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A complex technique has been proposed for optical investigations of nanostructured
diamond-like a—C:N films. To determine the thickness d, refractive index n, and extinction
coefficient x,, the refraction ellipsometry at fixed wavelength A, = 632.8 nm with differ-
ent incidence angles has been used. Proceeding from the n,, 1k, and d values, the n(}), k(A
dependences have been restored basing on the optical transmission curves within the
280-1200 nm range, and, as a consequence, the dependence of the imaginary part of
dielectric constant, €', on the photon energy near the fundamental absorption edge. The
band gap width E and the Tauc coefficient B have been determined for the films obtained
under various tecﬁinologlcal condltlons and preliminary conclusions have been drawn for
the contributions from sp? and sp® phases depending on those conditions.

IIpennaraercss KOMILIEKCHAS METOJMKA ONTHUYECKUX HCCJAEeIOBAHUN HAHOCTPYKTYPHBIX aJI-
maszonoxo0ubix a—C:N mienok. [lyis ompeaeseHUus TOJNIIUHBI d, MOKA3aTENA [IPEJIOMICHUS ng
u Koa(ppuImenTa SKCTHHKIUU K, HCIOJb3YeTCS METOJ OTPasKaTeIbHOI 2/IHIICOMeTDPHM Ha
(pUKCHPOBaHHOW NJIMHE BOJHEBI Ay = 632,8 HM Ipu pasIWUYHBEIX yriax najeHusd. [lo sHaueHH-
M ng, Ky ¥ d U3 KPUBBIX ONTHYECKOTO NMPONMyCKAaHUsA B AuanasoHe AauH BoaH 280-1200 M
BoccTaHapauBaioresa sasucumoctu n(A), k(A) 1, Kak cieacTBHe, 3aBUCHMOCTb MHUMOM 4acTu
IUDJIeKTPUUYECKOol (GyHKOuuM &’ oT sHepruum (POoTOHOB AV BOJIM3U Kpasd (PyHIAMEHTAILHOI'O

noryomnienusa. OupegesleHb MIUPUHA 3alpPeNieHHON 30HBI E, u rospdunuent Tayna B s
IJIEHOK, IIOJIYUYEeHHBIX B PA3HBIX TEXHOJIOTMYECKUX PEKUMaX, CHeJaHbl IIpeJBapuUTelbHBIE
BBIBOZBI O BKJIaZax spZ u sp® (as B BABHCHMOCTH OT 9THX DPEIKIMOB.

During last two decades, diamond-like
a—C:H and a-C:N nanostructural films ex-
cited a great interest due to the develop-
ment of planar technologies, the need for
protective coatings of high strength with
controllable heat and electric conductance
control, etc. The doping of carbon films
with either hydrogen or nitrogen makes it
possible to increase the contribution of the
diamond-like phase as compared to the
graphite one and to regulate the film physi-
cal properties. In this connection, transpar-
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ency of the films in the IR and partially in
the visible spectral range should be men-
tioned.

Well known is the considerable effect of
nitrogen on the properties of diamond-like
nanostructural a—C:H films when it is added
in the process of deposition. At the same
time, due to variety of methods and condi-
tions of the film deposition, the nitrogen
influence mechanism is not finally ascer-
tained. The results presented in [1, 2] are
rather contradictory. Still more problematic
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are the investigations of a—C:N films be-
cause of more complex atomic bonds in
these films. That is why detailed optical
investigations of a—C:N films and, in par-
ticular, the analysis of the fundamental ab-
sorption edge depending on the methods and
conditions of the film preparation, are of
great interest. In this work, presented are
the results of a—C:N diamond-like film opti-
cal investigations in UV, visible and near
IR spectral regions for films obtained in
different technological conditions by magne-
tron sputtering of a graphite target in ni-
trogen atmosphere.

In general, the optical study methods of
multilayer thin film coatings directed to
study their electron structure are based on
the refractive ellipsometry method in com-
bination with the analysis of spectral de-
pendence of transmission coefficient for
weak-absorbing layers. The ellipsometric an-
gles A and y measured at the fixed wave-
length Ay of the incident polarized light are
functions of the incidence angle ¢;, optical
parameters of the layers and substrate and
also thicknesses of the layer.

