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Composition of Co films/Si substrate systems prepared by means 
of self-ion assisted deposition and accompanying silicon damage

Abstract.The composition, radiation damage and morphology o f silicon modified by means o f s e lf-  ion assisted Co deposition was investigated.

Streszczenie. Zbadano sktad i uszkodzenia radiacyjne krzemu zmodyfikowanego podczas naniesienia powlok Co metodq dynamicznego mieszania I 
jonowego. (Skiad i uszkodzenia radiacyjne krzemu w strukturach warstwa Co -  podtoze krzemowe wytwarzanych w warunkach 
dynamicznego mieszania jonowego).
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Introduction
Coatings of materials are widely used for scientific and 

technical challenge that is crucial for functional, protective 
or decorative layers. Among the various vacuum methods 
employed, improved adhesion of a thin film generally results 
if additional energy is provided during the growth process 
as, for example, in ion-beam assisted deposition 
techniques [1, 2]. These methods usually have the 
disadvantage that the resulting coating can contain several 
percent of the noble gas species used for ion assistance 
which may agglomerate at the film/substrate interface to 
form even higher local gas concentrations [2-4]. Clearly the 
use of ion species which are the same as the coating 
material would alleviate this problem and such methods are 
being developed [5-7]. In all of these studies a very simple 
source of film species ions is used. Inevitably this a source 
will also produce contaminant species. For example, metal 
(Cr, Zr, Mo) layers deposited on substrate by means of seif- 
ion assisted deposition (SIAD) at 5 — 20 keV consist of 
metal, carbon, oxygen, hydrogen derived from the residual 
vacuum and vacuum oil [8-10]. These films are of scientific 
interest and practical significance. They have controlled 
adhesion between the substrate and the film and offer a 
substantial reduction in friction force against a rotating steel 
shaft and a sliding steel pin under non-lubricated conditions 
when, for example, rubber is a substrate [9]. Deposition of 
metal-based films changes wettability of the modified rubber 
surface [11]. As well as the composition of coating, the 
hydrogen in the coating, at the coating -  substrate interface 
is of major technological and fundamental interest. Almost 
no experimental data are available on the hydrogen affinity 
in deposited coating/substrate structures. The present work 
describes preliminary results from applying the SIAD 
system for production of cobalt films on silicon. Additionally 
the accompanying damage of silicon structure during ion 
assisted deposition of thin Co films is discussed.

Experimental section
The system employed for the coating deposition has 

been described in detail elsewhere [9] and consists, 
essentially, of a vacuum chamber pumped by a diffusion 
pump to which a resonance vacuum arc source (RVAS) 
with cobalt electrodes to produce a mixture of Co atoms and 
Co' ions attached is. Substrate (silicon wafers) was floated 
to a negative potential with respect to the source of 7 kV to 
accelerate the ion species. The SIAD system was pumped 
by a conventional diffusion pump and attained during film 
deposition a base pressure of 10' Pa.

The relative ratios of ions (I) to neutrals (A) could be 
changed by varying the parameters of the RVAS and I/A 
was between 0.1 and 0.3. Measured film deposition rates 
were between 0.2 and 1.2 nm/min. Note that the film growth

rates were so low in this experiment because of the role of | 
self sputtering which is a significant factor of the ion energy 
used. To investigate atom mixing processes at an interface 
region of a coating/substrate it is useful to know a position 
of initial surface of substrate (PISS). For this purpose we 
implanted Xe+ ions in the part o f substrates. The energy of 
ions was 10 or 40 keV, doses —  in range M 0 14-  2.7-1015 
Xelcm2.

The composition of the coating/substrate structures and 
the damage of substrate irradiated with Xe* ions, or Co* 
ions, or Xe+ and Co* together were investigated using 
Rutherford Backscattering/Channeling Spectroscopy. The 
energy of the He+ ions was 2.0 MeV and the energy 
resolution of analyzing system was 25 keV. The 
experimental RBS data for concentration against depth 
were compared with data from the RUMP code simulation 
[12]. The damage profiles were constructed using the 
known technique [13].

The H  concentration measurements were carried out by 
using the sharp resonance (R) of Л=1.86 keV occurring at 
Er=6.385 MeV of the lH (I3N, a /),2C nuclear reaction [14]. 
The procedure employed for the H  profiling has been 
described elsewhere [15].

