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SURFACE LAYERS BY WEAR TESTS OF PARTICULATE 

METAL MATRIX COMPOSITES 

 
Pavel A. Bykov, Tatiyana A. Chernysheva, Lubov I. Kobeleva 

 
A.A. Baykov Institute of Metallurgy and Materials Science of Russian Academy of Sciences, 

Leninsky pr. 49, Moscow, 119991, Russia 
 

ABSTRACT 
The dry sliding wear behaviour of varying weight fraction of SiC particles rein-

forced AK12M2MgN aluminum alloy metal matrix composites (MMCs) fabricated by a 
vortex  method  was  investigated  using  a  pin-on-disk  tester  CETR UMT.  The  effect  of  
SiC particle content on the friction coefficient and wear resistance has been evaluated. 
The formation on friction surface of mechanical mixed layers consisting of debris and 
fragmented SiC particles was indentified using a optical and a scanning electron micro-
scopes. 

 
Key words: composite materials, coefficient of friction, wear resistance, friction 

surfaces, mechanically mixed layers. 
 

INTRODUCTION 
Metal matrix composite materials (MMCs) which consolidate the plastic 

metal and refractory high-strength high-modulus fillers are increasingly used 
instead of the traditional anti-friction materials [1, 2]. Such substitution can 
increase the carrying capacity  of bearings and extend the temperature ranges of 
operation. Studies of the structure and properties of the new MMCs is the actu-
al problem. The aim of the work was to study the effect of the weight fraction 
of SiC particles in the aluminum alloy matrix on formation of the surface layers 
at friction and tribological properties of the MMCs. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
MMCs was prepared by mechanical mixing (vortex method) of discrete 

refractory fillers into the matrix melt. The composition of the samples is pre-
sented in Table. 1. Foundry aluminum alloy AK12M2MgN was used as the 
matrix, green silicon carbide particles (SiC) were ceramic fillers with an aver-
age size of 14 microns. The particles were injected into the melt AK12M2MgN 
heated to 750 °C, and stirred for 1 min.  

Wear tests was conducted on the multifunctional setting CETR UMT 
Multi-Specimen Test System for mechanical loading on scheme "pin (con-
trbody of hardened steel, 63HRC) on the disk (MMCs)" with the recording 
charts of loads and friction coefficient.  
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Table 1– The composition of the samples 
Number of samples Composition of the samples 

1 AK12M2MgN 
2 AK12M2MgN + 3,8 %SiC 
3 AK12M2MgN + 7,7 %SiC 
4 AK12M2MgN + 15 %SiC 

 
The tests were conducted at five consecutivestages of loading 0.21, 0.33, 

0.46, 0.59 and 0.7 MPa. Duration of tests at eachload was 10 min. Sliding ve-
locity was equal to 0.37 m / sec. The wear rate was determined by weighing the 
sample before and after a full cycle tribotetst and calculated by the formula I 
m = m / L, where  m - weight loss, L – friction way. Hardness and Young's 
modulus of the surface of the original samples and surfaces after friction were 
performed on the set CETR UMT by the method of Vickers Indentation by load 
50 gr. In this case the mechanical properties of the MMCs can be determined 
directly from data on the load and displacement during indentation without the 
need to visualize the imprint. The data needed to calculate the hardness and 
Young's modulus are the maximum load, maximum indenter displacement of 
the indenter and the elastic stiffness during unloading, defined as the slope of 
the curve at the initial stage of discharge. The friction surface was analyzed by 
optical microscopy, SEM and EDS. 

RESULTS AND DISCUSSION 
Figure 1 shows typical changes in the load and the coefficient of friction 

during the tests. The areas of material adaptability of the friction pair can be 
identified on the curve of the coefficient of friction. Also areas with varying 
stability coefficient of friction can be selected/ Thus, the duration of the 
adaptibility of the matrix alloy AK12M2MgN not was exceed 2 minutes. The 
coefficient of friction f in the first stage of loading (0.21 MPa) was minimal and 
amounted to 0.41. Probably, oxide film Al2O3, which protects the matrix from 
removing, remains under such a load on the friction surface of matrix sample. 
When the load increases from 0.21 to 0.33 MPa the increase of coefficient of 
friction to f = 0.5, and then its stabilization, or output to normal regimen, with 
f = 0.46 were observed. Such behavior of the curve of the friction coefficient 
depending on the  load  was  attributed  to  the  formation  of  the  secondary  struc-
tures on the friction surface [3]. Occasional bursts of values of the friction coef-
ficient  may be related to the phenomenon of seizure-slip when materials of 
tribopair in actual contact spots at the moment form the adhesive joins, which 
are  then  broken  in  shear.  Duration  of  adaptability  of  MMC  
AK12M2MgN + 3,8 % SiC was 5 min. Then the friction process proceeded 
steadily with constant coefficient of friction f = 0.39 and some deterioration of 
stability with increasing loads. Adaptability MMC AK12M2MgN + 7,7 % SiC 
lasted 18minutes.  
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  a 

  b 

  c 

  d 
Fig. 1 – The profile of the load and friction coefficient of the matrix alloy 
AK12M2MgN (a), and samples of MMC AK12M2MgN + 3,8 % SiC (b), 

AK12M2MgN + 7,7 % SiC (c) AK12M2MgN + 15 % SiC (d). 
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With increasing load the friction process stability deteriorated. In normal  
regimen f = 0.38. Samples of MMC AK12M2MgN + 15 % SiC adapted in 21 
minutes. Further, the friction process proceeded steadily with the constant re-
duction in the coefficient of friction to f = 0.35. An increase in the duration of 
the adaptability of the samples with high content of  SiC may be attributed to 
the increasing number of high abrasive particles in tribocontact. 

The cross-section of sample AK12M2MgN + 7,7 % SiC in the area of the 
friction track is shown in Figure 2. It can be seen the forming a surface layer, 
differed by the dispersion and composition fromthe base material, crushing the 
reinforcing phase near the surface friction, the plastic shift in the underlying 
layers. View by SEM of the surface friction reveals the areas morphologically 
different from the overall picture of the friction surface where there are ridges 
and grooves in the sliding direction (Fig. 3). According to [4], these areas are 
transition layers, which are a mechanical mixture of the matrix material, rider, 
their oxides and fragments of reinforcing particles. These transition layers pro-
tect the surfaces of the samples of the MMC of direct contact metal / metal, 
extending triboload range up to the seizure. The area on the friction surface 
occupied by the transition layers increases with increasing content of SiC parti-
cles in the MMC. According to the results energy dispersive spectroscopy, the 
amount of Fe in the surface layer of samples with big content of SiC particles is 
maximal after tribotest. 

Analysis of the data (Fig. 4) shows that with increasing content of SiC 
particles in MMC a decrease of wear rate is. The particles of SiC in the MMCs 
play the role of supports, which accept most of the load and protect the matrix 
from  wear.  For  a  given  cycle  of  triboloads  value   of  wear  intensity  Im of  the  
sample AK12M2MgN + 15 % SiC reduced by half compared with the matrix. 
In the case of larger loads by tribotest the increase of wear resistance MMCs 
will be more visible [5]. 

 

  
Fig. 2– The cross-sectional sample 

KM AK12M2MgN + 7,7 % SiC 
Fig. 3– Transition layers on the friction surface 
of the sample KM AK12M2MgN +7,7%  SiC 
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The values of 
Young's  modulus, as in 
the initial state well as 
on the wear track in-
creases with increasing 
of the content of SiC 
particles in MMCs 
(Fig. 5). Noticeably 
gronth of modulus has 
taken place on friction. 
The greatest hardening 
was detected in the sam-
ple MMC 

AK12M2MgN + 15 % 
SiC(0.7 GPa). The ex-
ceptions are the results 
of measurements of 
Young's modulus of the 
matrix alloy. The ob-
served softening of the 
friction surface alloy 
AK12M2MgN after the 
complete test cycle may 

be due to the strong frictional heating and the approach to seizure at the last 
stage of testing. 

CONCLUSIONS 
Conducted wear tests showed that the introduction in the matrix alloy 

AK12M2MgN the particles SiC increases the duration adaptability, increasing 
the stability of the process of friction, reduced coefficient of friction. The in-
crease of content of SiC particles reduces the wear rate of the MMC. The parti-
cles  of  SiC in  the  MMCs play  the  role  of  supports,  which  accept  most  of  the  
load and protect the matrix from wear. The increase of Young's modul indicates 
a hardening of the surface of the MMCs during sliding. 

REFERENCES 
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[3] . . , , , , , 1970. 
[4] S. Das, D.P. Mondal, S. Sawla, S. Dixit, Metall. Mater. Trans., 2002, Vol. 33A, 

P. 3031-3044. 
[5] . . , . . , . .   ..   -

 , 2007, . 3, C. 38-48. 
  

 
Fig. 4.– The wear rate of the samples 

 
Fig. 5– Young's modulus of the samples measured 
before and after tribotests on the track of friction 
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LABILE COLLAGEN MATRIX: TRANSFORMATION OF 
HIERARCHICAL STRUCTURE AT NANO- AND MICRO-

LEVELS INFLUENCED BY CHEMICAL TREATMENT 

Yuliya S. Dzyazko1*, Elena R. Mokrousova2, Yurii M. Volfkovich3, Valen-
tin E. Sosenkin3, Nadejda F. Nikolskaya3 

 
1 V.I. Vernadskii Institute of General & Inorganic Chemistry of the NAS of Ukraine, Palladin Pr. 

32/34, 03142, Kiev, Ukraine 
2 Kiev National University of Technology and Design, Nemirovich-Danchenko 2, 01011, Kiev, 

Ukraine 
3 A.N. Frumkin Institute of Physical Chemistry & Electrochemistry, Leninskii Pr. 31, 119991, 

GSP-1, Moscow, Russian Federation 
 

ABSTRACT 
Porous structure both of natural skin and collagen matrix obtained by chemical 

treatment of the skin with alkaline and acidic solutions, tannage  with a Cr3+-containing 
solution, vegetable retannage and modification with bentonite was researched using 
scanning and transmission electron microscopy as well as standard contact porometry. 
Each  stripe  of  porogrammes  has  been  related  to  elements  of  multilevel  structure.  The  
pores were recognized using octane as a working liquid, the results obtained by this 
manner were used to determine loosening-compaction and ordering-disordering at each 
level of the structure, which includes nanosized macromolecules, microfibrils, fibrils 
and primary fibres of micron size. The measurements performed in aqueous media 
allowed us to determine hydrophilic pores and estimate their functions, secondary fibres 
have been also found by this manner. As for initial skin, porometric measurements 
diagnosed also non-collagen hydrophobic and hydrophilic inclusions, which form their 
own structure between microfibrils, fibrils, primary and secondary fibres of the matrix. 
The structure due to these inclusions is similar to that for collagen macromolecules. 
Microfibrils and fibrils have been found to form both ordered and disordered structures. 
Contribution of porosity of each organization level into the total porosity has been 
estimated, changes of collagen structure caused by chemical treatment and modification 
of inorganic ion-exchanger have been analyzed. Recommendation dealt to obtaining of 
materials for sorption and membrane separation have been given. 

 
Key words: collagen, porosity, macromolecules, fibrils, fibres, standard contact 

porometry, bentonite.  

INTRODUCTION 
Collagen is a group of naturally occurring proteins found, in nature, 

exclusively in animals, especially in the flesh and connective tissues of 
mammals [1]. It is the main component of connective tissue, and is the most 
                                                
* e-mail: dzyazko@ionc.kiev.ua, tel: (+38)044-4240462; mokrousovaolena@mail.ru, tel. 
(+38)0504639597, yuvolf40@mail.ru, tel. (+)74959554019 

http://en.wikipedia.org/wiki/Collagen#cite_note-0%23cite_note-0
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abundant protein in mammals, making up about 25% to 35% of the whole-body 
protein content. Collagen, in the form of elongated fibrils, is mostly found in 
fibrous tissues such as tendon, ligament and skin, and is also abundant in 
cornea, cartilage, bone, blood vessels, the gut, and intervertebral disc. 
Membranes based on natural [2] or artificial [3] collagen are also considered as 
prospective materials for sorption [2] and membrane [3] separation processes. 
These membranes are rather attractive from economical point of view.  

Functional properties of the membranes are determined by not only 
chemical composition of the surface, but also their porous structure [4]. 
Porosity of natural collagen depends undoubtedly on treatment conditions. The 
aim of  this  work  was  to  elucidate  a  change of  porous  structure  influenced by 
both chemical treatment and modification with inorganic ion-exchanger. These 
researches are necessary to develop membranes for separation processes. The 
method of standard contact porometry was used to determine both hydrophilic 
and hydrophobic pores within a wide interval of 3 10-10-3 10-4 m [5]. Earlier 
the method of analysis of porometry data using geometrical model has been 
proposed to make correlation between each stripe of the porogramme and 
structure element [6]. This approach is useful because collagen is characterized 
by multilevel structure: its treatment causes a change of functional properties 
influenced by transformation of porous structure.  

EXPERIMENTAL 
The samples taken from cattle skin skirt were preserved in a saturated 

NaCl solution followed by soaking (sample I) [7]. Sample I was treated serially 
with solutions containing: (i) Ca(OH)2 and  Na2S, (ii) (NH4)2SO4, (iii) 
pancreatine, (iv) 2SO4, CH3COOH  and  NaCl  (the  aim  of  the  last  procedure  
was to nap fibres). Non-collagen inclusions of proteins, carbohydrates and 
animal fat were removed and collagen matrix was obtained by this manner 
(sample II). Sample II was tanned with a Cr(OH)SO4 solution (sample III) and 
further retanned with tannides and modified with bentonite (sample IV). 
Tannage provides bridge formation between aminogroups of adjacent 
polypeptide chains, retannage causes bonding of carboxyle groups through 
tannin. Cherkassy bentonite (Ca-form) was activated with a Na4P2O7  solution 
[8], this activation method causes no change of micron size of particles (Fig. 1). 

Porometric measurements were performed at 0.1 MPa using octane or 
water as working liquids. The samples were previously vacuumized at 353 K. 
The scin and collagen matrix as well as bentonite particles were also 
investigated using a JEM-1230 transmission electron microscope and a Jeol-
6700 scanning electron microscope. 
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RESULTS AND DISCUSSION 

First let us consider differential porogrammes (
)(log rd

dV - logr, where V is 

the volume, r is the radius) obtained using octane, which does not provide high 
swelling degree of the samples. The porogramme for sample II demonstrates 
maximum attributed to macromolecules (log r=0.5 (nm)), intensity of the stripe 
is lower comparing with sample I (Fig. 2). As for initial skin, narrow peak for 
pores formed by macromolecules was found indicating their ordered structure. 
Nanosized macromolecules are visible in TEM image (Fig. 3). Macromolecules 
form microfibrils, their maximum is not visible for sample I, but it appears in 
the case of sample II (log r=1.4 1.6 (nm)). A board between peaks for pores 
formed with fibrils and primary fibres (log r 1.8 (nm)) is rather diluted.  

 

 
Fig. 1 – SEM image of bentonite 

particles 

Fig. 2 – Differential pore volume 
distribution for samples I (1) and II (2). 

Octane was used as a working liquid 
 
Higher intensity of macromolecule stripe for the initial sample is probably 

caused by non-collagen inclusions, which form their own porous structure. 
Their porous structure is evidently similar to that for macromolecules. Pores 
between microfibrils, fibrils and primary fibres are filled with the inclusions, 
after removal of which the peak intensity increases for sample II comparing 
with sample I.  

Since no shift of the maxima at log r>2.5 (nm) towards higher r values  is 
observed for sample II comparing with sample I, non-collagen inclusions cork 
pores at all the hierarchical levels, which are higher than microfibrils. After 
removal of these corks (sample II), the peak at log r=2 (nm) related to fibrils 
becomes narrower and more intensive indicating ordering of the structure at 
this level. Moreover the peak due to microfibrils (logr=1-2 (nm)) appears: these 
structure elements become more ordered.  

Non-collagen inclusions are placed also between macromolecucules: 
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intensity of the stripe at log r=0.5 (nm) of differential surface distribution (

r
rd

dS log
log

) increases (Fig. 4).  

 

 

Fig. 3 – TEM image of sample 2 
Fig. 4 – Differential pore surface distribution 
for samples I (1,3) and 2 (2, 4). Octane (1, 2) 
and water (3, 4) were used as working liquids 

 
After swelling of samples I and II in water, higher porosity was found 

comparing  to  that  for  octane  (Fig.  5). This is due to functional groups of 
polypeptide chains, which are able to co-ordinate water. Maxima related to 
secondary fibres (logr 5 (nm)) becomes visible. If octane is used, pores 
between these structure elements are outside a sensitivity limit of the porometry 
method, though secondary fibres are visible in SEM image (Fig. 6). Moreover 
additional maximum at logr 0 (nm) appears in the case of sample II. This 
stripe is also visible in the r

rd
dS log
log

 plot both for samples I and II. Thus it is 

possible to say about zones of ordered and disordered macromolecules. These 
additional peaks are due to hydrophilic inclusions between macromolecules of 
sample I, namely soluble proteins, mucopolysaccharides, albumin etc.. Their 
function is nutritious. Removal of these inclusions causes a decrease of 
swelling due to weakening of surface hydrophilicity.  

Reversal of intensity of the maxima attributed to macromolecules for 
initial and chemically treated skin, which was observed in octane and water 
media, shows hydrophobicity of non-collagen inclusions between microfibrils, 
fibrils and fibres. These inclusions are fats and lipids, their functions are not 
only    nutritious, but also regulatory: they control water inflow towards lowest 
elements of hierarchical structure. The hydrophobic inclusions also cork pores 
resulting in stretching of the fibres. Chemical treatments leads to removal of 
these inclusions and ordering of porous structure. However more intensive 
peaks caused by secondary fibres (sample II show) hydrophilic inclusions like 
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proteoglycans, which are associated with collagen fibres and provide stability 
of structure on this organization level. Perhaph the spaces between microfibrils, 
fibrils and fibres are filled with both hydrophilic and hydrophobic inclusions, 
they act in opposite direction during swelling. 

 

 
Fig. 5 – Differential pore volume distribution for 

sample I (1) and II (2). Water was used as a 
working liquid 

Fig. 6 – SEM image of sample II 

 
When sample I swells in water, splitting of the maximum due to 

microfibrils is visible: a smoothed peak is related to disordered microfibrils (log 
r =0.8 (nm)), the sharp one is attributed to regular microfibrils (log r=1.2 (nm)). 
Pores due to regular (logr 1.6-1.8 (nm)) and irregular (logr 2.1 (nm)) fibrils 
are also observed: these elements are also visible in CEM image (Fig. 7).  

The results of porometric measurements allow us to make conclusions 
regarding to functions of different structure elements of skin. Regular pores 
formed by macromolecules, microfibrils and fibrils are responsible for water 
transport. Irregular pores due to microfibrils and fibrils  control water inflow. 
Hydrophobic inclusions plays the same role, moreover they are against filling 
with water of pores between primary and secondary fibres, which are 
responsible for gas and heat exchange. Irregular pores caused by 
macromolecules as well as hydrophilic inclusions between them provide water 
retention. 

Tannage leads to disordering of porous structure of macromolecules 
(smoothing and decrease of maximum intensity at log r=0.5 (nm)) (Fig.  8). 
Sharper maximum at log r=1.3 (nm) for sample III comparing with that for 
sample II indicates more ordered structure in the level of microfibrils. The same 
regularity  has  been  found  for  fibrils.  At  the  same  time  irregular  fibrils  and  
primary fibres are more disordered comparing with those for sample III. This is 
evidently due to removal of proteoglycans, thus the pores between irregular 
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fibrils, primary and secondary fibres are filled both with hydrophilic and 
hydrophobic inclusions, whichr acted in opposite directions during swelling in 
water and octane media. The disordering effect is also visible for 
macromolecules from porogrammes for samples II and III. This effect is caused 
by cross-linkage of adjacent polypeptide chains and, as a result, thinning of 
these structure elements. The cross-linkage is due to Cr(III) complex formation 
with aminogroups. Retannage (sample IV), which provide formation of 
additional bridges between polypeptide chains caused slight disordering of 
microfibrils comparing with sample III. During this process tannins are bonded 
with carboxyl groups.  

 

 
Fig. 7 – SEM image for ordered and 

disordered fibrils 

Fig. 8 – Differential distribution of pore 
volume for sample III (1) and 4 (2). Octane 

was used as a working liquid 
 

Ordering at the level of regular fibrils (increase of intensity and narrowing 
of corresponding maximum for sample III comparing with sample II) is 
probably caused by removal of hydrofilic corks of protein-carbohydrate 
inclusions. Influence of these inclusions on porous structure of regular fibrils 
and lower elements is probably inconsiderable. However hydrophilic inclusions 
bond irregular fibrils between each other. This is also valid for fibres: the 
stripes attributed to these structure elements become wider, their intensity 
decreases after removal of protein-carbohydrate corks. 

Deposition of bentonite plate-like particles of micron size occurs only in 
macropores formed with primary (Fig.  9) and evidently secondary fibres. 
Inorganic ion-exchanger corrugate these pores. This is confirmed with a slight 
shift of corresponding maxima towards lower r values for sample IV comparing 
with sample III. The particles evidently act as a press squeezing the fibres. As a 
result, porous structure of fibrils becomes more ordered  intensity of the 
maximum at log r=2 (nm) increases. 
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Fig. 9 – SEM image of primary fibres free from inorganic filler (a) and covered with 

bentonite particles (b) 
 
The porogrammes were calculated for each stripe within the  intervals, 

where no overlapping of peaks is observed. Increase of pore volume were 
found from integral porogrammes within pre-determined intervals of radius. 
Then a contribution of each level into total volume of solid phase was 
calculated as 

0

0)1( , where  is  the total porosity, 0  is the porosity due to 

structure element. The contribution of solid into total volume of fibres for each 
organization level is shown in Fig. 10 (the calculations have been done for the 
porogrammes obtained using octane). This parameter reflects loosening or 
compaction of collagen structure.  

It is seen that chemical 
treatment, tannage and retannage 
leads to loosening of structure on 
the levels of macromolecules, 
microfibrils and fibrils. In the case 
of sample II this is caused by 
removal of hydrophilic inclusions, 
which are not associated with 
collagen, and also hydrophobic 
non-collagen constituents. In the 
case of samples III and IV the 
loosening is evidently caused by 
thinning of macromolecules, 
microfibrils and fibrils due to 
cross-linkage of polypeptide 
chains. Regarding to the level of 
primary fibres, sample II shows 
more compacted structure 

 
Fig. 10 – Contribution of solid phase into 

total volume of fibres on each organization 
level for samples I (1), II (2), III (3), IV (4). 

Octane was used as a working liquid. Levels: 
macromolecules (I), microfibrils (II), fibrils 

(III), primary fibres (IV) 
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probably due to removal of non-collagen corks. Moreover compaction of 
primary fibres can be caused by ordering of fibrils, which join bundles of 
regular fibrils. 

Removal of hydrophilic protein-carbohydrate inclusions associated with 
collagen during tannage also leads to compaction of primary fibres. However 
irregular fibrils become more disordered, as a result, a shift of corresponding 
maximum towards primary fibres (log r 3 (nm)) is observed. Thus irregular 
fibrils can be identified only in water media. 

CONCLUSIONS 
Porometric measurements in a wide diapason of pore radii followed 

porogramme calculation allows us to estimate a change in collagen structure 
caused by chemical treatment and modification of inorganic ion-exchanger. 
The matrix based on natural collagen is attractive to create sorption organic-
inorganic materials: synthesis conditions must exclude formation of large 
aggregates in pores formed with secondary fibres since large particles cannot 
provide high sorption rate. In this case modifying agent has to corrugate pores. 
Fragmentation of this material under special conditions allows one to obtain 
nanoparticles [9], which could be deposited not only on the primary fibres, but 
also on the surface of structure elements of lower organization level. At the 
same time exclusion of large pores is necessary for membrane separation. This 
can be reached by means of corking of pores with aggregates of inorganic 
nanoparticles [6]. In this case a use of sol-gel method is recommended for 
matrix modification.  
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ABSTRACT 
We report on nanostructured films of Al doped tin oxide  grown by facile spray 

pyrolysis route, and their physical properties are investigated. The sprayed films are 
grown onto ITO substrate at 300°C from (SnCl4, 5H2O)as precursor. The content of Al 
is kept at 3 % in the solution. Structural, optical, electrical and surface properties are 
investigated. X-rays pattern reveals polycrystalline structure and SnO2 phase occurence. 
The visible transmitance exceeds 85%, the band gap is 3.7 eV.Nanotips  are observed by 
3D atomic force microscope (AFM) picture. The films exhibits very low resistivity 
found to be 9.85 10-5 .cm, a high electron concentration around 1021cm-3,  and  low  
mobility 20 cm2/Vs. 

 
Key words: Al doped tin oxide, sprayed films, ITO substrate, Nanostructured 

films, Transmittance, Hall measurement.  
 

INTRODUCTION 
Tin oxide is among a transparent conductive oxide (TCO) which are the 

most studied. Tin oxide is wide band gap n type semiconductor (~ 3.6 -3.8 eV) 
[1], which is employed in many applications like sensors, light emitting diodes 
and solar cells [2].Many researchers have been achieved on tin oxide (SnO2) 
thin lms because of their high electrical conductivity, high transparency in the 
visible solar range, and high re ectivity in the infrared region[3]. Spray pyroly-
sis (SPD) is one of the common used depositionroutes to prepare SnO2 due to 
its capacity to deposit large uniform area, low fabrication cost, simplicity and 
low deposition temperature[4-5].  

In  this  work,  we  report  on  nanostructures  of  tin  oxide  doped  with  Al  
grown  on  ITO  substrate  via  facile  spray  pyrolysis  route,  and  their  structural,  
optical, surface morphology and electrical properties are investigated. Our 
outlook is to achieve a device from this film which will be used in solar cell 
and photovoltaic application. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
The deposition of the films by homemade system SPD technique was car-

ried out as follows, the set up scheme was described in figure 1.The sprayed 
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aluminum doped films are deposited onto ITO substrate supplied by Aldrich 
methanol. The starting material concentration is 0.2 M and the doping ratio 
Al/Sn is 3 % in the solution.   

Spray rate and 
substrate to nozzle 
distance are 

maintained 
respectively at 20 
ml/minand 25 cm. 
The glass substrate is 
heated at temperature 
of 300 °C which 
controlled by digital 

thermometer 
connected to the 

heater.  X-rays diffraction patterns of the TOfilms are analyzed at room 
temperature using Bruker AXS D8 Discover diffractometer with CuK 1 
radiation (  = 1.5418 Å) between 20° 2  80°.The UV-VIS-NIR transmittance 
spectra of the Al doped SnO2 films are recorded via a Shimadzu UV-3600 PC 
double beam spectrometer. The electrical resistivity of the films is carried out 
by ECOPIA HMS 3000 Hall Effect measurement system at room temperature 
using  S/N  magnet  having  a  magnetic  field  of  0.58  T.  AFM  analysis  of  the  
sample was made by using a Quesant Model 250 system having an (80x80) 
micrometer  head,  in  the  wave mode in  air.  For  the  (3  x  3)  micrometer  square  
images the resolution was (300 x 300) pixels at fixed scan rate of 2 Hz. All 
analyses were performed with the software from the WSXM system. 

RESULTS AND DISCUSSION 
Figure 2 shows X-rays pattern of sprayed aluminum doped tin oxide film.  

The pattern demonstrates a polycrystalline structure and the main reflections 
are (110), (211) and (310) located respectively at  21.3°, 51°, and 60.5°.  

Others peaks are shown 
(101), (200) and (220), which 
identify the SnO2 phase with 
tetragonal structure. Similar 
trends are revealed by 
Thanachayanont et al.[3]. 
ITO peaks, apparent in the X 
rays spectrum, are signed by 
star. The peak base is broad-
ened and using the expres-
sion  1,  the  grain  size  G  ac-

 
Fig. 1 – Schematic diagram of spray pyrolysis deposition 

set-up 

 
Fig. 2 – X-rays pattern of 3% Al doped SnO2  

grown onto ITO substrate 
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cording to the preferential (211) direction is around 8 nm. The selected peak 
(width=1.04° and height=66.72) was fitted by Gaussian profile. It should con-
firm the nanostructures occurrence of the Al SnO2 sample, which is in well 
agreement with the AFM (3D view) observations. The gain size is determined 
using the well known Scherrer formula [6],  

 0.94
cos

G  (1) 

Where  – is half of Bragg angle – is photon wavelength  – is full width 
at medium height. The grain size determined by Gaussian deconvolution is 
found to be according to (211) orientation, 

Transmittance of Al doped SnO2 is depicted in figure 3. The transmittance 
increases rapidly in UV range and reaches 86.8 % in visible spectrum, and few 
oscillations are revealed and then it decreases in IR range. The optical band gap 
is determined by extrapolating of the linear part of the curve ( h )² which inter-
cepts the energy axis, Eg is found to be 3.7 eV as can be easily seen in figure 4. 
A gap of 3.4 eV was obtained by Yakuphanoglu for SnO2 deposited on ITO 
substrate [7].  

The optical band gap is 
calculated from the allowed 
direct transition given by [8], 

1/2( )gh h E  (2) 
Where –is the absorp-

tion coefficient h–is Planck’s 
constant –is the photon 
frequency, and Eg–is the 
band gap energy. 

The figure 5 exhibits 
the AFM surface morphology 
of Al doped SnO2. Moreover, 
the film reveals homogenous 
surface and the grains are 
elongated from the inner 
towards the surface. Their 
shape looks like nanotips 
(signed  by  arrow  in  AFM  
picture) which are assembled 
with few voids. The average 
size is evaluated at 90 nm as 
described in 2D view (left of 
figure 5), and film roughness 
(RMS) is around 4.49 nm. 

 
Fig. 3 – Transmittance against photon wavelength 
of 3% Al doped SnO2 grown onto ITO substrate 

 
Fig. 4 – Dependence of ( h )² on photon energy of 

3% Al doped SnO2 grown onto ITO substrate 
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Grain size is less than 100 nm which confirms the presence of nanostructures. 
In addition, these nanograins are clearly observed in 3D AFM picture, the 
grains are concentrated with no well boundaries. Similar nanostructures SnO2 
morphology is found in literature [9-11]. 

 

  
Fig. 5– AFM 2D view (left) 3D view (right) of 3% Al doped SnO2 grown onto ITO 

substrate (dimension of picture are 3µm x 3µm, height is 46.32 nm) 
 
Using  the  HMS  set  up,  the  film  is  maintained  by  four  gold  probes  as  

shown in picture (figure 6).  
The film exhibits very 

low resistivity found to be 
9.85 10-5 .cm, a high elec-
tron concentration around 3 
1021 cm-3, and low mobility 
20 cm2/Vs. The sample owns 
a magneto-resistance equals 
to 1.16 10-2 , a high electri-
cal conductivity found to be 
104 S/cm and an average 
Hall coefficient around 10-3 
cm3/C. Similar result, high 
career concentration and low 
mobility were found to be 
respectively 1020 cm-3, 7 

cm2/Vs for 2% Sb doped tin oxide[1], for B doped SnO2 [12]. 

CONCLUSIONS 
Nanostructures of aluminum doped tin oxide sprayed onto ITO are inves-

tigated. The 3% Al doped tin oxide sprayed film reveals high visible transmit-
tance (>85%) and optical band gap found to be 3.7 eV. A very low resistivity 

 
Fig. 6 – Hall measurement apparatus of 3% Al 

doped SnO2 grown onto ITO substrate, the film is 
kept by four Au probes as signed by arrow 
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(10-5 cm) and high transmittance in visible spectrum give Al:SnOthe character-
istics of  a best  TCO.High electrical conductivity and high career concentration 
are hopeful parameters which can give the best characteristics of solar and 
photovoltaic devices. 
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ABSTRACT 
For the first time theoretical study of magneto-deformation effect (MDE) in 

double-layer film materials, taking into account previous results obtained for single-
layer films. When creating the elementary theory used well known correlation 
coefficient for longitudinal gauge factor (GF, ) double-layer film system type “biplate”, 
without taking into account the possible processes of mutual diffusion of atoms. 
Quantitative  characteristic  MDE  is  magnetic  coefficient  of  the  GF  –  

BB //1 , which describes change of the film electric resistance under its 

deformation in the external magnetic field. In the finite ratio for MDE considered by the 
appropriate index to three possible orientation of the magnetic field relative to the 
direction of flow of electric current, which  coincides with direction at the longitudinal 
GF. To the right part consists of the following values us 

B
, , (resistivity), 

B

(magnetic coefficient )  and two derivative of the resistivity on deformation and mag-
netic field, which not calculated from first principles, as measured experimentally. 
Analyzed the ratio of limiting cases for 

B
, when d1>>d2 and  d1<<d2. These basic 

and limiting ratio can be used to forecast depends on the size of GF magnetic field. 
 
Keywords: longitudinal deformation, magneto-deformation effect, magnetic coef-

ficient of the resistivity, magnetic coefficient of the gauge factor, magnetic field.  
 

INTRODUCTION 
Efficacy of nanodimention thin film materials as the sensitive elements of 

temperature sensors, pressure, strain, magnetic field and others (see, [1]) allows 
the author [2] to develop the concept design of multifunctional sensors.  

The aim of our work is to use a phenomenological theoretical model of 
magneto-strain effect in double-layer film systems, which may be methodolog-
ical basis of a multifunctional sensor strain and magnetic field. The model is 
phenomenological approach developed in [3], where was proposed within the 
phenomenological approach to the theoretical correlation coefficient of 
longitudinal magnetic GF, which is expressed in terms of resistance to single-
layer metal films. They allow qualitative analysis of the possible dependence of 
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GF on the magnitude of induction of external magnetic field – magneto-
deformation effect (MDE). Quantitative characteristic effect is the so-called 
magnetic coefficient GF, which describes the change in electrical resistance of 
the film during its deformation in the external magnetic field

BB //1 .  

THEORETICAL ANALYS 
The  analysis  conducted  in  [3]  on  the  magneto-strain  effect  in  a  
single layer metal films can be transferred to the case of two-layer 
film systems, and what was the purpose of our work. When using 
the elementary theory we have used correlation between GF two-
layer film, satisfying the condition "biplate" [4]: 

 1 1 2 2 1 1 2 1 2 2 2 2 1 2 1 1
1 2

1 2 1 2 2 1

d d d d d d
d d d d

 (1) 

where id , i  and i  -  the  thickness,  Poisson  's  ratio  and  

resistivity of i-layer (i=1,2). After differentiation ratio (1) to ob-

tain the magnetic field induction ratio for 
k
B  that  is  not  taken 

into account the terms proportional to the size of magnetostriction 
,dB/dlndM i

k
i  where upper index k corresponds to the longitudi-

nal, transverse or perpendicular geometry measuring: 

1 1 2 2

1 2

1 11 2

1 2

1 1 2 2 2 1
1 2

1 2 2 1

1 2 2 1 2 2 1 2 2 11 2 2 2 1 1
2

1 2 2 1 1 2 2 1

1 2 2 1 1 2 2 2 1 1
2

1 2 2 1

B B B

B B B Bk k k

B BB B

B B

d d

d d

d d d dd d
d d d d

d d d d

d d

 (2) 

Value for B  single-layer film was previously obtained by the 

author [1] and it is the following:  
2 21 21 1 1 1 1

1 2B B B

R fk k k

R R R fB B
(3) 

where 
R

- value GF, which is expressed in terms of electrical resistance; 
k
B

 - magnetic coefficient of resistivity (see more details [3], where the theory 
for the magnetic coefficient for one-layer films is presented) and - the longi-
tudinal deformation.  

LIMITING CASES 
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quation  (2) greatly simplifies in two limiting cases: 
at the 12 dd  11 21

k
B

k
B

k
B ; (2') 

at the 12 dd  22 12

k
B

k
B

k
B  (2'') 

Note that the comparison ratio (2) and its limiting cases of the 
experimental results relatively easily if >>1, when equation (3) simplified to 
the form: 

 
B

1 2
k
B

k
B

. (3') 

Especially emphasize that because the value of GF significantly decreases 
with increasing thickness of the one carried a film, then on the settlement of 
relations for the limiting cases of formula (2) must use the relation (3) or (3') 
for a thick or thin film, respectively. Also specify that the ratio (2) - (2''), (3) 
and (3') to qualitatively predict the field dependence of double-layer GF film 
system. In particular, if (2') the value of double-layer GF film will increase with 
increasing external magnetic field under the conditions: 

if k
B1

>0 and k
B2

>0 or k
B1

>0, then k
B2

<0, but k
B1

 > k
B2

; 

 
if k

B1
<0 and  necessarily the condition k

B1
>0 and k

B2
  > k

B1
. 

Similar conditions occur in case (2''). If, 21 dd as 2,1 ~ 1, then the 
analysis should make calculation for the ratio (2) taking into account of the 
ratio (3) the possible options of the sign k

B  and k
B  . Based on the forecast-

ed values to estimate the sensitivity to strain and magnetic field sensitive ele-
ment of a multisensor. 
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ABSTRACT 
Multicomponent chalcogenide-contained films are appeared as an interesting non-

equilibrium thermodynamic system. Structural and electric field-induced characteristics 
of these materials are not investigated. The paper reports for the first time experimental 
data on growth, morphology and electrophysical properties of NaBiTe2 thin films. The 
investigated samples were condensed on glass substrates under deposition rate 0.1-0.5 
nm/s  at  T  =  300  K  and  vacuum  level  P  =  10-3 Pa. Metal-semiconductor (MS) 
Cr/NaBiTe2 structures were prepared for electrical studies. Room-temperature time 
dependence of the current flowing through the investigated structure under applied 
electric field is also discussed.  

 
Keywords: films, chalcogenide, NaBiTe2, surface relief, electric properties. 
 

INTRODUCTION 
The amorphous films of complex ternary chalcogenide compounds are 

characterized by a wide range of physical and chemical properties. Neverthe-
less, different investigations of such materials were rarely carried out without 
using an opportunity to obtain systematic information about the subject of the 
study. Two main factors should be noted: i) only relatively small number of 
chalcogenide materials may be evaporated producing a stoichiometric film. The 
deviations from stoichiometry observed experimentally led to sufficient chang-
es of necessary characteristic of the sample; ii) self-organization processes 
which are typical for complex multicomponent systems cause the various phase 
transitions leading to oxidation, amorphous phase crystallization, time evolu-
tion of stoichiometry, etc [1]. 

As it is known, crossing from elementary Group IV crystal semiconductor 
Ge  and  Si  to  similar  binary  compounds  AIIIBV (A  =  Ga,  In,  B  =  As,  Sb,  Bi)  
brings more complex crystal structure and ionic component of the chemical 
bonds due to appearance of two sorts of ordered atoms. Further complication of 
chemical composition in ternary compounds causes change of atoms in the 
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cation sublattice resulting in new physical properties. Therefore, their structur-
al, optical and electric properties attract special interest of researchers working 
in field of nanotechnology and nanoelectronic applications [2-4]. 

The paper describes for the first time experimental results on growth and 
electric field-induced characteristics of thin films prepared from NaBiTe2 chal-
cogenide semiconductor. This compound crystallizes in NaCl-like cubic lattice 
with parameter a=0,639 nm. 

STRUCTURAL INVESTIGATIONS 
The microstructure and phase composition of the films have been studied 

by transmission electron microscopy (TEM) and diffraction methods. 
Two sets of films were selected for structural studies: the first family of 

as-grown layers (glass substrate, Ts= 300K) and the second group of specimens 
deposited on the glass substrate at the room temperature after annealing in air 
under normal atmospheric conditions. 

As it  is shown in Fig.1, the film microstructure is characterized by pres-
ence of small disperse particles. The amorphous and microcrystalline phases 
are good seen in the electron-diffraction patterns. The electron beam-induced 
anneal leads to the film crystallization and re-evaporation of tellurium. After 
annealing in air under normal atmospheric conditions at T = 373 – 393 K nano-
crystals Bi2Te3 and NaTe3 as well as nanoparticles are observed (see Fig.2). 

 

  
Fig. 1 – TEM image, diffraction and 

microdiffraction patterns of the NaBiTe2 
films with 30 nm thickness deposited on 
the glass substrate at Ts = 300K under 
deposition rate 0.1 nm/s (the original 

sample) 

Fig. 2 – TEM image, diffraction and mi-
crodiffraction patterns of the NaBiTe2 

films with 80 nm thickness deposited to the 
glass substrate at Ts = 300K under deposi-

tion rate 0.5 nm/s after annealing in air 
under normal atmospheric conditions 
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The heat treatment of the films in air is accompanied by the formation of 
BiO3 and TeO2 oxides. 

RESULTS OF ELECTRICAL MEASUREMENTS. 
Studies of the electric field-induced properties were carried out in vacuum 

(in the growth chamber in situ) as well as in open air at normal atmospheric 
conditions and under applied electric field up to 104 V/m. 

The current-voltage characteristic of the film is illustrated by the Fig.3.  
As it is shown, this dependence is of exponential character typical for 

metal-semiconductor structures. Such a characteristic may be qualitatively 
described as follows: 

 j(Fa) ~ j0exp[(eFadtun+ )/kBT] (1) 

where Fa is the applied electric field, dtun is the distinctive tunneling 
length,   is the tunneling parameter defined numerically, and j0 stands for a 
saturation current [5]. 

Fore more detailed study 
of current mechanisms in the 
investigated structure the 
experimental curve was re-
built in semi-log and double 
log scales (Fig.4 a, b). 

Double-log recalculation 
of the experimental current-
voltage dependence shows the 
smooth superposition of at 
least three modes of the carri-
ers transport: 

i) current caused by 
the carriers injected from the 
metallic contact  under the 
applied voltage 50-100 V [6];  

ii) velocity-saturation regime under the applied voltage up to 120 V, 
where 

 I~(2 0vsatVa/L2) (2) 
 
vsat is determined from the experimental data and L is the thickness of the 

film;  
iii) The current governed by so-called “3/2”-law as the applied voltage in-

creases:  
 I~(4 0/9L2)(2e/m*)1/2(Va)3/2 (3) 

 

 
Fig. 3 – Room-temperature current-field charac-
teristic of the investigated sample (Cr-contacts) 
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a b 

Fig. 4 – Semi log current-field characteristic of the investigated  sample (Cr-
contacts) (a) and Double-log current-field characteristic of the investigated 

sample (Cr-contacts) (b) 
 
CONCLUSIONS. 
The structural characteristics and electric field-induced properties of met-

al-semiconductor structure Cr/NaBiTe2 are investigated for the first time. 
Room-temperature current-voltage characteristics revealed a smooth superposi-
tion of drift-diffusion current, velocity saturation mode and ballistic regime at 
the all range of applied voltage (0-140 V).  The phase transition amorphous 
state – crystal state in the films under study does not lead to the significant 
changes of their characteristics.  
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ABSTRACT 
This study investigates some aspects of interaction between 1 and 4 benzoquinone 

(BQ) and fluoro derivatives of 1, 4-BQ on surface of zinc oxide nanopatricles 
theoretically with using density functional method (B3LYP) and 6-31G as basis set. The 
significant quantities include HOMO, LUMO, chemistry potential, hardness and dipole 
moment have been computed and compared. The highest gap energy and the most 
hardness can be referred to the  1, 4- difluoro benzoquinone compared with two another 
derivatives, 2,5- and 2,6- difluoro benzoquinone. This interaction showed that these 
groups stabilize the rest of zinc oxide as blend. 

