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Teopemuuecku paccmompeno cogmecmmuoe eauanue IPghekmoes zopayeil MuieHu u um-
RYIbCHOZ0 XapaKmepa pa3paoa Ha cocmosanue nogepxrnocmu muwienu. Cucmema ypagnenuii onu-
cvleaem cOCHOAHUE MUUIEHU NOCPEOCHE0M 3HAYEHUIL 001U OMPABAeHHOU naouwaou 01 u 6., 20e
unoekc 1 coomeemcmeyem MOHOAMOMHOMY HOGEPXHOCHIHOMY C1010, 4 UHOEKC 2 - ¢1010 noo no-
8epxHocmuio (NpuUno8epxXHocmMHoMy ciow). Paccmompensl npoyeccol xemocopoyuu na nogepxmno-
CImu MunwieHu u nO0I0NCKU, PACRBLIEHUA AMOMOE XUMUYECKU AKMUEHO20 2a3a U3 MUWIEHU, UM-
HAGHMAYUU UOHO8 XUMUYECKU AKMUBHO20 2A3d 8 NPUNOGEPXHOCHHBLIL C10U, UCRAPEHUs Mane-
puana u nepenoca mexycoy cioamu. OmoenvHoe ypagHeHue C6A3bLI6ACHT AMOMHbIE NOMOKU XUMU-
YeCcKU aKmueHo20 2a3a HA NOGEPXHOCMAX MUMWEHN U ROONONHCKU C 00BEMHBIMU XAPAKMEPUCHIU-
Kamu, makumu KaK cKopocmo HameKaHus 2a3a u ckopocmsv omkauku. Cucmema ypagHenuil pe-
uiena YucienHo, U npeocmasienvl mecnogole pe3yivmamasl. Betuucnenwvt 3agucumocmu om epe-
MEHU 001U XUMUYECKO20 COCOUHECHUSA HA NOGEPXHOCIMU U 8 NPUNOBEPXHOCHIHBIX C/IOAX MUUIEHU,
a makyce HA NOGEPXHOCMU NOOJI0NHCKU, 6 RPOUECCe UMNYIbCHOZ0 MAZHEMPOHHO20 PACHbLIEHUA
GbICOKOU MOWHOCHU C Heoxaaxcoaemou muuiensvio. Illoemopaowuiica xapakmep CUMP 6vin
YyumeH 3a0aHuem moKda é euoe NPAMOy20abHbIX UMNYIbCO8 OaumenvHocmuio 50-500 mkc ¢ ua-
cmomoi 0,1-1 kl'y. Moodenv npedckaszvieaem cuibHoe 6auaAnUE HAYATLHBIX YCA0GUI OMPAGIEHUSA
MUUIEHU HA X00 NPoUecca pacnovllenusa Ha epemennom macuimaoe 20 mc. Ilokazano, umo cme-
HeHU ompaenenus nOePXHOCHEN MUWIEHU U ROOI0HCKU XAPAKMEPUZYIOMCA KOJIeDAHUAMU C nO-
GbIUIEHHOU AMNAUMYOOU RPU YEEAUUCHUN NAY3bL MEHCOY UMNYAbCAMU, 0adice eciu KOIppuyu-
eHMm 3aNOHEHUSA OCIAEMCca ROCIOAHHBIM.
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We theoretically consider the joint influence of hot-target effects and the pulsed nature of
the discharge on the state of the target surface. The system of equations describes the state of the
target in terms of poisoned area fractions ¢, and @, where index 1 corresponds to the monoatomic
surface layer, and index 2 - to the layer beneath the surface (subsurface layer). The processes of
chemisorption on target and substrate surfaces, sputtering of reactive gas atoms from target, im-
plantation of reactive gas ions to the sub-surface layer, material evaporation, and transfer between
the layers are considered. A separate equation connects the atomic fluxes of reactive gas associated
with target and substrate surfaces with the volumetric characteristics, such as gas injection rate
and pumping speed. The system of equations is solved numerically, and test results are presented.
Temporal evolutions of the compound fraction of target surface and subsurface layers as well as
the substrate surface in a high-power impulse magnetron sputtering process with uncooled target
have been studied numerically. The repetitive fashion of HiPIMS process has been taken into ac-
count by introducing current waveform in the shape of rectangular pulses with 50-500 us duration
and 0.1-1 kHz frequency. The model predicts strong influence of initial target poisoning conditions
on the behavior of sputtering process on the timescale of 20 ms. The compound fractions on target
and substrate surfaces demonstrate larger magnitude of oscillations when increasing the pulse-off
period, even if the duty factor remains constant.

