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ABSTRACT

IR laser-irradiation of Ag in gaseous benzene or ethyne (1 T) results in ablation of Ag target and adjacent
dielectric breakdown in gaseous hydrocarbons, the latter leading to dehydrogenation and carboniza-
tion reactions in the gas-phase and chemical vapor deposition on both substrate and target of Ag
nanoparticles-containing carbonaceous films. The same irradiation of Ag in the hydrocarbons at 50T
induces only dielectric breakdown in the hydrocarbon and leads to gas-phase deposition of carbonaceous
films. Volatile products of these processes were examined by FTIR spectroscopy and GC and GC/MS tech-
niques and solid products were characterized by X-ray diffraction, FTIR, X-ray photoelectron and Raman
spectroscopy and electron microscopy. These studies revealed co-existence of stable face-centered cubic
and metastable hexagonal close-packed Ag-nanophases enveloped by a graphite-like shell and immersed
in an amorphous hydrogenated carbon environment having both sp?- and sp3-hybridized structures. The
nanosized Ag objects show stacking faults and undergo some oxidation in atmosphere to AgO and Ag304.

Nanosized Ag
a-C:H film

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

There is a great current interest in synthesis and properties
of composite Ag/C films which keep promise for various appli-
cations such as optical filters, catalysts, photographic processes
and antimicrobial coatings. The methods of fabrication of these
films include Ar ion-beam co-sputtering of a silver-graphite target
[1,2], simultaneous evaporation of Ag and plasma decomposi-
tion/polymerization of chlorobenzene [3], benzene or butane in Ar
[4,5], and simultaneous magnetron sputtering of Ag and plasma
decomposition/polymerization of methane [6], propane [7] and
hexane [8-11] in Ar. The former approach [1,2] results in deposi-
tion of Ag nanoparticles encapsulated in amorphous and graphitic
carbon matrix, while the latter approaches [3-11] allow deposition
of nanostructured Ag/C:H films with Ag nanoparticles embedded in
amorphous H-containing diamond-like carbon.

We have recently reported that pulsed IR laser irradiation of
some metals in gaseous hydrocarbon (benzene or ethyne, 0.5-50T)
results in gas-phase deposition of metal/carbon films and explained
this deposition by concurrent metal ablation and dielectric break-
down in gaseous hydrocarbons [12,13]. The deposition represents a
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novel laser-assisted approach to metal/carbon nanocomposites and
is enabled by ablative incorporation of cobalt or nickel nanoparti-
cles into the gas-phase depositing carbonizing agglomerates.

It was of our further interest to induce laser ablation and dielec-
tric breakdown of hydrocarbon adjacent to silver target. Similar
conditions for deposition of Ag/C composite films have been ear-
lier achieved in evaporation/reactive glow-discharge sputtering of
Ag in hydrocarbon plasma [3-11]. In both procedures, the Ag tar-
get is exposed to plasma-produced carbonaceous products formed
from hydrocarbon decomposition and the proceeding interaction
of plasma with target leads to deposition on both substrate and
target and inevitably involves interaction with carbon-coated sil-
ver. Having considered that deposition on neighboring target and
distant substrate may produce structurally different products, we
thought rational to examine the process of pulsed IR laser-induced
plasma decomposition of benzene and ethyne adjacent to silver tar-
get and compare spectral properties and morphology of solid films
deposited on surfaces of target and substrate.

2. Experimental

IR-laserirradiation experiments were conducted in a Pyrex reac-
tor (70 mL in volume) in vacuum or in the presence of gaseous
ethyne or benzene at pressures of 1 and 50T. The samples of the
hydrocarbons were irradiated by a pulsed TEA CO, laser (model
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1300 M, Plovdiv University) operating with a frequency of 1 Hz on
the P(20)line of the 00°1-10°0 transition (944.19 cm~')and a pulse
energy of 1.8]. This radiation was focused with a NaCl lens (f. 1.
15 cm) on an Ag target positioned in the center of the reactor above
which was accommodated a copper substrate. The pulsed irradi-
ation of Ag at 1T, resulting in Ag ablation and decomposition of
the hydrocarbon, allowed deposition of little adherent Ag/C films
on the Cu substrate and adherent Ag/C layers on the irradiated tar-
get. The irradiation at 50 T did not lead to Ag ablation and allowed
deposition of only carbonaceous films.

