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The influence of ultraviolet and ~-irradiation on the properties
of diamond-like carbon films with various nitrogen contents has
been studied. Irradiation with ultraviolet light leads to a signifi-
cant increase in the optical band gap owing to structural changes
in carbon, hydrogen, and nitrogen bonds, as well as to the par-
tial diffusion of oxygen, which is activated during the exposure,
from air into the film. A reduction of the optical bandgap after
~-irradiation was observed; however, films with higher nitrogen
contents demonstrate a higher resistance to radiation. Nitrogen
bonds were found to experience more structural changes, whereas
carbon bonds to be slightly reconstructed.

1. Introduction

Earlier [1], diamond-like carbon (DLC) films were
demonstrated to be a promising object for their use as
antireflective coatings in solar cells (SCs) based on sili-
con. At the same time, the issue concerning the stability
of such coatings — and, eventually, SCs, in which they are
used — under the action of external irradiation remains
challenging; in particular, it may be the ultra-violet com-
ponent of the solar spectrum or «-quanta. The latter

Parameters of diamond-like carbon film deposition

N | Nitrogen content | Deposition | Gas mixture | Discharge
in plasma, % time, min | pressure, Torr | power, W
1 20 30 0.8 250
2 30 30 0.8 250
45 45 0.8 250
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either are a component of the solar wind in the space or
can be found where the radioactive background is high.

It is known that UV irradiation of films in the air en-
vironment leads to a decrease of the film thickness [2—4],
an increase of the oxygen concentration in them [4, 5],
an increase of film the transmittance and a shift of the
absorption edge toward the short-wave range in opti-
cal spectra [2, 6], and an increase of the optical width
of the energy gap in films that contain nitrogen [6]. It
can be explained by the fact that UV radiation induces
the break of C-H bonds in DLC films, with the estab-
lishment of either bonds with oxygens [2] or additional
bonds with nitrogens [6]. However, the issue concerning
the influence of ultra-violet light on the structural and
optical properties of DLC films remains insufficiently re-
searched, whereas the influence of y-radiation on them
has been practically not studied at all. At the same
time, such researches are very important for the estab-
lishment of mechanisms that could be used to improve
the degradation stability of SCs with antireflective DLC
films with respect to the action of such radiation [7].
This has determined the subject of this work.

2. Experimental Part

In our researches, we used a-C:H:N films deposited onto
silicon substrates. The method of plasma-enhanced
chemical vapor deposition with various nitrogen contents
in plasma (20, 30, and 45%) was applied. The technolog-
ical parameters of the film deposition process are listed
in the Table. Films were illuminated with UV light from
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Fig. 1. Dependences of the optical width of the energy gap on the
nitrogen content in a working gas mixture for initial specimens (1),
specimens of DLC films irradiated with ultra-violet light for 2 h
(2), specimens of DLC films irradiated with concentrated ultra-
violet light for 2 h (3), and specimens of DLC films irradiated
with 7-quanta, to an exposure dose of 10® rad

a mercury lamp for 3 h. The irradiation power was 1
or 350 kW/m? (concentrated light). A DRSh-250 lamp
was used for irradiation. Concentrated irradiation was
provided making use of a quartz collecting lens. Some
films were irradiated with y-rays to an exposure dose of
10° rad using a %°Co source.

To study the optical properties, the transmission spec-
tra of films were measured in the spectral range 300—
1000 nm, and the Tauc relation was used to deter-
mine the optical width of the energy gap, Eop. In
addition, the Raman spectra of light scattering in the
range of D- and G-vibrational mode localization (1100
1800 cm~!) and the IR-transmission spectra in the range
500-4000 cm~! were measured and analyzed.

3. Results and Their Discussion

The values obtained for the optical width of the energy
gap while analyzing the optical transmission spectra tes-
tify that UV irradiation of DLC films leads to a substan-
tial growth of Eqpe (Fig. 1). In the case of films produced
from gas mixtures with high contents of nitrogen, illu-
mination with the concentrated UV light results in a
smaller increase of the optical width of the energy gap
in comparison with that obtained at illumination with
the nonconcentrated UV light. In our opinion, this fact
is related to an additional thermal influence of concen-
trated UV light, which may provoke a partial release of
hydrogen from DLC films.