 
Key words: gap energy, DFT, zinc oxide blend, benzoquinone, dipole moment, 

hardness 
 

INTRODUCTION 
With development of scientific programs and powerful computer pro-

grams many theoretical studies have been possibly done on the material scienc-
es. These studies will communicate between mid-conductive metal oxide and 
other blends. These mid-conductive are important and they use as catalyst on 
photo catalytic systems, destroy environmental pollutions, transistors, and sun-
ny cells [1-3]. For instance, the mid-conductive of zinc oxide (ZnO) is an ionic 
mid-conductive as grain color, energy wide band in 3.37 ev, and free energy in 
60 MV in room’s temperature and has important role on making industry catal-
yses systems [4-5]. Quinones are blends that can be coupled with DNA. Para 
benzoquinone has known and has been shown that it is anti aromatic [6].  Hy-
droquinone and specially its form oxide have poisoning effects on bio mole-
cules [7]. Quantum chemistry obtains a lot of information about electronic 
structure and numeral frame. In this research, in order to do computations, we 
used density functional theory (DFT). High computational time for the large 
molecular systems was main motivation for using DFT. At present, DFT is a 
standard device for solution of quantum chemistry problems, especially in nano 
calculations [8, 9].   
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COMPUTATIONAL METHOD 
Accordance to theoretical concepts, benzoquinone and difluoro derivatives 

are enough small and have tended to theoretical computations. In this research, 
the interaction of  these compounds with the surface of zinc oxide (ZnO)n in 
wurtzite have been investigated  by using Gaussian 03 program at B3LYP/6-
31G** level of theory. The significance quantities, like as HOMO and LUMO 
energies, gap energies, chemical potentials ( ), hardness and dipole moments (P) 
were computed and compared.  

RESULTS AND DISCUSSION 
First 1, 4-BQ and Fluoro derivatives of 1, 4-BQ was studied at B3LYP/6-

31G** level of theory. The results have been collected in Table 1.  
 
Table  1 – HOMO, LUMO, gap energy, potential energy, hardness and dipole 

moment calculated at B3LYP/6-31G** level of theory in gas phase for 1,4-BQ and their 
fluro derivatives  

Molecule 
HOMO 

(Hartree) 
LOMO 

(Hartree) 
Gap energy 
(Hartree) 

µ 
(Hartree) 

 
(Hartree) 

P 
(Debye) 

BQ -0.2759 -0.1413 0.1346 -0.2086 0.0673 0.0007 
2F BQ -0.2899 -0.1519 0.1380 -0.2209 0.0690 1.7316 

23DF BQ -0.3050 -0.1623 0.1428 -0.2336 0.0714 2.8427 
25DF BQ -0.3057 -0.1617 0.1440 -0.2367 0.0720 0.0045 
26DF BQ -0.3007 -0.1626 0.1381 -0.2317 0.06901 1.0844 

235 TF BQ -0.3149 -0.1720 0.1429 -0.2435 0.0714 2.7600 
FLORIN -0.3194 -0.1819 0.1375 -0.2507 0.0688 0.0072 

 
The results showed that 2, 3, 5, 6-tetrafluro-1, 4-BQ has the most variation 

in  HOMO  and  LUMO  compared  with  BQ.  So  the  flurination  of  BQ  leads  to  
increase of the gap energy. Also they cause to increase the hardness and stabi-
lize the BQ. 2, 3-difluro-1, 4-BQ has the highest dipole moment.   The next step 
included the optimization of the (ZnO)4n, n=1-3, clusters by using B3LYP/6-
31G** method which the results have been showed in table 2. By attention to 
the results of table 2, it shows the HOMO and LUMO levels of energy decrease 
by increasing the size of ZnO cluster. The highest gap energy and stability are 
related to (ZnO)12. 

 
Table 2 – HOMO, LUMO, gap energy, potential energy, hardness and di-

pole moment calculated at B3LYP/6-31G** level of theory in gas phase for 
(ZnO)2n, n=1-3, clusters  

(ZnO)4n 
n=1,2,3 

HOMO 
(Hartree) 

LOMO 
(Hartree) 

Gap energy 
(Hartree) 

µ 
(Hartree) 

 
(Hartree) 

P 
(Debye) 

(ZnO)4 -0.2462 -0.1318 0.1144 -0.1890 0.0572 0.0262 
(ZnO)8 -0.2408 -0.1250 0.1158 -0.1829 0.0579 0.0154 
(ZnO)12 -0.2371 -0.1118 0.1252 -0.1745 0.0626 0.8476 
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This is the quantum size effect. (ZnO)12 cluster has the lowest potential 
energy and it’s stability is high. This cluster has the highest hardness and dipole 
moments.      

The third step was the computing of these quantities for the 1, 4-BQ de-
rivatives adsorbent on the (ZnO)8 cluster by the method. Table 3 showed these 
results for the combined systems.   

 
Table  3  – HOMO, LUMO, gap energy, potential energy, hardness and dipole 

moment calculated at B3LYP/6-31G** level of theory in gas phase for combined 1, 4-
BQ derivatives and (ZnO)8 cluster systems 
System HOMO 

(Hartree) 
LOMO 

(Hartree) 
Gap energy 
(Hartree) 

µ 
(Hartree) 

 
(Hartree) 

P 
(Debye) 

(ZNO)8+BQ -0.2230 -0.1803 0.0426 -0.2017 0.0213 7.1316 
(ZNO)8+2FBQ -0.2270 -0.1878 0.0393 -0.2074 0.0196 4.7501 
(ZNO)8+23DF BQ -0.2263 -0.1981 0.0282 -0.2122 0.0141 7.1735 
(ZNO)8+25DFBQ -0.2391 -0.1667 0.0724 -0.2029 0.0362 7.6515 
(ZNO)8+26DFBQ -0.2391 -0.1669 0.0722 -0.2030 0.0361 2.3461 
(ZNO)8+235TFBQ -0.2314 -0.2062 0.0252 -0.2188 0.0126 3.4259 
(ZNO)8+FLORINE -0.2312 -0.2009 0.0303 -0.2161 0.0151 0.7346 

 
The flurination of the BQ cause to decrease the HOMO and to vary the 

LUMO compared to the BQ on the ZnO cluster. The highest HOMO is related 
to the 2, 6-difluro-1, 4-BQ, and the highest variation on the LUMO is related to 
2, 3, 5-trifluro-1, 4-BQ. The lowest chemical potential energy and the highest 
hardness are related to 2, 3, 5, 6-tetrafluro-1, 4-BQ and 2, 5-difluro-1, 4-BQ, 
respectively. So the second system has the highest stabilize. Such trend was 
observed in dipole moments for the systems so that the highest value is related 
to 2, 5-difluro-1, 4-BQ.     

Also, we observed that fluoro blends of 1, 4-BQ cause to be changing on 
(LUMO) and (HOMO) energy in comparison with 1, 4-BQ when they are ab-
sorbed on the surface of ZnO cluster. The quantities of the gap energy showed 
that 2 ,5-difluoro-1, 4-BQ has the highest hardness and stability in comparison 
with rest of zinc blends. 

After absorption of 1, 4-BQ and fluoro derivatives on the surface of the 
zinc oxide blends, the HOMO and LUMO energies of zinc oxide blends de-
crease and  increase, respectively. By attention to the gap energies and there-
fore to the hardness, 2 ,5-difluoro-1, 4-BQ and 2 ,6-difluoro-1 ,4-BQ cause to 
be more stability of zinc oxide in comparison with the rest of  fluoro blends. 

CONCLUSIONS 
The stability of the blends affects on what ever the size of blends and it 

became greater the stability of blend when the size will be increased. Also, the 
results showed that the fluorine groups on the benzoquinone cause to be chang-
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ing on LUMO and HOMO energy. The quantities of the gap energy and hard-
ness for these blends showed that 2, 5- and 1,4-difluoro benzoquinone in com-
parison with rest of zinc blends, increased. After absorption of 1, 4- difluoro 
benzoquinone on the blends HOMO and LUMO decreases and increases com-
pared with the rest of blends, respectively. The highest gap energy and the most 
hardness  can  be  refer  to  the   1,  4-  difluoro  benzoquinone compared with  two 
another derivatives, 2,5- and 2,6- difluoro benzoquinone. This interaction 
showed that these groups stabilize the rest of zinc oxide as blend. 
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ABSTRACT 
The amorphous carbon films were deposited on the stainless steel substrates at at-

mospheric pressure from argon-acetylene mixture by plasma jet chemical vapor deposi-
tion. The Ar/C2H2 gas volume ratio varied from 100:1 to 200:1, while the distance be-
tween plasma torch nozzle exit and the samples was 0.005÷0.02 m. Scanning electronic 
microscope analysis demonstrated that the surface roughness and growth rate of the 
films increases with decrease of Ar/C2H2 ratio. The hydrogen concentration falls from 
27 at.% to 5 at.% with the decrease of the distance from 0.02 to 0.005 m. The increase of 
the Ar/C2H2 ratio from 100:1 to 200:1 slightly increases the hydrogen and oxygen con-
centration in the films. The Fourier transform infrared spectra demonstrated an existence 
of C=  and C=O sp2 bonds and presence of sp3 CH2-3 modes in coatings. The Raman 
spectroscopy indicated that the film prepared at Ar/C2H2 = 100:1 and 0.005 m has the 
highest sp3 C-C fraction. The coating deposited at 0.02 m has the highest fraction of sp3 
CHx bonds. The hardness of the carbon films deposited at 0.005 m was in range of 7.1-
9.3 GPa. 

 
Key words: Carbon film, acetylene, plasma jet. 
 

INTRODUCTION 
Recently much attention has been focused on the deposition and investiga-

tion properties of various amorphous carbon films [1-2]. The unique properties 
such as chemical inertness, low friction coefficient, high hardness, and optical 
transparency of amorphous carbon are characterized by a combination of sp2 
and sp3 sites fraction and the hydrogen concentration. The deposition technique 
and process parameters allow to control and form a carbon films with a desira-
ble sp2/sp3 carbon sites fraction and hydrogen content. Thus deposit a carbon 
films with totally different properties and due to it adjusts these films in a vari-
ous application fields [1-3]. 

The objective of the present study is to form carbon films and study the 
effect of the Ar/C2H2 ratios on the growth rate, surface morphology, bonding 
structure of deposited coatings. 
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METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
A 5 kW power direct current (DC) plasma torch was used to deposit car-

bon films on the stainless steel substrates at the atmospheric pressure [2]. Ar-
gon ( ow rate of 6.6 l/min) was used as plasma forming gas, and acetylene as a 
precursor. The acetylene gas flow was varied in the range of 0.033-0.066 l/min. 
The Ar/C2H2 gas volume ratio varied from 100:1 to 200:1, while the distance 
between  plasma  torch  nozzle  exit  and  the  samples  was  0.005÷0.02  m.  The  
plasma torch power was ~600 W, deposition time - 120 s. Surface microrelief 
was characterized by scanning electron microscopy (SEM). The bonding 
structure and optical properties of carbon films were characterized using 
Fourier transform infrared (FTIR) spectrometer (GX FT-IR) and Raman 
scattering (RS) spectroscopy. The elemental composition of the carbon films 
was analyzed by Rutherford backscattering (RBS) and elastic-recoil detection 
analysis (ERDA) techniques. The microhardness measurements were done 
using MTS Nanoindenter G200.  

RESULTS AND DISCUSSION 
SEM results indicated that with the decrease of the Ar/C2H2 ratio, the 

surface roughness of the coatings increases. The film deposited at 0.005 m 
distance is smooth and covered by randomly situated 0.5-1 m size grains (Fig. 
1). As the deposition distance increases the surface of the coatings become 
rougher and consisted from the micrometer size irregular fragments 
micrographs (Fig. 1). 

 

 
Fig. 1 - Surface morphology of deposited carbon coatings at 0.005 m (left) and 0.02 m 

(right), Ar/C2H2 ratio was 150. 
 

The nature of FTIR spectra of the films prepared at Ar/C2H2=150 and dif-
ferent  distances are very similar. The wide band at 1580 cm-1 is assigned to the 
vibrations of sp2 C=C  bonds  and  demonstrates  that  the  carbon  bonds  are  in  
aromatic and olefin configurations [1, 4]. The band with the absorption maxi-
mum at 1725 cm-1 in FTIR spectra of the carbon films is associated to the C=O 
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stretching vibrations. Also the bands related to sp3 CH3-2 (~2960, 2930, and 
2860 cm-1) asymmetric vibration and symmetric stretching modes are present in 
the spectra.  

The  RBS and ERD results  indicated  that  the  hydrogen and oxygen con-
centration increases with the increase of distance. The film deposited at 0.005 
m and Ar/C2H2 =100, mainly consist of carbon (94 at.% ) with a low concentra-
tion of the hydrogen (~3 at.%) and oxygen (~3 at.%). The hydrogen concentra-
tion falls from 27 at.% to 5 at.% with the decrease of the distance from 0.02 to 
0.005 m, when Ar/C2H2 ratio is 150. The variation of the distance also results a 
different shape of RS spectra. The ID/IG ratio slightly increases from 1.26 
reaches the highest value (1.41) at 0.015 m, and when decreases down to 0.31 
(at 0.02 m). The decrease of ID/IG ratio at 0.02 m is explained by the increase of 
sp3 CH3 polymeric chains regarding the decline of sp2 carbon sites in the coat-
ing [1]. The hardness of the carbon films deposited at 0.005 m was in range of 
7.1-9.3 GPa. Meanwhile, the films deposited at higher distances are soft (~1 
GPa). 

CONCLUSIONS 
The coatings growth rate increases with the decrease of Ar/C2H2 ratio. 

The oxygen and hydrogen concentration increases with the increase of the dep-
osition distance and Ar/C2H2 ratio. The films deposited at the longest distance 
(0.02 m) are attributed to the polymer-like carbon films. The hardness values of 
the carbon coatings obtained at the shortest distance varied in range of 7.1-9.3 
GPa. 
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ABSTRACT 
The cumulative-detonation technology and equipment is created for deposition of 

nanocomposite powder coatings on samples of heat-resistant nickel-chrome alloys. The 
gas mixture consumption (propane-oxygen-air) is 5 3 per 1 kg of powder. The dense 
layer from lamellas and deformed particles is formed on the sample surface. It was 
established that hardness of the fine lamellae in the coating was 1384±120 HV0,01, the 
deformed particles - 983,2±21 HV0,01, the substrate material – 698±45 HV0,01. Scratch-
test has shown that the coating is superplastic and has the high adhesive and cohesive 
strength. 

 
Key words: the cumulative-detonation technology, nanocomposite, lamellas, 

hardness, adhesive strength 
 
INTRODUCTION 
It is now widely used the following methods of spray coating: plating, 

metal and plasma spray. However, their properties, in some cases do not meet 
the requirements. So, because of the relatively low bond strength of such coat-
ings to the substrate is limited by their use in machines and mechanisms operat-
ing at impact, and reaching 10% porosity makes it impossible for their opera-
tion in hostile environments [1]. In this regard the purpose of this study is to 
develop a power-saving technology and equipment for deposition of protective 
powder coatings on surfaces of heat-resistant nickel-chrome alloys. The main 
problem is to provide a high adhesion of thin coatings to the substrate. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
The cumulative-detonation technology and equipment is created for depo-

sition of nanocomposite powder coatings on samples. The device provides a 
high velocity of the powder materials (>800 m/s) without its overheating. 
Productivity 0.5÷1 kg/hour, gas mixture consumption ( 3 8+ 2) – 
2.84 m3/hour, frequency – 17 Hz, the nozzle section to a specimen 30 mm. 
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It is used CoCrNi powder with fraction 5-50 m (Fig.1). Specimens of an 
alloy of heat-resistant nickel-chrome were used as a substrate. A uniform coat-
ing ~ 60 m thick was deposited on the specimen surface. 

 

 
Fig. 1 – Morphology and elemental composition (energy dispersive spectrum) of titani-

um powder (SEM) 
 
Morphological and compositional characterization of CoCrNi powder and 

coating surface were performed using electron ion microscope Quanta 200 3D 
equipped with integrated microanalysis system Pegasus 2000 (SEM-EDS). The 
Vickers hardness was measured by means of a microhardness tester under loads 
of 10-50 g. The hardness was calculated by the diagonal length ‘‘d’’. The time 
of indentation in the surface of the material had been 15 seconds. Adhesive, 
cohesive strength and the mechanism of coating destruction are defined by the 
scratch-tester REVETEST (CSM Instruments). Coating was deformed by a 
spherical diamond indenter of the “Rockwell C” type with a rounding radius of 
200 m at a continuously growing load in a range of 0.9-200 N. Results of the 
element analysis and defects in the deformed coating were studied. 

RESULTS AND DISCUSSION 
The microstructure and elemental composition showed that the coating 

(~0.6 mm thickness) is uniform, dense with a good adhesion to the substrate 
(Fig. 2). The bulk of the coating material is deformed and densely packed. The 
study of morphology of the coating-substrate boundary is established that the 
visible boundary has no defects and fixed penetration of the coating to the sub-
strate. High-speed deformation of dispersed particles of CoCrNi leads to 
fragmentation of them into smaller particles. The analysis performed allows a 
conclusion that the fine powder particles were heated and deformed to a state of 
fine lamellae, and that they filled up the spacings between the coarse particles 
to form a dense coating. Thickness of the lamellae in the coating was 0,2÷1 m. 

It  was  established  that  hardness  of  the  fine  lamellae  in  the  coating  was  
1384±120 HV0,01, the deformed particles - 983,2±21 HV0,01, the substrate mate-
rial – 698±45 HV0,01. The substrate under the coating is hardened. 
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Fig. 2 – Structural analysis of CoCrNi coating (SEM) 

 
In this study, adhesive strength was determined by optical microscope, 

critical load of LC, which led to the destruction of the coating and the changing 
curves of the coefficient of friction and acoustic emission of the load (Fig. 3). 

Figure 3 shows 
that with the in-
crease of the load 
cover is pressed into 
the substrate materi-
al, which is accom-
panied by multiple 
chevron (transverse) 
cracks in the bottom 
of scratches and 
heavy cohesive 
failure of the mate-
rial that forms the 
border sintering. 

However, the elemental analysis of a trace of deformation was showed 
that at the maximum possible load on scratch-tester about 190 N was not a 
delamination of coating (Fig. 4). Elemental analysis of traces of deformation of 
the diamond indenter showed the same content of elements in the deformed 
parts of the coating and the coating. 

 

 

 

Point Wt.% 
Al Cr Co Ni 

1 10,00 19,77 42,02 7,22 
2 10,54 18,26 36,30 6,29 

Fig. 4 – Elemental composition of system of “coating – substrate” at the point of 
contact with indenter; load 190 N. 

Fig. 3 – Results of adhesion tests 
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CONCLUSIONS 
The cumulative-detonation technology and equipment is created for depo-

sition of nanocomposite hardening heat-resistant powder coatings on the heat-
resistant samples. The gas mixture consumption (propane-oxygen-air) is up to 
6.3 m3 per 1 kg of powder. The dense layer from lamellas and deformed parti-
cles is formed on the sample surface. The technology provides high quality 
face-boundary between coating and substrate due to the interpenetration of the 
materials. Formed coating has high density, adhesive, cohesive strength, hard-
ness of the fine lamellae in the coating. 
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ABSTRACT 
Platinum-nickel agglomerates were deposited on a titanium surface using a gal-

vanic displacement technique. The electrochemical catalytic activity of this titanium-
supported nanoPt(Ni)/Ti electrodes towards the oxidation of borohydride, methanol and 
ethanol in alkaline media was evaluated by cyclic voltammetry and chronoamperometry. 
Scanning electron microscopy was used to characterize the surface morphology. The 
nanoPt(Ni)/Ti catalysts exhibited a higher catalytic efficiency to the oxidation of boro-
hydride, ethanol and methanol as compared with that of the pure Pt.  

 
Key words: PtNi, borohydride oxidation, methanol oxidation, ethanol oxidation, 

titanium 
 

INTRODUCTION 
Direct alcohol fuel cells (DAFCs) are being developed especially for port-

able power supply. Since borohydride, methanol and ethanol are used as fuel, 
the development of electrocatalysts having reasonable costs and a high electro-
activity for their oxidations is of considerable interest to fuel cells. It is well 
known that platinum is an effective electrocatalyst for these oxidations [1-6]. 
Unfortunately, the use of platinum as an electrode material is limited to its 
scarcity and price. One of ways to reduce the Pt amount is to disperse small Pt 
particles (in the order of a few nanometers) on a technology relevant substrate. 
A variety of nanostructured conducting materials like carbon nanotubes, nano-
fibers and mesoporous carbon were used as supports for Pt catalysts to mini-
mize the use of precious metal. In the present study we investigated the possi-
bility to use the surface of titanium as a support for alkaline fuel cell catalysts. 
A titanium supported nano-scale bimetallic platinum-nickel catalyst (denoted as 
nanoPt(Ni)/Ti) was fabricated using a simple procedure known as galvanic 
displacement [7-13]. This process is based on an electrochemical process, dur-
ing which the deposition of a noble metal occurs by the oxidation of a precursor 
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metal adlayer deposited on the substrate at the open-circuit potential. In this 
study, the spontaneous oxidation of a Ni adlayer by PtCl6

2– ions has been used 
to produce small Pt particles on the Ti surface. The electrocatalytic activity of 
the prepared nanoPt(Ni)/Ti catalysts was examined in respect to borohydride, 
methanol and ethanol oxidation in an alkaline solution by cyclic voltammetry 
(CV) and chronoamperometry (CA). The surface morphology and composition 
of the samples were characterized using Scanning Electron Microscopy (SEM) 
and Energy Dispersive X-ray Spectroscopy (EDAX). 

METHODS OF SAMPLE FABRICATION AND ANALYSIS 
Titanium sheets 1 x 1 cm2 of 0.127 mm in thickness (99.7% purity, from 

Aldrich) were degreased with ethanol, rinsed with deionized water and dried in 
an Ar stream.  

Electroless deposition of nickel onto the Ti surface was based on the fol-
lowing procedures: a) activation of the substrate surface in a 0.5 g/l PdCl2 solu-
tion  for  1  min;  b)  rinsing  of  the  treated  surface  with  deionized  water  and  c)  
immersion into the electroless nickel solution containing 0.1 M NiSO4,  0.4 M 
glycine, 0.25 M sodium hyphophosphite and 0.1 M disodium malonate at a 
constant temperature of 85 oC  for  1  min.  The  solution  pH  was  maintained  at  
9.0. Platinum particles were deposited on the Ni/Ti electrodes, by immersing 
them in the solution containing 1 mM H2PtCl6 and 0.1 M HCl at room tempera-
ture for 15 min. The loading was 1.3 dm2 l–1.  

A conventional three-electrode electrochemical cell was used for cyclic 
voltammetry. The nanoPt(Ni)/Ti and Pt electrodes were employed as the work-
ing electrodes, an Ag/AgCl/KClsat electrode was used as a reference electrode 
and a Pt sheet of 2 cm2 area was used as a counter electrode. A Pt sheet of 1 x 1 
cm2 geometric area was used as a bulk polycrystalline platinum electrode. The 
borohydride oxidation was tested in a 1.0 M NaOH solution containing 0.05 M 
NaBH4. The ethanol and methanol oxidations were tested in a 0.5 M NaOH 
solution containing 2.0 M CH3OH and C2H5OH, respectively. The electrolyte 
solutions were prepared using p.a. grade chemicals and deionized water. All 
electrochemical measurements were performed with an Eco Chemie Autolab 
potentiostat (PGSTAT100) using Electrochemical Software (Nova 1.6.013). 
Steady state linear sweep voltammograms were recorded at a linear potential 
sweep rate of 50 mV s–1 from the stationary Es value in the anodic direction up 
to 0.6 V in the alkaline borohydride solution and 0.3 V in the alkaline methanol 
and ethanol solutions at 25 oC. 

The chronoamperometric measurements were carried out by, at first, hold-
ing the potential at E1 = 0 V for 10 s, then stepping to potentials -0.8 and 0.3 V 
for 130 s in the borohydride alkaline solution and to -0.25 V for 130 s in the 
methanol and ethanol solutions, respectively.  

The surface morphology and composition of the samples were character-
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ized using a Scanning Electron Microscope EVO-50 EP (Carl Zeiss SMT AG, 
Germany) with Energy Dispersive and Wave dispersion X-ray Spectrometers 
(Oxford, UK).  

RESULTS AND DISCUSSION 
The nanoPt(Ni)/Ti catalysts were fabricated using a simple and low-cost 

electroless deposition method followed by galvanic displacement of Ni. The 
electroless nickel film was chosen as an underlayer for the formation of immer-
sion platinum overlayer onto the titanium surface. Due to galvanic displace-
ment platinum deposition, nonspherical platinum crystallites were formed on 
the Ni surface. The morphology of the nanoPt(Ni)/Ti structure was studied 
using SEM. The SEM images of the catalyst at different magnifications pre-
sented in Figs. 1a, b reveal the presence of nano-scale dendrites with the sizes 
of ca. 50-100 nm. Light oblong sticks can be resolved in these dendrites.  

 

 
Fig. 1 – SEM micrographs of as-prepared nanoPt(Ni)/Ti under different magnifications 

 
The presence of Pt and Ni onto the titanium surface was confirmed further 

by Energy dispersive X-ray analysis. According to the data of EDAX analysis, 
the nanoPt(Ni)/Ti composition was: Pt – 1.49 at.%, Ni – 24.60 at.%,  
P – 6.81 at.%, O – 25.73 at.% and Ti – 41.37 at.%. The Ni-P layer of about 300 
nm was deposited on the titanium surface. It is seen, that a significant remain-
ing of deposited nickel and a much lower amount of Pt on the electrode surface 
were detected. 

Typical cyclic voltammograms of nanoPt(Ni)/Ti (solid line)  and  pure  Pt  
(dotted line) electrodes in 0.5 M H2SO4 are shown in Fig. 2. The CV profile of 
the nanoPt(Ni)/Ti shows the usual characteristics of Pt since Ni is electrochem-
ically leached, furthermore, the current for hydrogen adsorption/desorption and 
oxide formation/reduction on the nanoPt(Ni)/Ti catalyst is much higher than 
that on Pt. The hydrogen adsorption charge (QH) of polycrystalline Pt was cal-
culated at 0.315 mC cm–2. The nanoPt(Ni)/Ti produced QH of 1.41 mC cm–2. 
The calculated electroactive surface area (ESA) values are 2.85 and 12.8 cm2 
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for pure Pt and nanoPt(Ni)/Ti, respectively. The roughness factors are 1.4 and 
6.4 for Pt and nanoPt(Ni)/Ti, respectively. These results show that the ESA of 
the sample is about 4.5 times higher than that of polycrystalline Pt. However, 
assuming ca. 4.5-fold higher active surface area of Pt(Ni)/Ti compared to 
smooth polycrystalline Pt, the surface area normalized borohydride oxidation 
current is ca. 1.5-times higher on Pt. This could be due to ability to oxidize 
evolved hydrogen at Pt sites, whereas the Pt dendrites are not fully covering the 
substrate (see Fig. 1b).  

 

  
Fig.  2 – CVs of pure Pt  (dotted line) and 
Pt(Ni)/Ti (solid line)  in 0.5 M H2SO4 at  a  
sweep rate of 50 mV s–1 

Fig. 3 – CVs  of  pure  Pt  (dotted line), 
nanoPt(Ni)/Ti (solid line) and nanoNi/Ti 
(dash-dot line)  in a 1.0 M NaOH solution 
containing 0.05 M NaBH4 at 50 mV s–1 

 
Electrochemical activity of the nanoPt(Ni)/Ti towards borohydride, etha-

nol and methanol oxidation in an alkaline media was evaluated using cyclic 
voltammetry and chronoamperometry. Figure 3 presents stabilized cyclic volt-
ammograms (CVs) of pure Pt (dotted line) and nanoPt(Ni)/Ti (solid line) in 1.0 
M NaOH containing 0.05 M NaBH4 at  50  mV  s–1.  In  the  forward  sweep  to-
wards positive potential values the shape of cyclic voltammogram determined 
in this study for the nanoPt(Ni)Ti catalyst is similar to the CV onto pure Pt 
(Fig.  3, compare solid and dotted line), furthermore, the oxidations peaks are 
significantly  higher  than  that  on  bare  Pt.  Anodic  peak  I  seen  in  CVs  for  Pt,  
Ni/Ti and nanoPt(Ni)/Ti catalysts (Fig. 3) is attributed to the oxidation borohy-
dride on Pt generated by catalytic hydrolysis of BH 4  as described in [14-16] 
(on nickel borohydride oxidation releases molecular hydrogen). The current 
density of peak I for the nanostructured electrode is about 3 times higher than 
that on pure Pt. Peak II which is attributed to direct borohydride oxidation [4, 
6] is also about 2-3 times higher as compared to that of pure Pt, but it is shifted 
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to positive potential values by 0.3 V. Reverse peaks III and IV appear at about 
the same potential values for nanoPt(Ni)/Ti and Pt, while the nanoPt(Ni)/Ti 
catalyst produces higher current densities.  

The performance of nanoPt(Ni)/Ti catalyst as compared to Pt for both 
processes: the oxidation of H2 generated by catalytic hydrolysis of BH 4  (peak 
I) and borohydride oxidation (peak II), can be further observed from chrono-
amperometric measurements. The corresponding curves are shown in Fig.  4. 
NanoPt(Ni)/Ti and pure Pt catalysts show a current decay for both reactions. At 
the end of experimental period (t = 130 s), the current density of the na-
noPt(Ni)/Ti is higher and the current density decay is much slower than that on 
Pt. NanoPt(Ni)/Ti catalyst has a higher catalytic activity and a better stability 
for hydrogen and borohydride oxidation, respectively, than Pt. This result is in 
agreement with the results of cyclic voltammetry curves. Active surface area 
normalized currents are about 2-3-fold higher at Pt for both oxidations of hy-
drogen and borohydride than those on nanoPt(Ni)/Ti under chronoamperomet-
ric conditions. 

 
Fig. 4 – Chronoamperometric data from nanoPt(Ni)/Ti (solid lines) and Pt (dotted lines) 
catalysts studied at -0.8 (a) and 0.3 V (b) in a 1.0 M NaOH containing 0.05 M NaBH4 
solution. The potential was firstly held at E1 = 0 V for 10 s, then set to -0.8 and 0.3 V, 

respectively 
 
Figure 5 presents stabilized cyclic voltammograms after a long-term po-

tential cycling (after 10 cycles) for nanoPt(Ni)/Ti and pure Pt in a 0.5 M NaOH 
containing  2.0  M  C2H5OH (a) and 2.0 M CH3OH  (b)  at  50  mV  s–1. As seen 
from Fig. 5, the voltammetric curves for oxidation of ethanol (a) and methanol 
(b) on the nanoPt(Ni)/Ti catalyst are similar in shape with those obtained on the 
bulk Pt, except for enhanced currents. During the anodic scans, the na-
noPt(Ni)/Ti electrocatalyst presents an ethanol and methanol oxidation peaks I 
at about -0.24 and -0.19 V, respectively (Fig. 5b). About 37 times higher cur-
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rent densities for methanol oxidation is obtained on the nanoPt(Ni)/Ti electrode 
as compared with that on pure Pt. The current density for ethanol oxidation 
(peak I) is lower as compared to that for methanol oxidation, but higher than 
that on pure Pt. Active surface area normalized currents are about 1.5-fold 
lower on the nanoPt(Ni)/Ti catalyst as compared to that on Pt in ethanol solu-
tion, therefore, the active surface area normalized currents for methanol oxida-
tion is about 8-fold higher on nanoPt(Ni)/Ti than that on pure Pt. 
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Fig. 5 – CVs of pure Pt (dotted lines) and nanoPt(Ni)/Ti (solid lines) in a 0.5 M NaOH 

solution containing 2.0 M C2H5OH (a) and 2.0 M CH3OH (b) at 50 mV s–1 
 
A high electroactivity of nanoPt(Ni)/Ti catalyst compared to Pt was also 

tested by the chronoamperometry method in alkaline solutions of ethanol (a) 
and methanol (b). Figure 6 shows the chronoamperometric data at -0.25 V for 
the both electrodes. 
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Fig. 6 – Chronoamperometric data from Pt (dotted lines) and nanoPt(Ni)/Ti (solid lines) 
catalysts studied at -0.25 V in a 0.5 M NaOH containing 2.0 M C2H5OH (a) and 2.0 M 

CH3OH (b). The potential was firstly held at E1 = 0 V for 10 s, then set to -0.25 V 
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The current density for ethanol oxidation on the nanoPt(Ni)/Ti catalyst is 
much higher and current density decay is much slower as compared to that on 
bare Pt. A significant increase in steady-state current density for methanol oxi-
dation on the nanoPt(Ni)/Ti catalyst occurs in comparison to pure Pt (Fig. 6b). 
The steady-state current densities of nanoPt(Ni)/Ti and pure Pt are 17.57 and 
0.17 mA cm–2 (t = 130 s), respectively. This shows that the oxidation rate of 
methanol at -0.25 V on nanoPt(Ni)/Ti is about 100 times higher than that on Pt. 
Active surface area normalized currents are about of the same value of 0.5 mA 
cm-2 for ethanol oxidation on both nanoPt(Ni)/Ti and Pt catalysts, therefore, the 
active surface area normalized currents for methanol oxidation is about 22-fold 
higher on nanoPt(Ni)/Ti than that on pure Pt. 

The Ni/Ti catalyst with Pt particles 50-100 nm in size shows better per-
formance for oxidation of both ethanol and methanol as compared to that on 
pure Pt. A higher current density is obtained on this catalyst for methanol oxi-
dation as compared to that for ethanol oxidation. 

CONCLUSIONS 
In this study we have successfully fabricated an electrode modified with 

platinum crystallites on the titanium surface, as a substrate, using a simple and 
low-cost method. For the displacement deposition of Pt crystallites on the tita-
nium surface, the Ni adlayer was used as a precursor. It has been determined 
that the average size of the Pt crystallites deposited by galvanic displacement of 
Ni adlayer is about 50-100 nm. The nanoPt(Ni)/Ti catalyst was found to be 
more active than Pt towards borohydride, methanol and ethanol electro-
oxidation in the alkaline media. Also, the nanoPt(Ni)/Ti catalyst shows better 
voltammetric and chronoamperometric performance for methanol oxidation 
than for ethanol oxidation. 

The fabricated nanoPt(Ni)/Ti catalysts seem to be a promising anodic ma-
terial for direct alkaline fuel cells. Further investigation is underway. 
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ABSTRACT 
Two types of composite ion-exchangers, which are based on strongly acidic gel-

like cation-exchange resin and zirconium hydrophosphate, have been obtained. The first 
group contains both inorganic nanoparticles and their aggregates, the second one con-
tains only aggregates. Analysis of differential porogrammes obtained with a method of 
standard contact porometry allowed us to estimate porous structure both of polymer 
matrix and inorganic constituent. Each stripe of the porogrammes has been related to 
structure element of polymer and ZrPh. Geometrical globular model has been applied to 
estimate a size of nanoparticles. A size of the nanoparticle size was shown to depend on 
their location: it reaches 16 nm, if the globules are placed in clusters of the polymer 
matrix, and 36 nm for aggregated nanoparticles in macropores. The results have been 
confirmed by data of scanning and transmission electron microscopy. Modification of 
ion-exchange resins causes transformation of porous structure of labile polymer matrix. 
The transformation occurs both at nano- and micro-levels. Recommendations regarding 
to structure of composite ion-exchangers for different applications are given.  

 
Key words: nanocomposite, polymer matrix, zirconium hydrophosphate, cluster, 

channel, standard contact porometry, ion-exchanger, polymer matrix 
 

INTRODUCTION 
One of the main requirement for granulated ion-exchange resins, which 

are used in electromembrane processes of removal of divalent cations from 
solutions, is high mobility of both sorbed species and H+ [1 - 4]. The last condi-
tion is necessary to prevent formation of insoluble  hydroxide compounds in a 
desalination compartment of electrodialysis cell. Moreover the ion-exchangers 
have to provide selective removal of ionic components  this problem is actual 
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since solutions to be purified usually contain Ca2+ and  Mg2+ ions. Inorganic 
ion-exchangers are rather attractive from this point of view [2, 4]. Unfortunate-
ly the abovementioned requirements are incompatible, since electrical conduc-
tivity of inorganic materials is extremely low to provide equal rates of ion ex-
change and migration towards concentration compartment [2]. The problem can 
be solved by means of polymer modification with inorganic nanoparticles or 
their aggregates of micron size. Since the polymer matrix is labile, inorganic 
constituent is able to transform its porous structure. The aim of the work is to 
investigate this phenomena since the transformation probably leads to a change 
of functional properties of composite materials.  

EXPERIMENTAL 
Strong acidic gel-like cation-exchange resin Dowex HCR-S (Dow Chemi-

cal) containing approximately 8 % cross-linking agent has been chosen for 
investigations. The resin was impregnated with sol of hydrated zirconium diox-
ide or ZrOCl2 solution followed by treatment with H3PO4 and drying of the 
samples at room temperature. This procedure was repeated several times. Zir-
conium hydrophosphate (ZrPh) particles incorporated into the polymer matrix 
was obtained by this manner.  After each cycle of modification the sample 
morphology was investigated with transmission and scanning electron micros-
copy methods. A method of standard contact porometry was also applied, the 
measurements were carried out using a home-made porometer (A.N. Frumkin 
Institute of Physical Chemistry and Electrochemistry of the RAS) [5, 6]. Water 
was used as a working liquid. Electrical conductivity of packed bed of fully and 
partially swollen H-forms of the ion-exchangers was determined from admit-
tance spectra. Additionally sorbed electrolyte had been previously removed 
from the solids. Electrical conductivity of “monolithic” materials was calculat-
ed taking into consideration the conductivity of deionized water, which was 
used as a non-conductive medium. Kinetics of Ni2+ H+ exchange was investi-
gated with a thin layer method. 

RESULTS AND DISCUSSION 
Polymer ion-exchanger includes both gel phase and empties between gel 

fields  [7]. There are nanosized clusters (Fig. 1 a) formed due to dipole-dipole  
interaction of functional groups inside gel fields. H+ transport is realized 
through clusters and narrower channels between them.  Sorbed ions are trans-
ported through clusters, channels and spaces between gel fields. Their transport 
is due to gradient of concentration and electrical potential through each particle 
(ion exchange) and potential gradient through the bed (electromembrane pro-
cesses).   

In the case of ion-exchangers obtained by deposition from the solution, 
both single nanoparticles (4-20 nm) and  aggregates of ZrPh have been found in 
the  polymer  matrix  (Fig.  1b,  c). The nanoparticles are evidently stabilized in 
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clusters and channels, at the same time their aggregates (up to several microns) 
are placed between gal fields. Only aggregated ZrPh nanoparticles were found 
after deposition from sol, a size of the aggregates is within nano- and micron 
diapason (Fig.2). Nanosized aggregates are evidently placed inside clusters, at 
the same time the larger aggregates occupy empties between gel fields. 

  

 
Fig. 1 – TEM-images of initial (a) and modified (b, c) matrix. ZrPh was deposited from 

a solution 
 
Amount of the inorganic constituent in the resin was determined by a syn-

thesis cycle (n). If ZrPh was deposited from a solution, first of all the empties 
between gel fields were filled with the aggregates (  = 1 2), which provided 
increase of mass up to 35%. The aggregates act as a barrier against co-ions (Cl-, 
H2PO4

- and  HPO4
2-), thus uptake of excess of counter-ions (ZrO2

+ and  H+) 
decreases. As a result, the aggregate formation is stopped: only non-aggregated 
nanoparticles are deposited in clusters and channels of gel fields (  = 3 8). This 
deposition provides only a small increase of mass (up to 3%). 

When  ZrPh  was  deposited  from  sol,  considerable  increase  of  mass  was  
provided during four synthesis cycles. Large pores in the aggregates provided 
penetration of additionally sorbed electrolyte. The aggregates play role of a 
barrier until encrustation of these pores. 

Before porometric measurements the samples were previously vacu-
umized at 353 K. Removal of bonded and free water from ZrPh phase is impos-
sible under these conditions. Thus only polymer structure has been recognized. 
As seen from the porogrammes (differential volume distribution, 

)(log rd
dV - logr, 

where V is the volume, r is the radius), porosity of the polymer matrix is much 
higher comparing with that for individual ZrPh (Fig. 3). Three maxima are 
visible in the porogramme for initial polymer. The first peak (log r=1(nm)) is 
attributed to clusters, the second one is related to spaces between gel fields (log 
r=1.4 (nm)), and the third one corresponds to structure defects of the polymer 
(log r=3.2 (nm)), which are also outside gel phase. Channel maximum (about 
log r=0 (nm) is masked with that for clusters.  
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Insertion of 
the inorganic con-
stituent into the 
matrix from a solu-
tion causes a de-
crease of mesopore 
volume (Fig.  3) 
probably due to 
corking of the clus-
ter and channel 
mouths by the na-
noparticles. Analy-
sis of stripe semi-
width allows us to 
elucidate the influ-
ence of inorganic 
constituent on labile 
polymer matrix 
(Fig. 4). In the case 
of ion-exchanger 
obtained by means 
of one-time modifi-

cation, the maximum attributed to clusters becomes narrower indicating their 
squeezing influenced by inorganic particles, which are localized outside gel 
phase. Widening of the maximum is caused stretching of the clusters (n=3), 
further narrowing is probably a result of screening of their surface with ZrPh 
nanoparticles.  