Key words: magnetron discharge, HiPIMS, sputtering, evaporation, target poisoning, COMSOL Multiphysics

INTRODUCTION neutral flux, characteristics of the ionized flux can be

precisely controlled to tailor the anticipated film struc-

Magnetron sputtering is one of the most widely
used methods of thin solid films preparation for both
industrial and research purposes [1-3]. In comparison
to other major PVD methods (arc and electron beam
evaporation), magnetron sputter deposition is gener-
ally characterized by higher density of produced coat-
ings and better adhesion. This is mostly due to higher
energy of sputtered particles (~ 10 eV) than the evapo-
rated ones (~ 0.1 eV). Further improvement of coating
properties can be obtained by utilizing high-power im-
pulse magnetron sputtering with short (< 100 ps, HiP-
IMS [4]) or long (up to 20 ms, L-HiPIMS [5]) pulse
duration instead of conventional direct current (DC) or
mid-frequency (MF) modes. In this case, high peak
power is applied to the target in a pulsed fashion, and
plasma density is greatly enhanced, resulting in large
fraction of ionized particle flux to the substrate. Unlike
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ture and functional properties [6].

On the other hand, deposition rates in magne-
trons are much lower than in evaporation devices,
while in HiPIMS modes they are even lower than in
DC/MF. A promising attempt to combine the presence
of the group of fast sputtered species, high plasma ion-
ization degree, and high deposition rates of evaporators
is to implement impulse magnetron sputtering with un-
cooled (hot) target [7, 8]. This method is based on mag-
netron target heating (for some materials, above melt-
ing point) by ion flux from plasma thus producing large
evaporative flux in addition to the flux of sputtered at-
oms. In presence of high-power pulses, evaporated and
sputtered target material becomes effectively ionized.

Deposition of single-material films in hot-tar-
get magnetrons has been studied in a number of recent
papers, including Sn, Cu, Cr, Si, Ni, Fe, Ge, Ti [9-26].
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It has been demonstrated that the deposition rates in
hot-target magnetrons can be several-to-tens times
higher than in conventional ones depending on the ma-
terial. However, even greater interest lies in utilizing
this method for preparation of compound films, espe-
cially oxides and nitrides. The processes of obtaining
oxide and nitride coatings in magnetron sputtering sys-
tems are associated with known effects of complex
nonlinear and often unstable behavior of the deposition
rate and film stoichiometry depending on the reactive
gas flow. Theoretical description of reactive magne-
tron sputtering process was given in a number of sem-
inal papers [27-29], and reliable calculations can be
made using these models. However, only few studies
exist on uncooled target behavior in reactive sputtering
conditions [30-34], and none of the existing models
takes into account both time-dependent nature of
pulsed discharge parameters and the target surface poi-
soning and heating effects. We therefore aim at devel-
oping such an extended model that could eventually be
applied to predict the properties of hot-target reactive
HiPIMS discharge modes. Here, we numerically study
the chemical state of the target in case of applying a
train of high-current discharge pulses.

MODELING APPROACH

To build the model, we use similar main as-
sumptions and general approach that we describe in the
study of reactive MPPMS process [35]. In its turn, they
are largely based on the original steady-state Berg
model [28]. The concept is to write the equations for
surface area fractions covered with compound (so-
called poisoned fractions) 0; of target and sub-
strate/wall surfaces that change in time due to various
processes. Here i = 1 stands for monoatomic target sur-
face layer, i = 2 for the layer beneath the surface (sub-
surface layer), and i = 3 for the substrate/wall surface.
The system is then closed by the balance equation for
reactive gas species flow in vacuum chamber. Here, we
consider the change of poisoned area fractions due to
processes of chemisorption on target and substrate sur-
faces (index “chem”), sputtering of reactive gas atoms
from target (index “sput”), implantation of reactive gas
ions into the sub-surface layer (index “impl”), target
material evaporation (index “evap-m”), evaporation of
compound species from target (index “evap-c”),
knock-in events with reactive gas atoms (index “k”)
and their backward transport between the target layers
(index “tr”).

Transport paths of reactive gas species due to
the considered processes are illustrated in Fig. 1 with
respect to the structure of target surface layers and sub-
strate/wall surface.
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Fig. 1. Transport paths of reactive gas species to and from the tar-

get and substrate/wall surfaces
Puc. 1. HyTI/I NEPEHOCA YaCTUIl pEAKITMOHHOTO ra3a MEXK1y I10-
BEPXHOCTAMHU MULIICHU U HOHO)KKI/I/CTCHOK

In the described terms, the system of equations
IS written as

él — é;:hem _ éiput _ ei( _ é(levap-c + é;vap—m + eir ’ (1)
6, =00 +0K 07, )
Pun= (A + 057 67 A +617A) = 05 (3)

ell

where pam — atmospheric pressure, & = VmpPam/Na —
flow unit conversion factor (Vm — molar volume of gas,
Na — Avogadro constant), A; — target surface area, As —
substrate surface area, Acen = Kx(M/pNa)?? is the effec-
tive area occupied by a single metal atom of target sur-
face (K — fit parameter that depends on the surface
state, M — molar mass, p — density), p — reactive gas
pressure S — pumping speed.