From the analysis of the data on the IR absorption by
DLC films before and after UV irradiation (Figs. 2,a and
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Fig. 2. IR absorption spectra of DLC films grown up from a gas
mixture with 45% nitrogen before (1) and after (2) irradiation
with UV light, and the difference Aa = ayyv — ap between the
absorption in the irradiated and initial specimens (&)

b), it follows that the latter induces a larger absorption
at sp> CH bonds (2900-2950 cm 1), which evidences the
formation of new bonds between carbons and hydrogens
in the diamond-like phase. Proceeding from the tech-
nique proposed in works [8, 9], we estimated the ratio
between the area of peaks within the frequency interval
of 2800-2900 cm~2 before and after UV illumination.
The results obtained testify that the number of sp? CH
bonds increased by a factor of 2.6 after the illumination.

It should be noted that the band at about 2350 cm—!
corresponds to the absorption at bonds of COs; in air, so
it was not taken into account while analyzing IR spectra.

The absorption in a vicinity of 1090-1110 ecm ™! char-
acterizes the number of CO bonds [10]. Hence, the
amount of oxygen in the film gets larger after UV ir-
radiation. This conclusion agrees with those made by
the authors of works [4,11] that the air oxygen is easily
ionized under UV irradiation by forming ozone, which,
in its turn, diffuses into DLC films and forms new bonds
there.

The absorption within the frequency band of 1600—
2000 cm~! is usually associated with the presence of
aromatic rings in the substance composition [10], in
other words, with the presence of sp?-hybridized carbon
atoms. In our case, the number of aromatic bonds be-
came considerably smaller after UV irradiation, which
testifies to a reduction of the number of aromatic sys-
tems with sp?-hybridized carbon atoms in the content
of a-C:H:N films.

Variations of the absorption at bonds between nitro-
gen and carbon (the single C-N 1689 cm~! and the dou-
ble C=N 1530 cm~! ones) or hydrogen (N-H 1550 cm~!
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Fig. 3. Raman spectra for a DLC film specimen with 20% nitrogen
before (1) and after (2) irradiation with concentrated UV light.
Two peaks, which are basic for diamond-like films, are designated
as D (disordered) and G (graphitic)

and NH in the range of 3100-3600 cm~!) testify to
the film restructuring under the action of UV photons,
namely, an increase of the number of bonds with sp3C
[9,10,12]. It should be noted separately that the number
of NH bonds decreases, whereas the number of CH bonds
grows; it becomes evident, if the absorption bands within
the intervals of 3000-3500 and 2850-3000 cm ™!, respec-
tively, are compared. The emergence of the absorption
at Si-H bonds (668 cm™!) confirms that hydrogen atoms
release from the film under the influence of UV quanta,
diffuse into the silicon substrate, passivate the dangling
bonds of silicon, and form hydrogen—silicon bonds. The
initial and irradiated films practically did not contain
ternary bonds C=N, which is evidenced by the absence
of a characteristic band at 2250 cm™?! [10].

In Fig. 3, the Raman spectra for a specimen obtained
from the gas mixture with 20% nitrogen content, which
were recorded before (curve 1) and after (curve 2) irra-
diation with concentrated UV, are shown.

According to the results of work [13], an increase of the
peak-intensity ratio Ip /I corresponds to a reduction of
the graphite cluster sizes. Hence, UV irradiation leads
to a diminishing of graphite clusters in the films. This
conclusion also agrees with the conclusion based on the
analysis of IR absorption spectra that the number of
sp?-hybridized carbon atoms decreases.

The measurement of the film thickness before and af-
ter irradiation with UV light showed that films 520 £
10 nm in thickness became narrower by 22+ 6 nm. Such
changes are in agreement with the data obtained by the
authors of work [4].