Roughness parameters of virgin silicon substrate and 
substrate with Co coatings were measured using atomic 
force microscope NT-206 and corresponding software.

Results and discussion
Damage depth distribution in substrate as well as 

composition information of the coatings deposited on Si with 
inserted Xe marker at a mean rate of 1.1 nm/min during 2 
hours under self-ion bombardment by C o+ ions at 7 keV 
were evaluated using RBS/Channeling spectra. RBS 
analysis of film composition (shown in Fig.1) indicates that 
the deposited thin layer has a multi-component structure.

It is estimated that the Co deposition using the SIAD 
process is accompanied by appearance of carbon, oxygen, 
silicon in the coating. RUMP simulation of the coating 
composition indicates that there must also be a significant 
quantity of hydrogen in the film. This cannot be detected by 
RBS. But unless significant quantities of H  are present in 
the films the as-measured RBS data cannot be fitted by a 
RUMP simulation for all other measured component peak 
intensities. A complete concentration -  depth profile for a 
sample having Co, carbon, oxygen, silicon and hydrogen 
has been obtained from the original spectra using a 
standard computer program [12] and predicts that the Co
based film thickness is 140 -  150 nm. Fig.2 indicates that 
the Co concentration decreases from the top surface of the 
coating to a value about 60% lower near the PISS.
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Fig. 1. Energy spectra o f backscattered He ions with E„=2.0 MeV 
from virgin (100) Si and Co/Si structure obtained using SIAD and Xe 
ion implantation, E „  = 10 keV, D = 1><1014 cm'2
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coatings, stimulated by the self -  ion irradiation. The Si 
content falls slightly toward the surface. A driving force for 
the significant out diffusion of Si atoms into the coating is, 
probably, the same as for penetration of Co atoms into 
silicon, namely the high energy density deposited in the 
collision cascade. In such circumstances a shock wave 
created in the thin film/substrate system during relaxation of 
thermal spikes can promote inter- and out-diffusion of 
coating/substrate species [18].

It is observed that implantation of Xe+ ions influences 
significantly on the depth distribution of the coating 
components in substrate, Fig. 2 a , b . It means that 
additionally to the high energy density deposited in the 
collision cascade radiation defects generated in substrate 
by Xe+ ions increase diffusion processes in the thin 
film/substrate construction.

Nuclear reaction analysis was used to obtain direct 
measurements of the distribution and concentration of 
hydrogen in the same samples which were used for RBS. 
The experimental results confirm the RBS -  RUMP data 
about the huge amount of hydrogen in the Co-based 
coatings prepared by means of SIAD [19]. This result is in 
agreement with Vistrom et al [20], where it was shown that 
evaporated films of a variety of metals may contain 
concentrations of H  many orders of magnitude greater than 
the bulk solubility. The high concentration o f ;H  in Co-based 
films may serve as evidence that the films contain large 
concentrations of 1H  traps. The traps may be associated 
with grain boundaries, they may also be voids. It is known 
[21] that the difference in the behavior between thin films 
and bulk materials may be connected with the elastic 
coherence of the two structures at the interface in a layered 
system. A lattice expansion usually accompanies hydrogen 
uptake.

In Fig. 3, the damage profiles observed after Co coating 
deposition on virgin wafer (100) Si and previously implanted 
are demonstrated.
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Fig. 2. Relative content o f species in SIAD Co thin film on silicon: a 
-  only SIAD process; b -  SIAD process after Xe ion implantation 
(PISS -  position of initial surface of substrate)

The cobalt “tail” in silicon as seen in Fig.2 a  indicates 
that Co atoms penetrate deep into silicon during SIAD 
process, probably, because of the influence of high energy 
density deposited into collision cascades [5,16]. The 
hydrogen level in coating follows an exactly similar trend, 
which suggests that there is at least some combination of 
hydrogen with Co to form a hydride. The carbon and oxygen 
levels show an increase near the coating/S; interface. The 
high О, С and H  content arises, we suppose, because of the 
vacuum conditions used, and it allows deposition of 
oxyhydrocarbons onto the growing film and accumulation of 
them during irradiation by the accelerated Co* ions. We 
may consider the films created by SIAD as films whose 
composition may be compared with that of solid lubricant 
films [17].