Increase of macropore volume (see Fig. 3), which are attributed to struc-
ture defects of the polymer, is evidently due to their stretching influenced by 
nanoparticle aggregates. This assumption is confirmed by increase of semi-
width of the corresponding stripe (Fig. 5). Since no shift of the maximum at 1.6 

m has been found, the aggregates is assumed to cork spaces between gel 
phase. Pores inside the aggregates permit water penetration to the matrix 
macropores during the porometric measurements as opposed to non-aggregated 
nanoparticles, which form a barrier against water in clusters and channels.  

In the case of composite ion-exchangers obtained from sol, both clusters 
and spaces between the gel fields are filled practically completely (disappear-
ance of the maxima at log r>10 (nm)), however intensity of the maximum at 
log r=0.2 (nm) becomes higher indicating stretching of the channels (see 
Fig.3). Aggregates of nanoparticles in clusters are characterized by their own 
porous structure as opposite to single nanoparticles, the pores permit filling of 
channels with water during porometric measurements.  

 
Fig. 2 – TEM (a, c, d) and SEM (b) images of modified 

ion-exchangers. ZrPh was deposited from a ZrO2 sol 
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Fig. 3 – Differential pore volume dis-
tribution for initial polymer matrix (1), 
individual ZrPh (2), matrix modified by 
means of deposition from solution (3) 

and sol (4). Only polymer structure was 
recognized (1, 3, 4) 

Fig. 4 – Radius value for ascending (1) and 
descending (2) branches of the stripes at-
tributed to clusters, which corresponds to 

peak semi-height, as a function of modifica-
tion cycle. The ion-exchangers contain both 
nanoparticles and their aggregates. Influence 
of inorganic constituent on clusters: I  no 

influence (initial polymer), II  squeezing, III 
 stretching, IV  screening 

 
Treatment of the ion-exchanger with acetone before porometric measure-

ments causes water removal from ZrPh surface, thus the porogramme shows 
maxima, which are typical for inorganic constituent (Fig.  6). Analysis of the 
porogramme according to globular geometrical model allows us to relate the 
stripes to ZrPh structure elements. Globular model gives two maxima: a peak at 
lower r value is attributed to narrowing of pores formed with spherical particles 
(pores necks) [8]. A stripe at higher r magnitudes is related to pore widening 
(pore cavities). Relation between radii of necks and cavities allows us to deter-
mine a type of globule packing as well as particle size. Two pairs of maxima at 
log r=0.2-1.2 (nm) obey globular model. The stripes at log r=0.2-0.8 (nm) give 
particles of 16 nm in a diameter, these particle are evidently localized in clus-
ters (see Fig. 2a). These nanoparticles correspond to the first organization level. 
They form isolated aggregates (the second level): polymer structure makes 
impossible further aggregation. The peaks at log r= 0.8-1.2 nm allows us to 
estimate a size of particles of 36 nm. These nanoparticles (the first organization 
level) are placed in macropores (see Fig. 2b). The stripe at log r=1.5 (nm) is 
evidently outside the model and reflects pores between aggregates (the second 
level, see Fig. 2c). The aggregates form larger particles (the third level, see Fig. 
2d), which are isolated from each other and cannot form pores. The peak at log 
r>3 (nm) evidently corresponds to structure defects inside these aggregates. 
Simple cubic packing has been found for the nanoparticles localized both in 
clusters and macropores of the polymer matrix. 
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Fig. 4 – Radius value for ascending (1) 

and descending (2) branches of the stripes 
attributed to matrix macropores, which 
corresponds to peak semi-height, as a 

function of modification cycle. The ion-
exchangers contain both nanoparticles and 

their aggregates 

Fig. 5 – Differential distribution of pore 
volume for modified matrix (1) and ZrPh 
(2). The ion-exchanger contain only ag-
gregates of the nanoparticles. Pores are 

between: I  nanoparticles in clusters, II  
nanoparticles in macropores, III  aggre-
gates of the second level, IV  structure 

defects of particles of the third level 
 
When ZrPh is inserted step by step, swelling of the polymer changes due 

to different ways of matrix filling. Stretching of the polymer due to inorganic 
constituent  improves swelling (n=1-3), at the same time screening of clusters 
and channels with nanoparticles causes a decrease of swelling (n=4-8, Fig. 6). 
Total exchange capacity per volume unit changes in opposite direction.  

Electrical conductivity ( ) of swollen samples is due to protons of func-
tional groups localized in clusters and channels. The n plots demonstrate 
both maximum and minimum (Fig. 7).  Before the minimum a change of con-
ductivity is caused by stretching of clusters (or both clusters and channels) and 
their corking by nanonarticles or their aggregates. As a result of stretching, the 
concentration of charge carriers per volume unit decreases on the one hand and 
their mobility increases on the other hand. Thus squeezing and stretching of the 
clusters are in a competition. After the minimum the stretching is stopped, 
increase in conductivity is determined only by charge carrier concentration. The 
screening effect is more pronounced for the samples containing both nanoparti-
cles and their aggregates. The minimum of the n dependence is shifted 
towards higher ZrPh content for the samples containing only aggregates com-
paring with those filled with both aggregates and single nanoparticles. 
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Fig. 6 – Swelling (1) and total ex-

change capacity (2) as functions of a 
number of modification cycle. The 

ion-exchangers contain both nanopar-
ticles and their aggregates 

Fig. 7 – Electrical conductivity as a 
function of a number of modification 
cycle. The samples contain both na-
noparticles and their aggregates (1), 

only aggregates (2) 
 
Dependence of electrical conductivity on charge carrier concentration 

( ) shows two fields: the first one corresponds to modification cycles of 1-3 
(Fig. 8). Intersection of the plots with absciss axe gives  >>0 mol m-3 at 
=0 Ohm-1m-1 indicating no contribution of the aggregates in conductivity. Self-
diffusion coefficient of H+ obtained for squeezed-stretched polymer has been 
estimated as 1.9 10-9 m2s-1. In this case the resin containing 8 % cross-linking 
agent behaves like flexible resins, for instance, Dowex 50WX-2. The second 
field of the   plot is attributed to screening of clusters and channels, here 
the self diffusion coefficient of 4.8 10-10 m2s-1 has been found.  

 
Fig. 8 – Electrical conductivity as a func-

tion of H+ concentration. The ion-
exchangers contain both nanoparticles and 

their aggregates 

Fig. 9 – WP/WO ratio as a function of 
modification cycle. The ion-exchangers 
contain both nanoparticles and their ag-

gregates 
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It is a normal value for the non-modified resins containing 8 % cross-
linking agent. The aggregates stretch meso- and macropores, which are outside 
gel phase. These pores are filled with water before clusters and channels. Thus 
percolation threshold (WP), which has been determined by research of partially 
swollen samples, increases within the interval of n =1-3 (Fig. 9, here W0 is the 
water content in completely swollen ion-exchanger).  

Further decrease of 
WP/WO ratio is evidently due to 
bonded water localized on the 
surface of nanoparticles in 
clusters and channels. 

During sorption process 
the ion transport is realized 
through the clusters, channels 
and also spaces between gel 
fields. Modification leads to 
inconsiderable decrease of Ni2+ 
self-diffusion coefficient (DNi): 
the order of magnitude is 10-12 
m2s-1 (Fig. 10). The DNi n plot 
shows a minimum, it is proba-
bly due to competition of Ni2+ 
interaction with functional 

groups of ZrPh on the one hand and stretching of the macropores on the other 
hand.  

CONCLUSIONS 
Two types of composite ion-exchangers have been obtained. The first 

group contains both ZrPh nanoparticles and their aggregates, the second one 
contains only aggregates. Analysis of differential porogrammes obtained with a 
method of standard contact porometry allowed us to estimate porous structure 
both of polymer matrix and inorganic constituent. Each stripe of the poro-
grammes has been related to structure element of polymer and ZrPh. Geomet-
rical globular model was applied to estimate a size of nanoparticles. The nano-
particle size was shown to depend on their location: it reaches 16 nm, if the 
globules are placed in clusters of the polymer matrix, and 36 nm for nanoparti-
cles in macropores. Two organization levels were found for the aggregates in 
clusters, at the same time the aggregates filling macropores show three levels. 
The results have been confirmed by scanning and transmission electron micros-
copy. 

Modification of ion-exchange resins causes transformation of porous 
structure of labile polymer matrix. The transformation occurs both at nano- and 

n 
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DNix10
12, m2

s
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0

3
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Fig. 10 – Ni2+ self-diffusion coefficient as 

a function of a number of modification cycle. 
The ion-exchangers contain both nanoparticles 

and their aggregates 
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micro-levels. The aggregates, which are outside gel field of the matrix, squeeze 
clusters. The nanoparticles or their aggregates, which are placed in clusters, 
stretch them. The particles of inorganic constituent, which are inserted after 
filling of empties between gel fields, screen surface of clusters and channels.  

Increase of H+ mobility for the ion-exchangers with a minimal content of 
nanoparticles (n=1 2)  as  well  as  small  decrease  of  Ni2+ self-diffusion coeffi-
cient shows that these samples can be applied to electromembrane processes. In 
this case H+ transport will be able to prevent formation of insoluble compounds 
inside desalination compartment of electrodialysis cell. If hybrid-organic inor-
ganic ion-exchangers (proton-conductive membranes) are applied to fuel cells, 
they must be free from aggregates, since the large particles causes stretching of 
polymer. The stretching leads to a decrease of charge carrier concentration per 
volume unit and, as a result, a decrease of electric conductivity. Moreover high 
porosity of the aggregates causes increase of percolation threshold. Liquid 
crossover through these membranes is assumed to be higher comparing with 
that through non-modified materials.  
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ABSTRACT 
Thin films samples of organic luminophore - 3-N,N-diacetylaminobenzanthrone 

deposited on glass substrate were prepared by thermal evaporation obtaining thin films 
of 2.5 to 3 µm thickness. The structural and spectroscopic properties of obtained films 
were investigated by confocal microscope with input of femtosecond laser radiation, X-
ray diffractometer and scanning electron microscope. It was found that prepared films 
are highly ordered materials with molecular layers; X-ray diffraction analysis indi-
cate that the distance between these layers is ~6.5 Å. In addition, quantum chemical 
calculations were performed, indicating electron properties of studied dye molecule in 
ground and excited state. 

 
Key words: thin films, luminescent dye, X-ray diffraction analysis, SEM image, 

quantum chemical calculation 
 

INTRODUCTION 
The design and development of organic molecular materials with high lu-

minance efficiencies in condensed phase is an important contemporary chal-
lenge [1]. Organic molecules formed by a donor-acceptor pair connected to a 

delocalized framework present a variety of interesting optical and photoelec-
tric properties [2], therefore these substances are widely used as perspective 
photoactive materials in optics and optoelectronics [3-6].  

Benzo[de]anthracen-7-one dyes are well known as organic luminophores 
that emit in the spectral region from green to red, depending on the nature of 
substituents and its conjugation with carbonyl group through a system. Be-
cause of their bright luminescence, good color characteristics and high thermo 
and photostability these compounds are used also as disperse dyes, daylight 
fluorescent pigments and laser dyes [2, 7].  

The goal of research presented herein is to investigate the spectral and 
structural properties of thin films obtained by thermal evaporation of ben-
zo[de]anthracen-7-one derivative - 3-N,N-diacetylaminobenzanthrone, which 
have potential for use in a number of different fields.  
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METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
Thin films deposited on glass substrate were prepared by thermal evapora-

tion at vacuum obtaining of the films of 2.5 to 3 µm thickness. Luminescence 
spectra of films were carried out with confocal microscope Leica LSM TCSP-5 
with spectral resolution 2 nm; the samples were irradiated with He/Ar laser 
( ex=458 nm). The absorption spectra were obtained using a UV-visible spec-
trophotometer "Specord`s UV/VIS" (spectral resolution 0.1 nm). For X-ray 
analysis was used X-ray diffractometer Rigaku. Scanning electron microscope 
(SEM) Tescan was used for investigations of prepared film surface.  

The fully geometry optimization of the isolated molecule in ground state 
were optimized using the semiempirical AM1 and PM6 methods. From which 
some physicochemical and structural parameters of molecules in gaseous phase 
were estimated. The geometry data were obtained from MOPAC 2009 Version 
10.006W. Heats of formation, dipole moments and other parameters were ex-
tracted directly from the data files following the geometry optimizations. 

RESULTS AND DISCUSSION 
Spectroscopic and photophysical behavior of the 3-substituted benzan-

thrones is basically related to the polarization of the benzanthrone molecule. 
The polarization occurring upon irradiation results from the electron donor-
acceptor interaction between the electron-donating substituents at the 3-position 
and the electron-accepting carbonyl group of the chromophorous system [2]. 
Figure 1 presents absorption and luminescence spectra of obtained films. The 
position of absorption maximum is situated at 525 nm, but luminescence max-
imum – at 550 nm. The Stokes shift is 25 nm, which is smaller than usually for 
benzanthrone dyes in solvents [8].  

This parameter is important characteristic for the luminescent compounds, 
indicating the differences in the properties and structure of the luminophores 
molecule between the ground and the first excited state and it is connected with 
the energy losses during the transition to the excited state. 

 

 
 

Fig. 1 – Absorption and luminescence spectra of 3-N,N-diacetylaminobenzanthrone 
films 
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Fig. 2 – X-ray dif-
fraction analysis of glass 
substrate (up) and 3-N,N-

diacetylaminobenzanthrone 
films 

 
Figure 2 presents the results of X-ray diffraction analysis for obtained 

films. X-ray diffraction analysis indicate that the distance between these lay-
ers is ~6.5 Å. Similar ordering 3-N,N-diacetylaminobenzanthrone shows in 
crystal packing (Fig. 3). 

 
Fig. 3 – Crystal structure of 3-N,N-diacetylaminobenzanthrone 

The relief images of prepared thin films surfaces were studied by scanning 
electron microscopy (Fig. 4): 
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Fig. 4 – SEM images of 3-N, N-diacetylaminobenzanthrone films 

 
The molecular orbital positions are important information for understand-

ing the spectral properties of investigated dye. From quantum chemical calcula-
tions can conclude that energy difference in ground and excited state for inves-
tigated dye is more than 7 eV. 

 
 

Fig. 5 – Representation of HOMO and LUMO states 
 

CONCLUSIONS 
The prepared thin films of organic luminophore 3-N,N-diacetylamino-

benzanthrone show highly ordered structure and demonstrate interesting optical 
properties. 
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ABSTRACT 
Self-similar structure of the carbon thin films, obtained by magnetron sputtering is 

investigated numerically. Statistical parameters are calculated within two dimensional 
multifractal detrended fluctuation analysis. The numerical model for the surfaces under 
investigation was build from the SEM images of the carbon thin films. It is shown that 
the self-similarity in surface roughness preserves over all fragments of the sample, and 
through different resolutions of the SEM images. 

 
Key words: self-similarity, carbon thin films, fractal dimension. 
 
INTRODUCTION 
The self-similar or self-affine structures are widely presented in all areas 

of the nature science [1]. The self-similarity means that the each segment of the 
initial set has the same structure as the whole object. The properties of such 
systems can be described by special parameters, like fractal dimension (or set 
of dimensions or multifractal spectrum in case of complex structures), mass 
exponent and other [2]. In our work we introduce the investigation of the self-
similar structure of the carbon films by numerical methods of scaling analysis. 
The samples of the carbon condensate were obtained in nanoelectronic depart-
ment of Sumy State University. Our calculation allows to present a quantitative 
characteristic of the surface roughness, and to compare it for different part of 
the sample. 

DEPOSITION OF THE THIN FILMS UNDER INVESTIGATION 
Carbon condensates were obtained by deposition of the ion-sputtering sub-

stance onto (001) KCl facets according to original technique [3].  
In order to investigate the self similarity in the structure of the surface of 

the  film,  we  select  the  four  SEM  pictures  of  the  same  area  of  the  surface  at  
different resolutions, and also four pictures of the different areas of the film at 
equal resolution. For each SEM image a numerical model was build. This mod-
el presented by surface in Cartesian coordinates, where each point defined by 
the numbers and brightness of the pixel in related image. Example of the sur-
face image and corresponded numerical model presented in figure 1  
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Fig. 1 – SEM images of the carbon thin films and related numerical model 

 

METHOD FOR IMAGE ANALYSIS  
All surfaces were investigated within two dimensional multifractal 

detrended fluctuation analysis (MF-DFA) [4]. This algorithm allows for calcu-
lation of main parameters of the self similar structure, such as mass exponent, 
and multifractal spectrum [1,2]. The base of the MF-DFA is a fluctuation func-
tion qF , which satisfies the scaling relation: 

 
                                                        ( )( ) ~ h q

qF s s , (1) 
where s is a scaling parameter, h(q) – generalized Hurst exponent. If the 

object under investigation has a self similar structure, the dependence (1) must 
be linear in logarithmic scales. Examples of relation (1) for the surfaces of the 
carbon thin films presented in figure 2. 

 
Fig. 2 – Relation (1) in logarithmic scales for the surfaces of the carbon thin films  

plotted at different negative (a) and positive (b) q values 
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RESULTS AND DISCUSSION 
We calculate and compared the mass exponent and multifractal spectrum 

for all surfaces. The results are shown in figure 3. 

 
Fig. 3 – Mass exponent (a) and the multifractal spectrum (b) of the carbon thin film 

surfaces at different SEM images resolutions 
 

As it can be seen from the figure, the calculated parameters for different 
parts of the surfaces are almost coinciding for 0q  values. This result con-
firms the surmise about self-similar structure of the condensate surface. 

CONCLUSIONS 
Above consideration shows, that the carbon condensates has the self-

similar structure. This conclusion follows from the coinciding parameters at 
positive deformation parameter q. Nevertheless, when q<0, calculated parame-
ters are strongly distinguishing. We explain this situation by the statistical 
meaning of the q parameter, which negative values related to the small fluctua-
tions of the surface roughness, i.e. the self –similarity parameters at q<0 repre-
sent the small details of the SEM images and can include the technical noise, 
which are always present in the  image.       
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ABSTRACT 
Results of measurement of resistivity of mesoporous silicon formed on n-type sub-

strates in a wide temperature range are presented. Measurements show that at low tem-
peratures there is a growth of resistance of four orders of magnitude compared to that at 
room temperature which occurs in a relatively narrow temperature range.  

 
Key words: porous silicon, resistivity, space charge region 
 
INTRODUCTION 
Electrical properties of porous silicon (PS) are of great importance for en-

gineering of PS-based electronic devices. It is well known that the conductance 
mechanisms of PS differ from that of bulk silicon [1]. Especially it concerns 
temperature dependence of resistivity. But the exact mechanism of the electron-
ic transport in PS layers isn’t ultimately understood up till now. Different ap-
proaches were developed during last years. They are based on the band gap 
modulation via quantum confinement effects in silicon crystallites forming 
porous silicon skeleton, on the hopping at the Fermi level mechanism, on the 
thermionic emission above energy barriers and on the space charge models [2 – 
5]. None of them explains satisfactory the resistivity versus temperature de-
pendencies. 

In  this  work,  in  order  to  clarify  the  conductance  mechanisms  of  PS,  we  
perform the investigation of mesoporous silicon resistivity behavior in a wide 
temperature range: from 300 K down to 10 K. 

SAMPLES CHARACTERIZATION AND MEASURING TECHNIQUE 
PS samples used for the measurements were prepared by electrochemical 

anodization technique. Antimony-doped 0.01 Ohm·cm wafers with (111) orien-
tation and standard thickness of 450 m were used. PS layers were formed in 
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HF:C3H7OH:H2O = 1:3:1 solution at current density of 65 mA/cm2 using poly-
tetrafluorethylene cell. The resulting PS layers had total thickness 10 m and 
porosity 55%. Vertical pores had diameter in the range 20 nm – 30 nm. Such 
material can be classified as mesoporous.  

In order to carry out the resistivity measurements samples were cut in 
pieces 20 mm × 10 mm. The resistivity measurements were performed with 
four probe method using current-in-plane configuration. Electrical contacts to 
PS layer were made by indium attached directly to PS. In this case the structure 
under  study can  be  treated  as  consisting  of  two layers:  highly  doped N+ sub-
strate and PS itself. The transport measurements were performed in a 4He cryo-
stat in a temperature interval 300 K – 10 K. 

The same measurements were carried out for silicon sample without po-
rous layers in order to clarify their role in the conductance mechanism. 

RESULTS AND DISCUSSION 
The typical curves, representing results of measurements of resistance 

versus temperature for both Si and PS are shown in Fig. 1.  
Two distinctive regions 

can be found in Fig. 1 for 
PS. In the region I 
(10 K < T < 170 K) the resis-
tivity value is approximately 
4 orders of magnitude higher 
that in the region II 
(200 K < T < 300 K), for 
which resistivities of Si and 
PS  are  equal.  Moreover  it  
drops in the rather narrow 
temperature range, 
170 K < T < 200 K. 

We believe that such 
giant increase of resistivity 

of the investigated structure below 200 K is caused mainly by change of the 
space charge region width in PS. 

Indeed, assuming that the Fermi level at the PS surface is fixed at about 
the middle point of the band gap we can calculate the free space charge region 
(SCR) width using the following equation [6] 

 
nq

V2W bir0
d ,   (1) 

where Wd is the free space charge region width; 0 is the dielectric 
constant;  r is the permittivity of Si; Vbi is the surface potential value; q is the 

 
Fig. 1 – The measured resistance versus tempera-

ture behavior of Si and PS 
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charge of electron, n is the charge carrier concentration. 

The results of calculations of Wd values for three different temperatures 
related to two different temperature regions are presented in a Table 1. Here we 
reasonably assume Vbi = 0.5 eV. 

 
Table 1 – Key PS parameters at different temperatures 

In our estimations the 
variation of the effective 
impurity concentration in 
porous silicon compared to 
that in substrate is neglect-

ed. As we see the SCR width values at room temperature are quite close to the 
pores skeleton dimensions (20 nm – 30 nm). We have to note, that the electron 
mean free path change with temperature is less with respect to the change of the 
SCR width. When temperature lowers, the SCR area in the pores increases, thus 
leading to reduction of the part of the skeleton where the charge carriers have 
less scattering, see Fig. 2. 

The above mentioned fact will have a significant influence on the resis-
tivity of PS and thus the overall structure resistivity, up to the moment of over-
lapping of space regions of neighboring pores. As we suppose it is exactly the 
space charge region overlapping that causes such significant increase of the 
resistivity of the measured structure with lowering the temperature. 

 

 
Fig. 2 – Sketch of the PS representing two pores with SCR and undepleted region at two 

different temperatures. (a) T > 200K, (b) T < 170K. D is the pore inner diameter, d is 
dimension of the undepleted region 

 

CONCLUSIONS 
In the present work the lateral resistivity of mesoporous silicon on the n+ 

substrate was investigated in the wide temperature range. It was found that the 
resistivity value changes by four orders of magnitude while the temperature is 
lowered from 300 K down to 10 K. The most significant change takes place in 
the temperature range 200 K – 170 . We believe that such giant growth of 

T, K n, cm-3[6] Wd, nm 
300 3.3·1018 14 
200 2.82·1018 15 
100 1.95·1018 18 
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resistivity is related to the overlapping of the SCR of neighboring pores while 
lowering the temperature. Estimations of SCR width at different temperatures 
strongly support this hypothesis. 
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ABSTRACT 
This research has accomplished an exceptional achievement to synthesize metallic 

nano-ribbons. A simple and fast spray method has been used to fabrication the metallic 
ribbon-shape nanostructures on the cotton fabrics. In fact cotton fabrics can act as a good 
template directing the shape of nanostructures. The method to achieve this end has been 
reported and discussed. The SEM micrographs demonstrated the nano-ribbon fabrication. 
Evaluation the electrical conductivity disclosed that electrical resistance of fabrics contain-
ing the silver nano-ribbons has been decrease about 7640 times as compared to untreated 
one. In fact electrical resistance has been declined from 6.53×109 .cm-1 on treated fabrics 
to 8.55 ×105 .cm-1 on untreated fabrics. Consequently, applying this technique decreases 
the electrical resistance by four orders of magnitude.  

 
Key words: Electrical conductivity; Nano-ribbons; Metallic; fiber template. 
 

INTRODUCTION 
Electrically conductive polymers such as polypyrrole and and polyaniline has 

been used in order to increase textile conductivity [1]. Many potential applications 
of electrically conductive textiles, such as sensors, static charge dissipation, lters, 
electro-magnetic interference shield, and special purpose clothing acting as protec-
tion or dust and germ free purpose have been driven num-bers of researches to 
improve textile conductivity [2]. By developing electrically conductive nanostruc-
tures, promotion electrical conductivity of textiles using conductive nanostructures 
like nano-metal, nano-carbon black, carbon nanotubes (CNT) [2], etc. has been 
highlighted as the subject of renewed interest. Among the various conductive mate-
rials such as gold, palladium, silver, nickel, copper, graphite and carbon ber, silver 
can present the best properties due to the excellent conductivity and chemical dura-
bility[3]. On the other hand, producing different shapes of nanostructures as well as 
modifying substrates on their basis is a high topic of interest [4-7]. This research has 
achieved an excellent success to synthesize metallic nano-ribbons with the feature 
of increasing conductivity of cotton fabrics. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
Materials: Poly(vinyl pyrrolidone) (PVP, Mw 10,000) was purchased from 
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Aldrich Chemical Company. Silver nitrate (AgNO3) with 99% purity and eth-
ylene-glycol were purchased from Merck Chemical Company. A solution of PVP 
and AgNO3 in ethylene-glycol (EG) have been prepared and applied on the pre-
washed cotton fabric samples, In fact, regarding complete solubility of silver 
nitrate and PVP in EG, the appropriate solutions of these two compounds have 
been provided under ultra-sound and then with respect to the miscibility of these 
solutions, the desired mixtures of these three chemicals have been prepared and 
applied immediately for fabric treatments by spray method. Spraying technique is 
one method for treatment of almost any surface. On the base of this method, the 
solutions were sprayed onto the fabric surface using a Paasche airbrush. In de-
tailed explanation, samples were sprayed by the prepared solution containing 1.5 
mM silver salt (AgNO3) and 8gr per100ml ethylene-glycol (EG) and dried at 
160±5°C for 8 min. Fabrications of the nano-ribbons on the fiber surfaces and 
their morphologies have been investigated by means of a Vega ©Ts 5136 MM 
Tescan scanning electron microscopy applying 30 KeV. and magnification of  
about 50000. The electrical conductivity of each sample has been evaluated ac-
cording to the DIN 54345 by means an eltex tera-ohm-meter 6206. 

RESULTS AND DISCUSSION 
This research aimed to synthesize of metallic nano-ribbons by controlling 

evaporation velocity of ethylene-glycol on the fabric structure as a template 
which leads to the controlling the shape of nanostructures. Ethylene-glycol (EG) 
acts as a reducing agent to reduce Ag+ to nano-particles [8]. In this research, 
poly(N-vinylpirrolidone) (PVP) was used as the best protective agent to prevent 
from agglomeration of particles. PVP can encircle the formed particles without 
any limitation for crystal growth [8]. Silver nanoparticles are crystalline struc-
tured materials. Therefore two known factors including nucleation and crystal 
growth direct the formation of the crystals [9]. In fact, using complete solubility 
of silver nitrate in ethylene-glycol desired concentration of AgNO3 in EG can be 
prepared.  

By gradually evaporation of eth-
ylene-glycol as well as developing reac-
tion, Ag ion concentration increases to the 
saturation point and thus the nucleation 
occurs. Then crystal growth can be pur-
sued. Consequently, treating surface with 
pre-solutions having concentrations lower 
than saturation point and then controlling 
the evaporation rate of the solution on the 
fabric templates is the aim of the control of 
crystal geometry via controlling the con-
centration of Ag ion, reducing agent, and 

 
Fig. 1 – Nano-ribbons fabricated on 

the faber surfaces [10] 
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stabilizer simultaneously. Consequently proposed technique can provide a geom-
etry controlled method to in-situ synthesize nano-ribbons on the fabric templates 
[10]. 

SEM micrographs verify the formation of silver nano-ribbons. Figure 1 
shows the treated samples. Lack of nano-ribbons on the sample treated with 
maximum concentration of AgNO3 (Fig. 2) alone as well as the untreated sam-
ple (Fig. 3) confirmed that reduction of Ag ions to Ag nano-particles cannot be 
achieved without any reducing agent like ethylene-glycol [10].  

 

 
Fig. 2 – a) Lack of nano-rods on the sample treated with the same concentration of 

AgNO3 alone, b) “a” with lower magnification 
 

On the basis of Sun et al. find-
ing [11], the high temperature is a 
key factor for the shape controlled 
synthesizing nano-rods in the solu-
tion. However, present research 
disclosed that silver nano-ribbons 
can be formed on the fabric tem-
plate at high temperature. It fact, 
the nano-porous structure of cotton 
can act as a nano-reactor and hence 
a good template to control the 
shape of nanostructuers. Evaluation 
of the electrical conductivity dis-
closed that electrical resistance of 

fabrics containing the silver nano-ribbons has been decrease about 7640 times as 
compared to untreated one. In fact electrical resistance has been declined from 
6.53×109 cm-1 on treated fabrics to 8.55×105 cm-1 on untreated fabrics. Con-

 
Fig. 3– Lack of nano-rods on the untreated 

sample 

b 
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sequently, applying this technique decreases the electrical resistance by four 
orders of magnitude. 

CONCLUSIONS 
This paper deals the electrical conductivity of fabrics containing silver 

nano-ribbons. The cotton fabric substrate has been used as a template to control 
of the nanostructure shapes. A ribbon shape silver nanostructures has been 
formed via a simple and fast spray method. Formation nano-ribbons was prov-
en by SEM micrographs. It is interesting that the electrical resistance has been 
decreased from 6.53×109 cm-1 on treated fabrics to 8.55×105 cm-1 on un-
treated fabrics. Consequently, about four orders of magnitude decrease in the 
electrical resistance has been obtained using this technique. 
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ABSTRACT 
The ternary III-V semiconductor (Ga,Mn)As has recently drawn a lot of attention 

as the model diluted ferromagnetic semiconductor, combining semiconducting proper-
ties with magnetism. (Ga,Mn)As layers are usually gown by the low-temperature mo-
lecular-beam epitaxy (LT-MBE) technique. Below a magnetic transition temperature, 
TC, substitutional Mn2+ ions are ferromagnetically ordered owing to interaction with 
spin-polarized holes. However, the character of electronic states near the Fermi energy 
and the valence-band structure in ferromagnetic (Ga,Mn)As are still a matter of contro-
versy. The photoreflectance (PR) spectroscopy was applied to study the band-structure 
evolution in (Ga,Mn)As layers with increasing Mn content. We have investigated thick 
(800 - 700nm and 230 – 300nm) (Ga,Mn)As layers with Mn content in the range from 
0.001% to 6% and, as a reference, undoped GaAs layer, grown by LT-MBE on semi-
insulating (001) GaAs substrates. Our findings were interpreted in terms of the model, 
which assumes that the mobile holes residing in the valence band of ferromagnetic 
(Ga,Mn)As and the Fermi level position determined by the concentration of valence-
band holes. 

 
Key words: spintronics, diluted ferromagnetic semiconductor, photoreflectance 

(PR) spectroscopy, Fermi level, (Ga,Mn)As 
 

INTRODUCTION 
There has been a considerable increase in the past decade in the research 

activity developing basic materials for spin electronics. Diluted ferromagnetic 
semiconductors, combining semiconductor properties with magnetism, are 
especially promising as the materials for spintronics. In this respect, (Ga,Mn)As 
has become a model ferromagnetic semiconductor prospective for integrating 
semiconductor-based information processing and magnetic-based data storage 
on the same chip because of its compatibility with the established GaAs-based 
semiconductor technology. Homogeneous films of Ga1-xMnxAs containing up 
to above 10% of Mn atoms can be grown by low-temperature (200–250°C) 
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molecular-beam epitaxy (LT-MBE).1 When intentionally undoped the films are 
p-type, where Mn atoms, substituting Ga atoms in the GaAs crystal lattice, 
supply both mobile holes and magnetic moments.  

On the other hand, undoped LT-MBE-grown GaAs (LT-GaAs) films are 
n-type, because during the growth an important amount of about 1% excess 
arsenic is incorporated into the GaAs matrix in a form of arsenic antisites, As-
Ga, arsenic interstitials, AsI, and gallium vacancies, VGa.2,3 These defects, 
mainly AsGa with a typical concentration of 1 1020 cm-3, result in electronic 
properties of LT-GaAs. The AsGa defect acts as a double donor in GaAs giving 
rise to two deep energy levels in the band gap: the single donor level (0/+) at 
EC – 0.75 eV and the double donor level (+/++) at EV + 0.52 eV,4 where EC 
and EV are the conduction and valence band edges, respectively. In LT-GaAs 
the AsGa levels broaden to form a deep donor band responsible for hopping 
conduction3 and the Fermi level pinning at about 0.47 eV below the conduction 
band edge.5,6 Tunneling spectroscopy measurements revealed a band of donor 
states near EV + 0.5 eV arising from the AsGa defects, i.e. close to their double 
donor level, and the Fermi level, EF, located above this band.7 This situation, 
resulting from partial ionization of the AsGa-related defect band by residual 
carbon acceptors and/or native VGa acceptors, is schematically shown in 
Fig. 1a.8 

Magnetic properties of (Ga,Mn)As films arise from the Mn spin system 
(SMn = 5/2 for Mn2+ charge state), which undergoes the ferromagnetic phase 
transition below the Curie temperature, TC. Mn atoms substituting the Ga lat-
tice sites in the LT-GaAs host, MnGa, act as acceptors with an impurity binding 
energy of intermediate strength 0.11 eV.9,10 This results in a high hole density, 
which is assumed to play a crucial role in the hole-mediated ordering of Mn 
spins.11,12 On the other hand, Mn atoms occupying interstitial sites of the 
crystal  lattice,  MnI,  act  as  double  donors  in  GaAs13  and,  together  with  the  
native AsGa donors, partially compensate MnGa acceptors, thus resulting in 
effective reduction of the hole concentration in the (Ga,Mn)As films and, in 
turn, in decreasing their Curie temperature. With increasing the Mn content, x, 
typically both the hole concentration and TC increase in the as-grown 
(Ga,Mn)As films up to around x = 0.06, beyond which they both start to de-
crease, primarily due to the formation of Mn interstitials. Post-growth anneal-
ing the films at temperatures below the LT-MBE growth temperature, resulting 
mainly in out-diffusion of the Mn interstitials, allowed for achieving the high-
est, so far, TC of 185 K at x  0.12.14 

MnGa acceptors are more localized than shallower, hydrogenic-like ac-
ceptors in GaAs, which results in higher critical carrier density of the metal-
insulator transition (MIT) in Mn doped GaAs, of about 1×1020 cm 3, as com-
pared to the critical density of two orders of magnitude lower for the shallow 
acceptors in GaAs.15 Importantly, a ferromagnetic ordering in (Ga,Mn)As 
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occurs on both the insulating and metallic side of the MIT.  

 
a b c d 

Fig. 1. – Schematic energy band diagram for LT-GaAs (a) and possibilities of its evolu-
tion for (Ga,Mn)As with increasing Mn content (b, c, and d). Splitting of the bands in 
the ferromagnetic state is omitted for simplicity. Arrows indicate electronic transitions 
from the valence band to the conduction band (E0). Impurity-band regime for low-Mn-
doped (Ga,Mn)As is presented in (b): a narrow impurity band is formed at an energy of 
the MnGa acceptor level, separated from the valence band by an energy gap of the mag-
nitude close to the impurity binding energy, with the Fermi level residing inside this 
band (assuming some compensation). An alternative scenario is shown (c), where holes 
are doped into the valence band from MnGa acceptor levels and the absorption edge 
shifts  from the center of the Brillouin zone to the Fermi-wave vector.  The disordered-
valence-band regime for high-Mn-doped (Ga,Mn)As is presented in (d), where the im-
purity band and the host valence band merge into one inseparable band, whose tail may 
still contain localized states (shaded grey area) depending on the free carrier concentra-
tion and disorder. 

 
The nature of conducting carriers mediating the ferromagnetic state in this 

material has not yet been unambiguously clarified. There are two alternative 
theories about the electronic structure of metallic (Ga,Mn)As. The first one 
involves persistence of the MnGa-related impurity band on the metallic side of 
the MIT with the Fermi level residing within the impurity band and mobile 
holes retaining the impurity band character,16–18 as shown schematically in 
Fig. 1b. The second one assumes mobile holes residing in nearly unperturbed 
valence band of the GaAs host (Fig. 1c), which play a key role in the p-d Zener 
model of ferromagnetism in diluted magnetic semiconductors.11,12 Elucidation 
of the above controversy is essential for a better understanding of carrier medi-
ated ferromagnetism phenomenon,19 which is also important in view of poten-
tial applications of ferromagnetic semiconductors for spintronic devices. In 
order to resolve this question, systematic magnetic, optical, and transport exper-
iments have been carried out on (Ga,Mn)As films by many research groups 
worldwide.  
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In the present work, fundamental properties of the energy band structure, 
like intrerband energy transitions and electro-optic energies for light and heavy 
holes, of LT-GaAs and (Ga,Mn)As films with various Mn contents were deter-
mined. The one of modulation spectroscopies – photoreflectance (PR) was 
applied, as the most precise, nondestructive, and contactless optical characteri-
sation technique. Photoreflectance studies were supported by Raman spectros-
copy and high resolution X-ray diffractometry (XRD) measurements and mag-
netic properties of the (Ga,Mn)As films were characterized with a supercon-
ducting quantum interference device (SQUID) magnetometer.  

EXPERIMENTAL  
For our investigations two series of the thick 1000-700nm and 300-230nm 

ferromagnetic (Ga,Mn)As films with Mn content from 0.001% and 6% have 
been used. In addition, we have investigated two thin (50nm) (Ga,Mn)As layers 
(quantum wells) embedded in LT-GaAs. The films were grown by means of the 
LT-MBE method at a temperature of 230°C on semi-insulating (001)-oriented 
GaAs substrates. Such heterostructures were chosen because of their different 
transport and optical properties. While (Ga,Mn)As containing up to 2% Mn is 
expected to be close to the MIT, the Mn content higher than 2% usually trans-
fers (Ga,Mn)As films into metallic state. In addition, as a reference LT-GaAs 
film, we investigated a 700nm and 230nm-thick undoped GaAs film grown on 
GaAs by LT-MBE under the same conditions as the (Ga,Mn)As films. Both the 
Mn composition and the film thickness were verified during the growth by the 
reflection high-energy electron diffraction (RHEED) intensity oscillations, 
which enabled to determine the composition and film thickness with accuracy 
of 0.1% and one monolayer, respectively.20 

The films were subjected to investigations of their properties using several 
complementary characterization techniques. Magnetic properties and the TC 
values for the (Ga,Mn)As films were inspected using both magnetic-field- and 
temperature-dependent SQUID magnetometry. Micro-Raman spectroscopy was 
employed to estimate the hole densities in the thick (Ga,Mn)As films. The 
micro-Raman measurements were performed using an inVia Reflex Raman 
microscope (Renishaw) at room temperature with the 514.5-nm argon ion laser 
line as an excitation source. Structural properties of the thick epitaxial films 
were investigated by analysis of XRD results obtained at the temperature 27°C 
by means of high-resolution X-ray diffractometer equipped with a parabolic X-
ray mirror and four-bounce Ge 220 monochromator at the incident beam and a 
three-bounce Ge analyzer at the diffracted beam. Misfit strain in the epitaxial 
films was investigated using the reciprocal lattice mapping and the rocking 
curve techniques for both the symmetric 004 and asymmetric 224 reflections of 
Cu K 1 radiation. 
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Room temperature PR measurements were performed using an argon ion 
laser working at the 488 nm wavelength and a nominal power of 50 mW as a 
pump-beam source and a 250 W halogen lamp coupled to a monochromator as 
a probe-beam source. The PR signal was detected by a Si photodiode. The 
chopping frequency of the pump beam was 70 Hz and the nominal spot size of 
the pump and probe beams at the sample surface were 2 mm in diameter.  

RESULTS AND DISCUSSION 
Results of SQUID magnetometry applied to the (Ga,Mn)As films showed 

that they all exhibit an in-plane easy axis of magnetization and well-defined 
hysteresis loops in their magnetization vs. magnetic field dependence. The 
films of 230 nm thickness displayed TC values of 40 K and 60 K for a Mn 
content of 1% and 6%, respectively. The (Ga,Mn)As films of 300 nm thickness 
with a Mn content of 2% and 4% displayed TC values of 50 K and 60 K, re-
spectively. This range of Curie temperature is typical for unannealed, relatively 
thick (Ga,Mn)As films.4  

SQUID magnetometry have revealed 
the diamagnetic character of the ultra low 
(0.001% and 0.005%) doped (Ga,Mn)As 
700-800 nm epitaxial layers. Due to the 
small amount of Mn atoms we have as-
sumed that free holes concentration is too 
weak or lacking at all to induce the ferro-
magnetic effect. This suggestion was sup-
ported by the thermoelectric power meas-
urements, which revealed that (Ga,Mn)As 
epitaxial layers with ultra low Mn concen-
tration exhibit n-type conductivity. 

The micro-Raman spectra obtained 
for the LT-GaAs and (Ga,Mn)As films of 
230 nm thickness are presented in Fig. 2. 

Quantitative analysis of Raman spec-
tra can provide important information about 
the free-carrier density. Seong et al.21 
proposed a powerful procedure, which 
enables for accurate determining the carrier 
density without necessity of applying large 
magnetic fields, as is required in the Hall-
effect measurements for ferromagnetic 
materials. In (Ga,Mn)As films, character-
ized by a high density of free holes of about 

1020 cm-3, the interaction between the hole plasmon and the LO phonon leads 
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Fig. 2 – Raman spectra recorded at 
room temperature in backscattering 
configuration from the (001) sur-
faces of the LT-GaAs reference 
film and two 230-nm (Ga,Mn)As 
films. The spectra have been verti-
cally offset for clarity. The dashed 
lines indicate the positions of the 
Raman LO- and TO-phonon lines 
for the LT-GaAs reference film 
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to the formation of coupled plasmon LO phonon (CPLP) mode.22 In addition, 
it  results  in  a  broadening  and  a  shift  of  the  Raman  line  from  the  LO-phonon  
position to the TO-phonon position depending on the hole density.23 From 
micro-Raman spectra we have estimated the hole concentrations of 
0.9×1020 cm 3 and 1.4×1020 cm 3 in the films with the Mn content of 1% and 
6%, respectively. The obtained results suggest that the first (Ga,Mn)As film 
demonstrates properties of insulator-like material and the second one does 
those of metallic-like material.  