The reactor was described elsewhere [13] and it was a tube
fitted at each end with KBr windows and having a port with rub-
ber septum enabling GC and GC/MS analyses of gaseous content
and a PTFE valve connecting to vacuum manifold and pressure
transducer.

The progress of ethyne and benzene decomposition and volatile
decomposition products were analyzed directly in the reactor by
FTIR spectrometry (an FTIR Nicolet Impact spectrometer, reso-
lution 4cm~1) using diagnostic absorption bands of benzene at
1037cm~! and ethyne at 3268 cm~!. Aliquots of the irradiated
reactor content were sampled by a gas-tight syringe and ana-
lyzed by gas chromatography-mass spectroscopy (a Shimadzu QP
5050 mass spectrometer, 50-m Porabond capillary column, pro-
grammed temperature 30-200°C). The decomposition products
were identified through their FTIR spectral diagnostic bands (C;Ho,
731cm~1; C4H,, 628 cm~1; CHy, 1305 and 3016 cm~') and through
their mass spectra using the NIST library.

The deposited films were analyzed with the FTIR Nicolet Impact
spectrometer, a Nicolet Almega XR Raman spectrometer (resolu-
tion 2cm~1, excitation wavelength 473 nm and power 10 mW)
and by electron microscopy (a Philips XL30 CP scanning electron
microscope equipped with an energy-dispersive analyzer EDAX
DX-4 of X-ray radiation) and a JEOL JEM 3010 microscope oper-
ating at 300 kV and equipped with an EDS detector (INCA/Oxford)
and CCD Gatan (Digital Micrograph software). The transmission
electron analysis was carried out on ground samples that were sub-
sequently dispersed in ethanol followed by application of a drop of
a diluted suspension on a Ni grid. The EDX and SAED-determined
atomic percentage of C, O and Ag elements correspond to 5%
error.

Diffraction patterns were measured with a PANalytical X'Pert
PRO diffractometer equipped with a conventional X-ray tube (Co-
Ka radiation, 40kV, 30 mA, point focus), an X-ray monocapillary
with diameter of 0.1 mm, and a multichannel detector X'Celerator
with an anti-scatter shield.

The C 1s, O 1s and Ag 3ds), photoelectron spectra and C KLL
Auger spectra of the deposited films were measured in an ESCA
310 (Scienta) electron spectrometer with a base pressure better
than 1072 T using Al-Ka radiation (1486.6 eV) for electron excita-
tion. The surface composition of the deposited film was determined
by correcting the spectral intensities for subshell photoionization
cross-sections [14].

Fig. 1. Scheme of gas-phase deposition.

Benzene (Lachema, purity better than 99.7%) and ethyne (Linde,
purity better than 98.5%) were evaporated from the liquid nitrogen-
solidified compounds on a vacuum line prior to use.

3. Results and discussion
3.1. IR laser irradiation of Ag in gaseous hydrocarbons

The TEA CO, laser irradiation of Ag target in the presence of
gaseous benzene or ethyne (1 or 50 T) is accompanied with a visible
luminescence and results in the decomposition of the hydrocarbons
and a significant deposition of black Ag/C films on the Cu substrate
(and the nearby reactor surface) and a minute deposition on the
irradiated target (Fig. 1).

The repetitive laser pulses lead to accumulation of the mass
of products of Ag ablation and hydrocarbon dielectric breakdown
mainly on the substrate (and nearby reactor surface). A small part
of these products is also deposited on the surface of the Ag tar-
get, but a fraction of this deposit is repeatedly removed by next
pulses. This brings about a steady growth of the film deposited on
the Cu substrate and the deposition of much thinner films, having
an uncovered region in the incident area (ca. mm?) of the pulse, on
the Ag target.