For one-layer covering

Y= WO\'O’(pian’,Kadans,Ks),
A= A(XO’(pi’n,K’d’ns,Ks),

where n and k are refractive index and ex-
tinction coefficient of the layer; ng and x,
the similar parameters of the substrate; d,
the layer thickness.

From the known ellipsometric angles
measured at the different incidence angles,
it is possible to determine optical parame-
ters of the film coating by solving the in-
verse ellipsometry problem with respect to
e7® (8§ = 4n/1yNdcosp is the layer phase
thickness; N = n — ik, the complex refrac-
tive index). We have developed the algo-
rithm and calculation program to solve the
inverse ellipsometry problem. Those are
based on the determination of §(/) value for
a pair of n(/) and «(/) values from the speci-
fied data set following by selection of the
solution having a physical sense [6]. It
should be mentioned that at high sensitivity
of the measured ellipsometric angles to
changes in the optical parameters, the abso-
lute values of these quantites for nanostruc-
tural carbon films cannot be determined at
high accuracy [2, 9-13] due to surface inho-
mogeneities of the deposited films.

The found values n(}y), k(Ag) and d make
it possible to calculate the transmission co-
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efficient T. For the case of a weakly absorb-
ing film and transparent substrate, it may
be presented in zero approximation as

Snns 2 (1)
T~ (1 + n)(n + ns)(ns + 1) eXp(— 4ﬂKd/%0) =

= Aexp(— 4nkd/ Ay).

Reflections at the air/film, film/sub-
strate interfaces and interference in the
film are not taken into account in that ex-
pression. Such an approach can be justified
by the fact that the film refractive index is
determined only at an accuracy to one deci-
mal sign. Besides, interference does not
manifest itself in the transmission curves
within the considered wavelength range,
which is also typical of a—C:H films [9].

The transmission coefficient value at A =}
is considered as a reference point for sub-
sequent restoring of the n(A) and k(X). It is
obviously that the transmission coefficient
Texp obtained experimentally by direct
measurements at the wavelength A =3,
should coincide with the wvalue obtained
from (1). We propose the following algo-
rithm for determination of n(A) and «(A)
based on the perturbation theory:

— experimental dependence InT(1/X) is
approximated by polynomial P, (x) where
x=1/\;

P (x; InA(x;
— the value of %) = x( )

: — — 4nk(x;)d
1 1

is determined in the points x;, x;+ Ax and

x; + 2Ax;

P (x+Ax) ~ P (x)) B

— difference

x; + Ax X;
= A[Mj - 4—nAk is formed;
x A
— A(ITDAJ =0 value is determined as a
zero approximation at Ax(0);
— difference
P,(x; + 2Ax)  P(x; + Ax)
x; + 2Ax - X+ Ax
InA'(x; + 2Ax)  1nA(x;)

_ _ A% ) is
X+ Ax A

x; + 2Ax

formed and InA'(x; + 2Ax) is found;
— the value of
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Table.
N Selrﬁ);.tiagé S(}i)llllgif“i?,g Up’ A% Jp’ mA| d, A ng kg T, % Texp, % Eg, eV B
min
1 320 80 600 100 650 2 0.11 72 70 1.23 1.8
2 100 60 440 10 500 1.6 0.23 66 68 1.53 3.9
3 100 15 470 40 1100 1.7 0.17 48 42 1.01 1.8
4 100 60 470 40 4900 1.8 0.23 10 10 1.5 3.9
InA(x; + Ax) = InA(x) + ln; (x + 2Ax) is deter- -nT "
mined in the point x; + Ax, and then Ak ar
value is corrected in this point.
The transmission curves processed in 3r
such a way provide spectral dependences n(av)
and k(hv) related to real ¢ and imaginary r
¢'" parts of the dielectric function. Accord- 1k .
ing to the optical absorption theory for
amorphous films d eveloped by Tauc [7], the ol . .
fundamental absorption edge is described by 1 2 3 x-10%m™

the relationship
(hv)%" ~ (hv—Ep)? , (2

where E, is the optical energy gap width,
the proportion coefficient B called Tauc co-
efficient determining density of the electron
states. Thus, optical energy gap width E,
and the density of electron states can be
determined near the fundamental absorption

edge using the dependence of (Av)Ve" on the

photon energy Av.