The analysis of the transmission spectra of DLC films
after their v-irradiations showed that, in general, the film

ISSN 2071-0194. Ukr. J. Phys. 2011. Vol. 56, No. 5

Intensity, arb. units

1 1 1 1 1 L - 4
1100 1200 1300 1400 1500 1600 1700 1800
-1
v, CM

Fig. 4. Raman spectra of a DLC film grown up from a gas mixture
with 20% nitrogen before (1) and after (2) ~v-irradiation to a dose
of 10° rad

transmittance decreases after irradiation; however, films
with a higher nitrogen content are more resistant to irra-
diation. In addition, the optical width of the energy gap
in irradiated films with a high nitrogen content turned
out almost identical (see curves 1 and 4 in Fig. 1).

The analysis of the Raman spectra measured for a
film grown up from the gas mixture with 20% nitrogen
(Fig. 4) showed that the peak-intensity ratio Ip /I de-
creases after ~y-irradiation, which testifies to an increase
of graphite cluster sizes, i.e. to a partial graphitization
of the film.

After vy-irradiation, the IR transmission spectra of the
films—in particular, the relevant spectrum for a film
grown up from the gas mixture with 45% nitrogen is
depicted in Fig. 5 — revealed appreciable changes at fre-
quencies of about 668 cm~™! (they correspond to the
vibrations of Si-H bonds), in the frequency band of
1600-2000 cm~! (bonds in aromatic systems, includ-
ing those with the substituted atoms), at 2850 cm~*
(sp3C-H bonds), 2920 cm ™! (sp3>CH; bonds), and 3100
3600 cm~! (NH bonds).

For films with high nitrogen contents, the absorption
decreases within the frequency interval from 1500 to
1800 cm™!. This can be explained by a reduction of
the number of nitrogen bonds with hydrogens and car-
bons in aromatic rings, which manifest themselves in this
frequency range. Moreover, it is the bonds of hydrogens
with nitrogens, provided the presence of the latter in
DLC films, that become destroyed in the first place un-
der the action of v-irradiation. This process can be read-
ily observed by analyzing the bands at about 2900 cm ™!
(C-H bonds) and in the interval of 3100-3600 cm~* (N—
H bonds), when the low concentration of nitrogen (20%
Ns in the gas mixture) is accompanied by a reduction in
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Fig. 5. IR transmission spectra of DLC films grown up from a gas
mixture with 45% nitrogen before (1) and after (2) v-irradiation
to a dose of 10% rad, and the difference Aa = a — ag between
the absorption in the irradiated and initial specimens (3)

the number of C—H bonds, whereas at high Ny concen-
trations (45% Ng), it is the number of N-H bonds that
decreases.

The mechanism of how diamond-like carbon films
change their properties under the action of v-irradiation
consists in that y-quanta break bonds, first of all, be-
tween hydrogen and nitrogen atoms. Our specific tech-
nological feature of the film deposition was that, when
a film with a high content of nitrogen was deposited,
nitrogen substituted some part of hydrogen in the gas
mixture and, respectively, in the film content. Hence,
during the ~-irradiation, more hydrogens left the film
with the lower nitrogen content, which resulted in its
even higher degradation. At the same time, nitrogen
bonds are stronger, and the mobility of nitrogen atoms
is lower in comparison with those for hydrogen atoms,
which requires a more energy for the former to leave the
film.

Nitrogen also plays the role of a passivating element,
by occupying free bonds, instead of hydrogen. The fol-
lowing phenomena take place in films under the action
of radiation: the graphitization (sp?-hybridization) of
atoms in the content of the sp? matrix of films, which
were grown up from the gas mixture with a low nitrogen
content; the growth of graphite cluster sizes, which is
accompanied by the restructuring of sp>CH bonds (the
changes of IR absorption in the frequency range of 2800
3000 cm~1); the release of hydrogen from the film (an en-
hancement of the absorption by SiH bonds at 668 cm™!
confirms that hydrogen partially diffuses into the sub-
strate); and the formation of bonds with the less mobile
nitrogen (the changes at frequencies of 1300-1800 cm™1).
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Small modifications in the IR spectra at frequencies that
correspond to bonds with nitrogen (in the interval 1500
1700 cm™~!) confirm the idea that nitrogen is not released
from the films under the influence of high-energy quanta,
but becomes involved into structural changes.

