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A nanostructured coating based on the amorphous carbon matrix and silver nanocrystallites (nanoclus-
ters) is obtained by pulsed vacuum-arc deposition method. It is found that instantaneous coating formation 
rate influences the sizes and amount of silver nanoclusters. The effect of the local inhomogeneous distribu-
tion density of silver nanoclusters and their coalescence at the initial stage of the coating formation are ob-
served. The features of a separate silver nanocrystallite crystal structure were investigated using a high-re-
solution transmission electron microscopy. The electron energy loss spectra in the region of the amorphous 
carbon matrix and silver nanocrystallites location region, as well as the Raman spectra were obtained. Some 
promising applications of a nanostructured carbon coating doped with silver have been proposed. 
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1. INTRODUCTION 
 
The properties of hard carbon coatings with a high 

content of the sp3-phase or ta-C coatings [1] obtained on 
a cold substrate from a stream of accelerated particles or 
carbon ions, largely coinciding with the properties of dia-
mond, determine their application areas in metalwork-
ing, machine parts, micromechanical products, IR optics, 
as well as in medicine, where they are used to increase 
the biocompatibility of implants [2]. Silver nanoparticles 
in themselves also have special features, namely, anti-
bacterial properties, unique optical characteristics, etc. 
[3]. A number of works present the successful attempts 
to combine the properties of these materials (amorphous 
carbon and silver nanoparticles). In particular, the pro-
perties of carbon coatings doped with silver and obtained 
by pulsed laser deposition method, which are the carbon 
matrix with silver nanoclusters are shown. It is estab-
lished that these coatings have antimicrobial properties 
[4]. The results of studies of the structure and biomedical 
characteristics of DLC (diamond-like carbon) doped with 
silver obtained by pulsed vacuum-arc method with pla-
sma flow filtration are presented in [5]. The dependence 
of the structure of these coatings on the accelerating po-
tential applied to the substrate is determined. The coa-
tings have high hemocompatibility. The characteristics 
of nanocomposite carbon coatings obtained by different 
methods and silver doped were investigated by XPS and 
AFM techniques; the smoothing effect of a silver-doped 
carbon coating is established [6]. The Ag-DLC multilayer 
coatings produced by magnetron sputtering method were 
tested for the stability of individual layers depending on 
their thickness; the growth effect of silver nanoclusters 
caused by their coalescence is defined [7]. 

Further studies aimed at determining the ways to in-
fluence the properties of this unique object, namely, the 
size and amount of silver nanoparticles, as well as the 
surface morphology are of interest. Here, it is necessary 
to consider the basic mechanisms of the formation of na-
nostructures in the coatings: self-organization of the coa-

ting structure under the influence of temperature and 
internal stress fields; the formation of the coating struc-
ture under the influence of ion bombardment of its sur-
face, as well as the clustering (coalescence) of the doping 
element particles in the carbon coating due to the inter-
action energy between the matrix and the doping element 
depending on the density of the carbon flux entering the 
substrate. In this respect, the pulsed vacuum-arc method 
allowing to generate a pulsed plasma with high density 
expands the possibilities of methods for producing nano-
structured coatings based on carbon and silver. 

 
2. EXPERIMENTAL 

 
The deposition of carbon coatings with the addition 

of silver of 10-200 nm thick was performed on a modified 
UVNIPA-1-001 setup equipped with a pulsed carbon pla-
sma source with a consumable graphite cathode [8] made 
of MPG-6 graphite with cylindrical silver inserts of 3 and 
10 mm in diameter. An ion source of the type II-4-0.15 
was utilized to pre-clean the substrate with argon ions. 
The coatings of 10-50 nm thick were deposited on a fresh 
cleavage of a NaCl single-crystal for study by transmis-
sion electron microscopy methods. The coatings of 10, 50 
and 200 nm thick were deposited on polished silicon for 
investigation by scanning probe microscopy and Raman 
spectroscopy methods. The coatings deposited on a NaCl 
single crystal were separated from the substrate in dis-
tilled water by the standard procedure. The samples on 
silicon of 10, 50 and 200 nm thick were annealed in a 
GHA 10/600 vacuum furnace (Carbolite Co.) at a tempe-
rature of 600 °C for 10 minutes. The coating deposition 
rate was equal to 0.01 nm/pulse for the cathode with a 
silver insert of 10 mm and 0.1 nm/pulse – with a 3 mm 
insert. To study the coating morphology and electronic 
structure, high-resolution transmission electron micros-
copy (HRTEM) methods were used with a Tecnai G2 F20 
S-TWIN transmission electron microscope. The elemental 
composition of the coatings was investigated by the en-
ergy dispersive X-ray (EDX) spectroscopy method. The 
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coating thickness was determined on the transverse clea-
vages using a NOVA NANOSEM scanning electron micro-
scope; a NTEGRA AURA scanning probe microscope was 
utilized to study the relief of nanosized carbon coatings. 
The Raman spectra were obtained using a LabRam HR 
Raman confocal microspectrometer at a laser emission 
wavelength of 532 nm. 
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Fig. 1 – Electron microscopic image of the 10 nm thick coating 
obtained at a coating formation rate of 0.1 nm/pulse. General 
view of the coating (a), region 1 at a magnification of  640000 (b) 
and region 2 at a magnification of  640000 – (c) 