Our results of high-resolution XRD measurements revealed that both the 
LT-GaAs and (Ga,Mn)As films, grown on GaAs substrate under compressive 
misfit  stress, were fully strained to the (001) GaAs substrate. The clear X-ray 
interference fringes, observed for the 004 Bragg reflections presented in Fig. 3, 
prove a high structural perfection of the films. The film thicknesses calculated 
from the angular spacing of the fringes correspond very well to their thickness-
es determined from the growth parameters. The lattice unit of the films changes 
with increasing lattice mismatch from the zinc-blende cubic structure to the 
tetragonal structure with the perpendicular lattice parameter larger than the 
lateral one, equal to the GaAs lattice parameter.  

 

 

 
Fig.  3 – X-ray diffraction results: 2 /  

scans for (004) Bragg reflections for (a) 230nm 
LT-GaAs, Ga

0.99
Mn

0.01
As,  and  Ga

0.94
Mn

0.06
As 

thin films and (b) 700-800nm LT-GaAs, 
(Ga,Mn)As: 0.001% Mn, and (Ga,Mn)As: 
0.005% Mn epitaxial layers grown on (001) semi-
insulating GaAs substrates. The curves have been 
vertically offset for clarity. The narrow line cor-
responds to reflection from the GaAs substrate 
and the broader peaks at lower angles are reflec-
tions from the epitaxial films. For the (Ga,Mn)As 
films with higher Mn concentration (a) diffrac-
tion peaks shift to smaller angles with respect to 
that of the LT-GaAs reference film with increas-
ing the Mn  

The observed broadening of the diffraction peak corresponding to the 
Ga94Mn06As film (Fig. 3a) indicates a spread of its perpendicular lattice 
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parameter, which may result from slight lateral inhomogeneity of the Mn 
content along the sample surface. Other possible reasons of the peak 
broadening, as e.g. vertical gradient of the film composition, were excluded in 
view of our results of the reciprocal lattice mapping performed with a narrow 
X-ray beam for the 004 reflection. 

Photoreflectance study presented in this paper is probably the first exper-
imental observation of the fundamental energy gap in (Ga,Mn)As films with 
very bright range from 0.001% to 6% of Mn content. Owing to derivative na-
ture of PR spectroscopy it allows for accurate determination of the band-gap 
energies even at room temperature. As the PR signal is associated with the 
electric field caused by the separation of photogenerated charge carriers, its 
intensity significantly decreases in highly doped semiconductors because of 
efficient screening of the electric field by free carriers. Accordingly, the intensi-
ty of the measured PR signal strongly decreased with increasing Mn content in 
the investigated films. This intensity for the Ga94Mn06As sample was smaller 
by about one order of magnitude than that for the LT-GaAs sample. That is 
why the spectra presented in Fig. 4 have been normalized to the same intensity. 

 

 

 

 
a b c 

Fig.  4 – Sequence of the photoreflectance spectra for the LT-GaAs, (Ga,Mn)As films 
epitaxially grown on GaAs substrate: (a) 230nm LT-GaAs, Ga0.99Mn0.01As, and 
Ga0.94Mn0.06As; (b) 300nm Ga0.98Mn0.02As  and  Ga0.96Mn0.04As; (c) 700-800nm LT-
GaAs, (Ga,Mn)As: 0.001% Mn, and (Ga,Mn)As: 0.005% Mn. The curves have been 
vertically offset for clarity 

 
The PR spectra measured in the photon-energy range from 1.30 to 1.70 eV 

for both the LT-GaAs and (Ga,Mn)As epitaxial films reveal a rich, modulated 
structure containing two main features: electric-field-induced Franz-Keldysh 
oscillations (FKO) at energies above the fundamental absorption edge and a 
peak at around the GaAs energy gap. Some of the spectra reveal a below-band-
gap feature. Despite the thicknesses of our epitaxial films (from 800 to 230 nm) 
are larger than the penetration depth of 488-nm argon-ion-laser line in crystal-
line GaAs, estimated to about 100 nm,24 we were able to detect a PR-signal 
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contribution coming from the film-substrate interface regions for 300-230 nm 
layers  (Fig.  4a,  b). This contribution results from a transport of laser-injected 
carriers to the interface and formation of space-charge volume, which extends 
in GaAs to 1 m in depth. Sydor et al.24 associated the below-band-gap feature 
in  their  PR signal  from MBE-grown GaAs thin  films  on GaAs substrate  with  
impurity effects at the GaAs/GaAs interface. According to their interpretation, 
the modulation mechanism of this feature results from the thermal excitation of 
impurities or traps at the interface and their momentary refilling by the laser-
injected carriers. In line with this interpretation, amplitude of the below-band-
gap feature in our PR results shown in Fig. 4a, b decreases with the increasing 
of the thickness of our epitaxial films and disappear at all for very thick (700-
800nm) layers (Fig. 4c). 

From analysis of the FKO periods we obtained the interband transition 
energies  Eg  in  (Ga,Mn)As  layers  with  various  Mn  contents  (Fig.5). This ap-
proach neglects the light-hole contribution to PR spectra and takes the asymp-
totic expression of the Airy function.25 Using this simplified analysis the value 
of Eg connected with the nominal band-gap energy is obtained from the inter-
section with ordinate of the linear dependence of the energies of FKO extrema 

Em vs. their “effective index” defined as 
3/2]4/)2/1(3[ mFm :  

mgm FEE , 
where m is the extremum number and the electro-optic energy  is de-

fined as

3/1222

2
Fe

, where F is the electric field and µ is the interband reduced 
effective mass.24 
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Fig. 5 – Analysis of the period of Franz-Keldysh oscillations for (a) 230-nm LT-GaAs, 
Ga0.99Mn0.01As,  and  Ga0.94Mn0.06As films; (b) 300-nm Ga0.98Mn0.02As, and 
Ga0.96Mn0.04As films and (c) 700-800nm LT-GaAs, (Ga,Mn)As: 0.001% Mn, 
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(Ga,Mn)As: 0.005% Mn. The values of Eg obtained from the analysis are listed in the 
figures. The numbers of the FKO extrema used for the analysis are marked on Fig. 4 

The results of this analysis, neglecting the FKO extremum for m = 1, 
which is affected by the multiple lower-energy features in the PR spectra for 
the 230 and 300nm-thick films are presented in Fig. 5a,b. The same simplified 
analysis of the PR spectra with the taking into consideration all the FKO extre-
ma for thick 700-800 nm films is shown in Fig. 5c. 

Owing to excitonic nature of the room-temperature PR signal the meas-
ured energies of interband transitions are smaller than the nominal band-gap 
energies by approximately the excitonic binding energy. Thus, the energies 
obtained from FKO analysis are called critical-point energies rather than the 
band-gap energies. 

Thorough analysis of the obtained results shows a blue shift, up to 
20 meV, of the Eg transition in Ga0.98Mn0.02As films with respect to the 
reference LT-GaAs film. In contrast, a substantial red shift, of 40 meV, of the 
Eg energy, equal to 1.386 eV, was revealed for the Ga0.94Mn0.06As film. 
Such an effective reduction of the energy gap in highly Mn-doped (Ga,Mn)As 
film is in qualitative agreement with the results of STS26,27, which suggested 
even smaller band gap of 1.23 eV in (Ga,Mn)As film with 3.2% Mn content, as 
estimated from conductance spectra measured in the scanning tunneling micro-
scope26. Large difference between that result and our experimental value of the 
Eg energy may result from different measurement techniques used and a lim-
ited energy resolution of the STS technique.  

Our PR results evidence a tangible difference in the electronic band struc-
tures of (Ga,Mn)As with low and high Mn contents. The blue shift of Eg transi-
tion in the Ga0.99Mn0.01As and Ga0.98Mn0.02As film indicates the Fermi 
level position below the top of GaAs valence band, which is consistent with the 
situation presented in Fig. 1c, where the E0 transition occurs from the Fermi 
level to the conduction band. Then, the small increase of the E0 energy may 
result from the Moss-Burstein shift of the absorption edge.28  

On the other hand, significant red shift of the E0 transition in the 
(Ga,Mn)As films with high 4% and 6% Mn contents is consistent with the band 
structure presented in Fig. 1d, where the Mn-related impurity band is merged 
with the GaAs valence band, forming a disordered valence band extended within 
the band gap.15 In this case the E0 transition occurs from the Fermi level in the 
disordered valence band to the conduction band. The red-shift magnitude of the 
E0 transition results from interplay between the band-gap narrowing and the 
Moss-Burstein shift in highly Mn-doped (Ga,Mn)As. Moreover, a lack of split-
ting of the PR spectra into light- and heavy-hole features in the spectral area near 
the E0 transition, even in the Ga0.94Mn0.06As film with a vertical strain as high 
as 4.2 10-3 (from XRD results), may be explained by the disordered character of 
valence band in this case.29 
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The slight red shift of the Eg transition in (Ga,Mn)As epitaxial layers with 
ultra low Mn concentration with respect to the reference LT-GaAs film could 
not be explained by the structural changes of Mn-doped layers (See Fig.3b). It 
could be caused by the compensation character of the conductivity in these 
films. The transition critical point energy in (Ga,Mn)As n-type epitaxial layers 
slightly decrease as long as this material do not transfer into the p-type. After 
that the Fermi level in (Ga,Mn)As shifts from the band-gap into the valence 
band and this material became ferromagnetic.  

CONCLUSIONS 
In this work we have employed complementary characterization tech-

niques, such as photoreflectance spectroscopy, Raman spectroscopy, high reso-
lution X-ray diffractometry, and SQUID magnetometry, for revealing the fun-
damental properties of (Ga,Mn)As epitaxial films with different Mn content. 
Our PR spectroscopy measurements enabled determination of the E0 electronic 
transition in (Ga,Mn)As and its dependence on the Mn content.  

In (Ga,Mn)As with ultra low (0.001–0.005%) Mn concentration the transi-
tion energy is slightly red shifted with respect to that in reference LT-GaAs, 
which was interpreted as a result of the compensation character of the conduc-
tivity in these n-type, non ferromagnetic epitaxial layers. The Fermi level in 
such (Ga,Mn)As is located in the band gap. 

In p-type (Ga,Mn)As with a low (1–2%) Mn content and hole density 
close to that of the MIT, the interband transition energy was blue shifted with 
respect to that in reference LT-GaAs, which was interpreted as a result of the 
Moss-Burstein shift of the absorption edge due to the Fermi level location be-
low the top of GaAs valence band. On the other hand, a substantial red shift, of 
40 meV, of the E0 energy was revealed in (Ga,Mn)As with the highest (6%) 
Mn content and a hole density corresponding to metallic side of the MIT. This 
result, together with the determined other parameters of the intrerband electro-
optic transitions near the center of the Brillouin zone, which were significantly 
different from those in reference LT-GaAs, was interpreted in terms of a disor-
dered valence band, extended within the band-gap, formed in highly Mn-doped 
(Ga,Mn)As as a result of merging the Mn-related impurity band with the host 
GaAs valence band.  
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ABSTRACT 
The possibilities of the quantitative analysis of elemental composition of multi-

components solid state surface with resolution on depth in a mode of measurement of 
elastic electron scattering coefficient in a narrow solid angle is analyzed. 

 
Key words: electron spectroscopy, elastic electron scattering, surface composi-

tion. 
 

INTRODUCTION 
Now electron spectroscopy is an essential tool for analyzing the surface 

area of solids. In this case, all methods of electron spectroscopy in one way or 
another need knowledge of the elementary processes of interaction of electrons 
with solids, including the elastic interaction of electrons with solids. Without 
knowledge of the quantitative principles of elastic scattering of electrons we 
can not solve problems of quantitative diagnostics of surface and near-surface 
area of solids. Meanwhile, analyzing the characteristics of flows of the elas-
tically reflected electrons, we can develop techniques that can itself solve quan-
titatively certain problems of diagnostics of solids. 

RESULTS AND DISCUSSION 
The development of nanotechnology is impossible without progress in 

methods of analysis of nanostructures. Electron spectroscopy in all modifica-
tions is the most significant method of such analysis. In recent years one method 
of electron spectroscopy – elastic peak electron spectroscopy (EPES) is being 
intensively developed. One of its modification is called angular resolved elastic 
peak electron spectroscopy (AREPES) [1-3]. In this article we discuss the poten-
tial of AREPES in the mean electron energy range for investigation element 
composition of disordered solids. The reporting depth in this energy range varied 
from fractions to several dozens of nanometers. One of the most important ad-
vantages of AREPES is relative simplicity of experiment results interpretation 
by means of analytical calculations and Monte Carlo method.  
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The task of this study was to find the sensibility of AREPES in determin-
ing the surface content. The results presented in figure 1 are received by means 
of calculation of the coefficient of elastic electron scattering in a narrow spatial 
angle for Au covered by a monolayer of C. The results were received based on 
Monte Carlo method. As seen from the figure fractions of C monolayer result 
in substantial change in the coefficient of elastic electron scattering.   

For analytical calculation of the coefficient of elastic electron scattering 
r( ) for multicomponent solids we used phenomenological model of multiple 
scattering. In the context of this model we calculated r( ) using formula (1): 

 (1 ( )) (1 ( ))( , ) ( )cos(1 )
cos

z z i iz
z i

P Pr n W S  (1) 

Where ,  are the electron 
incidence and scattering angles, 

 =  –  –  is the electron es-
cape angle, ( ), ( ) are the 
probabilities of surface losses,  is 
the effective mean free path of 
electrons in the target: 

 = y /( y + ), where  and 
y – are the electrons mean free 

path to the elastic and inelastic 
collisions, nz is the atomic con-
centrations of zith component, z 
is the corresponding integral cross 
section for elastic scattering, Wi 
is the probability of electron es-
cape into vacuum after ith scatter-
ing event; and Siz( ) is the nor-
malized probability of electron 
scattering by angle  after the ith 
event. 

To find out the responsive-
ness  of  the  method  we  used  dis-
ordered structures based on Pb 
xOy. Based on experimentally 
measured and calculated using 
formula (1) values of r( ) we 

showed that with measurement accuracy ~ 1% for r( ) one can find depth pro-
files of element concentration with similar accuracy. In measures we used 
NIST electron elastic-scattering cross-section database [4]. 

 
Fig. – 1 Monte Carlo simulation of 

probability of elastic electron scattering for: 
gold ( ); gold with monolayer of carbon 

( ); gold with 0.5 monolayer of 
carbon ( ) 
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Taking into account a significant difference of the [2] and [5] results, we 
can conclude the following: 

1) The fraction of electrons elastically reflected by a solid surface is large 
enough, and in the considered energy range it  is a few percent of the incident 
electron beam; 

2) If an element has high atomic number Z, the integral coefficient of elas-
tic reflection r in the considered electron energy range varies non-
monotonically with energy, reaches the maximum at Emax ~ Z2/8 (eV), and then 
decreases with increasing electron energy. The elements with low atomic num-
ber Z show monotonic decrease of the dependence r(E); 

3) If E  1,5  keV,  the  r  coefficient  is  a  nonmonotonic  function  of  the  
atomic number Z of the tested sample. When energies of incident electrons are 
high, r is an increasing function of Z. For example, if E = 2 keV, r = 0,08% for 
carbon, r = 0,3% for aluminum, while r = 4% for gold. 

CONCLUSIONS 
Practical implementation of the EER (Elastic Electron Reflection) spec-

troscopy options can be achieved in the experimental apparatus meeting the 
following requirements. 

1. Due to the high sensitivity of the EER characteristics to surface contam-
ination, they should be measured in ultrahigh vacuum with the residual gas 
pressure p <10-7 Pa. 

2. The device should measure the absolute values of the EER coefficient 
in the narrow solid angle, that usually requires special calibration of the elec-
tron detector-analyzer. 

3. As an electron analyzer in the narrow solid angle, it is advisable to use 
an analyzer with the retarding field allowing to measure the total current of 
elastically reflected electrons. 

4. The energy resolution of the analyzer E/E should be at 0.1% to ensure 
sufficient accuracy of the absolute values of the EER coefficient in the narrow 
solid angle. 

5. Necessary angular resolution of the analyzer  depends on the differ-
ential cross sections of electron elastic scattering d y( )/d  on the atoms of a 
solid and must not exceed 2°. 

6. As an electron detector, it is advisable to use a detector operating in the 
mode of registration of individual pulses, which allows measurements at low 
currents of the primary electron beam and provides respectively non-destructive 
nature of the analysis. 

7. When analyzing the elemental composition, it is advisable to do meas-
urements at angles of electron incidence  to the sample close to normal and 
the scattering angles  > 150°. In this area of angles there are no special spatial 
distributions of elastically reflected electrons, almost no effects of electron 
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refraction on the solid border, and the effects of surface roughness are mini-
mized. 

8. To do the experimental determination of the surface loss probability, 
the device should ensure measurements of the absolute values of the r ( ) coef-
ficient in a wide range of incidence angles . 

Note that the correct solution of surface diagnostic problems by elastic 
electron reflection spectroscopy, in particular the problems of determining the 
analysis depth, needs knowledge of the differential cross sections of elastic 
scattering of the electrons on the atoms in the condensed state, which may sig-
nificantly differ (especially if angles of scattering are small) of those for isolat-
ed atoms . 
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ABSTRACT 
By means of in situ measurement of the temperature of condensation surface by 

two independent methods during deposition of various materials by magnetron sputter-
ing it was revealed that it is noticeably higher than that of the substrate and linearly 
increases with increasing of the deposition rate of the film. This effect is explained by 
the idea that intermediate liquid-like layer forms on the boundary between the vapor and 
solid (film) phases, that exists exceptionally during arrival of sputtered species on the 
condensation surface. Calculations based on the experimental results show that thermal 
conductivity of the layer is 8-10 orders of magnitude lower than that for bulk materials. 
The existence of a layer with such thermal properties provides observing temperature 
difference between condensation surface and substrate. The suggested simple quantita-
tive film growth model is in a good agreement with experimental results and is invariant 
relative the film deposition technique. 

 
Key words: surface temperature, calorimetry, magnetron sputtering, growth mod-

el, Cr, Cu, Ti, TiN 
 

INTRODUCTION 
During film deposition at least two different temperatures can exist: con-

ventional substrate temperature, Ts, which is close to the temperature of a solid 
film, TF Ts, and the temperature of the growth surface, Tsurf, which is higher 
than that of the film, Tsurf TF [1,2]. Clearly, the last one can exist only during 
the film growth. The reason for the difference between the surface temperature 
and the temperature of already crystallized film can be really existing physical 
phenomenon [3].  

There are few reasons for temperature rise during condensation of atoms: 
(i) an exothermic release of heat of condensation, , (ii) kinetic energy of 
sputtered atoms, Ek, during magnetron sputtering, which is one-two orders of 
magnitude higher compared with that of evaporated atoms, (iii) during magne-
tron sputtering the growing film is additionally bombarded with ions and fast 
neutrals that delivers additional heat flux [4]. The sum of these heat fluxes at 
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the condensation surface results in high temperature rise at the surface during 
film growth [5]. Thus it is clear that real temperature at which film forms does 
not equal to conventional substrate temperature which is accepted as a growth 
temperature. Therefore the information about real temperature and its connec-
tion with deposition parameters is a key parameter for governing of the film 
properties and understanding the mechanisms of its growth. 

The  aims of  this  work  are  in situ monitoring of the surface temperature 
Tsurf, arising during magnetron sputtering of various metals, and creation of a 
model of film formation based on the obtained results. 

EXPERIMENTAL DETAILS 
The temperature of a condensation (growth) surface, Tsurf, during film 

deposition has been monitored by two principally different methods. The first 
is  based  on  registration  of  a  heat  flux  irradiated  from a  condensation  surface  
during film deposition using high resolution IR-camera along with simultane-
ous measurement of a substrate temperature by means of thermocouple, for 
details see [5]. Another one, which is called calorimetric, is based on monitor-
ing of temperature–time dependence T(t) (T – measuring temperature, t – time 
of deposition) for a sample (0.15 mm thick, 40 mm copper disc) suspended 
on a thin chromel-alumel thermocouple for several deposition rates. 

Calorimetric method is based on the following consideration. The tem-
perature of a sample subjected to any type of energetic irradiation increases. 
When it is yet so low that the heat irradiation is negligible, the influx of energy 
qin to the sample is  

t
TScmqin

1     (1) 

where m, c, S, T/ t – are the mass, specific heat, sample’s square and 
rate of temperature change, respectively. If the sample subjected to usual IR-
irradiation is a flat plate thin enough that the irradiation from its lateral sides is 
negligible then the fluxes irradiated from both face sides are equal and the heat 
outflux qr irradiated from the sample is described by the Stephen-Boltzmann 
equation 

)(2 4
0

4 TTq Sr    (2) 
where  is Stephen-Boltzmann constant,  - emissivity of the sample, TS 

its temperature, and T0 is a temperature of environment. It should be highlight-
ed that the multiplier “2” in Eq. (2) indicates the equivalence of the outfluxes 
from both sides of the sample.  

When the temperature reaches maximum then qr becomes equal to the qin, 
provided that the heat does not leak away by any other mechanism (fig.1a): 

rin qq      (3) 
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If by any reason the outfluxes from the sample’s sides are not equal the 
temperature of the side with lower outflux will be lower than that of the oppo-
site one (fig.1b). In this case 

)]()[( 4
0

4
2

4
0

4
1210 TTTTqqq rrr  (4) 

where qr0 is the total heat flux irradiated from the sample, qr1, qr2 are the 
outfluxes and T1, T2 — the temperatures of the sample sides respectively. 

 
Fig.1 – Scheme demonstrating physical idea of the calorimetric method for determina-

tion of the surface temperature. The heat fluxes irradiated from the plate sides under the 
influence of different heat sources can be: a) equal; b) not equal. 

 
To satisfy the Eq. (4) emissivity  must be equal for both sides that was 

achieved by pre-coating of both sides of the sample with the respective materi-
al, which was measured by specially developed method. Measuring the tem-
perature T1 by the thermocouple fixed to the sample, and calculating the influx 
qin from Eq. (1) we find the other sample’s side temperature T2. 

RESULTS AND DISCUSSION 
Measurements of the Tsurf by two independent methods for various mate-

rials (Cr, Cu, Ti, Mo, TiN) have shown that: (i) the inequation Tsurf>TS holds 
for all deposited materials; (ii) the Tsurf and TS increase linearly with increasing 
the energy flux, qin, at the substrate, which is proportional to film deposition 
rate (fig.2a, b).  Note that the results of measurements by both methods are in 
accordance.  

Big difference between the substrate (TS) and surface (Tsurf) temperatures 
indicates to extremely low thermal conductivity of the substance localized 
between the vapor phase and the substrate. Crystallized metal film cannot pos-
sess such a low thermal conductivity. To realize this effect let us consider the 
growing film as a substance consisting of two different components (fig.3a): 
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(1) very thin surface layer between vapor phase and solid film, which is formed 
of mobile atoms arriving from a vapor on the growth surface. Due to structure-
less nature and high mobility of atoms within the layer it can be considered as a 
liquid-like with Tsurf temperature; (2) solid film under the layer. Whereas ther-
mo-physical properties of a solid film and a substrate keep constant during 
deposition the thermo-physical properties of a liquid-like layer are unknown 
and can substantially differ from those for the film and substrate. 

The hypothesis about the ex-
istence of a liquid-like layer sepa-
rating the vapor and solid (crystal-
lized  film)  phases  is  based  on the  
Ostwald ripening rule. The rule 
says that the transition of a system 
unstable at a given conditions 
(pressure, temperature) to the 
stable state occurs throw a number 
of intermediate unstable states [6]. 
The intermediate state for va-
por solid transition is a liquid 
phase. That is, in accordance with 
the  Ostwald  rule  the  formation  of  
a solid film from a vapor phase 
should occur throw formation of 
an intermediate liquid phase – 
vapor liquid solid (v l s). 
Mechanism of phase transition 
from vapor to solid throw for-
mation of an intermediate liquid 
phase during vapor condensation 
has been suggested in [7] while 
the experimental confirmation of 

this mechanism has been obtained later on by Palatnik et al during deposition 
of films of various materials. They have demonstrated that the film grows by 
v l s mechanism at TS/Tm 2/3, where Tm is a melting point of a film material 
[8]. Liquid-like coalescence of islands during island stage of film growth, 
which yet has not convincing explanation, also can be explained using model 
of a liquid-like layer. Observations of the growing metal films by TEM on 
island stage revealed that islands behave like liquid droplets. 

They migrate over a substrate and coalesce like liquid drops while elec-
tron diffraction shows their crystalline nature [9]. This behavior can be easily 
understood if one suggests that the island is composed of already crystallized 
core coated with a liquid layer (fig.3b).  

 

 
Fig.2 – Calorimetric measurements. The TS, 
and Tsurf temperatures as a function of energy 
flux, qin during deposition of: (a) Ti and (b) 

TiN, by magnetron sputtering 
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Fig.3 – Scheme demonstrating formation of a liquid-like surface layer at  

various stages of film growth 
 
Obviously the temperature of the liquid-like layer noticeably higher than 

that of the underlying solid film, moreover it is nonuniformly distributed along 
its thickness. Actually, since atoms arriving at the surface possess maximal 
energy and mobility the upper part of the layer must have maximal tempera-
ture. It can result in re-evaporation of part of these atoms, which fraction may 
reach ~20 % [10]. On the contrary, fraction of the liquid-like layer adjacent to 
the solidified film consists of atoms, which partially lost their energy and thus 
possess lower mobility. Therefore, the temperature of this layer’s fraction is 
lower than that of its upper part. Nonetheless, the mobility of atoms in this part 
of the layer is higher than the vibrational amplitude of the atoms in solid film 
beneath.  

Such model is approved both by theoretical and experimental investiga-
tions of the state of atoms on the solid surfaces. Thus, it is shown that even at 
room temperature normal component of vibrational effective amplitude of the 
surface atoms two times while tangential amplitude ~30% is larger than that of 
internal atoms. At that the amplitude quickly decays in deeper atomic layers 
and in the fifth one beneath the surface has almost the same value as for atoms 
inside the solid [11]. 

Formation of a liquid layer during condensation is a process reversal to 
that of a surface melting occurring during heating of a solid. The description of 
this  process  given  in  [12]  says:  “As  the  temperature  of  solid  increases,  the  
atoms acquire additional thermal energy and vibrate with bigger amplitude. 
The surface atoms are more loosely bound than in the bulk so that their vibra-
tional amplitude is greater. At some higher temperature the surface atoms leave 
their  sites  and  small  fraction  of  these  may  escape  from  the  surface  as  vapor.  
Others climb out of their sites producing “roughening” on an atomic scale. At 
this stage the surface layer is mobile and may be considered as a liquid while 
the bulk still remains solid. The second layer is bound to the underlying solid 
and to the mobile layer above it. It is thus less strongly anchored to its site than 
atoms deep in the bulk”. That is, the melting of a solid starts from formation of 
an intermediate liquid-like substance on its surface. 

Such model of a surface melting has been experimentally confirmed in 
recent TEM investigations of melting process of nano-particles of various met-
als.  Thus  it  has  been  shown  that  the  melting  of  the  particles  starts  from  for-
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mation of  a  liquid  layer  on  their  surface  while  their  core  keeps  solid  up  to  a  
temperature some lower than the melting point of a metal [13-15]. 

Clearly that our reasoning concerning the formation of a liquid layer on 
the condensation surface and argumentation concerning surface melting are in 
agreement with Ostwald rule about existing of intermediate states between 
initial and final stable states. The only difference between these processes con-
sists in their directions – the surface melting occurs in direction while the con-
densation occurs in the opposite direction, i.e, v l s. Mention that up-to-date 
HRTEM in situ investigations demonstrated that transition from unstable 
amorphous to stable crystalline state occurs throw a number of intermediate 
states that is one else direct confirmation of the Ostwald ripening rule [16]. 

Let us now evaluate the thermal resistance of a liquid layer from our ex-
periments using measured Tsurf, S, qin and qr, and the Eq (5) [17]: 

rin

Ssurf
tr qq

TT
R     (5) 

On the other hand, the thermal resistance can be expressed as: 

kS
hR tr

    (6) 

where  – specific thermal conductivity, h and S – thickness and square of 
the layer. Substituting experimental values in Eqs (5,6) and taking h 2-4 nm 
we obtain specific thermal conductivity of the liquid layer for Cr case l 10-8 
W/m K. Specific thermal conductivity of bulk Cr is Cr=94 W/m K. This means 
that the thermal conductivity of the layer is negligibly small compared with 
bulk Cr – l/ Cr 10-10. In view of such low conductivity the heat transfer 
across the layer is very limited. Just this property of the layer provides its high-
er temperature compared with the temperature of the film and substrate be-
neath. 

Thermal conductivity of the liquid layer can be also evaluated with the 
aid  of  our  model  [5].  Since  atoms in  the  layer  are  bonded to  each other  with  
metallic bonds, the layer consists of electron and ion subsystems, the ion sub-
system is immersed in electron one. The energy exchange within each subsys-
tem is very rapid. At the same time, the energy exchange between different 
subsystems is very limited. This is a result of a giant difference in the mass of 
the ions (atoms) and electrons. 

Therefore, the main part of the energy stored in the layer is accumulated 
within the ion subsystem. This assertion is based on the following reasoning. 
Inside the layer an average velocity of ions vi=va=(2Ea/ma)1/2; here Ea, ma and 
va are the energy, the mass and velocity of atoms arriving on condensation 
surface, respectively. The average velocity ve of electrons is the same as that of 
ions because prior to condensation and formation of the electron subsystem 
within the layer all electrons were coupled to incident atoms, i.e., ve=vi=va. 
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Since Ei=Ea=1/2[ma (va)2] and Ee=1/2[me (ve)2] and me ma we obtain that 
Ee Ei; here Ee and Ei are the average kinetic energy of electrons and ions, 
respectively, and me is the mass of electron. At the same time, the transmittance 
of energy of the ion subsystem to the electron one is strongly reduced due to 
me ma. Thus, the main part of energy qin delivered to the growing film and 
stored in the layer is accumulated within the ion subsystem. The energy of the 
electron subsystem rapidly equilibrates with that of electrons in a solid film 
beneath due to a higher mobility of electrons. Therefore, the thermal conduc-
tivity of the layer is determined by the thermal conductivity of the ion subsys-
tem and can be estimated as follows. 

Thermal conductivity kMe of metals is mostly determined by electrons and 
from the conventional kinetic theory is expressed by the equation: 

kMe = e cMe ve/3    (7) 
Here, e and ve are the mean free path and the average velocity of elec-

trons in metals respectively, and cMe is the specific heat of metal. Since the heat 
of the layer is accumulated within its ion subsystem, the thermal conductivity kl 
of the layer is determined by the ion subsystem. Therefore, to estimate the 
thermal conductivity kl in  Eq.  (7)  we must  replace  e with a and ve with va. 
Then the kl is  defined  as  kl= a cMe va (me/ma)/3; the ratio me/ma is the factor 
determining the decrease in the energy transfer from ions to electrons. Assum-
ing that the specific heat of the layer is equal to that of the bulk metal we ob-
tain the ratio of thermal conductivities of the layer to that of metal: 

kl / kMe  ( a/ e) (va/ve) (me/ma)  (8) 
To estimate of kl for Cr we must substitute in Eq. (8) me/mCr 1.1 10-5, 

a/ e 5 10-3 and va/ve=(me/mCr)1/2=3.28 10-3. After substitution of a 0.2 nm 
(average interatomic distance in liquid) and e 40 nm we obtain kl  10-10 kMe. 
This means that the effective thermal conductivity of the liquid layer formed 
during growth of chromium film is ten orders of magnitude lower than that 
conventional thermal conductivity of bulk chromium. To estimate how proper-
ties of the depositing element influence the thermal conductivity of the layer 
one should substitute the mass of the corresponding element to Eq. (8). Doing 
this for the light carbon and heavy tungsten we find that kl ot these elements 
varies from ~10-9 to ~10-11. This means that the effective thermal conductivity 
of the layer is very low and slightly depends on the sputtered material.  

The above consideration shows that the model does not anchor to the film 
deposition method and thus is universal. Actually, from fig.2 it is seen that the 
Tsurf depends exceptionally on the energy flux  delivered  to  the  substrate  by  
film-forming species and other particles taking part in the deposition process. 
In other words, the liquid-like layer will form during deposition of a film by 
any technique. It's quite another matter, that thickness and temperature of the 
layer will depend on the deposition technique. Actually, both of these parame-
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ters are functions of the flux of energy depositing to the substrate that varies in 
orders of magnitude depending on the deposition method. Obviously just the 
latter circumstance as well as methods for temperature measurement did not 
allow to reveal a big difference =Tsurf-TS in previous investigations. 

CONCLUSIONS  
The temperature of the condensation surface measured in situ by two in-

dependent techniques during deposition of various materials by magnetron 
sputtering is shown to be substantially higher than that of the substrate and 
linearly increases with increasing of the growth rate of the film. This phenom-
enon is explained by the idea of formation of an intermediate liquid-like layer 
that forms on the boundary between the vapor and solid (film) phases. The 
thermal conductivity of the layer is 8-10 orders of magnitude lower than that 
for bulk materials and exists exceptionally during arrival of sputtered species 
on the condensation surface. The existence of a layer with such thermal proper-
ties provides observing temperature difference between surface and substrate. 
The suggested film growth model is invariant relative the film deposition tech-
nique. 
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Films of transitional metals diborides (TiB2, CrB2, TaB2, HfB2, and oth-

ers), are presently actively probed due to their high physics and mechanical 
characteristics. The compounds of this type have high melting temperature, 
therefore their synthesis in the film state is performed by magnetron sputtering 
methods (PVD). The features of synthesis of film materials are shown up de-
pending on the formed structure and accordingly properties from energy of 
falling ions and substrate temperature. Differences in the power parameters of 
forming result in formation of film condensates in the size structural states – 
amorphous, cluster or nanocrystalline. Morphology of structure of the films, got 
on the basis of diborides of transitional metals, is most often characterized as 
columnar with texture of plane growth (00.1) [1-5]. 

The purpose of the present work is determination of conformities of form-
ing of structure, substructure and properties of transitional metals diborides 
films. 

As shown in works [1-6] the most characteristic morphological feature of 
forming structure films of diborides of transitional metals by synthesized PVD-
methods is a columnar structure with texture of plane growth a (00.1). In 
Fig. 1 a, b and Fig. 2 a, b are shown difractograms of films of diboride tanta-
lum (Fig. 1) and hafnium (Fig. 2) with texture of growth (00.1). 

An analogous picture for other diborides was observed by many authors: 
for films of TiB2 in works [1-3], HfB2 [5], CrB2 [4 ,6] and others. Moreover, 
special features of substructural characteristics of the described films and their 
properties were noticed. The substantial increase of parameter «c» takes a place 
in a greater degree because of  the increased concentration of the dissolved 
atoms of B in lattice of transitional metals diborides. 

There is a substantial increase of parameter of « » and « », that testifies to 
formation of superstoichiometrical tapes of MeB2,4. 

It gives every reason to suppose that the process of their forming took 
place on a mechanism, offered in work [11], i.e that formations of additional 
donor-type-acceptor-type connection B-B. 

. It results in the increase of sizes of elementary cell with growth of values 
«a» and « », here the relation of c/a remains close to tabular. 
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Fig. 1 – Difractograms of films of dibo-

ride tantalum (a,b) with texture of growth 
(00.1) 

Fig. 2 – Difractograms of films of dibo-
ride hafnium (a,b) with texture of growth 

(00.1) 
 
An anisotropy of sizes of OKR (table. 1) is one more characteristic feature 

of forming texturing films of transitional metals diborides. The increase of 
values OKR [8] is noticed to direction of the axes «c » with growth of perfec-
tion of texture of the formed coverages. The features of structure and substruc-
ture of films were found while researching their physics and mechanical char-
acteristics (table. 1). 

There is the increased hardness of films of transitional metals diborides: 
44 GPa (TaB2), 44 GPa (HfB2), 49 GPa (CrB2) [6], 48,5 GPa (TiB2) [2,3]. 
Moreover, as shown in work [1] the hardest films were those ones which had 
the increased concentration and maximum parameters « » increase.  

Texture degree decrease resulted in parameter «c» decrease and  parame-
ter «a» increase (Fig.1 b and Fig.2 b). The estimation of OKR on « » and «c» 
showed, that their sizes become comparable and are in limits ~ 15÷20 nm. 
Thus, there is decreasing of values of hardness accordingly to 35 GPa for TaB2 
[6], 36 GPa for HfB2 [5], 36 GPa for TiB2 [1] and 33 GPa for CrB2 [4]. While 
forming of clustering  films, with the sizes of grains ~ 5÷10 nm large broaden-
ing of diffraction planes with the simultaneous decline of their intensity is ob-
served (Fig.3). 
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Table 1 – Structure, composition, substructural, and physics and mechanical char-
acteristics of superstoichiometrical,  films 

 Tar-
get 

Parameter of lattice  Composition 
/  Hardness films 

«a
» 

(ta
bl

e)
 

«
» 

«
» 

(ta
bl

e)
 

«
» /
 

 Size of 
graine 

Nano-hardness, 
GP  

Elastic module 
GP  

1. TiB2   3,229 3,258  2,4 20 48,5 400~500 
2. HfB2 3.14 3.17 3.47 3.51 1.107 2,4 20 44 396 
3. CrB2      2,4  40,6 397 
4. CrB2       20-50 44,8 – 
5. TaB2 3.098 3.127 3.226 3.271 1.046 2,4 20-40 44 348 

 
There is yet more substantial change of parameters of lattice; the parame-

ter of « » is increased, and the parameter of «c» decreased. The values of hard-
ness  even  more  decreased  to  26  GPa  for  HfB2 and  29  GPa  for  TaB2. These 
results for TiB2 films were before marked in works [9,10]. Size effect in nano-
crystalline films is possible to explain that at the sizes of grains ~ 20 nm and 
less, influencing of superficial energy becomes determining, that is shown up in 
forming of close-packed structures, near to cube.  

At  the  size  of  grain  ~  
5 nm forming of amor-
phously-films takes place 
(Fig.4) with a «quasi-
cubic» structure (a c), here 
surplus atoms, stimulating 
forming of more difficult 
structures are in intergrain-
space which can make at 
such sizes of grains ~50% 
of all the volume of the 
film. Transition of the film 
to the amorphously state 
results in even more sub-
stantial decreasing of val-
ues of hardness and elastic-
ity module to 11,5 GPa 
(TaB2) and 13 GPa (HfB2) 
and (157 and 187 GPa). 

Thus, the level of physics-mechanical characteristics of the examined 
nano-composite coverages is largely conditioned by nanodimensions of their 
grain structure. 

 
Fig. 3 – Difractogram of claster films of diboride 

hafnium 

 
Fig. 4 – Difractogram of amorphously films 
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ABSTRACT 
The issue of stress evolution during growth of hard transition metal nitride (TMN) 

based coatings is of vital importance to understand origin of intrinsic stress development 
and to control stress level in order to avoid mechanical failure of coated components and 
devices. By using in situ and real-time wafer curvature measurements based on a multi-
ple-beam optical stress sensor (MOSS), basic insights on the atomistic mechanisms at 
the origin of stress development and stress relaxation can be obtained. In the present 
paper, a review of recent advances on stress development during reactive magnetron 
sputter-deposition  of  binary  TMN  films  (TiN,  ZrN,  TaN)  as  wells  as  ternary  systems  
(TiZrN, TiTaN) will be presented. The influence of growth energetics on the build-up of 
compressive stress will be addressed. A correlation between stress, texture and film 
morphology is demonstrated. Finally, illustration will be given for quaternary TiZrAlN 
nanocomposites.  

 
Key words: multiple-beam optical stress sensor, thin film growth, grain boundary, 

defects, intrinsic stress, thermal stress, TiN, ZrN, TiTaN, Ti-Zr-Al-N 
 

INTRODUCTION 
Transition metal nitride (TMN) have been extensively studied in the last 

decades, owing to their excellent performance as hard, wear- and corrosion 
resistant coatings [1-3], but also as suitable template layers for group-III-nitride 
wide band-gap semiconductors [4,5], and recently as reflecting back contacts in 
solar cells [6,7]. Efforts have been made to further enhance their performance 
by designing ternary or multinary TMN systems [8-11], which offer the possi-
bility of fine tuning the mechanical and/or electrical properties by adjusting the 
chemical composition with different metal or non-metal alloying elements. 
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These coatings are usually deposited by means of physical vapor deposition 
(PVD) techniques, which offer a better flexibility and control over growth pro-
cess compared to chemical vapor deposition.  

As PVD is a far-from equilibrium process, the film microstructure and 
morphology are kinetically controlled [12]. Growth kinetics and energetics play 
also a significant role in the formation of metastable phases, as for the stabiliza-
tion of metastable Ti1-xZrxN and Ti1-yTayN solid solutions of rocksalt structure 
by magnetron sputter-deposition [10]. However, as the film is rigidly attached 
to its substrate, any microstructural modification in the growing layer (e.g., 
formation of grain boundaries, introduction of dislocation, phase transfor-
mation, incorporation of defects/impurities) will lead to the development of 
growth (intrinsic) stress. Stress can also arise from strained regions at the 
film/substrate interface (lattice mismatch, difference in thermal expansion coef-
ficient, intermixing) or changes at the film/vacuum interface (surface stress, 
adsorption of foreign species). 

Stress in polycrystalline films depends intimately on the nucleation and 
growth conditions as well as on adatom mobility [13-15]. At low pressure, 
TMN films grown by PVD are generally under large compressive stresses [16]. 
This is due to their refractory character and the stabilization of point or cluster 
defects introduced in these growing layer by energetic incoming species, a 
mechanism known as ‘atomic peening’ [17]. However, there exists a subtle 
interplay between stress and microstructure in polycrystalline films [18], lead-
ing to stress evolution or stress reversal with film thickness. Consequently, 
TMN may exhibit stress gradients along their film thickness. In order to avoid 
excessive stress levels and mechanical failure of TMN-coated devices, stress 
needs to be carefully controlled. It is therefore of vital importance to understand 
the origin of stress build-up during thin film growth. 

In situ and real-time wafer curvature technique offers a unique opportuni-
ty to measure with sub-monolayer sensitivity stress evolution during thin film 
deposition. As the film stress is continuously determined as a function of depo-
sition time, the existence of stress gradients along the film thickness can be 
unambiguously evidenced, even down to a nanometer scale where conventional 
X-ray diffraction (XRD) techniques fail [19].  