The irradiations conditions used were identical to those of laser
irradiation of Co and Ni in benzene, which were proved by optical
emission spectra to yield metal atoms and ions (Co and Ni plasma,
arising from the laser ablation) together with H atoms and neutral
and cationic carbon species (arising from the dielectric breakdown
in the hydrocarbon [12]).

The depletion of ethyne and benzene at 1T but not at 50T is
affected by the nature of the hydrocarbon. The more efficient deple-
tion of benzene than that of ethyne at 1T and the same depletion
rate of benzene and ethyne at 50T (Fig. 2) are in agreement with
our earlier observations [13] and presumption that more efficient
decomposition of benzene takes place in a significant Ag plasma
and that comparable decomposition of benzene and ethyne occurs
mostly in dielectric breakdown when Ag ablation is small. The dif-

Fig. 2. Hydrocarbon (A, benzene; @, ethyne) depletion as dependent on number of laser pulses at initial pressure 1T (a) and 50T (b).
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Fig. 3. SEM images of films deposited on Cu substrate from 1T of ethyne (a), 1T of benzene (b), 50T of benzene (c) and 50T of ethyne (d).

ferent decomposition capability of benzene and ethyne is in line
with Ag-surface-assisted C-H and C-C bond cleavages in these
compounds [15-17]. The catalytic effect of Ag in similar reactions
has been reported only for hydroarylation of olefins with arenes
by Pt-Ag complexes [18]. The catalytic effect of Ag nanostructures
is also known for very different reactions as e.g. reduction of dyes
[19] or nitroarenes [20]. Similarly to Co and Ni plasma-containing
metal atoms and cations [12] the Ag plasma may involve neu-
tral and cationic species; unequivocal evidence on catalytic effect
of these particular species can come from discriminating some of
these species at conditions allowing selective formation.

The gaseous decomposition products of benzene and ethyne
differ, but the product composition for each hydrocarbon is vir-
tually independent of the initial pressure and the decomposition
progress. Benzene is decomposed to ethyne (~60 mole%), ethene
(~20-25mole%), butadiyne (~10mole%) and propane, 1-buten-
3-yne, C3Hy, and ethynylbenzene (each 0.1-0.6 mole%), whereas
ethyne yields butadiyne as a major product (90-95 mole%) and
C3H4 and 1,3-butadiene (each 2-4 mole%) as minor products. These
products and the carbonaceous solid deposit show that benzene
and ethyne undergo decomposition and dehydrogenation steps
typical for their thermal carbonization [15-17].

Fig. 4. SEM images of Ag target ablated in vacuum (a) and of films deposited on Ag target from 50T of ethyne (b) and 50 T of benzene (c).
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Atomic% of Ag in carbonaceous deposit on Cu substrate and Ag target.
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Hydrocarbon Pressure, T Decomposition progress, % Ag atomic% on Cu substrate Ag atomic% on Ag target
Benzene 12 78 2.0 25
50> 50 0 0
Ethyne 1b 30 04 57
50P 46 0 16
2 100 pulses.
b 300 pulses.
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Fig. 5. Raman spectra of film deposited on Cu from 50T of benzene (a) and ethyne
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Fig. 6. Raman spectra of films on Ag target from 50 T of ethyne. (The um?areas were
measured near the crater (a) and 1-3 mm afar (b).)
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Fig. 7. Raman spectra of films on Ag target from 1T of ethyne. (The pm?areas were
measured near the crater (a) and 1 mm (b) and 3 mm (c) afar.)

3.2. Properties of deposited Ag/C films

The black solid films were deposited from benzene and ethyne
on the Cu substrate and to a lesser extent on the irradiated target
with typically 100 pulses (for 1T of hydrocarbon) and 300 pulses
(for 50 T of hydrocarbon). They were analyzed for their morphology
and spectral properties and revealed to possess features depending
on the deposition site.