 

3. RESULTS OF THE STUDY 
 
In Fig. 1 and Fig. 2 we illustrate the electron-micro-

scopic images of the carbon coatings doped with silver of 
10 nm thick and obtained at a coating formation rate of 
0.1 nm/pulse and 0.01 nm/pulse. The silver content in 
these coatings is 9 % and 10 %, respectively. In Fig. 3 we 
show the high-resolution electron microscopic images of 
individual nanoclusters obtained in the above modes. 

In Fig. 4 we present the partial electron energy loss 
spectrum for the a-C:Ag coatings of 10 and 50 nm thick 
obtained at a formation rate of 0.1 nm/pulse, as well as 
the spectrum obtained in the coating region located bet-
ween the silver crystallites (a-C). The line 1 marks the 
center of the 1s-  a)* transition in graphite (285.3 eV), 
line 2 indicates the beginning of the 1s- * transition in 
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Fig. 2 – Electron microscopic image of the 10 nm thick coating 
obtained at a coating formation rate of 0.01 nm/pulse (a) and an 
individual nanocluster (b) 
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Fig. 3 – High-resolution electron microscopic image of silver na-
noclusters in the carbon coating obtained at a coating formation 
rate of 0.01 nm/pulse (a) and 0.1 nm/pulse (b) 
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diamond (289.1 eV) and line 3 denotes the beginning of 
the 1s- * transition in graphite (291.7 eV) [9]. The ave-
rage value of the plasmon energy for the a-C:Ag samples 
is 26.2 eV. In the local region of amorphous carbon a-C 
between coarse Ag crystallites, the average value of the 
plasmon energy is 27.5 eV. For the local region of amor-
phous carbon a-C between Ag crystallites, the center of 
the 1s- * transition (~ 284.8 eV) is located slightly to the 
left of the 1s- * line of the graphite transition (line 1 in 
Fig. 4). It should be noted that the obtained spectrum of 
a-C is similar to the spectra of ta-C coatings [9]. 

 

 
 

Fig. 4 – K-edge of carbon in the energy loss spectrum of a-C:Ag 
samples of 10 and 50 nm thick obtained at a formation rate of 
0.1 nm/pulse. The a-C spectrum is taken from the local region of 
amorphous carbon between Ag crystallites. Line 1 indicates the 
center of the 1s- *transition in graphite (285.3 eV), line 2 marks 
the beginning of the 1s- * transition in diamond (289.1 eV), and 
line 3 denotes the beginning of the 1s- * transition in graphite 
(291.7 eV) [9] 

 

 
 

 
 

Fig. 5 – Raman spectra of the a-C:Ag coatings of 200 nm thick 
before (a) and after (b) annealing in vacuum at a temperature of 
600 ºC 

Table 1 – Results of processing the spectra shown in Fig. 5 
 

a-C:Ag (in the initial state) 
Peak Center, cm – 1 I ID/IG 

D 1365 350 1.01 G 1543 345 
a-C:Ag (after annealing in vacuum  

t a temperature of 600 ºC) 
D 1391 1018 1.24 G 1574 821 

 

 
 

 
 

Fig. 6 – Volumetric image of the surface of a carbon coating of 
20 nm (a) and 200 nm (b) thick 

 
For the amorphous carbon matrix containing silver 

nanocrystallites a-C:Ag, the peak center of the 1s- * tra-
nsition (~ 287 eV) shifts to the right relative to the gra-
phite transition line 1. The beginning of the 1s- * tran-
sition for a-C:Ag also lies to the right of a-C. The coating 
thickness in the range of 10-50 nm does not influence the 
electron energy loss spectrum. 