At the same time, an increase of the nitrogen content
in a gas mixture used to grow films, and, hence, in the
films favors a higher stability of the latter to the influ-
ence of y-radiation. The action of «-quanta leads, first
of all, to the break of bonds between nitrogen and hy-
drogen atoms, whereas the sp? matrix remains almost
invariable, and even the fraction of sp? hybridized car-
bon atoms diminishes.

The results obtained completely confirm the proposed
mechanism of enhancing the degradation stability of
silicon SCs with antireflective DLC films [7], which
makes allowance for the hydrogen release from the film,
its diffusion to the silicon SC, and the passivation of
recombination-active centers (dangling bonds).

4. Conclusions

Under the influence of ultra-violet light, the structure
of a-C:H:N films changes. This occurs owing to a num-
ber of factors. In particular, the air oxygen, being ac-
tivated, integrates into the film content, which leads to
the appearance of new bonds with oxygen atoms; the
energy of ultra-violet quanta is enough for the bonds be-
tween hydrogen and other atoms to be broken, which
results in a reduction of the hydrogen amount in the
film; the irradiation with ultra-violet light induces a re-
duction in the number of hydrogen—nitrogen bonds, an
increase in the number of sp® hybridized carbon atoms,
and an emergence of new bonds between carbon and ni-
trogen atoms (in particular, an increase of C—C and C-N
bonds), as well as between those atoms and oxygen ones.
Such structural changes are responsible for an increase
of the optical width of the energy gap and the optical
transmittance of DLC films.

The action of y-quanta on the structural properties
of diamond-like carbon films consists in that the bonds
between film components become broken, and hydrogen
becomes partially released; nitrogen plays the role of a
passivating element and occupies the free bonds substi-
tuting hydrogen; a partial graphitization of the film takes
place and is accompanied by an increase of graphite clus-
ter sizes, a reconstruction of C—H bonds, and the forma-
tion of bonds with nitrogen atoms. As a result, an in-
crease of the nitrogen content in films favors their higher
stability under the influence of y-radiation. Irradiation
gives rise to a reduction of both the film transmittance

ISSN 2071-0194. Ukr. J. Phys. 2011. Vol. 56, No. 5
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and the optical width of the energy gap; however, these
changes are less in films with a higher nitrogen content.
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BIIJINB Y®- TA ~-OITPOMIHEHHSA HA OIITMYHI
TA CTPYKTYPHI BJIACTUBOCTI IIJIIBOK a-C:H:N

M.I. Knoti, B.I. Jlumosuenxo, I.I1. Jlicoscvruii, A.M. Jlyx’aros,
M.B. Botimosuu, A.M. Kot

Pezmowme

IIpoBesieHO AOCITIPKEHHST BIUIMBY YJIBTPadioeToBoro Ta y-omnpo-
MiHEHHS Ha BJIACTUBOCTI aJIMa30I0Ii0HUX BYIJVIEHEBUX ILJIIBOK 3 Pi-
3HUM BMicTOM a3ory. OmnpomiHeHHsI yIbTPadioseTOBUM CBITIOM
MIPUBOJUTH JO CYyTTEBOrO 301/IbIIEHHS] ONTUYHOI IUPUHU 32a00pO-
HEHOI 30HM BHACJIJIOK CTPYKTYPHHX 3MiH 3B’sI3KiB BYIVIELIO, BO-
IHIO Ta a30Ty, a TAKOXK 3aBISKH YaCTKOBIH mudysil y miiBKy Ku-
CHIO IIOBiTpsi, 10 aKTUBYETHCS IIiJ dac onpoMinenus. [lix gac -
ONPOMiHEHHS BiJI0YBa€ThCsl 3MEHIIIEHHSI ONITUYHOI IITUPUHH 3a00pO-
HEHOI 30HH, IIPOTE, ILIBKHU 3 OLIbLIINM BMICTOM a30Ty IOKa3yIOTb
OlJblILy CTIMKICTD /10 pajiatiiinoro BusuBy. [Ipu iboMy cTpyKTypHIi
3MIHM CTOCYIOTBCSI IIEPEBAXKHO 3B’SI3KIB a30Ty, 3 MaJIOIO Iepeby1o-
BOIO 3B’4I3KiB BYIVIEIIO.
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