Eq. (1) describes compound formation on the
target surface. Eg. (2) describes the conditions in sub-
surface layer. The balance of reactive gas atoms in the
chamber is determined by Eq. (3).

The terms in the right parts of Egs. (1-3) are
written in the following forms:

® efhem = k[Tl]V[Tt ]ﬁ (1_91 )A\:ell -
describes compound formation (chemisorption) on the
target surface;

° éghem = k[Ts ]V[Ts ]ﬂ (1_93)'6\:ell -
describes compound formation (chemisorption) on the
substrate surface;

A\SpuU J — i i
. Oi”t=g7C91Aceu describes reactive

gas species sputtering from the target surface;
. 0k zllykgl — describes knock-in of
Ze

reactive gas atoms from surface to subsurface layer;
lOAc_Bc/Tl

° éevap-c ———  (1-0.Y1-90 _
1 m( l)( Z)A:ell

describes evaporation of compound species from target;
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ﬁnmkaTt (1 OIPZACQH
describes evaporation of target material species;

° 0y :%éez(Ymm(l_el)+Ymel)A:ell
describes transfer of reactive gas atoms between layers.

In the equations above T — target temperature,
Ts — substrate temperature, k[T{] is the rate coefficient
of chemical reaction on the target surface, v[T{] is the
target surface fraction covered by physically adsorbed
reactive gas, K[Ts] is the reaction rate, v[Ts] is the sub-
strate surface fraction covered by physically adsorbed
reactive gas, j — ion current density, p — reactive gas
pressure, yc — partial sputter yield of gas atoms from
compound, ymec — partial sputter yield of metal atoms
from compound, ymm — Sputter yield of metal atoms
from metal surface, yx — knock-in yield, e — elementary
charge, ks — Boltzmann constant, m. — mass of com-
pound molecule, my — mass of target material atom, A,
Bc, Am, Bm — constants. Z is the stoichiometry factor of
compound, i. e. number of reactive atoms per target
material atom in the compound.

We simulate the temporal evolution of the poi-
soned fractions of target surface and subsurface layers
as well as the substrate surface. Numerical studies
made for single impulses show that the solutions are
extremely sensitive to the initial conditions imposed on
01 and 6.. Therefore, in order to adequately describe the
deposition process, one has to take into account the re-
petitive fashion of voltage and current pulses applied
to the target. In our case, the simulations were made for
frequencies 1-10 kHz, and pulse width values 10-100 ps.
The duty cycle is therefore 10%.

RESULTS AND DISCUSSION

° 9 fvap-m —

Several combinations of initial conditions have
been considered. One can suggest two extreme case of
target surface state. The first is clean metallic surface
with 6, = 0, = 0. The second is completely poisoned
surface, with compound fractions 0; = 0, = 1. Together
with 0; and 02, we calculate separate contributions of
fluxes of reactive species that correspond to sputtering,
knocking-in, implantation, gas supply, and vacuum
pumping.

For simplicity, the discharge current was rep-
resented as a sequence of rectangular pulses. The rep-
etition frequency f was 1 kHz, and the pulse-on time t
was 50, 200, and 500 ps. Reactive gas flow rate was
fixed at 30 sccm, which is reasonable for our experi-
mental equipment. Argon pressure was constant and
equal to 0.5 Pa.

Obtained temporal dependences of 01, 02, 0s,
and reactive gas pressure for the first 10 discharge
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pulses together with discharge current waveform used
for simulation (f = 1 kHz, T =200 ps) for initial condi-
tions 0:© = 0, = 0 are shown in Fig. 2.