Using a multiple-beam optical stress sensor (MOSS) implemented in a 
vacuum chamber, the presence of stress gradients in ~100 nm thick magnetron-
sputtered TiN films could be revealed for the first time [20]: the stress was 
found to be largely compressive (~ 5 GPa) close to the film/substrate interface, 
while the measured stress decreased to ~ 0.8 GPa at 100 nm thickness. These 
in situ results are in good agreement with data previously reported by Kösten-
bauer et al. [21] and Machunze et al. [22] from ex situ wafer curvature experi-
ments, although the stress-gradients were measured over ~2 m thick TiN 
films.  
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In the present paper, the stress evolution during reactive magnetron sput-
ter-deposition of various TMN films is investigated using MOSS. A detailed 
survey of the influence of main deposition parameters (Ar working pressure, 
substrate bias voltage, N2 flow rate) is provided for TiN films. The stress be-
havior in TiN films is then compared with other binary TMN, namely ZrN and 
TaN, as well as ternary Ti1-xZrxN and Ti1-yTayN films. Basic mechanisms at the 
origin of stress development are proposed, based on the contribution of particle 
flux and energy flux. A close correlation between film microstructure, growth 
morphology and preferred orientation is demonstrated. Finally, the case study 
of quaternary TiZrAlN films, which exhibit a microstructural transition from 
single-phase metastable solid solutions towards bi-phase nanocomposites at Al 
content higher than 5 at.%, is presented. 

EXPERIMENTAL PROCEDURE 
Binary TiN, ZrN and TaN films were deposited at Ts=300°C on Si (001) 

wafers using dc reactive unbalanced magnetron sputtering (MS) from Ti 
(99.995% purity), Zr (99.2% purity) and Ta (99.998% purity) targets, respective-
ly. The three metal targets were 7.5-cm-diameter water-cooled planar magnetron 
sources, arranged on a confocal magnetron cluster, and located at a distance of 18 
cm from the substrate, which was mounted on a rotating sample holder coupled 
with a heating element. Prior to deposition, the vacuum chamber was pumped 
with a cryogenic pump down to ~2 10-6 Pa, while an Ar+N2 gas mixture was 
introduced during reactive sputtering. To change the energy of the incoming 
species (sputtered atoms, backscattered neutrals, ions) the Ar pressure, substrate 
bias voltage and configuration of magnetrons (balanced/unbalanced mode) were 
changed. Ternary Ti1-xZrxN  and  Ti1-yTayN films were also synthesized by co-
sputtering of Ti+Zr or Ti+Ta targets in Ar+N2 atmosphere. The x (y) atomic 
fraction was varied by changing the respective target powers. 

Another series of magnetron sputter-deposited TiN films was performed 
in a different vacuum chamber equipped with a highly unbalanced 5-cm diame-
ter planar magnetron Ti (99.97% purity) target, located at 13 cm from the sub-
strate, in order to study the influence of particle and energy flux on the stress 
and preferred orientation development. No intentional heating of the substrate 
was employed for this series and all the deposition parameters, except the angle 
of incidence of the incoming flux, were kept similar to the previous work of 
Mahieu et al.  for  which  the  energy  and  particle  fluxes  towards  the  substrate  
were carefully determined [23]. 

Stress evolution in the film was monitored in real time during growth us-
ing a multi-beam optical stress sensor (MOSS) technique [24] designed by kSA 
and implemented in the sputtering system. A schematic illustration of the ex-
perimental set-up is shown in fig. 1.  
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Fig. 1 – Schematic of the in situ MOSS implemented in the magnetron sputter-

deposition chamber 
 

The measurement is based on the determination of the substrate curvature 
 and lays on the deflection of a 2D array of parallel laser beams (created using 

highly reflective X and Y etalons) from the bended substrate. The reflected 
beams are recorded on a high resolution charge-coupled device (CCD) camera 
with a typical acquisition time of 0.2 s. Changes in substrate curvature due to 
an evolving stress in the film produce changes in the angular divergence of the 
beam array, and therefore changes in the spacing between adjacent laser spots 
on the CCD camera. The Si substrates, with thickness hs= 210 ± 5 m, are 
mounted on a specially designed holder to allow unconstrained bending of the 
substrate. The intrinsic force per unit width, F/w, given by the product between 
the average stress <  > and film thickness h, is calculated from the change in 
curvature  using the well-known Stoney equation [25], F/w = < >.h = 1/6 (Ys 

hs
2 ), where Ys is the biaxial modulus of the substrate taken equal to 180.5 

GPa for (001) single crystal Si wafer [26]. In a graph of F/w versus h, the in-
stantaneous stress, , is obtained from the slope d(F/w)/dh and corresponds to 
the contribution of a newly deposited layer on the film surface and/or any stress 
evolution occurring in the already-grown film. By convention, positive  values 
refer to a tensile stress state.  

The surface morphology of the films was characterized by Atomic Force 
Microscopy (AFM) using a Multimode Digital Instrument device operating in 
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tapping mode, while film cross-sectional sample views were imaged by scan-
ning electron microscopy (SEM) using a JEOL JSM 7000F equipped with a 
field emission gun. The crystallographic orientation was determined from x-ray 
diffraction (XRD) patterns recorded on a D8 Bruker diffractometer using Cu 
K  radiation and operating in  Bragg-Brentano configuration. Energy 
dispersive X-ray spectroscopy (EDX) was used to determine the metallic con-
tent of TMN, while Rutherford backscattering spectroscopy (RBS) experiments 
were carried out to quantify the N content [10].  

RESULTS AND DISCUSSION 
Binary TMN films. Fig. 2a shows the evolution of F/w for TiN, ZrN and 

TaN films deposited by reactive MS at relatively low Ar pressure (<0.32 Pa) 
and  low  N2 flow rate (see Ref. 10 for more details), for a target-to-substrate 
distance of dT-S=18 cm. The magnetrons were slightly unbalanced for the Ti 
and Zr target, and balanced for the Ta one. One can see that large compressive 
stress initially develops, the instantaneous stress reaching ~ 5 GPa for h<20 
nm. With increasing film thickness, different stress evolutions are evidenced 
depending on the type of binary TMN film. While a steady stress state is no-
ticed for TaN, a slight decrease of compressive stress is found for ZrN; the TiN 
film exhibits a pronounced non-uniform stress variation over its thickness. For 
this latter, the instantaneous stress even becomes tensile (+0.16 GPa) beyond 
50-70 nm. These results reflect the competition between different stress 
sources: compressive stress due to atomic peening [15, 17] and tensile stress 
due to attractive forces at grain boundary [20, 27]. We will show in the follow-
ing that the difference in stress evolutions between the three investigated TMN 
films is related to the different growth energetics, also at the origin of different 
microstructural and morphological growth evolution with increasing film 
thickness.  

Fig. 2b shows the stress evolution after growth interrupt for TiN films de-
posited at Ts=300°C (series #1) and RT (series #2): while for the first series no 
stress evolution is noticed when the deposition is stopped, a significant stress 
evolution towards tensile direction is noticed for the second series. Moreover, it 
is interesting to see that this evolution is reversible when the plasma is switched 
on again, ruling out implicitly any stress relaxation in the buried layers. The 
stress relaxation mechanism due to flow of excess adatoms from grain bounda-
ry towards the surface, proposed by Chason et al. [28] for high-mobility metals, 
is unlikely to operate for refractory compounds like TiN (Ts/Tm<0.18, where 
Ts= substrate temperature and Tm=3222 K is the melting temperature). In fact, 
the observed difference is due to contribution of thermal stress: for the first 
series, the substrate temperature is fixed at Ts=300°C, while for the second 
series, no intentional heating of the substrate was used. However, the plasma 
discharge causes an unavoidable temperature rise in the film, and consequently 
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a variation in thermal stress due to the difference in thermal expansion coeffi-
cients between the TiN film ( f 9.35 10-6 K-1) and Si substrate ( s 3.1 10-6 
K-1). A passive thermal probe was used to determine the energy flux and sub-
strate temperature for films of series #2. The temperature rise during deposition 
reached 120 to 165°C, depending on the N2 flux used. The calculated thermal 
stress was in good agreement with the experimental data. This result points out 
the importance of employing in situ experiments to reveal possible stress modi-
fication during growth interruption. In the present case, the contribution of 
intrinsic (growth) stress can only be obtained after thermal stress subtraction for 
TiN films of series #2.  

 

 
Fig. 2 – a) Evolution of the stress*thickness product (F/w) during reactive MS of 

TiN, ZrN and TaN films [29]. b) Stress evolution during growth interrupts for two dif-
ferent series of TiN films 

 
Figure  3  shows the  influence  of  process  parameters,  such as  Ar  working 

pressure, substrate bias voltage and magnetron configuration on the stress evo-
lutions of TiN, ZrN and TaN films. Each of these parameters affect the total 
energy  flux  deposited  towards  the  growing  film:  an  increase  in  Ar  pressure  
leads to a larger number of collisions in the gas phase, Ar ions gain energy 
when a bias voltage is applied to the substrate and a larger fraction of ionized 
Ar species is obtained when the magnetic field extends further towards the 
substrate. Note also that the energy of the incoming species (sputtered atoms 
and backscattered Ar) increases with increasing mass target (i.e. from Ti to Zr 
and Ta), as deduced from SRIM calculations [29].  

The stress data shown in fig.3 show that larger compressive stress devel-
ops in TMN films when 

- the mass density of the transition metal increases (fixed Ar pressure) 
- the Ar working pressure is reduced 
- the bias voltage is increased 
- the magnetron configuration is unbalanced 
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All these observations support the scenario that compressive stress is due 
to the incorporation of growth-induced defects [30, 31], as a consequence of the 
incoming flux of energetic particles with typical energy exceeding the subplan-
tation threshold [29, 32].  

Ternary TMN films. Figure 4 
shows  the  stress  evolution  as  a  
function of Ta content of Ti1-

yTayN films deposited at 0.31 Pa. 
With increasing Ta content, the 
stress becomes more compressive; 
this is accompanied by a change in 
growth morphology from (111)-
textured columns with ‘zone-T’ 
type [12, 23] for y<0.5 to (002)-
oriented fine ‘globular’ grains for 
y>0.5 This change in film micro-
structure is also reflected by the 
difference in top surface morphol-
ogy, as revealed from AFM imag-
es (fig.5b). Similar effects, though 
less pronounced, are observed for 

Ti1-xZrxN films [10, 29]. In particular, TiN-rich films exhibit a rough surface 
morphology  due  to  the  emergence  of  facetted  columns  ,  while  the  surface  of  
TaN-rich films is smooth and featureless.  

These results show a clear correlation between stress and microstructure 
evolution during growth of ternary TMN films. 

 

 

Fig. 4 –  a)  Evolu-
tion of the 
stress*thickness 
product (F/w) 
during reactive MS 
ternary Ti1-yTayN 
films at 0.31 Pa. b) 
Evolution of AFM 
surface topography 
(500 nm  500 nm) 
of 300 nm thick 
films with Ta 
content, y 

 

 
Fig. 3 – Influence of MS process param-
eter (Ar pressure, substrate bias voltage 

and magnetron configuration) on the 
stress evolution of TiN, ZrN and TaN 

films [29] 
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Fig. 5 – a) XRD patterns of Ti1-yTayN films (300 nm thick) deposited at 0.31 Pa. 

b) Evolution of (111) texture coefficient (T111) and biaxial stress (< >) of 300 nm thick 
films with Ta content, y 

 
Both variations can be rationalized by considering the increase of growth 

energetics with increasing Ta (or Zr) content: the higher energetic conditions of 
the deposition inhibit the columnar growth due the creation and destruction of 
nucleation sites, and favors the growth of thermodynamically more stable (002) 
planes ( 002< 111 for TMN with rocksalt structure, where  is the surface ener-
gy). The change in film preferred orientation is evidenced from XRD patterns 
(see fig.5a). A clear correlation between biaxial stress level and (111) texture 
coefficient is also found (fig.5b). 

Quaternary TMN films. In order to further improve the thermal stability as 
well as oxidation and corrosion resistance of TiN coatings, Al is often used as 
an alloying element. Indeed, TiN starts to oxidize rapidly at about 500°C and 
forms the rutile structure TiO2, which lead to deteriorating mechanical proper-
ties. The use of Ti1-xAlxN coatings [33] significantly improves the cutting and 
machining performance of tools, even up to temperature of 900°C, due to the 
formation of a protective Al-rich oxide layer at the film surface. This motivated 
the synthesis of quaternary TiZrAlN films by reactive MS in the present study. 
Preliminary results on the structure of as-grown films has been reported in Ref. 
34. The evolution of XRD patterns of TiZrAlN films with Al content in the 
range 0-10.5% is shown in fig.6a. A transition from metastable solid solutions 
with rocksalt structure and (111) texture towards a nanocomposite structure is 
evidenced at ~5 at.% Al 

Fig.6b shows the stress evolution of quaternary alloys with Al content in 
the range 0-10.5 at.%. Large stress variations are observed with increasing Al 
content. Interestingly, the addition of Al into the TiZrN lattice leads to the de-
velopment of a large, steady-state compressive stress. This could be related to 
the incorporation of Al atoms in substitutional sites of the rocksalt structure of 
TiZrN and associated lattice distortion. Additional XRD experiments should be 
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carried to ascertain this statement. One can also see that a significant stress 
reduction accompanies the structural transition observed at 5.0 at. % Al: the 
formation of nanocomposites proceeds with a reduction of compressive stress. 
To the best of our knowledge, this is the first in situ and real-time stress meas-
urements during deposition of hard nanocomposite films. Further experiments 
aiming at investigating the influence of grain boundary as preferable sites of 
defects annihilation would bring insights into the issue of stress development in 
nanoscale materials.  

 

 
Fig. 6 – a) Evolution of XRD patterns of TiZrAlN films deposited at 0.19 Pa with 

Al content. b) In situ stress evolution during growth of selected quaternary films with 0, 
3.0 and 10.5 at.% Al 

 

CONCLUSIONS 
Complex stress evolution during growth by reactive magnetron sputtering 

of TiN-based transition metal nitride films could be evidenced using in situ and 
real-time wafer curvature technique. The stress development in TMN films is 
the result of two kinetically competitive stress generation mechanisms: atomic 
peening induced compressive stress and inter-columnar attraction induced ten-
sile stress. Stress evolutions were correlated with the energy of the impinging 
species, as estimated using SRIM calculations. At low energetic conditions, a 
competitive columnar growth (zone-T) is found with the presence of stress 
gradients (compression at the film/substrate interface and tension in the upper 
part of the film), typical of Ti-rich Ti-Zr-N films, correlated with the develop-
ment of a (111) texture. At higher energetic deposition conditions, a dense 
‘globular’-like microstructure with smooth surface and uniform compressive 
stress over the whole thickness is observed, typical of Ta-rich Ti-Ta-N films. 
For the first time, in situ stress data are reported for TiN-based hard nanocom-
posite films.  
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ABSTRACT 
The characteristics of - :  coatings prepared by acetylene decomposition in non-

self-sustained discharge with a plasma cathode have been studied. The initial energy of 
electrons injected into the plasma was 0,1 – 0,7 keV, energy of ions bombarding the 
coating was 0,1 – 0,7 keV and the pressure of Ar + C2H2 gas mixture was 0,2 – 1 Pa.  
Microhardness and wear resistance of coatings were measured by methods of kinetic 
indentation and ball abrasion. The coatings with high microhardness (40 – 60 GPa) and 
high wear resistance were deposited on conditions that ion energy exceeded 300 eV. It 
was shown that coating’s microhardness and internal stresses in the coatings deposited 
on chamber walls could be reduced by concerted change of voltage accelerating injected 
electrons and bias voltage applied to samples placed into the plasma. This allows to 
avoid delamination of coating particles from the walls and to provide high quality coat-
ing on samples.  

 
Key words: diamond-like coating, plasma cathode, glow discharge.  
 

INTRODUCTION 
Gas-discharge system consisted of the plasma cathode with grid stabiliza-

tion (GPC) and electrode system providing electrostatic confinement of fast 
electrons injected into the anode plasma was used. This type of plasma genera-
tor ensures independent variation of low pressure non-self-sustained discharge 
parameters and space homogeneity of plasma generated in Ar + C2H2 mixture. 
A hydrocarbon coating (DLC) was deposited on the walls of the cathode elec-
trode of electrostatic trap (EST) and on the surface of samples. The DLC’s 
properties strongly depends on the discharge parameters and ion energy [1]. 
This technique allows deposition of a-C:H coatings with high microhardness 
(Hm) and low friction coefficient [2] on samples placed in 3·104 cm3 plasma 
volume with a deposition rate of ~1-10 µm/h. In case when EST walls and 
samples are equipotential DLC is formed on their surfaces whereas only the 
samples were preliminary treated to improve the coating adhesion. Therefore 
particles of coating may flake away from the walls and hit on the sample’s 
surface worsening coating quality. The aim of this work was search for the way 
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to prevent coating exfoliation by reduction of the coating hardness on the walls 
while keeping optimal conditions of the coating deposition on the sample sur-
face.  

EXPERIMENTAL TECHNIQUE 
GPC based on d.c. glow discharge with a hollow cathode was used in the 

experiments [3]. The design of EST includes a hollow cathode (d  =  l = 150 
mm) and rod anode. Argon was let into the GPC discharge system, acetylene 
(C2H2) – into the EST volume. The total pressure of gas mixture (Ar+C2H2) 
was 0,2 P , the ratio of Ar:C2H2 flows – 4:1, glow discharge current was 0,2 – 
0,5 . Non-self-sustained discharge was ignited by application of a pulse volt-
age (10 c, 50 kHz, 100 – 700 V) to EST electrodes. Pulse-repetitive mode of 
plasma generation provided removal of positive charge from DLC surface.  

Injected electrons were accelerated by voltage Ua applied between EST an-
ode and GPC grid connected with grounded EST walls. Negative (relative to 
EST walls) bias voltage Ub applied to the samples was synchronized with Ua 
voltage. Energy of ions bombarding the wall surface was equal to eUa, energy 
of ions bombarding samples surface was e(Ua + Ub). 

The coatings microhardness and modulus of elasticity were determined 
through the nanoindentation tests with Nanotest 600 device using Berkovich 
indenter. Wear resistance of the samples was estimated on “Calotest” device in 
dry friction conditions.  

 

RESULTS AND DISCUSSION 
Microhardness of DLC weakly depends on initial energy of electrons    

(Fig.  1). The value of Ub was  changed with  variation  of  Ua voltage  in  such a  
way that the sum Ua + Ub determining ion energy remained constant and equal 
to 300 V.  

 
 

Fig.1 – Dependence of Hm on Ua under 
constant energy of ions 

Fig.2 – Dependence of Hm on Ua under 
energy of ions proportional to Ua 
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The DLC microhardness strongly increased with ions energy at the range 
of 100 – 300 eV (Fig.  2). In these experiments energy of the ions was deter-
mined by Ua value under Ub = 0. Wear rate of DLC inversely depends on DLC 
microhardness (Fig.3).  

DLC microhardness weakly de-
pends on gas pressure. The rate of 
DLC growth increases lineary with 
the current of plasma cathode. Line-
ar extrapolation of the log(Hm-Hs) 
dependence on the indenter penetra-
tion depth, allowed to exclude the 
influence of substrate microhardness 
on the results of DLC microhardness 
measurement. The extrapolated Hm 
value for DLC deposited on the 
tungsten carbide substrate (BK8) at 

the ion energy ~ 300 eV was 76 GPa. Here Hm means results of microhardness 
measurement and Hs –microhardness of substrate (~17 GP ).  

CONCLUSIONS 
The main factor effecting on microhardness and wear resistance of DLC’s 

deposited by acetylene decomposition in non-self-sustained discharge with a 
plasma cathode the energy of ions bombarding the coating during deposition. 
When the ions energy was >300 eV microhardness of DLC reaches ~76 GP .  

It is possible to create such deposition conditions when the properties of 
the Coating deposited on the chamber walls will differ drastically from the 
properties of DLC deposited on the sample’s surfaces, that is necessary for 
improvement of the coating deposition technology. 
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ABSTRACT 
Composite coatings of titanium powder were deposited on steel-1030 samples by 

using the cumulative-detonation equipment. The dense layer from lamellas and 
deformed titanium particles is formed on the sample surface. A mean of lamellas 
hardness is 1500 HV0,01. Scratch-test has shown that the coating has the high adhesive 
strength. 

 
Key words: the cumulative-detonation technology, nanocomposite, lamellas, 

hardness, adhesive strength 
 

INTRODUCTION 
In view of high physical-mechanical properties of titanium and its com-

pounds, it is of interest to deposit a coating of titanium-base composite materi-
als on steel. At present, coatings of titanium powder obtained using a modern-
ized HVOF [1], using the technology of cold coating [2] and the use of plasma 
generators and wires. A new energy-efficient design of cumulative-detonation 
devices for deposition of coating of titanium was used. This provides the for-
mation of coating of high-quality at a lower cost of electricity in 20 times and 
the components of the combustible gas mixture of 5 - 6 times than the known 
HVOF devices [3]. The purpose of this study is to develop a power-saving 
technology and equipment for deposition of protective titanium powder coat-
ings on surfaces of steel parts. The main problem is to provide a high adhesion 
of thin coatings to the steel substrate. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
Specimens of steel-1030 consisting of Fe as a base, 0.3% C and 0.7% Mn 

were used as a substrate. Coating was deposited on the specimen surface by the 
cumulative-detonation device. Productivity 0.5÷1 kg/hour, gas mixture consump-
tion ( 3 8+ 2) – 2.84 m3/hour, frequency – 20 Hz, distance to surface – 30 mm, 
coating thickness ~ 100÷150 m. It is used titanium powder (Raymor Industries 
Inc.) with fraction 50 m and the powder consisted of 100 wt. % Ti (Fig. 1). 
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Morphological and compositional characterization of titanium powder and 

coating surface were performed using electron ion microscope Quanta 200 3D 
equipped with integrated microanalysis system Pegasus 2000 (SEM-EDS). 

The Vickers hardness was measured by means of a microhardness tester 
under loads of 10-50 g. Adhesive, cohesive strength and the mechanism of 
coating destruction are defined by the scratch-tester REVETEST (CSM Instru-
ments). Coating was deformed by a spherical diamond indenter of the “Rock-
well C” type with a rounding radius of 200 m at a continuously growing load 
in a range of 0.9-200 N. Results of the element analysis and defects in the de-
formed coating were studied. 

RESULTS AND DISCUSSION 
The coating (0.1-0.2 mm thickness) is uniform, dense, with a good adhe-

sion to the substrate (Fig. 3a). A thickness of lamellas in the coating is 2÷3 m. 
Pore  size  is  similar.  Apparently,  the  pores  are  formed  during  hot  pressing  of  
titanium powder. The study of morphology of the coating-substrate boundary is 
established that the visible boundary has no defects and fixed penetration of the 
coating  to  the  substrate  (Fig. 3b, e). High-speed deformation of dispersed 
particles of titanium leads to fragmentation of them into smaller particles with 
characteristic sizes smaller than 146 nm (Fig. 3c, d). It was established that all 
the coating consists of nano-dispersed fragments of titanium and titanium 
compounds with nitrogen, oxygen and carbon. Results of the analysis confirm 
the presence of the substrate material and coating in the transition area. 

Results of hardness measurements are also indirect evidence of the 
interpenetration of the substrate material in the coating. The hardness of the 
border area of coverage is 3-4 times higher than the hardness of the substrate 
material and coating it was found. Hardness of thin lamellas in the coating is 
1500 HV0,01, which corresponds to the hardness of the intermetallic “titanium-
iron” (Fig. 4). 

 
Fig. 1 – (a) Morphology and (b) elemental composition (energy dispersive 

spectrum) of titanium powder (SEM) 
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Fig. 3 – Morphology (a-d) and elemental composition (e) of titanium coating 

(SEM) 
 

In this study, adhesive strength 
was determined by critical load of 
LC,  which  led  to  the  destruction  of  
the coating and the changing curves 
of the coefficient of friction and 
acoustic emission of the load (Fig. 
5), optical microscope and SEM 
(Fig. 5b).  Figure  5  shows  that  with  
the  increase  of  the  load  cover  is  
pressed into the substrate material 
(stage IV), which is accompanied by 
multiple chevron (transverse) cracks 
in the bottom of scratches and heavy 
cohesive failure of the material that 

 
Fig. 4 – The microstructure of the 

surface of the transverse sections of the 
titanium coating on steel with hardness 

measurement points 
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forms the border sintering (Fig. 5a). However, the elemental analysis of a trace 
of deformation was showed that at the maximum possible load on scratch-tester 
about 190 N was not a delamination of coating. Elemental analysis of traces of 
deformation of the diamond indenter showed the same content of titanium and 
iron in the deformed parts of the coating and the coating (Fig. 5b). 

 

 
Fig. 5 – Results of adhesion tests (a). Morphology and elemental composition (b) 

of system of “coating – substrate” at the point of contact with indenter 
 

CONCLUSIONS 
The cumulative-detonation technology and equipment is created for depo-

sition of nanocomposite titanium powder coatings on the steel samples. The gas 
mixture consumption (propane-oxygen-air) is up to 6.3 m3 per 1 kg of powder. 
The dense layer from lamellas and deformed titanium particles is formed on the 
sample surface. The technology provides high quality face-boundary between 
coating and substrate due to the interpenetration of the materials. Formed coat-
ing has high adhesive and cohesive strength, density and the presence of na-
nosized structures. 
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ABSTRACT 
Ti-Cr-N coatings were formed on St3 steel by cathodic arc vapor deposition while 

combining titanium or chromium plasma flows in a residual nitrogen atmosphere. 
Elemental and phase composition of the coatings were studied using Auger electron 
spectroscopy (AES) and X-ray diffraction (XRD). Coatings are solid solution on the 
basis of chromium and titanium mononitrides. It is found that an increase in bias voltage 
leads to relative rise of titanium concentration and to decrease of chromium 
concentration. With the values of bias voltage less than 120 V coatings grow with (200) 
preferred orientation. It is established that Ti-rich coatings (Ti31Cr20N49 and Ti33Cr17N50) 
have low steady-state friction coefficient, while the Cr-rich coatings (Ti17Cr35N48) has 
high steady-state friction coefficient. 

 
Key words: Ti-Cr-N coating; ion-plasma deposition; bias voltage; elemental 

composition; phase composition; tribological properties. 
 

INTRODUCTION 
Thin hard coatings of nitrides of transitional metals fabricated by the 

cathodic arc vapor deposition (CAVD) are now widely used for cutting tool and 
wear applications due to their specific mechanical properties, such as high 
oxidation resistance, hardness, adhesion to the substrate, wear and corrosion 
resistance. Ti-Cr-N coatings are particularly suitable as anti-wear coatings to 
increase lifetime of cutting tools working in extremely difficult conditions [1-
3]. Ternary transition metal nitride coatings provide wide range of structures 
providing control of mechanical and tribological properties [4-7].  

The aim of this paper is to investigate the influence of the process 
parameters on changes of the elemental, phase composition and tribological 
properties of Ti-Cr-N coatings, formed by ion-plasma deposition. 

EXPERIMENTAL 
Carbon steel St3 (weight %: 0,2 ; 0,2 Si; 0,5 Mn) was used as a substrate 
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material. Specimens were made in discs of 20 mm in diameter and 5 mm thick. 
The coatings were formed by CAVD method with combining plasma flows of 
titanium and chromium in a residual nitrogen atmosphere [3, 8].  

Prior to the deposition, substrate surface was cleaned and heated by chro-
mium ion bombardment for 1 min with the substrate bias Vbias= -1 kV, arc cur-
rent of Cr cathode was 100 , vacuum in the chamber was 10-3 Pa.  

The formation of all coatings was accomplished with the following 
regimes: the nitrogen pressure in vacuum chamber was about 10-1 Pa; arc 
currents of chromium and titanium cathodes were 100 A, deposition time was 
10 min. Ti-Cr-N coatings were deposited by varying bias voltage in the range 
from Vbias=  -30  to  Vbias= -230 V that made it possible to change energy 
characteristics of the deposition process. Average thickness of the prepared 
coatings was about 3 m. 

Chemical composition of the formed coatings was analyzed using an 
Auger electron spectroscopy (AES). The distribution of elements was 
determined by AES with step-by-step sputtering of the samples surface layer by 
argon ions with the energy of 3 keV. Phase composition was investigated by X-
ray diffraction with Cu K  radiation.  

Tribological behavior of the coatings was studied comparatively with 
back-and-forth motion spherical indentor VK8 (hard alloy WC – 92 w.%, Co – 
8 w.%) at a rate of 4 mm/s in the atmospheric environment. Load on the 
indentor was 1 N. Surface morphology and sliding tracks were studied by 
scanning electron microscopy (SEM) combined with energy dispersive X-ray 
analysis (EDXA). 

RESULTS AND DISCUSSION 
Figure 1 summarizes results of AES analysis of the elemental composi-

tion of Ti-Cr-N coatings obtained under different conditions of deposition. It is 
revealed that metallic components are uniformly distributed in the depth in all 
formed coatings. From these results it is apparent that bias voltage between 
Vbias= -30 and -230 V exerts a significant influence on the coating composition 
(table 1). Thus, relative titanium concentration rises and the chromium 
concentration decreases with an increase ofs bias voltage. In all cases, nitrogen 
concentration remains constant and is about ~ 50 at.%. For the simplicity coat-
ings were termed as Ti17Cr35N48, Ti31Cr20N49 and Ti33Cr17N50. 

 
Table 1 – Deposition conditions and composition of Ti-Cr-N coatings 

Samples Deposition of 
coatings, Ubias, V 

Concentration, at.% Designation Ti Cr N 
1 -30 17 35 48 Ti17Cr35N48 
2 -120 31 20 49 Ti31Cr20N49 
3 -230 33 17 50 Ti33Cr17N50 
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Fig.1 – AES concentration profiles of Ti-
Cr-N coatings deposited at different bias 

voltage: (a) -30 V, (b) -120 V and (c) -230 
V 

 
It should be noted that bias voltage influences not only element, but also 

phase composition of the coatings. Figure 2 presents  a  fragment  of  the  XRD 
pattern of Ti-Cr-N coatings, deposited on steel substrate. Basic diffraction peak 
of the coatings is located between the peaks titanium nitrides TiN (fcc) and 
chromium nitride CrN (fcc) that indicates the formation of solid solution with 
the B1 NaCl crystal structure. Solid solution is formed on the basis of crystal 
lattice of nitride of titanium.  

 
This  is  caused  by  

the fact that heat of 
formation of titanium 
nitride ( HTiN = - 336,8 
kJ/(g·atom)) is 
considerably higher than 
that for chromium 
nitride ( HCrN = - 118,0 
kJ/(g·atom)) [9]. During 
the condensation of 
substance from the 
plasma the atoms of 
chromium replace 

 
Fig.2 – X-Ray diffraction patterns Ti-Cr-N coatings 

deposited at different bias voltage 
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titanium atoms in the lattice of titanium nitride.  

It is established, that all the coatings possess (200) preferential orientation. 
However, bias voltage influenced preferred grain orientation. It can be seen that 
for Ti-Cr-N coating deposited at Vbias= –30 V, a combination of (200) and 
(311) orientations was found; while for Vbias= -120 and -230 V, an additional 
(220) orientation was observed.  

This is connected with the influence of energy characteristics of plasma 
flow and possible additional temperature rise of the base layer, to the processes 
of growth and to the subsequent increase in the coatings. As the bias voltage 
increases the energy of the bombarding ions rises, in turn: one can modify 
coating growth conditions (and thus, its structure), lead to resputtering of the 
growing coating, change residual stresses and, hence, coatings properties [10-
12]. 

Figure 3 shows 
results of tribological 
tests. On the initial 
stages of the wear track 
sliding process is 
affected by Ti and Cr 
microdroplets. But as 
the sliding continued the 
microdroplets were 
freed from the surface 
and swept away by 
sliding ball. It is 
established, that the Ti-

rich coatings (Ti31Cr20N49 and  Ti33Cr17N50) have low steady-state friction (~ 
0.2) coefficient, while the Cr-rich coatings (Ti17Cr35N48) has high steady-state 
friction  (~  0.4)  coefficient.  The  width  of  sliding  tracks  on  the  face  surface  
decreased with an increase of bias voltage (Figure 4). 

 

 
Fig.4 – Sliding track of the Cr-rich (a) and Ti-rich (b) coatings 

 
Fig.3 – Friction coefficient of the Ti-Cr-N coatings 
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The possible reasons for this is the decrease of roughness [13] and density 
of microdroplets on the surface of coatings, and also decrease of grain size, 
contributing to the enhanced mechanical strength. 

CONCLUSIONS  
Ti-Cr-N coatings were formed by condensation from a plasma phase in 

vacuum with ion bombardment of the sample surface by titanium and 
chromium plasma flows in a residual nitrogen atmosphere. The formed coatings 
exhibited solid solutions with B1 NaCl crystal structure and preferred 
orientation of growth (200). It is found, that relative concentration of titanium 
rises from 17 at.% to 33 at.% and the concentration of chromium decreases 
from 35 at.% to 17 at.% with an increase in the bias voltage. It  is shown that 
steady-state friction coefficient of the Ti-rich coatings less in 2 times as 
compared with steady-state friction coefficient of the Cr-rich coatings.  
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ABSTRACT 
There are described the perspectives of application a carbon and hydro silicate 

nanotubes in modern building compositional materials … 
 
 Key words: carbon and chrysotile nanotubes, compositional building materials, 

reinforcement. 
 
ACTUALITY OF THE TOPIC  
Modern technology is in need of materials, including construction, for 

usage in extreme conditions. This requires the creation of new materials with 
properties that are absent for those natural and traditionally used. The 
combination of materials with different properties led to the creation of 
composite materials with new technological and performance properties. The 
most important advantage of composite materials is the possibility of creating 
products with given properties that best correspond  the conditions of use in a 
best way. Composite materials can have properties practically unattainable 
using traditional construction materials. Composite materials consist of a binder 
that provides the integrity of the material and various fillers (reinforcing, 
weighting, or conversely, lightening (gases), etc.), providing various required 
functional characteristics of products. Depending on the type of reinforcing 
filler (fibrous, flake, ribbon or powder-like), composite materials are divided 
into fibrous, flake, dispersion-hardened or mixed-reinforced. The efficiency of 
obtaining the material with the desired properties depends on the proper 
selection of fillers and matrix (and their compatibility). Basis for efficient 
production of new composite materials is knowledge of the physicochemical 
nature of phenomena and the ability of purposeful formation of  required and 
unique performance characteristics at nanoscale level. The level of binding  
energy between the neighboring crystals predetermines the future strength of 
polycrystalline materials. The influence of mineral fillers on the processes of 
hydrate formation is expressed in different ways, often in a more rapid 
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formation of gel-like products of different composition or in the formation of 
specific structures (calcium hydrocarboaluminate and others). Practical 
research of the influence of mineral additives on structure formation of cement 
concrete [1] shows us that the use of microfillers improves concrete strength by 
1.5-2 times at a constant water-cement ratio. This is because the smallest 
particles of microfiller which are similar in size to the colloid ones and are 
located between the grains of cement or near them, form new centers of 
crystallization. This speeds up this process and increases the strength of cement 
stone and concrete. At a certain ratio of the particle size of cement and filler 
there is an effect of hardening of binding [2]. It is determined that, in dense 
concrete, depending on the given tasks and properties of original materials, it is 
wise to substitute from 20 to 50% of cement for microfillers. Associating of a 
properly chosen microfiller into the concrete compound provides reducing 
water  demand of  cement  produced as  well  as  saving the  proper  rheology and 
adhesion properties of cement paste. A given strength of cement and concrete is 
provided and at the same time setting qualities and creeping of concrete are 
reduced[3]. Comprehensive study of hydration of the separate clinker minerals 
and Portland cements showed us that in all cases, milled mineral fillers 
accelerate the processes of hydration (an increase of volume of the hydrates 
formed and an increase of intensity of the process) significantly (for about 1.5-2 
times). During the process the period of formation of individual hydrates is 
shifted to an earlier stage. A similar effect of fillers can be explained by high 
surface energy that is spent on formation of thermodynamically stable state by 
means of the phenomena of chemisorption and the subsequent formation of 
crystalline hydrate nuclei[4]. Thus, by applying mineral agents, we can control 
the structure formation of cement stone and get the best structure and properties 
of concrete under specific operating conditions. 

It has long been known that the use of fibers as a reinforcing component 
can solve many problems, dramatically increasing the strength properties of 
products and constructions at the nanoscale level and as a result in the whole 
volume while reducing the consumption of materials and thermal heat capacity 
at the same time. The higher the dispersion of the particle is, the greater activity 
should be expected from it. An interest to nanoparticles can be explained by 
their unique properties. Nanoparticles, in particular carbon and silica 
nanotubes, which have very high tensile strength, are characterized by a huge 
surface potential concentrated in nanovolume. Their use as one of the 
components of the polycrystalline composite materials can serve as a promoter 
intensifying  of  the  process  of  forming  in  a  matrix  of  smaller  crystals.  The  
number of these crystals is much bigger than without them. The strength of 
microcrystalline materials is higher than that of coarse-crystallines. In the 
production of special high-strength composites the fine-grained fibrous 
(reinforcing) fillers such metal, carbon, silicate are used. Despite the extremely 
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high publication activity on the application of carbon fibers, which indicates 
their importance, the data on their use in technology of building materials are 
very poor due to low volumes of their production. Building materials require 
thousands of tonnes of them. At the same time, Russia has the world's largest 
reserves of fibrous mineral – chrysotile which has nanotubes with the diameter 
of  30 nm aggregated into threads, which are a natural composite material. It 
easily splits into filaments. (Fig. 1) By techno-economic indicators this mineral 
at present day is out of competition. Chrysotile is a layered magnesium 
hydrosilicate, it has a tubular morphology crystals, which consist of a twisted in 
tube and condensed between each other tetrahedral (silica oxygen) and 
octahedral (burcite) layers (Fig. 2). Twisting the layers into a tube is explained 
by the fact that the unit cell parameters of brucite layer are a bit bigger than 
those of silica oxygen. Compensation of tenses in the condensed layer leads to 
the  formation  of  the  tube,  the  outer  layer  of  which  is  brucite  -  Mg  (OH)2. 
Magnesium (an alkaline-earth element) causes an alkaline reaction of aqueous 
suspension of chrysotile asbestos, while the surface hydroxyl groups cause an 
increased reactionary reactivity of chrysotile as a filler. 

 

 
Fig. 1 – View of Bazhenov fiber 

commercial chrysotile P-3-60 

 
Fig. 2 – Electron-microscopic picture of a 

cross section of chrysotile fibers [5] 
 
Currently researchers are paying great attention to disperse reinforcement 

[6-8] and to nanomaterials [9-12]. Nanotubes in a fiber concrete are 
nanoreinforcing elements of a cement matrix. The consequence is an increase 
of its compressive strength, tensile and impact strength. The uniqueness of the 
application of carbon nanotubes astralenes with the diameter of <1 nm is in 
effect on the growth of the strength of cement stone at dosages of hundredths or 
even thousandths of a weight percent of cement [13]. 

Unfortunately, very little attention is wrongly paid to nanosilicates. In this 
work it is only possible to briefly describe the most effective ways of 
application nanotubes, especially of those with the modified surface. The 
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representative of the silicate nanofibrous reinforcing fillers is a modified by 
thixotropic appretams fine-grained chrysotile "Silodeks Sx24" by VR Grace 
Co., Ltd. Firm. It was designed to give thixotropic properties to high-strength 
polymer composites. It should be noted that the range of possible uses of 
nanofibers in the development of nanomaterials technology is expanding 
rapidly. 

The most promising is the reinforcement of cement matrix of concrete on 
micro and nanoscale levels. While doing this the fiber concrete is received. 
Fiber concrete, as well as traditional concrete is a composite material including 
additional distributed in a volume fiber reinforcement [14] That means that 
during preparing the concrete mix the correct proportion of natural, artificial, 
synthetic or metallic fibers of a special section are added into it. The properties 
of fiber concrete as a composite material are determined by the properties of its 
components. Steel or non-metallic (carbon, silicate or polymer) fiber is one of 
the most important components of fiber-reinforced concrete. Dispersed 
reinforcement by a fiber allows to offset the major shortcomings of concrete to 
a higher extent. They are low tensile strength and brittle fracture. Fiber-
reinforced concrete have several times higher characteristics such as: 
compressive strength, axial tension, bending tension, the initial modulus of 
deformation, shear strength, frost resistance, water resistance, crack resistance, 
heat resistance, fire resistance, abrasion, fatigue strength, resistance to 
cavitation, impact strength (toughness) 

The most important characteristic of fiber reinforced concrete is a tensile 
strength. It is not only a direct characteristic of the material, but also indirect 
and it shows its resistance to other influences, as well as its durability. 

A very important characteristic of fiber-reinforced concrete is an impact 
strength (toughness), which depending on the material and the degree of 
reinforcement is from 3 to 20 times greater than conventional concrete in terms 
of destruction, which ensures its high technical and economic efficiency when 
used in building structures and their repair. 

The aim of our development is  the  creation  of  high-strength  
compositions for use in extreme conditions. 

To achieve this goal we should have got a fibrous silicate nanofillers that 
improve the technological and operational properties of composite materials, 
i.e, allowing to get more qualitative products from original materials. 

The original materials and the composites obtained were studied by 
modern methods of analysis - X-ray phase and structural, transmission and 
scanning electron microscopy, photoelectron spectroscopy, electron 
microdiffraction, chemical, pH-testing, derivatography, infrared spectroscopy. 

For serial large-scale production of nanoreinforced building materials with 
new and unique technological and operational properties some items are 
required: 
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 large-scale production of nanofibers with low cost with given 
technological characteristics; 

 development of technologies of introduction of the nanofibers in the 
technological mixes; 

 studying the properties of nanocomposite construction materials and 
development of production technologies 

Hardening of composite materials is achieved by selecting the efficient 
composition of components and strengthening of ties between them. In 
studying the influence of the degree of filling of the composite material by the 
fibrous component it was found that by increasing the mass content of fiber of 
the same length the tensile strength and elastic modulus increase compared to 
the unfilled matrix. For example, for a composite with a fiber length of 3 mm 
the increase in strength is the highest concentrations of filler up to 10%, at a 
concentration of 10 to 40% of filler the strength of samples is increased lesser. 
The  increase  of  fiber  content  of  more  than  40%  does  not  lead  to  a  further  
increase in the strength of the samples. 