The SEM-EDX analysis of the films deposited on the Cu sub-
strate at 1 T shows the prevalence of carbon, traces of oxygen (less
than 1-3 atomic% of carbon) and low amounts of Ag, whereas that
of the films deposited on Cu at 50T reveals only carbon (and traces
of oxygen; Table 1). This indicates that the Ag plasma (ablation)
is, similarly to Co and Ni ablation [12], more significant at the
lower hydrocarbon pressure. The SEM-EDX analysis of the films
deposited on the Ag target shows large amounts of carbon and Ag;
we assume that these films are much thinner than those deposited
on Cu and that the determined amount of Ag reflects both ablated
and non-ablated mass.

The SEM images of the films deposited on the Cu substrate at
1 and 50T of hydrocarbon show different morphology. The films
deposited at 1T are smooth and without defects (deposition from

Absorbance, arb. units

| | |
2500 2000 1500

Wavenumber, cm-1

]
3500 3000

Fig.9. ATRFTIR spectra of films deposited on Ag target (a) and Cu substrate (b) from
50T of ethyne.
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ethyne, Fig. 3a) or have several pm-sized valleys (deposition from
benzene, Fig. 3b). The films deposited at 50T reveal fluffy struc-
tures that are more copious when obtained from benzene than from
ethyne (Fig. 3c and d).

The SEM images of the Ag target ablated in vacuum (Fig. 4a)
show several up to several tens pm-sized round-shaped bodies
extending from the surface; this morphology can be considered
as a primary stage of an ensuing separation of these bodies leading
to ablation. The images of the films deposited on the target from 1
or 50T of benzene and ethyne are virtually identical and we give,
for the sake of simplicity, only images of the target irradiated at
50T at different magnification. It is seen (Fig. 4b and c) that the
Ag target is covered with a film composed of somewhat rough and
less than 1 wm-sized round-shaped and loosely attached Ag-rich
C/Ag composite particles (Fig. 4b) that come out at lower magni-
fication (Fig. 4c) as almost smooth layers having several pm-sized
valleys.

More information on the nature of the deposited films is
obtained from the visible Raman spectra which depend on whether
the films are deposited on the Ag target or the Cu substrate
(Figs. 5-7). The spectra of the films deposited on Cu at 1 and
50T (Fig. 5) are very similar and we illustrate them in Fig. 5.
They are dominated by G and D bands of unsaturated sp? carbon
and possess second-order (overtone and combination) bands and
bands assignable to C-H and C=C stretches [21-24]. The G band
is centered at 1560-1590cm~!, a broad band between 2630 and
3280cm~! corresponds to the 2D band and stretching vibrations
of the C(sp-sp?)-H bonds, a medium and low-intensity band at
2150cm™! relates to stretching vibration of the triple bond, and
a low-intensity band at 1370 cm~! (with benzene) or a bifurcated
shoulder at 1410 and 1370cm~! (with ethyne) correspond to the
D band of carbon. The spectra obtained from ethyne have a higher
content of the C=C bond.

Fig. 10. Derivative Auger C KLL spectrum of the deposited film on Ag (1). For the
purpose of comparison the spectra of diamond (2) and graphite (3) are also included.

The spectra of the films deposited on the Ag target at 50T do
not virtually differ and we show, for the sake of brevity, only those
deposited from ethyne. These were measured (Fig. 6) at different
positions from the impinging laser pulses (crater). The more sepa-
rated D, G and 2D bands, along with a more intense v(C=C) band,
are observed for the area near the crater. The former are compati-
ble with a more organized C(sp?) (graphitic) form of carbonaceous
deposit in this location.