1.0 - 20
0.8
- n n N M NN n 51 15
£ ool M 2
» N 7 =
& e (e
- =
o' 0.4 /\/ a
< / I 3
] etk s
P I 7 | N I N A | S 17 ]2 ]
T 2 p - __ S R I
0.0 —— 0

0.000 0.005

Time (s)

Fig. 2. Time dependences of 61 (1), 02 (2), 83 (3), and reactive gas
pressure (4) for the first 10 discharge pulses together with dis-
charge current waveform used for simulation (f = 1 kHz, =200 ps).
Initial conditions 01® = 0, =0
Puc. 2. Bpemennsie 3aBucumoctu 61 (1), 62(2), 03 (3) u naBnenns
peakIoHHOTO Tra3a (4) st nepBbix 10 pa3psiIHBIX UMITYJIECOB, a
TAKXKE OCHMWIIOrpaMMa TOKa, UCII0JIb30BaHHAA IIPU MOAEIIUPOBA-
mmu (f= 1 x['m, T = 200 Mxc). Hagansrsie yemosus 019 = 0,0 =0

0.010

Within the pulse, due to sputtering and evapo-
ration processes, the surface layer becomes depleted of
reactive gas species, and 0, decreases accordingly. On
the contrary, subsurface layer is supplied with reactant
due to ion implantation and knocking-in of atoms from
the surface compound layer, and 6, increases in the
pulse-on phase. In the pulse-off period characterized
by zero discharge current, 6, grows because of contin-
uous chemisorption, while 6, is constant.

Typical results of calculations for compara-
tively large-scale discharge pulse train (200 pulses) are
shown in Fig. 3.

We observe that despite substantial difference
in behavior of 61 and 0, curves in the beginning of puls-
ing for different initial conditions, their steady state
value are the same. Eventually, reactive gas pressure
reaches level of 0.5 Pa, which is expected for non-re-
active gas having the same flow rate. The time of sta-
bilization has an order of 50 ms. However, the differ-
ence in dynamics is prominent during some first 20 ms,
and this timescale is important for long-pulse HiPIMS
and MPPMS maodes.

The results of 6, and 6, dynamics obtained for
initially poisoned target surface 0:©@ = 0, = 1 and
different temporal parameters of the discharge pulse
are shown in Fig. 4. The discharge current is con-
stant | = 15 A.
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Time (s)
Fig. 3. Time dependences of poisoned fractions 01 (1), 02 (2),
03 (3), and reactive gas pressure (4) for different initial conditions:
(@) 010 =00 =0; () 1@ =00 =1
Puc. 3. Bpemennsie 3aBucumoctu 01 (1), 02 (2), 03 (3) u naBnenus
PEaKIMOHHOTO Ta3a (4) Il pa3HBIX HAdaJIbHBIX YCIIOBHUI:

(@ 0:9 = 6,0 = 0; (b) 0.0 = ;O = 1

1
0.05

The data for f = 1 kHz and different t values
demonstrate great influence of pulse-on time on chem-
ical state of both surface and subsurface layers. Longer
discharge pulses at fixed repetition frequency result in
larger integral sputtering of reactive species that means
lower steady-state values of 01 and 0,. Comparison
of cases with f =1 kHz, t = 50 ps and f = 0.1 kHz,
T =500 us, which have the same duty factor t=f = 5%,
demonstrates that longer pulse-off period (10 ms), or
simply, pause between the pulses, triggers oscillations
of compound fraction with considerably high magni-
tude. Presumably, this effect should stimulate arcing
on the target and discharge instability, which, however,
need experimental verification.
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Fig. 4. Temporal evolution of poisoned fractions 61 (a), 62 (b), and
03 (c) for different combinations of pulse-on time and repetition
frequency: 1 — f=0.1 kHz, t=500 ps; 2 — f=1kHz, T =50 ps;

3-f=1kHz,1=200 pus; 4 — f=1kHz, 1= 500 pus)

Puc. 4. i3meHenune Bo BpeMeHH J1o1eit oTpasiienus 01 (a), 02 (b) u 03
(c) st pa3HBIX KOMOMHALMN 3HAYEHHH JTUTEILHOCTH UMITYIIbCa
gactoTsl opTopeHust: 1 — £=0.1 k[, T =500 Mxc; 2—f=1xl,
1=50 mkc; 3 — =1 I, T=200 mkc; 4 — f=1 kI'1, =500 mMKc)

CONCLUSIONS

Reactive HiPIMS process in the pulsed mode
can be described by solving a system of developed
model equations for periodic discharge current condi-
tions. For a given set of parameters relevant to the ex-
periments, the model predicts strong influence of ini-
tial poisoning conditions on the behavior of sputtering
process on the timescale of 20 ms. The compound frac-
tion on substrate surface can be controlled by changing
the pulse-on time, which is in qualitative agreement
with experiment. Increasing pulse-off time at fixed
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duty factor results in large oscillations of target surface
compound fraction and can compromise the process
stability. Nevertheless, these findings require accurate
comparison with relevant experiments.

However, a number of phenomena important
for hot-target magnetrons have not been included in the
model yet. Specifically, combination of melted and
solid material in the target and temporal properties of
reactant release from subsurface layer should be taken
into account.
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