For samples with equal mass content of fibers of various lengths (from 
about  25  microns  to  10  mm),  we  saw  an  increase  in  tensile  strength  with  
increasing  fiber  length,  which  can  be  explained  by  an  increase  in  force  that  
holds the fiber matrix, which, in turn, reaches a maximum and a further 
increase of length of the fibers doesn’t lead to its increase. Characteristic ratio 
(the ratio of fiber length to its diameter) depends on the type of the matrix and 
is chosen empirically. 

We worked out the dispersion technologies of chrysotile production to 
nanofibers and their introduction into the concrete mixtures. We made 
structural and morphological studies of changes in the hydration products of 
cement clinker minerals and formation features of their structure with the 
introduction of nanofibers. We obtained materials with higher technical and 
economic indicators. The application of nanochrysitile allows to receive high-
strength concrete with a compressive strength of 100 MPa or more. Basing on 
these data we can reasonably say about the influence of nanotubes on a grade 
(at the age of 28 days.) strength of the composite cement and a very substantial 
increase in its hardening on the early stages This reduces energy costs in 
manufacturing from the concrete of handling strength. Application of 
nanoconcretes reduces the turnover forms (in production) and the formwork 
(in-situ concreting of building structures), increasing economical effectiveness 
efficiency. In addition, nanoreinforcing of porous [15], constructional heat-
insulating and heat-insulating concretes provides a significant increase in their 
strength, which is one of the major problems of building materials science. 

Perspectives for  further  practical  use.  Traditionally  they  have  paid  and  
continue to pay particular attention to the influence of fillers on the mechanical 
strength of the product, but the fillers can improve also technological 
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properties. They can regulate flow (giving thixotropy to mixtures and, 
consequently, improving their stability of shape and moldability), reduce the 
chemical and thermal contractions in volume (the elimination of cracking). 
Fillers can change the electrical, magnetic and thermal properties, reduce 
flammability (flame resistance), to change the friction coefficient, optical 
properties (color and coloration), density, porosity, hardness (wear resistance), 
corrosion resistance, permeability, tensile strength, bending and impact and of 
course, the cost [16]. We created nanoreinforcing filler for using it in composite 
materials operating in extreme conditions, but it can be successfully applied in 
all economic sectors, particularly in high voltage electric-power industry, 
because in addition to the properties listed, it has high-arc resistance. 

The following areas of rational use of nanofiber concretes can be possible 
(construction and repair): 

- Monolithic design, construction and spatial coverage: fortifications, 
explosive and burglar structures, baffle dams, lining of tunnels and irrigation 
canals, water tanks and other liquids, highways, industrial floors and bridge 
decks, fire-retardant plaster, etc.; 

- Prefabricated elements and structures: piles, railroad ties, pipes, beams, 
stairs, wall panels, roof panels and roof tiles, floating dock modules, offshore 
structures, plates of airfield, road, walkway covers and mounting channels, 
curtain elements of bridges, piling, heating elements, the elements of spatial 
surfaces and structures, ornamental accessory. 

CONCLUSIONS 
Production of building materials of new generation with nanodispersed 

reinforcement is one of the most promising branches. The effectiveness of the 
introduction of nanotubes of chrysotile as a krentyi agent with high surface 
energy in the cement composition is based on lowering the energy threshold of 
the beginning of crystal formation from an aqueous solution, which is saturated 
with ions of cement clinker minerals, as a result of its interaction with water. 

The studies confirm the probability of the impact on hydration and 
physical  and mechanical properties of hardening cement compositions using 
aggregates and fillers of specific nature. 

For composite materials used in various fields of modern and advanced 
equipment, the technology of production of fine-grained chrysotile with desired 
properties (nanofiller) was investigated. It reduces shrinkage deformation and 
prevents the formation of cracks in thin-walled and large-sized products. 

Tests showed us that the designed filler can be successfully used in 
building compositions, including porous materials, adhesives, mastics, putties, 
high-strength mortar concrete, concrete shielding of nuclear reactors and other. 

The observed effect of the length of reinforcing fillers is of great 
importance in the technology of composite materials: no need to seek for 
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maximal filling of the matrix by only one fiber and the fiber should not be used 
much longer than required for optimal composition. 

The commercial production of nanofiller, production of composite 
materials and products from them for a modern and projected technology is 
organized. 

In the future, for targeted development of new construction of 
nanocomposites with desired properties in-depth studies aimed at developing 
new technologies of surface modification of nanofibril are needed because the 
fibrous morphology of the nanocrystals substantially increase the strength of 
the matrix of composite materials. By modification of the filler we can obtain 
the required technological properties of the mixtures and properties of 
indurated compositions. 

In this work the collective use equipment of NIU BSU (State Contract 
02.552.11.7017 PFC) was used. 
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ABSTRACT 
There are presented the results of investigations of the influence of deposition rate 

and pressure of orifice gas on the structure, physical properties and thermal stability of 
nickel films obtained by the modified method of the three-electrode ion-plasmous sput-
tering (technique IPS). 

X-ray analysis and estimation of the size (L) of coherent-scattering regions (CSR) 
showed that in the as-deposited films which obtained with low energy of sputtered 
atoms and low deposition rate (~ 85 pm/s) there is formed a mixture of FCC Ni (L = 5 
nm),  traces of HCP nickel  (L = 9 nm) and oxide of nickel  NiO. Increase of energy of 
sputtered atoms by a decrease of pressure of orifice gas from 120 to 53 or 16 mPa leads 
to  the  formation  at  as-deposited  films  a  mixture  of  phases  FCC  nickel  and  traces  of  
oxides. Moreover, almost double increase of deposition rate leads to an increase the size 
of the CSR on ~20%. The heating of films of Ni with a mixture of FCC and HCP phases 
to 300-320 °C results in transformation of HCP in FCC. Freshly deposited films with the 
structure of FCC Ni are undergoing structural changes at heating above 350-450 ° . 
These changes are linked obviously with the recrystallization. The size of the CSR for 
FCC Ni is increased almost in 2 times after heating. 

It is shown that energy of activating (EA) calculated by the method of Kissinger in 
the case of disintegration of HCP Ni exceeded from EA of beginning of recrystallization 
almost in three times and attains ~21000 K. In addition, it’s shown that increase of 
deposition rate brings to rise of activation energy of beginning recrystallization and 
indicates the formation of more stable structure in the films. Analysis of the demagneti-
zation curves of the films of nickel showed anisotropy of magnetic properties. Hystere-
sis only is detected in a parallel field to the film of Ni. The coercive force does not ex-
ceed 200 A/m. 

 
Key words: nickel films, sputtering, coherent-scattering region, FCC and HCP 

nickel 
 

INTRODUCTION 
The extreme sensitivity of the technological conditions of sputter deposit-

ed films allows to vary the properties of these films and to observe phenomena 
which are not recorded in the bulk samples. 
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It  is  known  that  high  kinetic  energy  of  the  condensed  atoms  allows  at  
forming of films to get them in the nonequilibrium state. For the increase of 
energy of the condensed atoms the electrostatic accelerating of Ar ions can be 
used [1]. It was before shown that kinetic energy of the condensed atoms at the 
use of method of modernized ion-plasmous sputtering it is possible to change 
from 100 to 200 eV changing pressure from 53 to 13 mPa [2, 3]. In this case the 
effective cooling rate of films is connected with the relaxation time of individu-
al atom on substrate and in theory estimated as 1012- 1014 ° /s [4]. That, in this 
case there is a “quenching from the vaporous state” (QVS). 

Therefore interestingly it was to find out how energy of the deposited at-
oms and rate of deposition influences on structure and physical properties of 
films. As an object films of nickel were chosen. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
There was used the modified method of the three-electrode ion-plasmous 

sputtering [1]. The vapor deposition of the films was carried out under the con-
ditions, resulted in a table 1.  

 
Table 1 - Conditions of sputter deposited Ni films 
 Ni1 Ni2 Ni3 Ni4 Ni5 Ni6 Ni7 

U, (kV) -2 -2 -2 -2 -2 -2 -2 
Ian, ( ) 2 0.8 0.8 1 1 2 0.8 

Pw (mPa) 53 16 16 120 53 53 16 
, (eV) 100 200 200 20 100 100 200 

tdep, (min) 24 24 28 13 24 18 30 
d, (nm) 200 115 140 79 103 158 139 
, (pm/s) 140 80 80 101 72 147 77 

Where U – is a target voltage; Ian – is anode current; PAr – is a pressure of orifice gas (Ar); 
tdep – is a time of sputter deposition; d - is a thickness of films;  - is a rate of deposition;  - is 
estimated kinetic energy of the condensed atoms [2, 3]. 

 
The deposition was performed under equal conditions simultaneously onto 

the Sitall substrates and the freshly cleaved single crystals of sodium chloride. 
The films deposited onto NaCl were separated by dissolving the salt in distilled 
water and used for studying the structure and phase composition by the X-ray 
diffraction (XRD) and transmission electron microscopy technique (TEM). The 
physical properties and thermal stability were studied using the films deposited 
onto Sitall. The sheet resistance was measured by the four point technique upon 
continuously heating the film in vacuum 10 mPa. The structure and composi-
tions of the initial and annealed films were studied by the X-ray diffraction 
patterns obtained with RKD cameras using the CoK  radiation. The coercive 
force Hc was measured on a vibration magnetometer in the maximal magnetiz-
ing field 1 T, attached parallel and athwart surfaces of film. 
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RESULTS AND DISCUSSION 
Figure 1 presents an XRD patterns from Ni4 films in as deposited state 

and after heat treatment. 
Analysing 

these XRD patterns 
and XRD patterns 
of other samples 
one can see that in 
the fresh deposited 
films which ob-
tained with low 
energy of sputtered 
atoms  (~  20  eV)  
and low deposition 
rate (~ 100 pm/s) 
there is formed a 
mixture of FCC Ni 
(L = 5 nm), traces 
of HCP nickel (L = 
9 nm) and oxide of 
nickel NiO. The 
size (L) of coher-
ent scattering re-

gions (CSR) was appraised on the formula of Selyakov-Sherer formula. In-
crease of energy of sputtered atoms by a decrease of pressure of orifice gas 
from 120 to 16-53 mPa leads to the formation at freshly deposited films a mix-
ture of phases FCC nickel and traces of oxides. Moreover, almost double in-
crease of deposition rate leads to an increase the size of the CSR on ~20%. The 
heating of films of Ni with a mixture of FCC and HCP phases to 300-320 °C 
results in transformation of HCP in FCC (Fig. 1b). 

Figure 2 exhibits temperature variation of resistivity of Ni films and tem-
perature intervals of structural transformations. In figure 1-2 one can see that 
the heating of films of Ni with a mixture of FCC and HCP phases to 300-320 
°C results in transformation of HSP in FCC. Freshly deposited films with the 
structure of FCC Ni are undergoing structural changes at heating above 420-
450 ° . These changes are linked obviously with the recrystallization. The size 
of the CSR for FCC Ni is increased almost in 2 times after heating. 

It is shown that energy of activating (EA) calculated by the method of Kis-
singer in the case of disintegration of HSP Ni exceeded from EA of beginning 
of recrystallization almost in three times and attains ~21000 K. 

 
Fig. 1 – X-ray diffraction patterns from Ni4. Curve (a) refer 
to the as deposited state and curve (b) to the film annealed at 

873 K for 5 min. 
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In addition, it’s 
shown that increase of 
deposition rate brings 
to rise of activation 
energy of beginning 
recrystallization and 
indicates the for-
mation of more stable 
structure in the films.  

Figure 3 pre-
sents an demagnetiza-
tion curves of the Ni6 
films in as deposited 

state. 
Analysis of the demag-

netization curves of the films 
of nickel showed anisotropy 
of magnetic properties. Hys-
teresis only is detected in a 
parallel field to the film of 
Ni with a FCC phase. The 
coercive force does not ex-
ceed ~200 A/m. Hysteresis 
don’t detected in Ni4 with a 
mixture of FCC and HCP 
phases in as deposited state. 

CONCLUSIONS 
Studies have shown that the choice of conditions of films production is 

given by possibility to manage size of coherent scattering regions (CSR) and 
activation energy of phase transitions depending on the assigned task.  
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Fig. 2 – Temperature variation of resistivity of films. 

Curve (a) refer to the Ni4 with a mixture of FCC and HCP 
phases and curve (b) – Ni5 with a FCC phase 

 
Fig. 3 – Demagnetization curves of the Ni6 films in 

as deposited state. 
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ABSTRACT 
The behavior of O atoms in Ti film is investigated under high-flux, low-energy 

molecular water ion implantation. After 10 min of irradiation at room temperature, the 
anomalously deep penetration of oxygen without formation of new chemical compounds 
observable by XRD has been registered in Ti films using Auger spectroscopy analysis.  

It is shown that the surface energy increases under ion irradiation, and the 
relaxation processes minimizing the surface energy initiate the redistribution of atoms. 
Two surface energy relaxation processes are considered: (i) the mixing of atoms on the 
surface resulting in annihilation of surface vacancies; and (ii) the annihilation of surface 
vacancies by atoms transported from the bulk. The theoretical considerations are in 
agreement with the experimental results if to assume that the mass-transport in the bulk 
is controlled by the processes on the surface and the adsorption of reactive atoms or 
molecules leads to local and long-range restructuring and adatom relocation at the 
surface. 

 
Key words: hydrogen, water vapour, plasma, ion implantation 

 

INTRODUCTION  
Titanium and its alloys have many industrial applications thanks to their 

excellent corrosion resistance and high specific strength. Generally, titanium is 
covered by a passive titanium oxide (TiO2)  film.  Though very  thin  (usually  a  
few nanometers), this compact film acts as a protective layer against corrosion.  

Oxygen permeation through TiO2 films  and its  transport  in  the  bulk  is  a  
complex process involving interfacial charge transfer, adsorption, absorption, 
trapping, and transport, and, thus, is inherently influenced by properties of the 
oxide, such as the chemical composition and structure, the presence of Tin+ 
interstitials and/or oxygen vacancies, the type and concentration of impurities, 
hydrogen solubility, the adsorption characteristics of the surface, and the oxide 
thickness, porosity and uniformity [1,2]. The mechanism by which the oxide 
barrier layer influences oxygen permeation into Ti is still not well established.  

The retardation of oxygen permeation by TiO2 films  may  be  due  to  a  
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combination of low oxygen absorption at the oxide surface and/or slow oxygen 
transport  in  the  oxide.  In  general,  it  is  difficult  to  predict  the  rate  of  oxygen  
transport through a TiO2 film and how many oxygen atoms, generated on the 
TiO2 surface, reach the Ti substrate. In this work, we study feasible physical 
models explaining oxygen permeation through a thin Ti film. 

EXPERIMENTAL TECHNIQUE 
The 0.5 - 1 m thick Ti films were deposited on 2 mm thick stainless steel 

and Si(111) substrates using magnetron sputter deposition technique. Samples 
were  located  at  different  sites  of  PVD  –  75  vacuum  chamber.  Details  of  
experimental technique are published in [3, 4]. Three cases were distinguished: 
(i)  case  A,  the  ion  current  density  from  plasma  to  the  sample  was  about  5  

A/cm2, (ii) case B - 1.5 mA/cm2, and (iii) case C - 10 mA/cm2 . 
A vacuum system including rotary and cryogenic pumps enabled a base 

pressure of 2·10-4 Pa.  The  water  vapour  was  injected  into  vacuum  chamber  
using heated water container (Fig. 1). 

 

 
Fig. 1 - The scheme of the experimental technique 

 
Plasma  implantation  was  performed  at  10  Pa  pressure  of  water  vapour.  

Flow of water vapour was continously controlled by mass flow controller. The 
plasma was generated using DC and RF energy sources. The dissipated power 
in plasma was verified in the range 100 - 300 W. 

The microstructure of the samples was characterized by X - ray diffraction 
(XRD) method using Bruker diffractometer (Bruker D8). The measurements 
were performed with 2  angle in the range 20  – 70  using Cu K  radiation in 
steps of 0.01 . The identification of peaks has been done using Search – Match 
software. The thickness and surface topography of Ti films were measured 
using the nanoprofilometer (AMBIOS XP 200). The surface views before and 
after hydrogenation were investigated by a scanning electron microscopy 
(SEM, JEOL JSM – 5600). The elemental composition of plasma treated films 
was analyzed by energy dispersive X–ray spectroscopy (EDX, Bruker Quad 
5040). The distribution profiles of oxygen in titanium films after hydrogenation 
were measured by Auger Electron Emission spectroscopy (AES, PHI 700XI 
AUGER NANOPROBE). 
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EXPERIMENTAL RESULTS: ANALYSIS OF SURFACE TOPOGRAPHY 
The height of a step on the boundary between the non-irradiated and water 

plasma irradiated areas has been investigated in [3]. It has been shown that 
under water plasma irradiation the elevation height between irradiated and non-
irradiated areas does not exceed 2 nm. On the basis of these experimental 
results it has been concluded that for irradiation parameters used in the present 
work the steady state surface erosion and surface growth due to accommodation 
of implanted species rates in the near-surface region are approximately equal. 

The studies of surface roughness on a nanometric scale revealed that 
surfaces of Ti film after water plasma treatment become rough. Fig. 2 includes 
the surface topography profiles of the as-deposited Ti film - Fig. 2a, and after 
plasma treatment during 5 min - Fig. 2b. The surface roughness increases from 
~10 nm up to ~75 nm. 

 
Fig. 2 - The profiles of surface topography: a) - profile of as-deposited Ti film, 

and b) – profile of Ti after plasma treatment during 5 min 

 

EXPERIMENTAL RESULTS: XRD ANALYSIS 
Fig.  3 

includes XRD 
patterns of Ti film 
after different 
durations of 
irradiation: curve 1 
- 2 min, curve 2 - 
5 min, and curve 3 
– 10 min. It is seen 
that structural 

reconstructions 
and formation of a 
new Ti4H209 

phase begins after 10 min of irradiation. Characteristic peak of Ti shows that 

 
Fig. 3 - XRD patterns after different durations of 

hydrogenation 
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initially amorphous film becomes nanocrystalline with the mean size of 
crystallites estimated using Scherrer equation is equal to about 60 nm. 

 
Distribution of o atoms 
The Auger depth distribution profiles of O and Ti atoms in Ti film after 

irradiation during 10 min by ions extracted from the water plasma are shown in 
Fig. 5a and Fig. 5b. Two regions may be distinguished: (i) in the near surface 
layer with thickness less than 100 nm, the oxygen concentration decreases from 
75 at.% to 40 at.% (Fig. 5a), and (ii) in the bulk in the range from 100 nm 
across entire film thickness, the concentration of oxygen decreases from 40 
at.% to 25.at.% (Fig. 5b). 

 
Fig. 5 - The Auger distribution profiles of O and Ti atoms in Ti film after 
irradiation during 10 min by ions extracted from the water plasma 

 
Discussions 
According to the new concept of molecular surface science the surface 

may be treated as a separate phase with a different structure, composition and 
electronic properties. It reveals that processes of relaxation and reconstruction 
relocate surface atoms from their bulk-like positions and indicates to the unique 
importance of surface defects (roughness) in controlling surface phenomena. 
This phenomenon is consistent with the latest discoveries in molecular surface 
science [5]. At rough edges, such as at stepped surfaces, the atoms at the step 
relax by a large amount in order to smooth the surface irregularities. In this 
work, the main emphasis is made on analysis of the role of surface topography 
instabilities on the mechanism of oxygen transport in Ti film under molecular 
water ion irradiation. 

Two dominant surface topography relaxation mechanisms are 
distinguished: (i) the dynamic relocation of surface adatoms and annihiliation 
of surface vacancies (Fig. 6a),  and  (ii)  the  transport  of  O  atoms  from  the  
surface into to the bulk and Ti atoms from the bulk on the surface (Fig. 6b). 

For modeling of oxygen behavior in Ti films some assumptions are need-
ed. Let us assume that at elevated temperatures surface adatoms under the 
thermal or ballistic displacement effects are mobile. 
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This assumption is verified in 
publications [6]. The surface dy-
namic state is prerequisite for sto-
chastic mixing of atoms between 
neighboring monolayers. The ada-
tom on the surface is located in 
some adsorption site determined to 
first order by the local crystal struc-
ture. It oscillates in the potential 

well at a frequency
21

0 2 amEw di

, where Ed is  the  height  of  the  po-
tential well, or the activation ener-

gy, for surface diffusion; m is the adatom mass, and a is the width of the well. 
The effect of the ion irradiation is to increase the relocation frequency 

above the thermal levels. The total frequency relocation probability is the sum 
of thermally activated jumps plus the ion impact induced jumps 
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where D is the number of displaced atoms on the surface by one incident 
ion, I0 is the flux of ions and C is the surface atom concentration. The Eq. (1) is 
valid if thermal and “ballistic” relocations are independent. 

Mathematically the flux of displaced i atoms is equal to wici, where wi is 
the frequency probability of surface displacements defined by the Eq.(1) and ci 
is the partial surface concentration of i atoms. The flux of readsorbed atoms is 
equal to ij iwici, where i is the probability of readsorption and ij is the 
sticking probability of i atom to j atom on the surface. At steady state, when all 
displaced atoms are readsorbed, ij i = 1. 

For simplicity and in accordance with experimental observations, the 
behavior of broken oxygen atoms in Ti film will be considered in the following 
way. The affinity of Ti atoms to oxygen is high and they tend to form Ti-O 
bonds. The surface atoms are buried by the displaced and readsorbed O and Ti 
atoms.  In this way, the oxidation kinetics may be limited by the transport of Ti 
atoms from the bulk to the surface or O atoms from the surface into the bulk. 
The conservation of continuity of material requires that these fluxes would be 
balanced.  

The rate equations including processes of atom displacement and 
readsorption have been analyzed in [7]. It has been shown that the stochastic 
mixing of atoms on the surface may be described by the diffusion equation 
written in finite increments with step one monolayer h0 and the effective 
diffusion coefficient equal to )(2

0 ad VVhD and surface movement velocity 
equal to V= h0(Vd – Va), where 

 
Fig. 6 - Schematic presentation of atom 

transport mechanisms 
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j
jjd cwV   and  

i j
jija cV .                    (2) 

The balanced dynamic state on the surface is realized if atom 
displacement and readsorbtion rates are equal, Vd  Va. This regime may be 
realized in two ways: 1) if the generation rate of surface vacancies is equal to 
the annihilation rate of surface vacancies by mobile adatoms, and 2) if the 
annihilation of surface vacancies takes place by atoms arriving from the bulk in 
the balanced way. Atomic motion minimizes surface energy and stabilizes the 
surface roughness. The wells of the surface are filled by atoms which are 
transported from the bulk, and atoms from the surface elevations are moved 
into the bulk. 

Above mentioned processes may be interpreted in the following way. The 
stochastic mixing of atoms on the surface initiates surface roughening. The 
roughness depth increases in time as (Dt)1/2. In many cases the increase in 
roughness is correlated with the increase of surface energy. The increase of 
surface roughness, or surface energy (i.e. the number of broken links multiplied 
by the pair-interaction (bond) energy), can not be infinite. When surface energy 
reaches critical, the stabilization of the surface energy starts. The stabilization 
of surface energy by diffusion of adatoms and annihilation of surface vacancies 
and occupation of empty sites on the surface is dominant process in the range 
of  low  temperatures  (Fig. 6a). The transport of atoms from the bulk into the 
empty sites on the surface and annihilation of surface vacancies becomes 
dominant at elevated temperatures when point defects are mobile in the matrix 
of bulk material (Fig. 6b). The more open (rougher) surface topography, the 
larger relaxation fluxes are. 

The above presented model considers two balanced fluxes. Both flux are 
equal and have opposite directions. They follow to the mass-conservation law 
and continuity of material. Transport of oxygen atoms into the bulk becomes 
inefficient if one or both of these fluxes are physically non-realizable. Let us 
consider some examples, which are in consistence with the experimental re-
sults: 1) the efficient oxidation starts at temperature when Ti atoms become 
mobile and take part in the relaxation mechanism of surface topography; 2) the 
presence of the thin TiO2 layer  on  the  surface  of  Ti  acts  as  barrier  for  atom  
transport from the surface into the bulk, and in this way hinders efficiency of 
oxygen transport from the surface into the bulk and stops it when continuous 
dielectric film is formed. On the contrary, the pretreatment processes removing 
barrier layers on the surface and related with the generation of defects on mate-
rials increases the efficiency of the transport of oxygen. The prebombardment 
of materials by non-reactive Ar ions increases efficiency of oxygen transport. 

In this way, two O transportation mechanisms from the surface into the 
bulk of Ti film are in action under ion irradiation: (i) the penetration of O at-
oms as result of stochastic mixing of atoms on the surface, and (ii) the trans-
portation of O atoms by fluxes driven by surface energy relaxation processes. 
The first mechanism forms near-surface region highly saturated by O atoms 
and  the  second  one  explains  distribution  of  O  atoms  along  the  entire  Ti  film  
thickness. 
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CONCLUSIONS 
It  is  shown  that  the  oxygen  transport  from  the  surface  into  the  bulk  is  

controlled by the processes on the surface, and the adsorption of reactive atoms 
or molecules leads to local and long-range restructuring and adatom relocation 
at the surface. Experimentally, the anomalously deep penetration of oxygen has 
been registered in Ti films without formation of chemical compounds 
observable by XRD after molecular water ion irradiation during 10 min at room 
temperature (Fig. 3). 

Surface topography analysis results showed that after irradiation surfaces 
become rough and for considered irradiation parameters the balance between 
the surface erosion and surface growth due to accommodation of implanted 
species in the near-surface region exists. The experimental observations are 
explained assuming that processes on the surface (surface roughening) initiate 
the transport of oxygen atoms from the surface into the bulk. The relaxation of 
surface energy and reconstruction of surface topography relocate surface atoms 
from their bulk-like positions and drive into the underlying monolayers. 
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ABSTRACT 
There is actual investigation of the processes creating the buried barrier layers that 

prevent diffusion of high-temperature coating materials because of the development of 
ion and ion-plasma technologies, surface treatment of material.  

In the present work we discuss the results on the thermal stability, structure, phys-
ical and mechanical properties of the buried barrier layers formed 2*1018 ion/sm2 , by 
ion implantation of oxygen and carbon (the dose  the energy of 1.5 – 2 MeV) accelerator 
to the DC-60.  

Nuclear spectroscopic techniques involving  X-ray analysis systematic studies of the in-
fluence of the buried barrier layer on the thermally induced processes in the layered system 
Fe-Be. It is established: the sequence of phase transitions in the surface layers and inside the 
sample during isothermal annealing. It is shown that the implanted oxygen ions buried barrier 
layer in the matrix of -Fe slow mutual diffusion of beryllium atoms and iron atoms. The 
kinetics of the process of mutual diffusion of  Fe and Be in a solution -Fe (Be) for both 
multi-layered systems with a layer of implanted of oxygen and without it. 

The evolution of the distribution of the oxygen implanted layer in the copper and 
the effect of thermal annealing. It is shown that even at an annealing temperature of ~ 
200ºC in this system is the diffusion of oxygen into the sample of copper. Consequently, 
the oxygen cannot be used as a subsurface barrier layer in copper, in contrast to iron, 
where oxygen-implanted layer remains stable at much higher temperatures.  

The research phase formation in iron implanted with carbon and deposited on the 
surface layer of beryllium. It is established that the sample implanted with a layer of 
carbon formation on the surface Fe 2 phase begins after 5 hours annealing at 650ºC. 
For the case without implantation – education phase Fe 2 not fixed. 

 
Key words:  low-energy ion implantation of oxygen and carbon, buried barrier 

layers, thermal stability, phase formation  
 

INTRODUCTION 
Ion-beam modification is a promising method effects on materials to make 

them specific properties. For the directed modification of the surface layers of 
metallic materials to improve the surface characteristics of widely used meth-
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ods for ion-plasma coatings.   

The magnetron deposition is generally used subsequent heat treatment of 
the material, resulting in improved coating adhesion to the substrate, the for-
mation and homogenization of the phases in the diffusion zone. The initial non-
equilibrium distribution of nuclear components and subsequent annealing lead 
to the spatial orientation of the process of phase formation and the creation of a 
layered system.  

There is necessary to create a thermally stable inhomogeneous distribution 
of phases over the depth of the sample for practical application of such systems. 
Elaboration of methods for non-uniform distribution of phases, stable to tem-
perature, is an interesting from a scientific point of view and practically im-
portant problem.  

One of the promising ways to create a thermally stable layered system is 
the combination of two methods - ion implantation and magnetron deposition 
of protective coatings. The method is as follows: in the material created by ion 
implantation layer (phase differs from the matrix) which is a barrier to the dif-
fusion depth of material deposited on the surface of the coating.  

As a result of consistent application of these two methods of forming a 
layered system - matrix located beneath the barrier layer and a protective 
coating. This system can be stable until the temperature to which the barrier 
layer is stable. 

Interesting from this point of view, study of the effect of implanted oxy-
gen in the iron (barrier layer) on the thermal stability deposited on the surface 
of the system of the beryllium layer (protective cover) [1]. The system iron-
oxygen-beryllium is as good a model as well as practically important material. 
It is known that iron is an essential component of many construction materials. 
At the same time, the unique characteristics of nuclear, radiation and corrosion 
resistance, high melting point and thermal conductivity led to widespread use 
of beryllium in the nuclear and missile technology.  For a binary system of 
iron-beryllium characterized by a great variety of structural and magnetic tran-
sitions [2, 3].  

METHODS OF EXPERIMENT. RESULTS AND DISCUSSION.  
There were prepared by Armco foil - iron, 99.8% purity, a thickness of 10 

microns and an area S = (10 – 15) mm2, with subsequent homogenizing anneal-
ing at T = 850 C  for 3 h for studies. The method of ion implantation in one of 
the foils Armco iron ions were introduced O+ dose of  1.1 1018 ions/cm2 at an 
energy of 1.6 MeV and current density of 2  3 mkA/sm2. Using the methods of 
magnetron deposition of atoms and vacuum sputtering of Be and 57Fe, were 
obtained  of   -Fe:  +– (0.7 µm)–57Fe (0.1 µm) and -Fe– (0.7 µm)–
57Fe(0.1 µm). Control the thickness of sputtered layers was carried out as a 
gravimetric method and by Rutherford backscattering of protons. The resulting 
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systems have been consistent, ie increments totzh = 2.0 h isothermal annealing 
in a vacuum of  5 10-6 Hg. Art. at a temperature T = 700 C.  

There were prepared by the respective thicknesses of massive samples, 
selected irradiation conditions (dose  2*1018 ion/sm2, energy  2  MeV,  the  
type of  bombarding particles - oxygen ions) to create a buried barrier layer on 
the accelerator of the DC-60. The target holder of high energy chamber was 
prepared and installed.  

The distribution of the implanted oxygen atoms in the depth of the layered 
system (according to RBS). Determine the depth of penetration of oxygen-Fe 
and the oxygen concentration in the depth of the sample after implantation and 
appropriate anneal method was used Rutherford backscattering (RBS), proton 
accelerator complex charge – UKP-2-1. 

Carrying POP – research and subsequent data processing program  RUMP 
allows selective in depth, from  0.03 0.02  to 1.5   2  µm,  to  determine  the  
elemental composition of the sample.To investigate the pattern of iron by RBS 
with an implanted layer of  oxygen placed in the target chamber. The energy of 
the proton beam was 800 keV. The scattered beam is detected surface-barrier 
detector located at an angle   = 135  to the beam. Sensitivity of the detector 
was  15  keV.  Figure 1 shows RBS -  spectra  before  and after  implantation,  as  
well as the distribution profile of oxygen in the matrix layer of iron.  

 

 
Fig. 1 – RBS-spectra before and after implantation, as well as the distribution 

profile of oxygen in the matrix layer of iron 
 
Let the rate of energy loss of ions (protons) per unit length is dE/dx. Then 

the total loss of energy E for the ion, which reached a depth t, is proportional 
to t:  

 
0
( / )

t
E dE dx d   dE/dx in t,  

where dE/dx in  – input - energy lost by the particle before scattering, 
calculated for the average energy between the initial energy E0 and (dE/dx). E0 
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– t  at a depth of t the particle has energy: 

 E(t) = E0 – t dE/dx in  
 
After the large-angle scattering particle energy becomes equal to  E(t), k  

where the kinematic factor k is determined from the expression: 
 
k = [(M1 cos  + (M2

2 – M1
2 sin2 )1/2)/(M1+ M2)],  

 
M1, M2 – mass of the ion (proton) and the target nucleus, respectively – , 

scattering angle. 
Measuring the energy of elastically scattered ions at a certain scattering angle 

 to determine M2. By changing the direction of motion, the particle continues to 
decelerate on the way back to the detector and achieves it, having an energy: 

 
 El(t) = k E(t) – (t/cos ) dE/dx exit  
  – t (k dE/dx in + (1/cos ) dE/dx exit) + k E0 
 
Then the width of the energy spectrum of E particles backscattered film 

thickness  t, is: 
 E = t (k dE/dx in + (1/cos ) dE/dx exit)  
 
Thus, knowing the width of the energy spectrum of E and using 

foregoing equality is possible to determine the thickness of the film. 
Backscattering spectrometry allows to determine the change in 

composition with depth. The relationship between energy resolution and a 
resolution  E1 depth  t is given as: 

 
 t = El/(k dE/dx in + (1/cos ) dE/dx exit)  
 
The best sensitivity to the depth we have in the case when the maximum 

energy  loss  accompanying  the  scattering  in  the  depth  of  the  sample.  This  is  
achieved by using a sliding geometry can be obtained using standard 
semiconductor detectors permit to a depth of 2 nm. It is necessary to take into 
account the factors affecting resolution, such as the final corner of the capture 
detector, surface roughness, the energy straggling. 

As seen from the value of k depends on the scattering angle . This change 
is minimal when the angle  = 180 C. The difference of back-scattered particles 
from the elements with different Z is also a maximum at a scattering angle of 
180 C. Therefore, backscattering spectrometry, usually sold at angles  close to 
180 C. Here, the energy spread introduced by the limited solid angle of the 
detector is minimal, and the possibility of separating the atoms of the sample with 
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different masses is greatest. Currently, for this purpose has developed special 
annular surface-barrier detectors with a hole in the center of the beam. 

For processing the spectra of backscattered ions and the analysis of the 
distribution of elements in depth with the POP method, used the program 
RUMP. Concentration profile of elements in the program RUMP appears in the 
form of successive alternating layers varying thickness and composition, the 
concentration of elements in which is specified as a stoichiometric formula. 
The number of layers of homogeneous composition is limited to 100, the 
number of elements in the layer is not limited. In addition to the simulation of 
the theoretical spectrum and the fitting procedures in interactive mode, the 
program allows for automatic adjustment of the theoretical spectrum to the 
experimental with the number of variable parameters, not exceeding 8. The 
error of measurement of film thickness by fitting the theoretical spectrum under 
the experimental spectrum is less than t/t   6%. 

CONCLUSIONS  
For the first time the methods of Mossbauer spectroscopy on 57Fe nuclei 

and X-ray analysis of the systematic studies of the influence of implantation 
layer of oxygen on the processes of diffusion and phase transformations in the 
iron-beryllium. The sequence of phase transitions in the surface layers and in 
the volume of the sample during the isothermal annealing, and also defined the 
characteristic time of phase transformation process  FeBe2+   Fe(Be). It is 
shown that in the implanted layer of oxygen migration processes of beryllium 
atoms  into  the  iron  matrix  slowed  down,  and  then  there  is  a  layer  of  oxygen  
limits the zone of dissolution of beryllium and thus contributes to the processes 
of phase formation.  
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ABSTRACT 
The paper presents new results on investigation of structure and physical-

mechanical properties of near surface layers of titanium alloys VT-6 after (W+, Mo+) ion 
implantation and subsequent thermal annealing under 550oC during 2 hours. Using back 
scattering (RBS) of helium ions and protons, scanning electron microscopy (SEM) with 
microanalysis (EDS), (WDS), proton (ion) induced X-ray emission (PIXE), X-ray phase 
analysis  (ERD)  with  a  sliding  beam geometry  (0.5oC), Mössbauer spectroscopy (MS), 
measurements of nanohardness and elastic modulus, friction wear (cylinder-plate), 
measurements of corrosion resistance in a salt solution, we investigates VT-6 samples, 
and determined their fatigue resistance under cyclic loads. Two times increase of the 
hardness, decrease of wear and increased fatigue resistance was found, which was relat-
ed to the formation of small dispersion (nanodimension) nitride, carbonitride, and inter-
metalloid phases. 

 
Key words: implantation, properties, hardness 

 

INTRODUCTION 
Transition of medium energy ions through a solid is accompanied by scat-

tering at matrix atoms and electrons, which results to deceleration and changing 
of ion motion direction, shifting of crystal atoms from lattice sites, accumula-
tion of impurities in a target, sputtering of material surfaces, atomic mixing, 
formation of distribution profiles of implanted ions, formation of new phases. 
This essentially influences their mechanical and chemical properties [1 – 3]. 
Application of high-dose and intensive implantation results in shifting of an 
implanted ion concentration profile in surface vicinity, due to enhancement of a 
sputtering process.  

In [3, 4] demonstrated that double implantation of Cu+, No+, Fe+, Zr+ into 
titanium alloys resulted in a change in microhardness, which was, first of all, 
related to surface layer hardening due to formation of martensite phases, small 
dispersion carbides and oxycarbides. It had already been published the works 
[4] in which they found almost 80% increase of the fatigue resistance in com-
parison with initial samples under Hf ion implantation into titanium alloys. In 
the middle of the 90-th it was demonstrated that C, N, B implantation increased 
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a cyclic life of Ti-6% Al-4% (VT-6) alloy by 4 – 5 times due to deceleration of 
dislocation motion and a decrease in fracture growth. Also it is known that W 
and mo can be applied as doping elements to increase hardness and improve 
servicing characteristics of construction materials [3, 4].  

In this connection, investigations of high-dose and intensive W+ and Mo+ 
ion implantation (HDIII) effects on changes in physical-chemical and mechani-
cal characteristics of titanium alloys VT-6 were of an undoubted interest. 

METHODS OF SAMPLE PREPARATION AND INVESTIGATIONS 
Samples of VT-6 (Ti, Al  ~ 5.5 – 6.8 %, V  ~ 3.5 – 4.5% of the mass con-

tent), of 15 x 15 x 2 dimensions, polished and annealed to reject residual stress-
es and cold working, were investigated. Metal ion implantation was performed 
in the vacuum-arc implantor “DIANA” under 5·1017 cm-2 dose, 200 µs pulse 
duration, the sample surface temperature did exceed 300 oC. Ion implantation 
was performed in the accelerator chamber under 103 Pa residual vacuum. To 
analyze the element composition of samples we applied the RBS method for 
helium ions and protons of 2.035 MeV and 2.12MeV energies, respectively, 
and a scanning microscopy with microanalysis WDS and an ion-induced X-ray 
(helium) emission PIXE using the accelerator with an ion beam energy 4He+  
3.1MeV (Darmstadt, Germany). The structure and surface relief analysis were 
performed with the help of a scanning electron microscope REMMA with a 
microanalyzer WDS (Selmi, Sumy) and EDS. 

The tests were performed using a three-face Berkovich indentation with a 
nanohardness measuring device Nano Indenter-II (MTS Systems Corp., Oak 
Ridge, TN, USA). In the process of testing with a high accuracy a dependence 
of the indenter top displacement on a load was registered. An accuracy of the 
print depth measurement was equal to ± 0.04 nm, that of the indenter load - ± 
75 nH. The device is able to perform about 3 load and displacement measure-
ments per minute. To decrease vibrations the device was positioned at a vibra-
tion isolating table. In every test the indenter was loaded/unloaded three times, 
each time reaching higher load, which did not exceed 5 mH (  0.5 Hz) with 150 
mH depth. 

RESULTS AND DISCUSSION 
The results of phase analysis performed for VT-6 samples before and after 

W and Mo ion implantation demonstrated that the surface layer of VT-6 alloy 
composed: -Ti, -Ti, Al3Ti. After irradiation ions W and Mo the intensity of 
diffraction lines was redistributed. One should note that basic intensities chang-
es occurred with phases Al0.67Cr0.08Cr0.08 and Al3Ti. One can see that after im-
plantation a wide set of elements: C, O, Al, Ti, V, Fe, Mo, W was found in this 
sample. Treatment of these spectra according to a standard program allowed us 
to obtain an element concentration over the surface layers. 
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After annealing of the implanted samples basic changes were related to 
Al3Ti, in particular, a separated peak (111) Al3Ti appeared in the diffraction 
pattern. Results taken in a small angle geometry (0.5o angle) demonstrates that 
in the region between (001) and (100) -Ti the emission intensity increased, 
which seems to be conditioned by additional line (111) Al3Ti (Fig.1b, Table 1). 
Table 1 presents  the  results  of  PCA  spectra  treatment  and  phase  analysis  for  
VT-6 samples. 

 
Fig.1 – Diffraction patterns for VT-6 samples after W and Mo ion implantation with 
5·1017 cm-2 dose, 60 keV, after annealing at 550 oC during 2 hours (a) and taken in a 

small angle geometry at 0.5o slope angle in the regions (100) and (101) -Ti, and addi-
tional lines (111) Al3Ti (b) 

 
Table 1 – Results XRD-analysis for samples of VT-6 after implantation of W and Mo 

with energy 60 kV dose of 5 1017 m-2 

 Degree Cleavage 
spacing. 