The spectra of films deposited on the Ag target from 1T do not
differ for ethyne and benzene and an illustration revealing their

Fig. 11. Electron diffraction and TEM images of films deposited on Cu substrate from 1T (a) and 50T (b) of benzene.
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Fig. 12. HRTEM images of films deposited on Cu substrate from 1T of benzene. The identified nanobjects of hexagonal Ag (a), cubic Ag (b), Ag304 (c) and AgO (d) are enveloped

with regions of hexagonal graphitic carbon (indexed by numbers 1-3).

dependence on the measured position is given only for films from
ethyne (Fig. 7). The absence of the v(C=C) band is in accordance
with a simpler carbon structure and the observed decrease in the
D/G band ratio with increasing distance from the crater reflects
more graphitization in the area close to the crater.

We note that the G band reflects bond stretches of all pairs of sp?
atoms in rings and chains and that the D band relates to breathing
modes of rings (e.g. [24,25]). The positions of the G and D bands
resemble those of graphitic a-C:H films and soot [21,23,25]. It is
known that the G peak position varies from 1520 cm~! for amor-
phous carbons to 1590 cm~! for glassy carbons [26] and that it fits
higher values in this range for films with low sp? content [27].
The films deposited near the Ag crater can therefore be deduced
to have more pronounced graphitic features due to more cyclic sp?
structures.

The ATR FTIR spectra of the films deposited on the Ag tar-
get and the Cu substrate at 50T (Figs. 8 and 9) show bands at
3295-3304, 2930, 1600-1620 and 1450-1375cm™! that are, in
the given order, assigned [28] to v(=C-H), v(CP3-H), v(C=C) and
8(H,C-) vibrations. The shoulder at 1710cm~! and the band at
1375 cm~! respectively correspond to the (v(C=0) and v(OCO) car-
bonyl stretches and are accounted for by a minor oxidation at
the C=C bonds. The more intense v(CP3-H) bands at 2930 cm™!
observed on Ag target are indicative of cross-linking of C=C bonds
leading to saturated carbon moieties and may also be due to Ag-
surface-enhanced vibrations [10].

The XPS analysis-derived stoichiometry of the films deposited
on the Ag target at 1T - Cq99Ag0.0400.13 — is indicative of the
presence of Ag and O in the topmost layers. While the O content
is commonly attributed to superficial oxidation of sp? carbon in

atmosphere, the Ag content is ascribed to Ag nanoparticles [29,30]
dispersed in the carbon film, because the binding energy of Ag 3ds),
electrons 368.7 eV is by 0.4 eV higher than that of bulk Ag.

The X-ray excited Auger C KLL derivative spectrum of the
deposit, allowing to estimate the sp3/sp? hybridization ratio
[28-30]is compared to those of graphite and diamond in Fig. 10. The
separation between the most positive and the most negative min-
imum, 15.4 eV, used to estimate sp3/sp2 [31-33] ratio corresponds
neither to sp? nor sp3 hybridization but rather to the presence of
40% of sp2-hybridized carbon in superficial layers of the deposit.

The X-ray diffraction of all films reveals no crystalline form of Ag
or C and it shows only the fcc-crystalline phase of the Cu substrate
(syn-Cu). This is in line with thin amorphous structure.

The electron diffraction confirms polycrystalline nature of films
deposited at 1 T and fully amorphous phase of films deposited on Cu
at 50 T (Fig. 11). The concentric spots observed in films deposited at
1 Tindicate the presence of nanocrystals and the TEM images reveal
nanostructured character of the amorphous phase and chain-like
nanostructures (Fig. 11).

The selective area ED (electron diffraction) analysis of the
films deposited from 1T (C;goAgo10) shows a low content
of Ag in the carbon environment, which is in line with the
EDX-SEM-derived analysis. The HRTEM (high-resolution trans-
mission electron microscopy) images reveal nanoparticles of
hexagonal and cubic silver and nanoforms of silver oxides (AgO and
Ag3;04 enveloped by a carbon shell (Fig. 12) whose morphology pat-
tern was earlier recognized [34,35] to consist of rather concentric
and curved arrangements of graphene layers.