In Fig. 5 we show the Raman spectra of the a-C:Ag 
coatings of 200 nm thick before and after annealing in 
vacuum at a temperature of 600 ºC. Table 1 presents the 
results of processing these spectra. We should note that 
electron energy loss spectroscopy (EELS) and the Raman 
spectra for the coatings obtained at a formation rate of 
0.01 nm/pulse practically do not differ from those shown 
in Fig. 4 and Fig. 5. 

Fig. 6 illustrates the scans of the silver-doped carbon 
coatings of 20 nm and 200 nm thick obtained by AFM. 

The maximum height of the nano-projections of the 
20 nm thick coating is equal to17 nm and of the 200 nm 
thick coating – 20 nm. 

 
4. ANALYSIS AND DISCUSSION  

OF THE RESULTS 
 
Analyzing the electron microscopic image of the 10 nm 

thick aC:Ag coating obtained at a coating formation rate 
of 0.1 nm/pulse (Fig. 1), it is necessary to note the pres-
ence of silver nanocluster local regions of a certain size 
coinciding with the emergence of dislocations and steps 
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on the substrate surface of a NaCl single crystal that in-
dicates the influence of the substrate surface state on the 
size and distribution density of silver nanoclusters. This 
effect is associated with a reduced nucleation energy of 
silver nanoclusters on defects and, possibly, as a result of 
the coalescence of smaller clusters into coarse ones. 

The formation rate of a coating based on silver-doped 
amorphous carbon affects the number and size of silver 
nanoclusters. The average size of silver nanoclusters ob-
tained at a formation rate of 0.01 nm/pulse is 21 nm and 
at a formation rate of 0.1 nm/pulse – 55 nm. Moreover, 
the density of silver clusters in the matrix of amorphous 
carbon in the first case exceeds 8 times the corresponding 
index at a lower coating deposition rate. 

The image of an individual nanocluster, near which 
smaller nanoclusters are observed (Fig. 2a, c), is of great 
interest. It can be assumed that the effect of coalescence 
takes place. In this case, namely, when plasma contain-
ing carbon and silver ions is condensed, three film growth 
mechanisms occur: first, the formation of an amorphous 
carbon film under non-equilibrium conditions (at a low 
substrate temperature and concomitant ion irradiation), 
second, the formation of silver islands from silver ions 
having a tighter binding between each other than with 
carbon matrix atoms and, finally, layer-by-layer growth 
of silver islands with an ordered crystal structure, which 
can be considered as nanoclusters. This could be viewed 
as a classical formation mechanism of nanostructures, 
such as quantum dots. Here, the dependence of the sizes 
and the number of nanoclusters on the supersaturation, 
in our case on the coating formation rate, corresponds to 
the well-established concepts. 

Using HRTEM, it was possible to establish that nano-
clusters had a crystal structure. The studied silver nano-
crystallite illustrated in Fig. 3a has a face-centered cubic 
(fcc) lattice, the interplanar distances are in good agree-
ment with the tabulated data for silver. The twinning 
effect, i.e. the formation in a single crystal of regions with 
a changed orientation of the crystal structure, takes place. 
This effect was also revealed for nanocrystallites shown 
in Fig. 3b, however, the degree of ordering of the nano-
crystallite structure is smaller. 

The analysis of EELS and the Raman spectra allows 

to conclude that the obtained results coincide with the 
data of other publications [5], namely, doping of a carbon 
coating with silver leads to a decrease in the sp3-phase 
content in the aC:Ag coating that is clearly manifested 
in a characteristic change of the Raman spectrum after 
annealing in vacuum at a temperature of 600 ºC. 

The AFM results make it possible to supplement the 
information obtained using electron microscopy methods, 
namely, to determine the time history of the height of 
the nano-projections and their number with increasing 
coating thickness, moreover, to define the relationship 
between the lateral size of the islands and their height. 
The most interesting result is the effect of a significant 
increase in the number of nano-projections with increas-
ing carbon coating thickness from 20 to 200 nm, while 
the lateral sizes of the nano-projections and their height 
vary insignificantly. 

Positive results of biomedical studies of the coatings 
based on the amorphous carbon matrix and silver nano-
crystallites [10] show the prospects of their use in imp-
lants, in addition, it is possible to apply these coatings 
to create nano-membranes and biosensors. 

 
5. CONCLUSIONS 

 
1. The nature of the influence of the substrate on the 

size and distribution density of silver nanoclusters in the 
a-C:Ag coating is established. 

2. It is shown that the formation rate of the coating 
based on silver-doped amorphous carbon affects the nu-
mber and size of silver nanoclusters. 

3. The formation mechanisms of the nanostructured 
a-C:Ag coating are determined. 

4. The crystal structure of silver nanoclusters is de-
termined. 
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