Rel. 
intensity. Phase HKL Ref. 

degree Intensity 

1 20,76 4,2785 12,24 Al3Ti 
Al3Ti0.8V0.2 

002 
002 

20,705 
20,747 

15 
6 

2 35,260 2,5453 29,41 -Ti 100 35,123 25 
3 38,460 2,3406 100,00 -Ti 110 38,514 100 

4 39,300 2,2924 63,73 
Al3Ti 

Al3Ti0.8V0.2 
Al0.67Cr0.08Ti0.25 

112 
112 
111 

39,150 
39,345 
39,395 

100 
100 
100 

5 40,280 2,2389 78,43 -Ti 101 40,205 100 
6 53,200 1,7217 27,45 -Ti 102 53,051 13 

7 56,940 1,6171 83,33 Al3Ti 
Al0.67Cr0.08Ti0.25 

1019 
112 

56,910 
56,936 

12 
5 

8 63,440 1,4662 60,78 -Ti 110 63,007 11 
9 71,000 1,3275 76,47 -Ti 211 70,728 17 
10 76,740 1,2419 58,82 -Ti 112 76,293 9 
11 82,620 1,1678 23,53 -Ti 220 82,528 4 
12 93,080 1,0620 23,53 -Ti 104 92,829 1 
13 110,900 0,9360 23,53 -Ti 211 109,17 4 
14 115,120 0,9550 0,9134 -Ti 114 114,42 3 
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Figure 2a, b shows the en-
ergy spectra RBS taken for VT-6 
samples after double implanta-
tion  of  Mo  and  W  ions  for  two  
various doses. In these spectra 
one  can  find  Al,  Ti,  V,  O,  C  
elements, as well as implanted 
Mo and W ions. Table 2 presents 
the results of element analysis 
for VT-6 irradiated with 2·1017 

cm-2 dose over the sample depth, 
which were taken using a stand-
ard  program.  As  it  is  seen  from  
the Table, a maximum W con-
centration reached about 4.44 

at.%, its maximum occurring at 8.5nm depth (for 2·1017cm-2 dose). Mo concen-
tration amounted about 11.65 at.% with the maximum at 15.5 nm depth. Also V 
(~2.91 at.%), Ti (37–87.57 at.%), Al (7.15–9.52 at.%) were found. An oxygen 
peak (16 at.%) occurred at about 23.5 nm, carbon (42.53 at.%) – at 7 nm. When 
the dose increased to 5·1017 cm-2, maximum W concentration reached 11 at.%, 
Mo concentration increased to 38 at.% (see Table 3). 

 
Table  2  - Element concentration over VT-6 sample depth with implantation 

dose 2·1017 m-2. 
Depth,  Elemental composition (at%) 

W Mo V Ti Al O 
408.4 0.00 0.00 2.17 26.44 9.70 61.69 
958.4 4.44 11.11 2.19 43.53 9.57 29.16 
2524.1 0.00 0.00 2.17 88.14 9.69 0.00 
4089.8 0.00 0.00 2.17 88.14 9.69 0.00 
160658.9 0.00 0.00 2.17 88.14 9.69 0.00 

 
Table 3 - Element concentration over VT-6 sample depth with implantation dose 

5·1017 cm-2  

Depth,  Elemental composition (at%) 
W Mo Fe V Ti Al O C 

85.2 11.06 ,00 0,95 3,54 36,02 6,96 0,00 41,47 
224.3 7.08 38,44 0,95 3,62 42,67 7,24 0,00 0,00 
364.6 0.80 12,10 1,03 3,98 59,59 8,67 13,83 0,00 
740.1 0.21 1,28 1,01 4,08 76,11 8,92 8,39 0,00 
1483.9 0,10 1,05 1,00 4,03 79,90 8,88 5,04 0,00 
156303.3 0,11 1,04 1,02 4,12 84,52 9,19 0,00 0,00 

 
Fig.2 – Energy RBS spectra obtained for VT-6 
samples after double W and Mo ion implanta-
tion (a) and after the subsequent annealing at 

550oC (b) 
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Figure 3a, b shows W and mo ion profiles obtained from the RBS energy 
spectra after implantation with 2·1017 cm-2 dose and subsequent thermal anneal-
ing at 550 oC during 2 hours. The thermal annealing resulted on smearing of the 
profile, decreasing of the peak W and Mo concentration. 

 

 
Fig.3 – Profiles of W and Mo ions obtained after implantation with 2·1017cm-2 dose (a) 
and subsequent thermal annealing in vacuum at 550 oC temperature during 2 hours (b) 

 
The hardness H and the elastic modulus E were determined using nano-

hardness measuring device (Nanoindenter II) according to the method of Oli-
ver-Pharr [5] and Berkovich indentation. Table 4 present measurement results 
for nanohardness and  elastic modulus of VT-6 samples before and after W and 
Mo ion implantation (with 2·1017 cm-2 dose).  

The initial sample hardness decreased a little with the print depth from 50 
to 150 nm. This is a usual scale effect (indentation size effect). The hardness of 
implanted layer was higher a little, especially at 50 nm depth. Annealing after 
implantation resulted in a sharp increase of the surface layer hardness, and in 
comparison with initial material the depth decrease of the hardness occurred 
more intensively. This was an effect of lower situated non-hardened material. 
As it is seen from calculation results, the ion implantation resulted in increased 
hardness (almost by 100%), especially at 50 nm depth. And at 150 nm such 
increase  amounted  only  about  50  %.  The  elastic  modulus  increased  also  by  
45% for an indentation depth 50nm, little by little decreasing at 100 and 150 
nm. 

 
Table 4 – Results of hardness and elastic modulus for VT-6, GPa 

Cast 
Depth 

50 nm 100 nm 150 nm 
H E H E H E 

Before,  5,8  0,9 123  14 5.6  0.8 124  21 5.0  0.5 141  10 
implantation 6,8  0,3 127  5 5.9  0.4 120  5 5.2  0.5 115  8 
After annealing 10,7  1,4 164  25 9.7  0.8 145  9 8.5  0.6 140  7 
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CONCLUSION 
In this work it was demonstrated that the double implantation of Mo and 

W ions into titanium alloys VT-6 with 5·1017 cm-2 resulted in formation of con-
centration profiles with high element concentration at the maximum. Thermal 
annealing samples at 550 oC temperature during 2 hours resulted in the de-
creased peak Mo and W concentration and smearing of the element profiles. 

Nanohardness measurements demonstrated that maximum hardness 
change was observed at about 50 nm depth, at 150 nm its value being essential-
ly lower. After thermal annealing an elastic recovery of a print depth in unload-
ing was a little higher than for initial sample, which indicated that the hardness 
growth was accompanied by a weaker elastic modulus increase.  

Thermal annealing after Mo and W ion implantation resulted in a sharp 
hardness increase of a near surface layer. The hardness decrease with a depth 
was more significant in comparison with initial samples, i.e. it seemed to be 
explained by influence of a lower layer (a nonhardened material). 

Results of a phase analysis performed for samples of titanium alloys be-
fore  and  after  Mo  and  W  ion  implantation  demonstrated  that  the  VT-6  alloy  
was composed of: -Ti, -Ti, Al2Ti, Al3Ti. All the changes occurring after 
annealing of the samples by two types of ions seem to be related to Al3Ti phase 
(i.e. the fully separated peak (111) Al3Ti). Simultaneously, in the region (001) 
and (100) -Ti an increased emission intensity was observed, which was condi-
tioned by an additional line (111) Al3Ti. 

W and Mo ion implantation with 5·1017 cm-2 dose resulted in increased 
hardness – almost by 100% at 50 nm depth and its decrease at 150nm. An elas-
tic modulus of VT-6 alloy after implantation increased also at low indentation 
depths (50 nm) to 50% and decreased with indentation depth increasing. 
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ABSTRACT 
We have studied the ion-beam synthesis of InAs and GaSb nanocrystals in Si by 

high-fluence implantation of (As+In) and (Ga+Sb) ions followed a thermal annealing. In 
order to characterize the implanted samples Rutherford backscattering spectrometry in 
combination with the channelling (RBS/C), transmission electron microscopy (TEM), 
Raman spectrometry (RS) and low-temperature photoluminescence (PL) techniques 
were employed. It was demonstrated that by introducing getter, varying the ion 
implantation temperature, ion fluences and post-implantation annealing duration and 
temperature it is possible to form InAs and GaSb nanocrystals in the range of sizes of 
(2 – 80) nm and create different types of secondary defects distribution. RS results 
confirm the crystalline state of the clusters in the silicon matrix after high-fluence 
implantation of heavy (As+In) and (Ga+Sb) ions. Significant   redistribution of 
implanted species has been revealed after “hot” implantation and post-implantation 
annealing. We have suggested that it is caused by non-equilibrium diffusion. A broad 
band in the spectral region of 0.7 – 1.1 eV is detected in the photoluminescence spectra 
of the samples. The nature of this PL band is discussed.  

 

INTRODUCTION 
A silicon based optoelectronics progress is restrained because of the ab-

sence of effective light source – light emitting diode or laser. The main problem 
is the indirect band gap nature of silicon, resulting in inefficient light emission. 
InAs and GaSb are  direct  band-gap A3B5 semiconductors with a narrow band 
gaps about of 0.35 eV and 0.75 eV corresponds. In this case the synthesis of 
InAs and GaSb quantum dots inside the crystalline Si is of interest for applica-
tions in light emitting devices. Some articles were reported, where InAs 
nanoclusters have been formed in Si (100) by MBE-technique [1] or by means 
of ion implantation in SiO2 and Si [2 – 4] followed by thermal treatment. Such 
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clusters show intense luminescence at 1.3 m at 4–7 K. The purpose of this 
paper is to investigate the effect of post-implantation thermal processing on on 
the structural and optical properties of Si implanted with high fluence of 
(As+In) and (Ga+Sb) ions. In this technique, high-fluence ion implantation 
produces a supersaturation of one or more implanted species in the near-surface 
of crystalline or amorphous matrix. The embedded impurities are then precipi-
tates out of the host by a thermal processing. Unfortunately, the results of ther-
mal processing of implanted crystals are not only advantages like precipitation 
and radiation damage recovery, but also some negative consequences such as a 
broadening of depth concentration profiles of embedded impurity and a net loss 
of implanted ions because of diffusion that is favoured at elevated temperature. 
Thus, (Si+A3B5) is very complex structure with specific properties, which one 
can control by changing the size and the distribution of the precipitates by 
means varying the ion implantation temperature, ion fluences and post-
implantation annealing duration and temperature.  

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
(100) Si wafers were implanted at 25 and 500 °C subsequently with ions 

of the fifth (As and Sb) group and then with ions of the third (In and Ga) group 
of the Periodic system. Energies and doses of ions varied in the range of (170–
350) keV and (2.8–5)×10 16 cm-2. Afterwards, the samples were annealed using 
conventional furnace annealing and rapid thermal annealing (RTA) in inert 
ambient in the range of temperatures of (600–1100) °C. A part of the samples 
implanted at the room temperature with As and In ions was additionally ex-
posed to H2

+ ions (100 keV, 1.2×1016 cm–2 in terms of atomic hydrogen). This 
procedure was performed to obtain an internal getter at a depth of about 500 nm 
during post-implantation annealing. In order to analyze a depth distribution of 
the implanted atoms as well as to evaluate a damage of implanted material, we 
applied Rurtherford backscattering spectrometry in combination with the chan-
nelling technique (RBS/C). RBS measurements were performed with 1.3 MeV 
He+.  A  structure  of  the  implanted  samples  was  studied  by  means  of  TEM  in  
plan-view (PV) geometry. The TEM investigations were performed using a 
Hitachi H-800 instrument operating at 200 keV. The samples prepared for the 
TEM measurements have to be transparent for probe electron beam. It is possi-
ble if this thickness does not exceed 150 – 200 nm. For this reason for detailed 
investigations of more deep regions into crystal bulk we combined PV-TEM 
preparation with the precise removal of thin layers from the face surface of 
sample. The optical properties of samples were investigated by Raman spec-
troscopy (RS) and low temperature photoluminescence (PL). Raman scattering 
experiments were carried out using a RAMANOR U-1000 dispersive spec-
trometer. The samples were excited with a laser beam of 532 nm wavelength 
and the scattered light was detected in backscattering geometry. Raman spectra 
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were recorded at room temperature within the wave number range from 90 to 
600 cm-1.  PL spectra were taken in the spectral region of 0.7 to 2 eV. During 
the measurements the samples were mounted in a liquid He immersion cryostat. 
The 514.5 nm line of an argon ion laser was used to induce PL. The lumines-
cence was dispersed by a 0.6 m grating monochromator and detected by a 
cooled InGaAs detector. 

RESULTS AND DISCUSSION 
The calculation of As and In, and also Ga and Sb concentrations in Si by 

the RBS spectra is complicated by the overlapping of peaks from corresponding 
impurities of III and V groups. To solve this problem, we measured RBS spec-
tra  at  two angles  of  the  incidence  of  He+ onto the samples: 0° and 50°. It al-
lowed  us  to  separate  peaks  from  As  and  In  as  well  as  from  Ga  and  Sb,  and  
calculate the depth profiles for the both implanted species. The depth profiles of 
the implanted ions were obtained by simulation of spectra until they coincided 
completely with the experimental spectra obtained at two angles of the inci-
dence of He+ onto the samples.  

Fig. 1 shows the 
depth As and In pro-
files,  and also  Ga and 
Sb  atoms  in  the  as-
implanted and an-
nealed samples. For 
comparison Fig. 1a 
and Fig. 1b depict the 
ion distributions cal-
culated with the com-
puter code 
SRIM’2010. It should 
be noted that at given 
ion energies the 
Gaussian distribution 
describes rather well 
both the theoreti-
cal (Fig. 1a and 
Fig. 1b) and experi-

mental as-
implanted (Fig. 1c 

and Fig. 1d – curves 1 
and 2) depth profiles. 
It was mentioned in 
our previous work [4], 

 
Fig. 1 – Simulated (SRIM 2010) (a – b) and calculated from 

the RBS spectra (c – d) depth profiles of impurities in Si, 
implanted with As (245 keV, 4.1 1016 cm-2) and 

In (350 keV, 3.7 1016 cm-2), and also Ga (250 keV, 
5 1016 cm-2) and  Sb (350 keV, 5 1016 cm-2) at 500 °C. As-
implanted samples (c,d – 1,2) and  the samples after furnace 
annealing at 900 °C for 60 min (c – 3,4) and for 45 min (d –

 3,4): 1, 3 – In (c), Ga (d); 2, 4 – As (c), Sb (d) 
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that the noticeable diffusion of impurities embedded at room temperature is not 
revealed even under high-fluence implantation conditions. From parts (c) and 
(d) one can see that implantation at 500°C already leads to strong broadening 
and significant reduction of the impurity concentration as compared to the 
SRIM calculation. The As and Sb depth profiles show an asymmetric broaden-
ing  towards  the  surface  of  the  sample  as  the  most  effective  sink  for  structure  
defects. Fig. 1d represents bimodal depth distribution of Sb as result of thermal 
annealing at 900 °C for 45 min. This effect was previously observed by au-
thors [5] in Si implanted at 550 °C with high-fluence different types of ions and 
subsequently annealed at 1000 °C for 60 min. It was calculated using a numeri-
cal model [6], that embedded species redistribution experimentally observed at 
Timp=500 °C is resulted from non-equilibrium radiation-enhanced diffusion 
caused by the migration of “impurity atom – radiation defect” complexes.  

An analysis of the TEM data enables to receive a more detailed picture of 
the structure-phase transformations in the implanted layers after annealing. 
Fig. 2 represents bright–field images of the precipitates for the implanted with 
(As+In) and annealed samples. 

 

 
Fig. 2 – TEM plan-view images of the  silicon samples implanted with As (245 keV, 

4.1×1016 cm-2) and In (350 keV, 3.7×1016 cm-2) at 500 °C and annealed at 900 °C for 45 
min (a) and 60 min (b) 

 
 It  points on the presents of faceted nanoclusters with the sizes from 2 to 

70 nm. The size of nanoclusters increases with boosting temperature of thermal 
annealing of the samples. The crystalline nature of the precipitates is proved by 
the presence of moiré contrast in the TEM images. It is possible to form clus-
ters of In, As and InAs for the our experimental conditions. We have analysed 
the distance between the moiré bands and found out, that it is in a good agree-
ment with the calculated one of 1.818 nm for the superposition of InAs and Si 
220 planes. Thus, a layer with InAs crystallites is formed in the annealed sam-
ples. This layer is characterized by a good structural quality. 

It should be noted that even at the elevated temperature applied, the high 
fluence of heavy Sb and Ga ions results in an essential damage of the Si crystal-
line lattice. The annealing does not lead to acceptable structure recovery. The 
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surface region of the samples annealed at 900  for 45 min is badly damaged 
layer containing microtwins and precipitates (Fig. 3). The existence of a great 
number of microtwins may be caused by subsurface Sb atoms accumulation 
that is registered by RBS (Fig. 1d). Most of precipitates have a size between 10 
to 60 nm. According to the RBS data a maximum of embedded atoms is located 
at the depth of about 200 nm. In order to investigate a structure of the implant-
ed layer at this depth in more detail, 190 nm were removed from the surface by 
chemical etching for selected samples. In the thinned sample which was an-
nealed at 900 C for 45 min, precipitates and dislocation-like defects can be 
distinguished (Fig. 3). In order to identify nanocrystals RS was used.  

 

 
Fig. 3 – Bright-field TEM-images from silicon layers after implantation of Ga 

(250 keV, 5 10 16 cm-2) and Sb (350 keV, 5 10 16 cm-2) and heat treatment (900 °C, 45 
min). Micrograph (b) was obtained from the thinned sample after removal the surface 

layer of thickness 190 nm, micrograph (a) – without removing a layer 
 

The Raman spectrum of 
an as-implanted sample 
(curve 1) reveals a narrow 
peak at 512 cm-1 correspond-
ing to zone-center phonons 
scattering of crystalline sili-
con. 

The presence of this 
peak confirms the crystalline 
state of the silicon matrix 
after the high-fluence im-
plantation of heavy Sb and 
Ga ions at elevated tempera-
ture. It should be noted than a 

significant shift towards low frequencies occurs in comparison with the line for 
undamaged Si (at 521 cm-1 [7]). We suggest that shift indicates an existence of 
significant mechanical strains within the implanted layer. Perhaps, that stress is 
caused of the accumulation of heavy impurity atoms (for the most part, Sb) in 

 
Fig. 4 – RS spectra of Si samples implanted with 

Sb and Ga and annealed in different modes 
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the sub-surface layer. Annealing leads to a shift to high frequencies (up to 
518 cm-1 after processing at 1100 °C) and to an increase of the intensity of 
discussed peak. Though, tested regimes of annealing don’t completely elimi-
nate the stress in implanted layer. We have detected RS spectrum of the sample 
annealed at 900 C for 45 min after etching of 190 nm-layer from its surface 
and registered the discussed peak position at 521 cm-1 (not shown). Hence, the 
thickness of stressed layer is lower than 190 nm. The annealing results in the 
appearance of additional bands in the frequency region of 110 – 235 cm-1. The 
peak at 233 cm-1 is attributed to LO-phonon scattering of crystalline GaSb [7]. 
Its intensity changes with annealing temperature and duration and is a largest 
one for the sample processed at 1100 C for 3 min. Additional peaks at 112 and 
149 cm-1 are registered in RS spectra of annealed samples which are the charac-
teristic lines for Sb. We attribute them to LO- and TO-phonon scattering of 
crystalline Sb [7]. A similar situation was reported by other authors for Si im-
planted with high fluence of As and In ions at 500 C [3]. After annealing both 
InAs and crystalline In precipitates were detected by X-ray diffraction.  

Fig. 5 depicts the PL spectra of implanted with As and In, and annealed 
samples. For the crystals implanted at 25 °C, a broad band in a range of 0.75–
1.1 eV with a maximum of 0.93 eV is detected in PL spectra. The intensity of 
this band is almost five times greater for the sample with a getter layer in com-
parison with one without getter (curves 2 and 1 in Fig. 5, respectively). A pho-
nonless line of 0.79 eV is observed in the spectrum, due to the recombination of 
bound excitons on ion induced defects (interstitial carbon–interstitial oxygen 
(Ci–Oi pairs) [3]. 

  

Fig. 5 – PL spectra of the  silicon samples 
implanted with As (245 keV, 4.1×1016 cm-

2) and In (350 keV, 3.7×1016 cm-2) and 
annealed at 900 °C for 60 min. Timp = 25 

(curves 1 and 2) and 500°C (curve 3). The 
sample with getter layer – curve 2 

Fig. 6 – PL spectra of Si samples implant-
ed with Ga (250 keV, 5 1016 cm-2) and  

Sb (350 keV, 5 1016 cm-2) at 500 °C and 
annealed in different modes: 900 °C, 

3 s (1) and 45 min (2); 1100 °C, 3 min (3); 
700 °C, 45 min + 900 °C, 30 s + 1100 °C, 

60 min (4) 
For the samples implanted at 500 ° , a broad band in the range 0.75–

1.1 eV with an extended low energy wing is also found in the PL spectra (curve 
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3 in Fig. 5). The intensity of this band is four times greater than that of samples 
implanted at room temperature (Fig. 5, curve 1).  

PL spectra of the implanted with Ga and Sb samples are presented in 
Fig.6.  One can see that a broad asymmetric band with a maximum at 0.91 eV 
dominates in PL spectrum. Annealing at 700 °C leads to disappearance of this 
band and to the appearance of an intensive band of exciton emission in Si 
peaked at 1.09 eV and less intensive bands at 1.03 eV and 1.14 eV. We faulted 
to get channelled RBS spectra from the samples annealed at 700 °C, what indi-
cates an insufficient structural recovery of implanted layers. Therefore the im-
planted crystals were annealed at a temperature of 900 °C which exceeds the 
melting point of GaSb. 

CONCLUSIONS 
The influence of ion implantation and post-implantation annealing re-

gimes on the structural and optical properties of silicon matrix with ion-beam 
synthesized InAs and GaSb nanocrystals has been studied. It was demonstrated 
that the introduction of the getter layer and varying the post-implantation an-
nealing duration and temperature may provide the way for controlled genera-
tion of secondary defects. The InAs crystallites are mainly formed in a region 
of the implanted layer which is almost free of defects. A significant loss of both 
implanted species has been revealed as a result of “hot” implantation conditions 
and post-implanted annealing. A broad line at 0.7 – 1.1 eV is found in the low-
temperature PL spectra of (As+In) and (Ga+Sb) implanted and annealed silicon 
crystals.  
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ABSTRACT 
Nitriding of metals in electron beam generated plasma provides change of ion cur-

rent density j and ion energy E over a wide range, the constant temperature of a sample 
being sustained by change of electron beam parameters. Broad (100 cm2) electron beam 
(5-20 A, 60-500 eV) was generated by electron source with a plasma cathode. 
12X18 10  stainless steel was nitrided at 500  during 1 h. Dependences of nitriding 
layer thickness on j (1,6-6,2 m /cm2), E (100-300 eV), pressure of Ar-N2 gas mixture 
(1-10 Pa) were obtained. Nitrided layer thickness was measured in cross-sections with 
the use of microhardness meter and SEM micropictures. The layer thickness decreases 
with the rate 4-5 microns per 100 eV with E growth and rises from 19 up to 33 microns 
with j increase. Character of nitriding rate dependence on j contradicts conclusions of 
the theory concerning restriction of the layer thickness by ion sputtering with j growth. 
The value of effective diffusion coefficient is an order of magnitude higher than the one 
known from literary data. 

 
Key words: self-heated hollow cathode, plasma nitriding, electron beam, nitrogen 

diffusion, stainless steel, ion sputtering. 
 

INTRODUCTION 
The ability of electron beam to simultaneously provide plasma generation 

and heating of the articles permits independent change of current density and 
ion energy in the process of nitriding while sample temperatures are kept con-
stant. Selection of stainless steel was determined by the difficulty of its nitrid-
ing caused by the influence of dynamic oxide layer, by wide data spread on the 
dependence of nitriding rate on ion flow density and by impossibility to explain 
it in terms of the theory of diffusion under the action of N concentration gradi-
ent [1]. The work was aimed at the study of influence of the parameters of ion 
flux from and gas pressure on the rate of stainless steel nitriding.  

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
Electron source based on discharge with self-heating hollow cathode gen-

erated a broad (100 m2) electron beam (5-20 , accelerating voltage Ua = 50-

                                                
* gavrilov@iep.uran.ru, tel: (+38)3432678778 



418                  Nanomaterials: Applications and Properties (NAP-2011). Vol. 1, Part II             
 
500 eV). Plasma was generated by ionizing of N2-Ar gas mixture (Ar:N2 = 1:1) 
at 0,1-10 P . The samples were heated by electron beam and ion flow acceler-
ated by the bias voltage Us = 100-300 V. Samples made of sheet stainless steel 
12 18 10  were exposed to electropolishing, cleaned in ultrasound bath with 
acetone and by ion sputtering (Ar+, 1 / m2, 300 eV, 20 min). The nitriding 
process took 1 hour at sample temperature  = 500 . The nitrided layer thick-
ness h was determined by measurement of microhardness at cross-sections. 
Nitrogen distribution in the layer was measured by means of energy dispersive 
X-ray analysis. Plasma diagnostics was made with the use of movable collect-
ing Langmuir probe shielded from the beam electrons. 

RESULTS AND DISCUSSION 
Increase of gas pressure results in the growth of inhomogeneity of beam 

generated plasma, decrease of ion current density to the samples and reduction 
of electron temperature of plasma to 1-2 eV.  

The ion current density at  = 500  and Us = –100 V varies within j = 
1,6 – 6,2 / m2. The layer thickness h rises with j from 17 to 33 m at Us =    
100 V (Fig. 1). Increase of Us by 100 V leads to decrease of h value by 5-6 m 
at j  = const.  The thickness h increases with pressure growth till  7 Pa (Fig. 2). 
The width of nitrogen distribution profile with N concentration of 15-18 at.% 
corresponds to the thickness of hardened layer.  

According to [2], the layer thickness h is determined as h =2D/vs, where D 
is nitrogen diffusion coefficient and vs is the rate of ion sputtering. Estimation 
of vs according to the differences in layer thickness got at the same ion current 
density j and different ion energy gives values of sputtering coefficients several 
times exceeding those calculated from the TRIM program.  

 

  
Fig. 1 – Nitrided layer thickness vs ion 

current density. Us = -100  
Fig. 2 - Nitrided layer thickness vs gas 

pressure. 1 – Ar+N2 gas mixture,  
2 – Ar+N2+10 at.% C2H2 
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At D = const layer thickness h should be changed as 1/j, whereas experi-
mental dependences h(j) have growing character.  D value calculated basing on 
h = (2Dt)1/2 [3] makes (5-15)*10-10 m2/s, which result substantially exceeds 
the known data. As diffusion saturation of steel is provided by atomic nitrogen 
[4] and falling-to-absorbed ions’ fluences have 2:1 ratio, conclusion may be 
done that N+ concentration in the beam is high, that is not confirmed by data of 
optic emission spectroscopy. Therefore growth of nitriding rate with pressure is 
determined by increase of N atoms content in plasma. With pressure increase 
the area of gas ionization by electron beam is localized nearby the electron 
source,  and  charge  exchange  of  argon  ions  on  N2 molecules and dissociative 
recombination of N2

+ ions predominate nearby the sample, that leads to growth 
of N concentration [5]. 

CONCLUSIONS 
Independent variations of ion current density j and ion energy E at con-

stant temperature of the sample were achieved by regulation of electron beam 
parameters. It was established that E growth leads to decrease of nitrided layer 
thickness, and j increase, at the contrary, rises the speed of layer growth. En-
hanced rate of layer growth at gas mixture pressure rising can be explained by 
increase of plasma inhomogeneity and creating of conditions promoting growth 
of atomic nitrogen concentration nearby the samples.  
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ABSTRACT 
In the present work, the changes of surface topography driven by interaction of 

ions extracted from low-pressure water vapor plasma are studied. Titanium 0.5-1 m 
thickness films were deposited on silicon wafer substrates using magnetron sputtering 
technique and immersed in water vapor plasma at pressure 1-10 Pa. The samples were 
located on the cathode of magnetron and affected by high-flux, low-energy ions 
extracted by 250-300V bias negative voltage. The used Ti and W cathodes were water 
cooled. 

It is shown that the surface roughness of irradiated films changes in dependence of 
irradiation fluence and intensity. The experimental results are explained on the basis of 
the analysis of the selective erosion of oxide phases synthesized in the near-surface 
region. Three sputtering modes are distinguished: (i) metallic, (ii) oxide and (iii) 
composite: metallic with clusters of oxide. 

 
Key words: Titanium; Water vapor; Plasma; Surface roughness  
 

INTRODUCTION 
Due to the enormous variety of applications, going from catalysis to 

medicine, the study of titanium is a continuously growing field of work [1-8]. 
For instance, metallic Ti is a key material in aircraft construction [9] and its 
malleability and chemical activity promotes its use as a getter material [10]. On 
the other hand, its large biocompatibility comes from the formation of a surface 
oxide layer and the catalyst capability is also related to the properties of the 
metallic Ti films grown on it [11-16]. Thus, the interest goes from metallic Ti to 
its different oxides, including the chemical behavior of the different metal–
metal and metal–oxide interfaces. The interest on the oxidation of titanium in 
the thin film regime goes also from applied points of view to basic ones.  

Protective coatings against corrosion is a good example within the first 
group [17], and surface to bulk oxidation transition and the interface effects, as 
well as the knowledge about driving forces involved in oxidation process are 
included in the second one [16, 18]. In a recent work [19] it is shown that  the 
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oxidation kinetics of Ti thin films is strongly dependent on the film thickness.  

The process of titanium surface oxidation has been largely studied by 
means of the most important surface characterization techniques, such as XPS, 
Auger  electron  spectroscopy  (AES),  EELS,  SIMS,  UPS  and  so  on.  Thus,  the  
kinetics of titanium oxidation is well characterized: it begins with a fast oxygen 
adsorption, followed by a slowing down of the process until the saturation. This 
experimental behavior has been explained in two different ways: a fast 
adsorption stage followed by a slow oxidation one [20], or a fast oxidation 
stage followed by a slowing down due to the formation of a passivating film 
[21,22]. Azoulay et al. [23] found that the titanium oxidation state is strongly 
dependent on the type of surface, giving a possible explanation for the 
discrepancies between different authors. 

In this work we study the changes of surface topography of Ti films 
initiated by plasma treatment under low and high-flux irradiation by ions 
extracted from water vapor plasma. 

EXPERIMENTAL TECHNIQUE 
Titanium 0.5-1 m thickness films were deposited on silicon wafer 

substrates using magnetron sputtering technique in PVD-75 vacuum system. 
The samples were located on the cathode of magnetron and affected by incident 
ions accelerated under 250-300V negative bias voltage. The used Ti and W 
cathodes were water cooled. All samples were divided into two groups: the 
samples of the first group were affected by low-flux (the ion current density 
about 1 mA/cm2), and the samples of the second group were affected by high-
flux (the ion current density about 10 mA/cm2) ion irradiation. In the following, 
the samples after low-flux ion irradiation are denoted by letter L, and the 
samples after high-flux ion irradiation are denoted by letter H.   

The thickness and surface topography of Ti films were measured using the 
nanoprofilometer (AMBIOS XP 200). The mean surface roughness depth (Rz) 
was evaluated as the average length of the peak-to-valley values calculated over 
the  all  scanned  length.  It  corresponds  to  Rz  ISO  standard  called  “Ten  Point  
Average Roughness”.  The average height value is calculated using values of 5 
the highest peaks (Yp), and 5 the deepest valleys (Yv), as shown in Fig. 1 and 
using Eq.1.  

 

 
Fig. 1 – Ten-point mean roughness (Rz) 
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1
(1) 

In this study Rz has been calculated over the entire scanned length when 
the numbers of Yp and Yv are variable in dependence on the surface roughness 
(Eq.2). 

 
(2) 

The surface roughness of sample was calculated as the arithmetic average 
of Rz for different places of the sample.   

The surface analysis was done by a scanning electron microscopy (SEM, 
JEOL JSM – 5600) before and after hydrogenation. 

EXPERIMENTAL RESULTS 
Fig.  2 illustrates typical profiles of surface topography for different 

samples: a – as-deposited Ti film, b – after plasma treatment (L, time – 60 
min), and c – after plasma treatment (H, time – 60 min).  Table 1 summarizes 
measurement results of surface roughness for different samples.  

 
Plasma 

treatment 
parameters, such 
as duration and 
power dissipated 
in plasma, are 
included in table. 
Letters L and H 
indicate low and 

high-flux 
treatment modes, 
respectively. Low-
flux corresponds 
to ion current 
density about 1 
mA/cm2, and 
high-flux – 10 
mA/cm2. The 
average surface 
roughness was 
equal to 4.5 nm for 
all as-deposited Ti 

film samples. It is seen that for all cases the surface roughness increases after 
plasma treatment. However, the magnitude of this increase is different for 

 
Fig. 2 – Surface topography of as-deposited Ti film – a, 

and after plasma treatment by high-flux – b, and low-flux ion 
irradiation - c 
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different samples. We have distinguished two groups of samples: (i) the 
average roughness increase to 4-16 nm (samples 1, 2, 4-6, 8, 9 and 10), and (ii) 
the average roughness increase to 54-361 nm (samples 3, 7, 11 and 12). Large 
differences in magnitudes of surface roughness for samples of these two groups 
can be explained if to assume that different mechanisms operate for 
development of surface topography under ion irradiation. 

 
Table 1 – Measurement results of surface roughness. 

 
 
We noted that the mean roughness of surface area affected by high-flux 

irradiation is less than the mean roughness of surfaces affected by low-flux 
irradiation for the majority of samples of the first group. For example, for 
sample 2H - 4.5 nm and 2L – 6.5 nm; sample 4H – 9.5 nm, and 4L – 16.5 nm; 
for sample 8H - 1.5 nm, and 8L – 4.5 nm, etc. 

At the same time, the mean roughness of the surface area affected by 
high-flux irradiation is higher than the mean roughness of surfaces affected by 
low-flux irradiation for the majority of samples of the second group. For 
example, for sample 7H- 85.5 nm and 7L – 64.5 nm; sample 11H – 105.5 nm, 
and 11L – 43.5 nm, sample 12H – 361.5 nm, and 12L – 111.5 nm. Some 
exceptions were registered (samples 3, 6, 9 and 10). 

Studies of surface topography views obtained in SEM revealed some 
complementary results. It was noted that SEM surface views, in the similar way 
as surface roughness results, may be divided in two groups. Fig.  3 (a and b) 
includes SEM surfaces views of Ti films after irradiation in 300 W activated 
water vapor plasma under low-flux ion irradiation during 5 and 60 min, respec-
tively. It is seen that the contrast of surface is homogeneous indicating to ho-
mogeneity of emission properties and, presumably, to the homogeneity of sur-
face structure and composition. For 60 min of irradiation, some topographical 
formations are seen (Fig. 3b) which manifests the formation of new phases in 
the  bulk.  SEM  surface  views  included  in  Fig. 4a and Fig. 4b reveals  that  in  
some cases for the same treatment parameters surface becomes uneven and 
consists of many nanocrystallines of different phases (see Fig. 4b). 
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Fig. 3 – SEM surface views 

 

 
Fig. 4 – SEM surface views. 

 
It is important to note, the 

lifting has been observed of Ti 
films from substrate in some 
sample areas as it is shown in Fig. 
5. 

DISCUSSIONS 
For incident ions extracted 

from  water  vapor  plasma,  the  
altered chemical composition of 
the surface layers leads to chang-
es in surface topography. At high 
fluences, a saturation concentra-

tion of trapped ions is reached, which is determined by a balance among the 
incident ions flux, the diffusion of the implanted ions into the bulk and back to 
the  surface,  and surface  removal  due  to  sputtering.  Most  often  a  reduction  of  
the sputtering yield for the target atoms is observed due to the dissolution of the 
target atoms in the surface layer. Changes of the surface binding energy, as well 
as the development of the collision cascades in the altered layer, may lead both 
to increased or decreased physical sputtering yields. Finally, surface diffusion 

 
Fig. 5 – SEM surface view 
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or segregation of implanted ions and target atoms may lead to the formation of 
surface molecules with different binding energies to the surface. 

It is necessary to divide the surface changes on the microscopic (atomic) 
and macroscopic level. The development of surface structures is closely related 
to the range and trapping mechanism of implanted gas ions and to the proper-
ties of the gas-solid system. It means that the development of surface geometry 
depends on the type and energy of incident ions. In the range of low ion ener-
gies and heavy ions, penetration process is negligible and sputtering process 
prevails in the formation of surface geometry. It will produce the rearrangement 
of the first atomic layer and the appearance of micro non-homogeneities. 

In many cases the surface structures which develop due to gas ion implan-
tation into solids are predominantly caused by the action of stresses and internal 
gas pressure in the implanted layer while erosion by sputtering contributes only 
a minor part.  

If the implant is the gas which is chemically bound by the target material, 
the concentration of implanted atoms saturates at about 0.3-1 gas atom per 
target atom. At these saturation concentrations a modification of the structure in 
the implanted layer occurs. Cracks or channels can be formed by which gas 
from deeper layers may be released to the surface. Also, the density of occupied 
trapping sites may become sufficiently high to allow the transport of gas atoms 
along chains of interacting sites towards the surface by percolation. 

The compositional changes of chemical compounds are explained involv-
ing different processes. The main of them are as follows: (i) mass effect; (ii) 
bonding effect, and (iii) sputtering via electronic processes. Surface enrichment 
by the atoms of heavier component follows from the energy sharing between 
atoms of different masses in the collision cascade. These effects have often 
been suggested as an explanation for oxygen deficiency in oxides because oxy-
gen is the lighter component in most cases. However, in some cases, the exper-
imental results cannot be explained by the mass effect.  

Changes in the sputtering yields depending on the partial pressure of reac-
tive gases are well known in experiments on the production of thin films sputter 
deposited in a glow discharge and containing reactive ions [24].  

In another cases it is assumed that oxygen atoms, adsorbed at the surface, 
shield the metal atoms from being sputtered. As sputtered oxygen atoms are 
continuously renewed from the residual gas at high partial pressures the partial 
sputtering yield of metal atoms is strongly reduced.  

If the surface regression due to sputtering is high, the steady state concen-
tration profile of the implanted atoms is built and it does not change with the 
increase of irradiation fluence. If implanted atoms are light gas ions having low 
sputtering rates (hydrogen), the gas concentration inside the lattice reaches a 
critical value of about 0.3-1 gas atoms per target atom, the implanted surface 
layer may separate partly or completely from the bulk causing a surface modi-
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fication known as blistering and flaking (Fig. 5).  

There are differences in the development of surface topography in the case 
of heavy and light ion irradiation. In the case of heavy ions, the penetration 
ranges of ions are relatively small while damage production and sputtering is 
relatively large, so that the surface topography which develops is dominated by 
erosion. For light ion bombardment, the ion ranges in the solid are large, while 
sputtering is much smaller and therefore high concentrations of the implanted 
gas can accumulate in the near surface layer. The surface topography under 
such conditions exhibits blistering, flaking, and spongy structures (Fig. 5).  

There are two opposite effects observed when examining ion irradiation of 
materials as a function of fluence. In one case, initially somewhat rough surfac-
es become smooth (Table 1, samples 1-5 and 8 ). It is well known that the stress 
fields around defects can lead to lower surface binding energies, hence higher 
sputtering yield. On the other hand, when the initial surface is relatively poorly 
prepared, initial roughness may be amplified to give rise to ridges, cones, 
trenches and pits originating from scratch marks and other major perturbations 
(Table 1, samples 6, 7 and 9-12). 

Intergranular effects describe those processes which occur as a result of 
differential macroscopic sputtering yields between neighboring grains, because 
of the dependence of sputtering yield upon crystal orientation, and give rise to 
the creation of grains of different elevation across the surface (Fig. 4). 

In view of both fundamental physical interest and substantial technologi-
cal interest the problem of surface topography after ion irradiation is still not 
resolved. Wide applications of surface pre-sputtering process to clean solids 
from surface contamination require deeper understanding of the physics of 
generation of surface defects and the development of surface topography.  

However, as was mentioned above, the surface topographies after irradia-
tion with heavy and light ions are different. There are a very large number of 
publications on this topic. However, it is not yet possible to give a completely 
consistent picture of the processes involved.  

CONCLUSIONS 
It is shown experimentally that surface roughness of Ti films increases af-

ter treatment in water vapor plasma. The initial stages of the development of 
surface structures on the initially smooth surface (on the atomic scale) are de-
termined by the stochastic nature of the sputtering process. The evolution of 
surface roughness depends on the intensity of irradiation.  The roughening 
mechanisms and dominant processes are discussed. The comparative analysis 
of surfaces affected by high and low-flux ion irradiation have been conducted. 
In one case, initially rough surfaces become smooth after high-flux ion irradia-
tion,  and  on  the  other  hand,  when  the  initial  surface  is  relatively  poorly  pre-
pared, initial roughness is amplified. It is assumed that oxygen atoms, adsorbed 
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at the surface, shield the metal atoms from being sputtered. As sputtered oxy-
gen atoms are continuously renewed from the residual gas at high partial pres-
sures the partial sputtering yield of metal atoms is strongly reduced. 
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ABSTRACT 
Intensive development of nanotechnology requires high-precision measurements 

on atomic and molecular levels by creating the metrological system for measurements, 
at the first turn, the length in the nanometer scale. Such measurements require standard 
samples of nanorelief surface.  

High chemical stability and the absence of dangling bonds (defects),  low surface 
roughness of cleaved surface allows to use the Van der Waals surface of InSe single 
crystals as the standard nanorelief.  This is evidenced by the research1es of morphology 
for  Van  der  Waals  surface  by  scanning  tunneling  microscopy   in  which  images  with  
atomic resolution were obtained. A single crystal InSe, was grown  by vertical Bridg-
man-Stockbarger method. The crystal has - -polytype rhombohedral structure . with 
periods a = 4.003 Å, and c = 24.9553 Å (in hexagonal axes). 

Thus InSe is appropriate standard nanorelief for probe microscopy.  
 
Keywords: standard of nanorelief, layered semiconductor InSe, Van der Waals  

surface  
 

INTRODUCTION 
Creation of new high technology and new materials with fundamental 

shifts in the structure and technical level of production and output of production 
at world level, is largely ensured by the level of metrological support.  

The leading countries of the world, occupying key positions in microelec-
tronics (Japan, USA, Germany, Great Britain, etc.) pay the highest attention on 
achievement of metrology for linear measurements in micro-and nanometer 
range. USA has a national program of metrological provision of microelectron-
ics (National Semiconductor Metrology Program). Program, including, in-
volves the creation standards of the unit of length in the nanometer range. 

Natural arrangement of atoms in the lattices of crystals, as well as special-
ly created relief on single crystal surfaces are currently used as standards. Re-
view of the principles, methods and problems of nanometrology is presented in 
[1]. One of the natural standards is a  nanorelief of surface for highly oriented 
pyrolytic graphite (HOPG). Simultaneously with the scanning of an unknown 
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surface the scan of the well-known surface of graphite (the period of the hexag-
onal crystal lattice: a = 2,464 ± 0,002 ) is carried out. Software recognition of 
atoms image of the graphite allows to generate a control signal for correcting 
the microscope manipulator. When cleaving HOPG many stages with dimen-
sions  less  than  2x2 mm are  formed.   They are  used  as  a  model  of  nanorelief  
They appear at fracture of graphite planes, oriented not toward cleavage. 
Graphite planes have structural defects associated with dislocations. Different 
types of dislocations manifest themselves in the topography of the surface in 
many ways. Over time, the accumulation of the adsorbate on the surface, results 
in poor quality images. Van der Waals (VdW) surfaces of InSe single crystals 
can serve as analogue of HOPG surface. 