This form of carbon is considered [36] to be a primary stage of
carbon graphitization and has been found in all films deposited
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Fig. 13. Curved and concentric carbon layers in HRTEM images of films deposited on Cu substrate from 1T of ethyne (a), 1T of benzene (b), 50T of benzene (c) and 50T of

ethyne (d).

at 1T (e.g. Fig. 11) and 50T (e.g. Fig. 12). Better illustration is
provided in Fig. 13 showing three different patterns of these
morphologies.

We note that that the face-centered cubic (fcc) Ag phase is quite
common, whereas the hexagonal close-packed (hcp) structure of Ag
israre and has been found only in mineral deposits from northeast-
ern Russia [37] and recently identified in silver nanoparticles [38],
epitaxially grown films [39] and Ag nanoobjects grown in small-
pore alumina membranes [40-42]. The metastable hcp nanophases
preferably grow in nanosized pores of membranes and can become
deformed by electron beam and give rise to fcc-crystalline parti-
cles with stacking faults and twin boundaries [41]. Plenty of HRTEM
images of films deposited at 1T have regions of these defects (e.g.
Fig. 14) and prove that both hcp and fcc structures co-exist as closely
attached nanoobjects.

The pulsed irradiation causes the Ag ablation and hydrocarbon
decomposition/carbonization within the order of ws and we pre-
sume that the observed feasible deposition of the Ag metastable
structures is due to fast heating (ablation and dielectric breakdown)
and in particular due to fast cooling of the depositing products. This
assumption is supported by observation of metastable nanoalloys
of Si, Ge and Sn deposited from the pulsed IR laser irradiation of
binary mixtures of silane, germane and stannane (e.g. [43-45]).

The observed nanoforms of Ag oxides, i.e. AgO and Agz 04, can
be only explained by oxidation of Ag nanoparticles in atmosphere.
The oxide nanoforms are thermodynamically less stable than Ag,0
[46] that has not been detected in our experiments. We assume that
the AgO and Ag,03 are formed by reaction of incompletely carbon-
enveloped Ag nanoparticals with air. The relatively high BET surface

of the carbonaceous deposit and significant interaction of laser-
deposited carbonaceous powders with 30, [47,48] suggest that this
oxidation is facilitated by diffusion.

Fig. 14. HRTEM image of film deposited on Cu from 1T of benzene illustrating
nanoobject of metastable hcp Ag fixed between two stable fcc Ag-nanophases.
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4. Conclusions

The pulsed IR laser irradiation of Ag in 1T of gaseous benzene
and ethyne leads to ablation of Ag and adjacent dielectric-
breakdown-induced decomposition of the hydrocarbons. Both
processes allow chemical vapor deposition of Ag nanoparticles-
containing carbonaceous films.

The same irradiation of Ag in 50T does not lead to Ag abla-
tion and results in dielectric breakdown-induced of hydrocarbons,
affording deposition of carbonaceous films.

The volatile products of the hydrocarbon decomposition are typ-
ical for thermal decomposition of these compounds and indicate
dehydrogenation, C-C bond cleavages and radical combinations
resulting in H-poor carbonaceous species that combine to amor-
phous hydrogenated ultrafine carbon soot.

The Ag-containing and non-containing carbonaceous films have
different structure when deposited on distant substrate and nearby
Ag target. More organized carbon structure with higher Csp? con-
tent and more graphitic features were deposited at Ag target and
on position close to the impinging laser pulse (crater).

The Ag nanoparticles are a blend of stable face-centered cubic
and metastable hexagonal close-packed Ag-nanophases and are
recognized as enveloped by a graphite-like shell and immersed in
an amorphous hydrogenated carbon environment having both sp?2
and sp3-hybridized structures.

The nanosized Ag objects show stacking faults and undergo
some oxidation in atmosphere to AgO and Ag304.

The reported procedure of chemical vapor deposition of the hcp-
nanoforms of Ag is one of few processes leading to formation of this
rare structure.
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