It is also clear from the RBS data that there is a 
significant out diffusion of Si from substrate into the

Depth, mil
Fig. 3. Experimental damage profiles in (100) Si: 1 -  implanted with 
Xe ions, Exe = 40 keV, D=9x1014 cnrf2; 2 -  with SIAD Co thin film, Eq, 
= 7 keV;, 3 -  after SIAD Co thin film on previously Xe ion implanted 
substrate

The defects in silicon near thin film and Si substrate 
interface are generated by irradiation of (100) Si wafer with 
C o' ions at the initial stage of the coating deposition. When 
Co coating is deposited on previously implanted with Xe ions 
part of Si wafer we observed decreasing of the defect 
concentration in maximum of Xe  generated damage profile 
and broadening of the profile in general, Fig. 3. That means 
the defects —  interstitial Si atoms, diffuse in depth of the 
substrate and to the PISS and further in coating. In this 
case even some annealing takes place. For example, in 
Fig. 4 curves 2 are under curves 1 for both 10 and 40 keV 
energies of Xe  ions.
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One of the most noticeable results of coating deposition 
on solid surface is modification of its roughness. Therefore 
we investigated changes of Si surface roughness after 
deposition of Co coatings. Selected example of surface 
topography of Co/substrate structure is shown in Fig. 5.

Fig. 4. Layer defect concentration in (100) Si in dependence on Xe 
ion doses: 1 -  only Xe ion implantation, 2 -  Xe ion implantation and 
SIAD of Co thin films

о
Fig. 5. Three-dimensional AFM surface morphology o f silicon with 
SIAD Co coating

Results of AFM measurements of virgin and modified Si 
nanoroughness parameter are presented in Table 1.

Table 1. Changes of vertical roughness parameters of Si after SIAD 
of Co thin film

Parameter, Virgin Si Si with Co coating
Rave, nm 0,169 0,744

(Surface area)/(Projected area) 1,0027 1,0073

Generally, the changes of the roughness parameters 
are within nanometer range in our case. That is why it can 
be concluded that SIAD process of Co thin films on silicon is 
appropriated for microelectronics.

Conclusion
We have shown that Co coatings produced by means of 

SIAD have a multi-component structure. Thin films 
deposited on silicon consist of Co, C, O, Si and H. The high 
content of С, О and H  arises, we suppose, because of the 
poor vacuum used, and it allows capture of 
oxyhydrocarbons onto the growing film and accumulation of 
them under irradiation with the accelerated Co+ ions. Silicon 
appears in the coatings due to an out-diffusion process from 
the bulk. Deep penetration of Co atoms into silicon and 
appearance of Si atoms in coatings are attributed to 
radiation-enhanced diffusion processes during self-ion 
assisted deposition of thin cobalt-based films upon silicon. 
Implantation of Xe* ions in substrate before deposition of Co 
coatings promotes radiation-enhanced diffusion of 
components in Co/Si structures.

RBS -  RUMP and NRA techniques provide comparable 
and adequate information about concentration and depth

distribution of hydrogen affinity at the coatings from the top I  
surface to the coating/silicon interface.

The changes of all roughness parameters examined by I
AFM and relating to vertical features of virgin and modified t
by Co coating deposition Si surfaces testify high quality of I
Co coating I Si substrate structure that shows that Self-Ion I
Assisted Deposition process of Co coatings on silicon may I 
be applied in microelectronics.

REFERENCES
[1] C o llig o n  J .S ., Energetic condensation: Proceses, properties I 

and products, J. Vac. Sci. Techn., A13 (1995), 1649-1657
[2] P e d e rs o n  L .R ., S in g h  P ., Z ho u  X .-D ., Application ot 1 

vacuum deposition methods to solid oxide fuel cells, Vacuum, 80 I  
(2006), 1066-1083

[3] C a r te r  G ., C o llig o n  J ., .T a s h ly k o v  I .S A  simple theory I  
and experimental investigation of ion assisted deposition of cobalt I  
on silicon, J. Adv. Mater. 5 (1999), 1-6

[4] E n s in g e r  W ., The influence of ion flux density on the properties ] 
of molybdenum films deposited from the vapor phase under 1 
simultaneous argon ion irradiation, Thin Solid Films, 275 (1996), 
54-57

