7 ~1), calculations show that the stresses increase
monotonically with increasing angle of incidence,
remaining small enough.

CONCLUSIONS

1. In the framework of the model of the nonlocal
thermoelastic peak, intrinsic stresses in the coating
deposited from the inclined ion beam are analyzed at
different values of angle of incidence o and time
parameter t of the pulse bias potential.

2. The calculation of intrinsic stresses in the TiN
coating deposited from the inclined beam Ti* at dif-
ferent values of angle of incidence o and time parameter
© of the pulse bias potential is carried out.

3. It is shown that in the mode of pulsed bias
potential at « =0, U=15kV; and 0<7<0.25, the

calculated curve a(r) coincides qualitatively with the

experimental data.

4. 1t is established that in the region 0.01 <7 <0.2
the stress ¢ varies nonmonotonically with increasing o,
decreasing up to angles of incidence « ~70° with
subsequent growth. This behavior is due to different
contributions in o of deposition temperature and
processes of defect formation and sputtering at different
angles of incidence.
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BJIMAHUE BPEMEHHBIX TAPAMETPOB UMITYJIbCHOI'O IOTEHIIUMAJIA CMELHIEHUA
HA BHYTPEHHUE HAINIPSI’KEHU S B ITIOKPBITUM TiN,
OCAKIAEMOM U3 HAKJIOHHOTI'O ITYYKA HOHOB

A.HA. Kanunuuenxo, C.C. Ilepenénkun, E.H. Peuwwemnsx, B.E. Cmpenvnuyxui

B Mozenm HeNOKaNIbHOTO TEPMOYNPYroro MHKa HHU3KOIHEPreTHYECKOro HMOHA  MPOaHAIM3UPOBAHO
(dopMUpoBaHUE BHYTPCHHHUX HANpSOKEHWH B TOKPHITHH, OCAXJAEMOM H3 HAKIOHHOTO Iy4Ka HOHOB IIpH
HMITyJIbCHOM MOTEHIHAJIE CMEIIEHHs C Pa3IMYHBIMH 3HAYEHWSAMH 4acToThl | M mmuTenpHOCTH t, MMITyIBCOB.
[poBenen pacuer HanpspkeHWH o B TiIN-TIOKPBITHH, OCaKIAeMOM M3 MOTOKa MOHOB Ti B peXUME MMITYJIbCHOTO
IOTEHIHAIa [PU Pa3IMYHBIX YIJIaX HaJeHHs HOHOB O M Pa3iMYHBIX 3HAYSHMSIX BPEeMEHHOro mapamerpa 7 =f t,.
Ycranosneno, uto B obmactn 0,01 <7 <0,2 npu yBenuueHHMH o HANPSDKEHWE O W3MEHSETCSs HEMOHOTOHHO,

YMEHBIIASCH BIUIOTH 0 yIIoB magenus « ~70° ¢ nociemyromum poctom, npudem nmpu U = 1,5kB u o = 0 xoxn
pacueTHOI KpUBOM O'(T) COBIIJAET C IKCICPUMECHTATbHBIMA JaHHBIMHU.

BIIJINB YACOBUX NTAPAMETPIB IMITYJIBCHOI'O TIOTEHUIAJIY 3MILIEHHSA
HA BHYTPIIIHIO HATIPYT'Y B TIOKPUTTI TiN,
IO OCAJIKYETHCA 3 ITOXUJIOIO ITYUYKA IOHIB

O.1. Kaniniuenxo, C.C. Ilepenvonxkin, O.M. Pewuemnsx, B.€. Cmpenvnuybxuii

Y Mozeni HEJIOKaJbHOTO TEPMOIPYXKHOTO MKy HH3bKOCHEPreTHYHOTrO i0HA IIPOaHalli30BaHO (OPMYyBaHHS
BHYTPIIIHIX HaNpyXXeHb B MOKPHTTI, IO OCAIKYETHCS 3 MOXHMJIOrO IydKa IOHIB IIPU IMIYJIBCHOMY HOTEHIliasi
3MillleHHs 3 Pi3HUMH 3HauYeHHSIMHU dacToTH f i TpuBanocri t, iMmysnscis. IIpoBeseHO po3paxyHOK HanpyxeHb B TiN-
MOKPHTTI, 0 OCifa€e 3 MOTOKY 10HIB Ti B pekuMi IMITyIbCHOTO TOTEHIIANY TPH Pi3HUX KyTax MaaiHHS iOHIB o i
pi3HMX 3HaYeHHAX YacoBoro mapamerpa 7 = f t,. Ycranomneno, mo B obmacti 0,01 <7 < 0,2 npu 36inbImeHH] o

Hanpyra o 3MIHIOETbCA HEMOHOTOHHO, 3MEHIIYKOYHCh aX JO KyTiB HafiHHa «~70° 3 HACTYNmHUM pOCTOM,
nprgomy npu U = 1,5 kB i a = 0 xix po3paxyHKOBOi KpHBO1 o-(z') 30iraeThCs 3 eKCIIEPUMEHTATHPHIMH JTaHIMH.