Semiconductor InSe belongs to a group of layered compounds A3B6.Each 
layer of this crystal consists of atomic groups Se-In-In-Se with strong covalent 
bonds  in  the  layer.  Se  atoms  of  neighboring  layers  are  linked  by  weak  VdW  
forces and form VdW surface. Absence of free chemical bonds in VdW sueface 
promotes its high electrochemical stability.  

EXPERIMENTAL METHOD  
Monocrystalline layered semiconductor InSe, grown by the vertical 

Bridgman-Stockbarger of pre-synthesized ingot.  
Weissenberg method re-

vealed that the crystal has a rhom-
bohedral structure of -polytype 
with periods of the unit cell and = 
4.003 Å, a = 24.9553 Å (in hexag-
onal axes).  As STM technique 
UHV (10-8 Pa), scanning probe 
tunneling microscope JSPM-4610 
has been used. The probe radius 
was not more than 5 nm.  

RESULTS AND DISCUSSION 
The morphology of VdW 

surface for InSe  layered single 
crystal undergone by different 
kinds  of  its  treatment  was  re-
searched by STM methods. It was 
supposed that the VdW surface 
prepared by adhesive tape oxidiz-
es in open air due to hemosorbtion 
of acid agents by broken In and Se 

bonds. The kind of Volt-Ampere characteristics allows to affirm, that the 
surface oxide layer is a mixture of In2O3 and wide-gap selenium oxides [2]. 

 
Fig. 1 – STM image of the InSe (0001) 

VdW surface, obtained by blade cleaving 
and exposed in air about 2 min. a – corru-
gated   (0001) plan with  defects; b - range 

of heights along the line indicated in  
Fig. 1a 



430                  Nanomaterials: Applications and Properties (NAP-2011). Vol. 1, Part II             
 

The tunnel microscope scanning of InSe surface, prepared by sliding and 
further exposure on an air during 2 min reveals the surface ordering in the 
form of a corrugation of a complicated profile having fine structure. (Fig. 1) 
The latter reflects the redistribution of charge density after hemosorbtion of 
gas molecules from air and surface relaxation to the state with minimal 
energy. 

The atomic 
resolution is ob-
served (Fig. 2a) on 
the VdW surface 
(0001) for InSe   
single crystal, 
prepared by slid-
ing in oxygenless 
media. The surface 
corrugation is 
absent. Point 

defects disturb a periodic crystal potential. This perturbation has dimensions 
up to four lattice periods and looks like shaded area (Fig. 2b).  

CONCLUSIONS  
Only the VdW surface InSe (0001) of rhombohedral structure prepared by 

cleaving the upper layers in the absence of oxygen, reveals atomic resolution on 
STM image of the crystal with period a = 4.003 Å,. 

Thus InSe is appropriate standard nanorelief for probe microscopy.  
In studies of the derivative of the current-voltage characteristics of tunnel 

current flowing between the probe of STM and the surface being studied in its 
various  locations,  it  was  found  that  the  composition  of  the  natural  oxide  is  a  
result of oxidation of the components of the crystal and represents a mixture of 
nitric oxides In2O3 and wide selenium. The fine structure of STM image re-
flects the corrugation of VdW surface InSe at the atomic scale level, the redis-
tribution of charge density on it after chemisorption of gas molecules from the 
air and the relaxation of this surface to the state with minimum energy.  
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Fig. 2. – STM image of the InSe (0001) VdW surface, ob-
tained by blade cleaving in an atmosphere of anhydrous 

nitrogen: a - area without defects; b - the surface with shaded 
area of the defect;  c - the scheme of arrangement of atoms in 

the defect area, marked by the cycle in Fig. 2.b 
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ABSTRACT 
This article describes the vacuum arc plasma source of extended design generating 

the directed belt plasma stream and operating in pulse mode. The researches carried out 
give additional information about development of the cathode spots of the vacuum arc 
discharge. It is found that the speed of the cathode spots’ motion depends on the cathode 
temperature. 

 
Key words: cathode spot, vacuum arc, integrally cold cathode 

 
INTRODUCTION 
The vacuum arc discharge is a self-maintained discharge developing in the 

cathode material vapor. The emission center of the discharge is a cathode spot 
with small dimensions of 10–6…10–3 m. For very short period of time, the tem-
perature in the cathode spot exceeds the temperature of boiling, what results in 
the intensive evaporation of the cathode material [1] – [3].  

The cathode spot includes an emitting zone and an adjacent collisionless 
layer of the spatial charge, where the cathode drop is localized and the energy is 
transmitted to the ions. Amount of this energy is enough to heat the cathode to 
the temperature ensuring energy distribution of the free electrons in the cathode 
body and reproduction of required amount of the evaporable material. 

Discharge combustion is impossible when the temperature in the cathode 
spot is below certain critical temperature, which is specified by thermophysical 
properties of the cathode material and electrical parameters of the circuitry: 
Upower supply>Uc, Ipower supply>Imin, where Upower supply – supply voltage; Uc – cathode 
drop;Ipower supply – supply current; Imin – the minimum current value required for 
existence of the discharge. Value of the power released on the cathode is de-
termined by the cathode drop, which value is close to the value of metal ioniza-
tion potential, and the value of discharge current. Motion of the cathode spots is 
caused by spontaneous dying out of some cells and formation of others [4]. 

Exposure of the cathode surface to strong heat source results in the com-
plex physical-chemical processes leading to change of structure and phase 
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composition of the surface layer. These changes can have an effect on both 
speed of cathode spots’ motion and processes in the arc discharge plasma. 
However, changing speed of cathode spots’ motion is connected with the mag-
netic field generated by discharge current.  

Also it should be noted, that the vacuum arc discharge with the integrally 
cold cathode exists on the cathode working surface until its temperature is in-
sufficient to maintain the current flow between the electrodes due to thermal 
electron emission only. When the certain temperature is reached, this type of 
the discharge turns into the arc discharge with diffuse connection on the cath-
ode [5]. Therefore, the vacuum arc discharge with the integrally cold cathode 
should  be  considered  as  a  transient  stage  in  the  development  of  the  arc  dis-
charge with the hot cathode, and dynamics of cathode spots’ development with 
time, as the cathode is heated up, should be taken into account. 

DESCRIPTION OF THE EXPERIMENTAL FACILITY 
A vacuum arc facility of extended design (Fig. 1) operating in pulse peri-

odic mode and generating the directional belt stream of plasma [6] was used to 
research the cathode spots. External magnetic field generated by the solenoid 1 
initiates longitudinal motion of the cathode spot 6 along the working surface of 
the extended cylindrical cathode 2 from the igniter electrode 5 towards  the  
current lead-in 3 to the arc-extinguishing screen 4. The interval between ignit-
ing impulses depends on the lifetime of the cathode spots on the working cath-
ode surface. 
 

0.06 m 

0.2 m 
5 

–Usm  

 6 

1 
2 

3 

4 

to oscillograph 
7 

 

Fig.1 – The vacuum arc 
plasma sources of ex-
tended design:  
1 – magnetic system; 2 – 
cathode; 3 – current 
lead-in; 4 – arc- extin-
guishing screen; 5 – 
workpiece; 5 – igniter 
electrode; 6 – cathode 
spot; 7 – probes. 

 
The researches have shown, that the maximum life time  of the cathode 

spots on the working surface of the water-cooled zirconium cathode of length 
0.4 m and diameter 0.06 m exceeded 100 ms at the discharge current in 200 A. 
And observed shortening of current pulses duration was connected with in-
crease of the cathode working temperature. 

 
Taking into account that first current pulses were long, the VHS video 

camera was used to record motion of the cathode spots along the working sur-
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face. TV standards have interlaced scanning: one second contains 25 frames 
and 50 fields (half-frames) with even and odd lines. Therefore, a computer 
monitor displays each frame with two fixed moments of the observed motion: 
the first moment corresponds to the odd field, and the second moment – to the 
even field. 

Also, motion of the cathode spots was researched with the help of the 
electrical probes 7 (Fig. 1) located above the cathode from the igniter electrode 
to the arc-suppressing shield. Design and location of the probes made it possi-
ble to record the ion component maximum of the plasma stream on the oscillo-
graph screen, if coincidence of the moving cathode spots and the axis of the 
probe receiving surface would be provided. 

RESEARCH RESULTS 
The researches carried out revealed two types of discharges described by 

different existence conditions: the arc discharge on dielectric films of contami-
nations appearing at the first instant of time and the main arc discharge from 
the cathode material. 

When the facility is switched on for the firs time, a discharge with the 
cathode spots, moving chaotically along the whole surface of the cathode and 
the screens, appears on the impure cathode surface. This discharge can exist at 
lower value of the discharge current than the discharge appearing on the cath-
ode cleaned of dielectric films. The value of the discharge current determines 
the quantity of the spots existing simultaneously on the working cathode sur-
face. On the thin-film coatings, the value of current being closed on each cath-
ode spot can be only of some amperes, and there increasing of the simultane-
ously existing cathode spots is watched. 

Appearance of high-speed and uncontrolled luminous formations on the 
cathode surface can be connected with sliding discharge. This kind of discharge 
is formed as a result of partial sedimentation of positive charged particles on 
the surface of impurities. In this case, double electrical layers with high intensi-
ty of the electric field are formed. The breakdown of this layer even if in one 
point initiates avalanche of these breakdowns. As a result on the working cath-
ode surface in the impure zones the uncontrolled surface high-speed discharges 
appear. These discharges eliminate dielectric films, but do not cause deep ero-
sion processes on the cathode surface. 

After cleaning of the working cathode surface, nature of the cathode 
spots’ motion along the cathode surface and quantity of the spots are changed 
totally. 

During the all subsequent instants of time, the cathode spot always moves 
to the less heated zone of the cathode, therefore its speed is determined by the 
value of the power supplied and the time required to heat the cathode cell up to 
the working temperature of vaporization. 
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Time required to heat the surface depends on the initial temperature in the 
point of the cathode spot. And it should be noted that, when the phase state of 
metal is changing from solid to liquid, the value of the heat conductivity coeffi-
cient is changing too. For the emission center continuously moving along the 
working surface,  appearance  of  a  new spot  is  caused by a  hot  spot  and some 
external factors. Here it should be emphasized, that the following processes 
should be considered in motion of the cathode spot: 

 electron emission from the existing spot; 
 generation of excessive charged particles in the current channel in 

plasma from the side of the magnetic field induction maximum; 
 heating of a new zone on the cathode surface (the processes connected 

with dimensional changes of the cathode spot are important here); 
 decrease of the power supplied to the old spot and its cooling-down; 
 equalizing of the temperature values in the cathode spots; 
 moving of the cathode spot to the ready zone. 

If for the frame-by-frame consideration we take only those frames where 
the beginning coincides with the arising current pulse, then the consecutive 
frames will show the nature of spots’ motion [7].  

As a result of videotape processing, there was obtained frame scanning 
that allowed to observe the transformation of the cathode spots in time and to 
estimate the speed of their moving along the working cathode surface to within 
20 ms - the time of one field mapping. The shooting implemented at the fixed 
values of the discharge current and the external magnetic field.  

The change of nature of the cathode spots’ motion along the working sur-
face with increasing of the working temperature of the cathode is shown in Fig. 
2. The first pulse of current (pulse duration  = 80 ms) fixed on the cold cath-
ode corresponds to tree frames of video series (Fig. 2. ).  

    

Fig. 2– Changing of 
cathode spots moving 
along the working 
surface of the extend-
ed cathode with 
changing working 
temperature of the 
cathode:  –  = 80 
ms; b –  = 60 ms; c – 
 = 40 ms; d –  = 20 

ms 
(a) (b) (c) (d) 
The group cathode spot that can be watched at the bottom of the frame is 

connected with its delay near the arc-extinguishing screen. Continuous moving 
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of the cathode spots on the limited working cathode surface results in forming 
some average equilibrium temperature on it. The temperature is determined by 
the geometrical sizes of the cathode and also by the conditions of its cooling. 

As the cathode temperature increases, quantity of moments of cathode 
spots’ motion for one pulse is decreased. Fig. 2b is made of two frames and has 
three moments of motion (  = 60 ms); Fig. 2c includes two moments of motion 
(  = 40 ms); Fig. 2d corresponds to one frame and one moment of motion (  = 
20 ms). And the afterglow heat time left by the cathode spot is clearly seen 
here. 

Motion of the cathode spots was researched with the help of the probes as 
well. Design and location of the probes made it possible to record the ion com-
ponent maximum of the plasma stream on the oscillograph screen, if coinci-
dence of the moving cathode spots and the axis of the electrical probes receiv-
ing surface would provided. Fig.  3 shows oscillograms of the current pulses 
depending on the temperature of the zirconium cathode. 

Smooth current rise, observed on all photos at the interval from the igniter 
electrode to the first probe, is characterized with moving of the cathode spots 
on the initial zone and connected with warm-up of the cathode. As the cathode 
temperature rises, noise components of the signal on the oscillograms go down, 
and the directed velocity of the cathode spots’ motion along the working sur-
face towards the current lead-in increases. 

 

(a) (b) (c) (d) 
Fig. 3 – Oscillograms describing the cathode spots’ motion along the working surface as 

the cathode temperature is changing 
 
A cathode spot is displaced towards the maximum of the magnetic field in-

duction max pl cathB B  [8], generated by the current channel of the plasma 
stream Ipl and the current flowing in the body of the cathode Icath (Fig. 4a). 

An elementary particle in the plasma stream is affected by the Lorentz 
force and the electric field force: [ ]r zF e V B , [ ]z rF e V B , EF eE . 

To calculate the motion path of the electrons leaving the cathode spot, the 
following formulas are used: 
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 meis mass of the charged particle (electron); LF is projection of the Lo-
rentz force to the axes z and r; V is projection of the charged particle motion 
velocity to the axes z and r; 0V is projection of the charged particle motion 
velocity to the axes z and r in the previous instant of time; a is acceleration of 
the charged particle along the axesz and r; tis time step; z – position of the 
charged particle on the axisz; z0is projection of the position of the charged par-
ticle on the axis z in the previous instant of time; y0is position of the charged 
particle on the axisr; r0is projection of the position of the charged particle on 
the axisr in the previous instant of time. 

Results of the calculations describing existence conditions of the cathode 
spots on the working surface are shown on the Fig. 4b and 4c. 

In the process of displacement of the cathode spot, transformation of its 
dimensions is observed, which changes conditions of the electron emission. 

The cathode in the zone of the cathode spots is subject to intensive de-
struction. Quantity of ions generated in the ionization zone and being the main 
source of energy in the spot cannot exceed quantity of the evaporated atoms; 
and dimensional change of the cathode spot leads to change of ionization de-
gree in the plasma stream. In turn, the maximum temperature in the small cath-
ode  spots  can  be  reached for  shorter  time interval  than  in  the  bigger  spots.  In  
addition, reduction of the cathode spot dimensions and changes of the ion cur-
rent density influence the electric field intensity. Thus, temperature and dimen-
sions of the cathode spot control atom evaporation and specify conditions of the 
discharge maintaining. 

  Dcs 

Bpl+ c 

Ipl 

 Ic 

FE 

FL 

 

Bpl 

 
 

(a) (b) (c) 
Fig. 4 –Simulation of electron motion from the cathode spot zone: a – mathematical 

model of the calculation with an allowance of the Lorentz force; calculation of the elec-
tron path from the cathode without (b) and with (c) an allowance of the current flowing 

in the cathode 
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The power supplied directly to the evaporating surface is spend on heating 
the cathode in the cathode spot up to the temperature required for reproduction 
of necessary amount of evaporating material in unit time. Time spent on heat-
ing the cathode up to the required temperature is defined by the values of the 
initial cathode temperature and the power supplied from the discharge. Thus, 
speed of the cathode spots’ motion is defined by the values of the temperature 
in the spots and the discharge current. 

The cathode spot as a heat source of influence on the cathode surface is 
simulated as a circle of the radius R (Fig. 5). Within the circle, the value of the 
heat flow, which is delivered from the discharge and interacting with the sur-
face, is constant for any instant of time 0( / ) hdT d h q , (0 )r R , and 
outside the circle it is equal zero. The cathode, with respect to effective size of 
the heat source, is a semi-infinite body. Therefore, at the infinite distance from 
the surface, the value of the heat flow is equal zero and the value of the temper-
ature is constant h 0( / ) 0dT dh , ( r R  and )R r ( )R r R ; 
( / ) 0hdT dh ; 0hT T . In the initial state, the cathode surface has the 
same temperature in all points 0 0tT T . 

To calculate the temperature field at the action of the heat source the fol-
lowing relation was used: 

2 22( , ) ierfc(h /2 at) ierfc( h / 2 )q atT h t R at , 
2exp(-x )ierfc(x) erfc( )x x , 

wherehis heating depth; /a c is thermal diffusivity; ierfcis theinte-
grated form of the error Gaussian function. 

As the cathode spot moves along the working surface, the high-
temperature zones in the form of extended isotherms are left behind the spot 
(Fig. 6 and Fig. 2d). 

To develop a self-consistent mathematical model, that can sufficiently de-
scribe the process in the researched vacuum-arc discharge, there should be 
considered interrelation of the processes in the discharge plasma with the pro-
cesses defining the temperature in the cathode spot and the average cathode 
temperature. So far, there are no clear conceptions about such interrelation of 
these processes. It can be indirectly evidenced by the fact that a lot of types of 
electron emission from the cathode spot are used to explain the large values of 
the current density observed in the cathode spot. 

In this case, the combined equations including the equation for the electric 
field intensity at the cathode surface should be used. The electric field intensity 
depends on spatial distribution of the charged particles and the cathode spot di-
mensions, as changed in the cathode dimensions leads to changes in intensity, 
density of emission and ion currents, energy balance in the generation zone, heat 
balance on the cathode surface, and cathode temperature equations. 
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Fig. 5 – Model of the heat flow influence upon 
the surface: 1 – initial position of the cathode spot 

on the surface; 2 – lower limit at boiling; 3 – 
lower limit of the liquid phase; 4 – limit of cath-

ode heating up to the emission temperature. 

Fig. 6 – Calculated isotherms on 
the cathode surface, as the steady 
heat source of the diameter 5·10–6 

m and the speed 10 m/sec moves. 

 
In the considered model, only the values of the discharge current Id and 

the initial physical constants describing the cathode material can be specified. 
All other parameters are to be calculated: cathode drop Uk, dimensions of the 
cathode spot Dcs, current density j, fraction of electron current Ie, degree of 
plasma ionization , electric field intensity at the cathode surface E, tempera-
ture in the cathode spot Tcs and the cathode itself Tk. 

The electric field at the solid surface can be formed due to the exterior po-
tential difference as well as due to the field of positive ions located at the cathode 
surface. Such layer of ions is formed when the field-emission cathode is evapo-
rated in the process of heating by the field-emission current. Subsequent ioniza-
tion of the evaporated atoms leads to formation of the layer of dense nonequilib-
rium plasma at the cathode surface. The intense electric field in the border zone 
induces additional strengthening of the field emission. This process of transition 
from the regular field emission to higher densities of the emission current results 
in formation of the vacuum arc in the discharge gap. 

Thus, density of the emission current and type of the existing emission are 
defined by the values of temperature in the cathode spot Tcs and electric field 
intensity E generated at the cathode surface: e cs ,j f T . 

In its turn, electric field intensity k cs i e( , , / )E f U r j j , where Uk – poten-
tial drop in the space-charge zone; rcs – radius of the cathode spot; i ej j  – den-
sity relation of ion and electron currents, and is defined by the McCown equa-
tion. 

CONCLUSIONS 
The researches of the vacuum-arc plasma source of exceeded design oper-

ating in pulse mode and generating the directed belt stream have allowed to 
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reveal the dependence of the development dynamics and the velocities of the 
cathode spots’ motion along the working cathode surface on its temperature and 
to make the following suppositions: 

1. The arc discharge arisen at the initial moment on the uncleaned cath-
ode surface is to be considered as the self-maintained arc discharge. 

2. After cleaning of the working surface, the main arc discharge is devel-
oped on the cathode material. Motion of the cathode spots is getting “ordered”, 
and the prevalent motion of the spots towards the current lead-in becomes ap-
parent. 

3. Time of development of the main arc discharge from the cathode ma-
terial and speed of the cathode spots’ motion along the working cathode surface 
depends on the cathode temperature. 

4. The presence of transient processes, while the arc discharge becomes 
stable, leads to irregular erosion of material from the cathode surface and there-
fore to irregular deposited coating on the product being processed. 
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ABSTRACT 
The use of compression flows (CPF) for the formation of metal and silicide 

nanostructures for data storage devices, thermoelectric materials and solar cells is pre-
sented. The action of CPF with injected metallic powder results in the formation of 
coatings composed of spherical clusters with complex structure: each submicron cluster 
(0,1-0,2 µm radius) is formed from a number of nanosized ones (10-25 nm radius). The 
action of CPF on binary “metal-silicon” systems provides formation of branched silicon 
dendrites (tip radius ~ 200 nm, primary spacing ~ 1,2 µm); interdendritic space is filled 
with nanostructured (50-100 nm) “silicide-silicon” and “monosilicide-disilicide” com-
posite due to melting of the surface layer, rapid solidification (~ 10-3 m/s) and constitu-
tional overcooling. Mechanisms of formation of nanostructured composites on silicon 
surface and in thick surface layers is discussed in terms of order parameter evolution and 
non-equilibrium solidification models. 

 
Key words: nanoclusters, silicides, dendrites, eutectics, compression plasma flows 
 
INTRODUCTION 
Application of concentrated energy flows for synthesis and modification 

of novel nanostructured materials is of a particular interest since their thermal, 
radiation and mechanical action provides non-equilibrium conditions for the 
formation of low-dimensional structures on the materials surface and in pre-
surface layers [1]. Compression plasma flows (CPF) are special type of concen-
trated energy beams used for this purpose. CPF are generated by the compres-
sion and acceleration of plasma beam by its own azimuthal magnetic field. It 
provides quasi-stationary energy flow with high concentration of particles 
(1017 cm-3) and energy density (up to 60 J/cm2). Pulse duration is much longer 
than that typical for high-energy plasma pulses and is about 150 µs. Interaction 
of CPF with target surface results in thermalization of CPF kinetic energy and 
in the formation of shock-compressed layer with high energy density and com-
                                                
* e-mail: spadar_pett@tut.by, tel: (+375)297697058 
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plex configuration of electric and magnetic fields [2, 3]. 

Thermal, mechanical and radiation action of CPF pulses results in non-
equilibrium structural and phase transformations in surface layers of solids and 
provides formation of novel structures with controlled physical properties [3-7]. 
In  the  present  work  we use  of  CPF for  synthesis  of  nanostructures  on  silicon 
surface (in the form of nanostructured coatings) and in bulk surface layers. 

FORMATION OF NANOSTRUCTURED COATINGS ON SILICON 
Main peculiarities of CPF-deposition of coatings are strongly non-

equilibrium conditions in plasma medium and significant modification of sub-
strate surface. Deposition of metal coatings was performed by the action of 
CPF with injected metallic powder on single-crystal silicon wafer. This proce-
dure was carried out on magneto-plasma compressor developed in Institute of 
Physics (National Academy of Sciences of Belarus). In this setup CPF is gener-
ated by pulsed discharge between central and peripheral electrodes in vacuum 
chamber filled with nitrogen (pressure is 400 Pa). Powder was injected to CPF 
by electromagnetic lifting and by mechanical spilling synchronized with mag-
neto-plasma compressor [7]. 

 

 
Fig. 1 – SEM-images of iron clusters on CPF-modified silicon 

 
SEM studies revealed the formation of metal layer consisting of spherical 

clusters with multi-level structure (Fig.1). First-level submicron cluster (0,1-0,2 
µm radius) is formed from a number of second-level nanosized ones (10-25 nm 
radius). These clusters are formed in two stages: (1) melting of powder injected to 
CPF and nucleation of second-level clusters; (2) association of particles in shock-
compressed layer, i.e. the formation of first-level clusters [7]. 

Phase formation in plasma and shock-compressed layer is far from equi-
librium and can be described in terms of evolution of order parameter , taken 
in the following form: 

2 2
( )

( , ) 2 cos
( )

q

q q q

A q
q ,   (1) 
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where ( )A q  – amplitude of phase wave with wave vector q ,  – cluster 
radius, q  – damping caused by cluster instability for cr ,  – phase 

wave frequency, q  – characteristic (resonant) frequency of phase wave. Val-

ues of q  
and q  

for -th level cluster (  = 0, 1, 2, …) are expressed as 
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where diffusivity D  is found as  
2

( )
( 1)

( 1)
D D

,   (3) 

where ( )  – -th level cluster radius; ( ) ,U r r  describes potential 

energy of pair interaction for particles located in points r   r . 
Analysis of first-level cluster formation (Fig.1a) was carried out with the 

use of Lenard-Jones potential for interaction between atoms and silicon surface: 
12 6

(0) , L LU r r A B r r r r .   (4) 

Calculation of Lenard-Jones for iron gives following values: 
76 68,0 10 J mLA ,  

58 63,2 10 mLB . 
The formation of second-level clusters from primary ferromagnetic parti-

cles (Fig. 1b) was considered as a result of dipole-dipole interaction: 
2 2 2

0 1 2
(1) 6

2,
4 3

p pU r r
kT r r

,  (5) 

where 0 – vacuum permeability , p1, p2 – magnetic moments of interact-
ing ferromagnetic particles. 

Phase formation starts from cluster with critical radius cr  that corre-

sponds to phase wave with vector crq  and characteristic frequency 
crq . This 

resonant phenomena results in increase of order parameter ( , ) . The value 

of crq  is calculated as: 
1/ 2

74 (0)

(1)cr 5
(1)cr

6 10 ( )n tq
kT

,   (6) 
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where 
(0)n t  – concentration of primary metal atoms, 

(1)n t  – concentra-
tion of clusters. Calculations from (6)-(7) performed for iron nanoclusters give 

values 
9

(1)cr 1,04 10q  m-1,   

(1)cr
(1)cr 136 10

2
q

q  s–1. Thus, stable phase for-

mation occurs in the region with typical radius 
9

cr ~6 10  m. Phase wave 
velocity for non-equilibrium conditions in plasma and shock-compressed layer 
is ~3,4·105 m/s. 

The formation of nanosized ferromagnetic metal nanostructures makes it 
possible to develop novel data storage devices based on the arrays of magnetic 
nanoclusters with high recording density. 

COMPRESSION PLASMA FLOWS FOR SILICIDES FORMATION 
Metal silicides are widely used in electronics due to their compatibility 

with silicon technology and wide variety of electrophysical properties subject 
to element composition, stoichiometry and crystal structure. For example, in 
Fe-Si binary system -FeSi2 possesses metallic properties, Fe3Si is a ferro-
magnetic, FeSi and -FeSi2 are semiconductors [8-10]. The promising use of 
silicides in nanotechnology is related with the miniaturization of microelectron-
ic devices and systems to nanoscale, catalysis of nanowire and nanotube growth 
and others [10-12]. 

Silicide formation was performed by pre-deposition of metal layer (Fe, Ni, 
Ti, Zr, Cr, Mo) on silicon wafer followed by CPF treatment with energy density 
8-15 J/cm2 [13]. XRD studies showed the formation of silicides with different 
stoichiometry in all the treated binary systems (Fig. 2-3).  

SEM-studies of the samples treated by CPF with power density over 1,0 
GW/m2 showed the formation of deep metal-alloyed layer (~ 10 m thickness) 
(Fig. 4). The use of SEM in elemental contrast mode revealed the formation of 
silicon dendrites grown throughout the intermixed layer. 

 
Fig. 2 – XRD patterns of Zr/Si systems 

treated by CPF with energy density 8 (1), 
10 (2) and 14 (3) J/cm2 

Fig. 3 – XRD patterns of Ni/Si systems 
treated by CPF with energy density 5 (1), 

7 (2) and 13 (3) J/cm2 
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Interdendritic space is metal-rich, i.e. metal silicides are preferably local-
ized between silicon dendrites (Fig. 4-6). Typical dendrite sizes are following: 
tip radius 0,2-0,5 m, primary spacing 0,8-1,5 m, secondary spacing 0,2-0,9 

m. 
Dendrites formation is caused by constitutional overcooling. Low solid-

state solubility of metals in silicon lets to metal edging out of solid-liquid inter-
face. According to phase diagrams [14], solidification temperature of metal-rich 
liquid near the crystallization front is lower than that of silicon, i.e. liquid layer 
near the solidification interface is overcooled. The evolution of asperities near 
the crystallization front results in the formation of hexagonal cells and dendrites 
[15]. 

 
Fig. 4 – Cross-section SEM-image (10k and 60k magnification) of Mo-Si system treated 

by CPF with energy density 8 J/cm2 

 
Fig. 5 – Surface SEM-image (5k and 60k magnification) of Ni-Si system treated by CPF 

with energy density 13 J/cm2 

 
Fig. 6 – SEM-images of Zr-Si (a) and Ti-Si (b) systems treated by CPF with energy 

density 12 J/cm2 
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SEM studies in elemental contrast mode showed that in CPF-treated Ni-Si 
system interdendritic space is filled with metal-silicon alloy with globular nickel-
rich precipitations 50-200 nm sized and prolonged lamella 0,2-0,6 µm length and 
lateral size 0,1-0,2 µm. In Ti-Si and Zr-Si systems one observes metal-rich rod 
and lamellar structure (lateral size 20-50 nm). The formation of these structures is 
caused by saturation of liquid near the dendritic tip up to eutectic composition. In 
these conditions liquidus slope changes its sign, so further metal edging decreases 
constitutional overcooling and dendritic growth slows down. Following self-
cooling of inderdendritic liquid results in eutectic solidification.  

Since cooling and crystallization occur at velocities ~ 107 K/s. Dendrite 
formation is properly described by Kurz-Fisher’s model [15]. In this model the 
shape of the cell or dendrite is approximated by ellipsoids and the marginal 
stability criterion for an isolated dendrite or cell is assumed. This model pro-
vides following relationships between geometrical sizes of dendrite and charac-
teristics of solidification process: 

,
)1(

2
0 dVCkm

DR    (8) 

,
)1(

3,4 4 2
0

1 GV
DCkm

d

   (9) 

where R – tip radius,   sl/ Sf – Gibbs-Thomson coefficient, sl – surface 
tension coefficient of the melt, Sf  –entropy of fusion per volume unit, D – 
diffusion coefficient in liquid, m – liquidus slope, k – partition coefficient, C0 – 
average metal concentration (calculated as ratio of initial iron coating thickness 
to that of modified layer), Vd – dendritic growth rate, 1 – primary dendritic 
spacing, G – temperature gradient near the solidification front. Calculations in 
accordance with formulae (8)-(9) (subject to parameters of “metal-silicon” 
systems [14, 16]) revealed that growth rate estimates 0,04 m/s, and temperature 
gradient from near the solidification front decreases with the power density of 
the flow 1,7·108 to 0,8·107 K/m. Temperature gradient decrease is caused by 
the increase of radiation heat losses at high power densities. 

Since eutectic is regular for Zr/Si, Ti/Si and Mo/Si systems and fine grain 
boundaries are observed (Fig. 6a), silicide and silicon solidify with common 
isothermal “liquid-solid” interface. In these conditions stability of interface is 
mainly controlled by constitutional and capillary overcooling. The model de-
veloped by Catalina et al. [17] provides relationships between typical sizes of 
eutectic precipitates and corresponding solidification parameters (overcooling 

T and interface velocity Ve) for isothermal interface:  

 1 Si Me Si
r r
Si Me Si

e c cV
 (10) 
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where VPDCfm iEii
i
r

21 , iii
i
c fsin2  (superscript 

i stands for silicide and silicon), 1 for silicide, 1 for silicon, fi – vol-
ume fraction of the i-th phase, CE – eutectic concentration, 

SiLSiSiMeLSiMe kk 11 , i and L are densities of i-th phase and 
liquid respectively, ki – segregation coefficient, D – liquid diffusivity, 

1

32sin
n

ii nfnP
, i – contact angle. Calculations performed for silicon 

and metal silicides showed that formation of eutectic precipitates 60-80 nm size 
is reached at velocity range 10-3-10-4 m/s. The difference between interface 
velocities for dendritic and eutectic growth is caused by the fact that eutectic 
solidification start when constitutional overcooling decreases, i.e. dendritic 
growth slows down. 

CONCLUSIONS 
The use of CPF with injected metal powder on single-crystal silicon sub-

strate results in the formation of metal coating composed from spherical clus-
ters: each submicron cluster (0,1-0,2 µm radius) is formed from a number of 
nanosized ones (20-50 nm radius). Nucleation of nanosized clusters is caused 
by magnetic dipole-dipole interaction between metallic particles, formation of 
nanocluster layer is provided by condensation of cluster vapor on silicon in 
shock-compressed plasma layer. 

The action of CPF on binary “metal-silicon” systems provides the for-
mation of branched silicon dendrites (tip radius 0,2-0,5 m, primary spacing 
0,8-1,5 m, secondary spacing 0,2-0,9 m) with interdendritic space filled with 
nanostructured (50-100 nm) “silicide-silicon” and “monosilicide-disilicide” 
composite due to the melting of surface layer followed by rapid eutectic solidi-
fication (~10-3 m/s) and constitutional overcooling. 

Results of studies show great potential of CPF application for the devel-
opment of novel nanostructured materials for magnetic, thermoelectric and 
photovoltaic applications. 
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ABSTRACT 
In this work, we address the issue of controlled modification of the surface 

topography of carbon materials when subjected to oxygen-based plasma treatment, and 
we investigate the resulting enhanced surface area as a mean of controlling the 
capacitance of supercapacitors. It is shown that carbon layers with porous of 
controllable nanoscale size can be tuned from nanoporous to mesh-like employing 
atmospheric plasma torch deposition technology and following appropriate plasma 
processing. The nanoscale carbon processing is optimized to form surface topographies 
that promote carbon wettability with electrolyte. Three dimensional structures 
fabricated on carbon are chosen as appropriate surfaces for the enhancement of the 
capacitance of supercapacitors. This fact underlines the potential application of the 
proposed technique for fabricating electrolyte-wetted carbon electrodes for 
supercapacitors. 

 
Key words: supercapacitors, carbon electrodes, surface topography, and plasma 

technologies 
 

INTRODUCTION  
There is a need for a rechargeable energy source that can provide high 

power, can be recharged quickly, has a high cycle life and is environmentally 
benign for a myriad of applications including defence, consumer goods, and 
electric vehicles. Double layer capacitors known as supercapacitors are 
rechargeable charge storage devices that fulfil this need. A single-cell double 
layer capacitor consists of two electrodes which store charge (these are called 
the "active" materials), separated by a permeable membrane which permits 
ionic but not electronic conductivity. Each electrode is also in contact with a 
current collector which provides an electrical path to the external environment. 
The electrodes and the membrane are infused with an electrolyte, and the entire 
assembly is contained in inert packaging. Multiple cells may be connected in 
series or in parallel in the final packaged unit [1-3].  

The capacitance, or amount of charge that a capacitor can store, is 
directly related to the surface area of the electrodes. Therefore, electrodes 
made from conductive materials that possess high surface area (>100 m 2 /g) 
are desirable. By employing various materials and fabrication means, 
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capacitors have been developed which are capable of delivering very high 
specific power and energy densities. Because carbon is chemically inert, has a 
high electronic conductivity, is environmentally benign and is relatively 
inexpensive, it is a desirable material for fabricating electrodes for 
supercapacitors. A variety of porous forms of carbon are currently preferred as 
the supercapacitor electrode materials because they have exceptionally high 
surface areas, relatively high electronic conductivity, and acceptable cost. 
Since only the electrolyte-wetted surface-area contributes to capacitance, the 
nanoscale carbon processing is required to form surface topographies that 
promote carbon wettability with electrolyte [4,5]. 

This article concerns the energy storage devices and specifically to a 
method of making active materials or electrodes. The purpose of this research 
paper is focused on the surface modification of carbon electrodes using plasma 
techniques,  so  as  to  control  the  increase  in  surface  roughness  in  order  to  
improve the capacitance of supercapacitors. In this study, the surfaces of the 
carbon electrodes were chemically and physically modified by their exposure in 
low-pressure oxygen plasma. The treated and untreated (as-received) surfaces 
of the carbon electrodes were subjected to detailed characterization.  

EXPERIMENTAL  
The experimental includes two parts: (i) the fabrication of thick porous 

carbon electrodes on stainless steel substrates employing atmospheric plasma 
torch carbon deposition technology, and (ii) the modification of surface proper-
ties  of  carbon  electrodes  by  their  exposure  in  low  pressure  oxygen  plasma  to  
achieve the highest performance parameters of supercapacitors.  

The porous 50 µm thick carbon coatings were deposited on 2 mm thick 
1X18H9T stainless steel substrate employing atmospheric plasma torch tech-
nology. Details of this technique are disclosed in [6]. The plasma torch parame-
ters were as follows: the arc voltage – 36 V, the arc current – 24 A, the working 
gas – the mixture of Ar and C2H2, and the deposition time – 150 s. The gas flow 
and gas composition was continuously controlled by mass flow controllers. The 
thickness of the deposited layer was evaluated by weight method using micro-
balances. 

The modification of surface properties of deposited carbon layers was per-
formed by high-flux, low-energy ion irradiation. The ions were extracted from 
DC magnetron plasma generated at 5 Pa pressure in the mixture of Ar and O2 
(10 at.%) and accelerated by 350 V negative bias voltage. The magnetron dis-
charge current was variable in the range 10-20 mA. The power density dissipat-
ed in plasma was variable in the range 100 - 300 Wcm–2. The plasma parame-
ters were evaluated experimentally using a Langmuir probe. For plasma source, 
the electron temperature, plasma potential, floating potential and plasma densi-
ty were 2-4 eV, +5.0 V, +3.5 V and 4 1010 cm-3, respectively. The steady state 
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substrate temperature of 480 K reached after two minutes of plasma treatment. 
The characterization of surface topography of as-deposited and plasma treated 
carbon electrodes were carried out using the atomic force microscope (Micro-
mashines NT-206) and the nanoprofilometer (Ambios XP-200). The surface 
views were analyzed before and after plasma treatment by a scanning electron 
microscopy (SEM, JEOL JSM – 5600). The elemental composition of plasma 
treated carbon coatings was analyzed by energy dispersive X–ray spectroscopy 
(EDX, Bruker Quad 5040). 

RESULTS 
The surface topography of carbon layers fabricated employing 

atmospheric plasma torch technology has been studied in previous publications 
[6,  7].  In  this  work,  the  attempts  to  explain   why  the  capacitance  of  
supercapacitors with C electrodes increases after their additional treatment in 
Ar+O2 plasma.  

Fig.1 includes the dependence of 
the ratio of capacitances for 
supercapacitors with C electrodes 
treated and untreated in oxygen plasma 
(10 Pa, 1 min) on the flux ratio of 
Ar/C2H2 for plasma torch. It is seen that 
the capacitance increases up to 10 times 
for Ar/C2H2=55.  

Fig.2a and Fig.2b include SEM 
surface views of carbon electrodes: a - 
as-deposited employing atmospheric 
pressure plasma torch technology for 
flux ratio Ar/C2H2=40, and b - after 
following treatment in low-pressure 
oxygen plasma (10 Pa, 1 min), 

respectively. It seen that the granular structure of as-deposited carbon becomes 
highly porous with channels accessible for electrolyte. 

 
Fig. 2. – The SEM surface views of carbon electrodes: a – as-deposited, b – after 

treatment in oxygen plasma 

 
Fig.1 – The dependence of the ratio of 

capacitances for supercapacitors with C 
electrodes treated and untreated in 

oxygen plasma (10 Pa, 1 min) on the 
flux ratio of Ar/C2H2 [7] 
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MODELLING OF SURFACE STRUCTURE FORMATION 
The modelling of surface structure formation has been performed in an at-

tempt to explain the significant increase of the capacitance of supercapacitor 
which was experimentally registered. The understanding of processes which 
lead to this effect is not complete.  

The simultaneous action of three processes has been considered on the 
surface of carbon electrode immersed in O2+Ar plasma: (i) the isotropic plas-
mochemical etching of C (C+2O CO2 ), (ii) the adsorption of C atoms, and 
(iii) the anisotropic physical sputtering of surface by energetic incident oxygen 
and argon ions.  

Fig.3 includes profiles of single carbon formation calculated on the basis 
of kinetic equations describing simultaneous action of the processes of carbon 
deposition, isotropic plasmochemical and anisotropic physical ion sputtering 
after different durations of plasma treatment (to=0, 1, 2, 3, and 4, curves 1 -5, 
respectively) in relative units for the case when the carbon deposition rate is 
equal to the plasmochemical etching rate (Fig.3a) , and when the carbon 
deposition rate exceeds the carbon plasmochemical etching rate (3X)(Fig.3b).  
Curve 1 - the initial profile. It is demonstrated that different surface structure 
formations may be generated in dependence on the deposition and plasma 
treatment parameters.  

 
Fig.3. – Calculated profiles of single carbon formation on the surface of plasma treated 

carbon for different deposition/etching  parameters:  a – the deposition and 
plasmochemical etcing rates are equal, and b – the deposition exceeds plasmochemical 
etching rate (3X)  after different treatment durations: t=0 (as deposited), 1, 2, 3 and 4 in 

relative units, curves 1-5, respectively 
 

DISCUSSIONS AND CONCLUSIONS 
The surface topography of carbon materials has been optimized to promote 

carbon wettability with electrolyte and to increase the capacitance of superca-
pacitors. High capacity of supercapacitor is obtained due to fabrication of po-
rous electrodes with surface topography accessible for electrolyte to form dou-
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ble charge layer. The carbon etching in oxygen plasma is accompanied by na-
noscale changes of the surface geometry.  The oxygen plasma treatments caused 
ablation of the carbon electrode surface, removing carbon atoms and molecules 
such as CO and CO2. Carbon electrodes treated in oxygen plasma for 1-3 min 
significantly (up to 10 times) increases the capacitance of supercapacitor. This 
effect depends on the microstructure of plasma untreated carbon layers. The 
conclusion is made that the modification of surface topography of carbon elec-
trodes by oxygen plasma is a suitable technique for the improvements of the 
electrical properties of supercapacitors. 
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