[5] T a s h ly k o v  I S . ,  B e ly i I . М ., B o b ro v ic h  O .G ., et at., 
On the efficiency of deposited energy for ion beam mixing 
processes with ion implanted during and after thin metal film 
deposition, Nucl. Instr. Meth., B80/81 (1993), 98-101

[6] G u se v  I.V .,  M oc h n y u k  A .A ., C h a p ly u k  V .I.,  et at, 
Some particular features of the condensation process, structure 
and properties of thin metal films caused by self-ion bombardment 
Appi Surf. Sci., 91 (1995), 182-186

[7] G o toh  Y ., A m io ka  Т ., T s u ji H. e t a I ., Metal ion beam 
self-sputtering eposition system, Rev. Sci. Instrum., 67 (1996), 
1996-1999

[8] B o b ro v ic h  O .G ., T a s h ly k o v  I.S . Structure and composition 
of Zr thin films deposited on silicon using ion assistance, Pfiys, 
Chem. Treat, o f Mater., 5 (2002), 40-43

[9] T a s h ly k o v  I.S , K a s p e ro v ic h  A .V ., W o lf G.K., 
Elastomer surface modification by means of SIAD of metal-based 
layers, Surf. Coat. Technol. 158-159 (2002), 498-502

[10] T a s h ly k o v  I .S ., Z u k o w s k i P .V ., B a ra is h u k  S .М., et 
a I ., Analysis of the composition of Ti-based thin films deposited 
on silicon by means of self-ion assisted deposition, Rad. Effects & 
Defects in Solids, 162, (2007), 637-641

[11] T a s h ly k o v  I., V e re s  O ., Z u k o w s k i P ., K osak Ch. 
Influence of ion assisted deposition Ti and Zr coatings on rubber 
wettability, Przeglad Elektrotechniczny, 84 (2008), 108-110

[12] D o o lit t le  L., A semiautomatic algorithm for Rutherford 
backscattering analysis, Nucl. Instr. Meth., B15 (1986), 
227-238

[13] B6gh E., Defect studies in crystals by means of channeling, 
Canad. J. o f Phys., 46 (1968), 653-659

[14] W e is e r  M ., K a lb itz e r  S ., Z in k e -A llm a n g  M. et al.,1 
Low temperature implantation and analysis techniques for 
hydrogen in metals, Mater. Sci. and Engin., 69 (1985), 
411-418

[15] Jan  S ., K a lb itz e r  S ., O b e rs c h a c h ts ie k  P. e t a I., 16N 
Doppler spectroscopy of1H on diamond, Nucl. Instr. Meth., B85 
(1994), 321-325

[16] T a s h ly k o v  I .S ., B o b ro v ic h  O .G ., Radiation damage of Si 
wafers modified by means of thin layer ion assisted deposition, 
Vacuum, 78 (2005), 337-340

[17] P a u le a u  Y, e d ito r ,  Materials and Processes for Surface and 
Interface Engineering: Kluwer Academic Publishers, (1995), 475 p.

[18] M a rty n e n k o  Y u .V ., C a r te r  G ., Stress evolution in ion 
assisted thin metal film deposition, Rad. Effects & Defects in Solids 
132(1994), 103-118

[19] B o b ro v ic h  O .G ., T a s h ly k o v  I .S ., T u lje v  V .V . e t a I., 
Nuclear physic techniques study of metal-based (Ti, Co) coatings 
deposited on silicon in conjunction with ion assisting, Phys. Chem. 
Treat, o f Mater., No.1 (2006), 54-58

[20] V is tro m  R .E ., B rg e s e n  P ., S ass S .L ., Deuterium 
trapping in evaporated metal films, Acta. Metall. Mater., 41 (1993), 
3549-3555

[21] W a id in g e r  A, N a g e n g a s t D, R ehm  Ch, e t a I ., Thin 
Solid Films 1996,275:48

Authors:
Prof. Igor Tashlykov, Belarusian State Pedagogical University, 
Sovetskaja str. 18, 220050 Minsk, E-mail: tashl(d)bsDu. unibel.bv:

124 PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R. 86 NR 7/2010

РЕ
ПО
ЗИ
ТО
РИ
Й БГ

ПУ