The a—C:N films were grown using mag-
netron sputtering of a graphite target in
nitrogen atmosphere with deposition on the
substrates composed of Stoletov pile plates
and melted quartz. A standard magnetron
attachment for VUP-M unit was used as a
basic one in the technological process. The
films obtained at the substrate tempera-
tures of 100 to 300°C at sputtering dura-
tion from 10 to 80 min at different volt-
ages, gas discharge currents and fixed ni-
trogen pressure were studied. To determine
the film thickness, ellipsometric measure-
ments of refractive index and extinction co-
efficient were carried out at the helium-
neon laser wavelength iy, = 632.8 nm and
angles of incidence varying from 45° to 70°.
The transmission spectra were measured
using a SF-4 spectrophotometer in the wave-
length range 280-1200 nm (1 to 4.4 eV).
The experimental data were processed ac-
cording to the above-mentioned procedure.
The main results for some of the examined
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Fig. 1. Effectiveness of the InT(x) interpola-
tionby polynomial P,(x).

samples prepared at different technological
conditions are summarized in Table.

Results of ellipsometry (ng, kg, d) shown
in Table were obtained by the sum-total av-
eraging of all angles of incidence at which
measurements were carried out; the trans-
mission coefficient T was calculated accord-
ing to (1) using ny, By and d obtained from
ellipsometry. As is seen from the Table, the
directly measured transmission coefficient
T,., at the wavelength A, correlates well
enough with the calculated one.

Fig. 1 illustrates the effectiveness of the
InT(x) interpolation by polynomial P, (x)
taking of one of the samples (sample 1 in
Table) as an example. The calculated de-
pendences €'(hv) and &'(hv) correlate well
with Kramers-Kronig formalism [14].

Studies of the fundamental absorption
edge according to Tauc made it possible to
determine optical energy gap width E, and
coefficient B for the a—C:N films obtained
under different technological conditions.
Table presents E, and B values for some of
the examined films obtained using the pro-
posed investigation technique. Fig. 2 shows
g”(hv) dependence for two films obtained at
different substrate temperatures and dis-
charge voltages (samples 1 and 2). Fig. 3
demonstrates fundamental absorption edge
according to Tauc for some samples. As is
seen from Figs. 2 and 3 and the data from
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Fig. 2. Dependence of the dielectric function
imaginary part on photon energy for Samples
1 and 2.

Table, the increase of the substrate tem-
perature and discharge voltage during the
deposition results in the increased graphite
phase contribution (decrease of E,) which is
typical of a—C:H films, too.

In accordance with model conceptions of
amorphous carbon energy spectrum [8-13],
the fundamental absorption edge is defined
by the presence of graphite clusters where
carbon atom sp2-hybridization is realized
under involvement of m-electrons. The so-
called diamond phase appears to be a matrix
of sp3-hybridized carbon atoms with partial
substitution by nitrogen (hydrogen) atoms.
Besides, the films are considered to contain
an insignificant number of carbon atoms
with spl bonds. The bound nitrogen (hydro-
gen) atoms are deposited also at the cluster
boundaries. The cluster (graphite phase)
size defines the density of m-electron states,
i.e. the forbidden zone width and the slope
of the hvVe” dependence on photon energy.
An increase in the graphite phase amount
in the film must lead to E_ decrease and B
rise. Increase of 2nk in this case is obvious,
while as for refractive index, its increase in
carbon films containing hydrogen is caused
by the film density increase due to increas-
ing size of the graphite clusters. In films
containing nitrogen, such behavior is not
obligatory. Besides, we should mention that
in the examined films with nitrogen, a cor-
relation between increase of E, and decrease
of Tauc coefficient B is not always ob-
served, as is seen in Figs. 2, 3. This fact
needs a further study. All the basic regu-
larities mentioned above which are con-
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Fig. 3. Fundamental absorption edge as a func-
tion of photon energy for Samples I and 2.

nected with the model conceptions about
carbon films structure can be traced as a
whole in the a—C:N films examined during
our work and that is also can be seen from
the data of Table. Thus, the general regu-
larities in a—C:N films properties do not dif-
fer substantially from the similar ones in
a—C:H films.

A considerable difference of a—C:N films
from a—C:H films consists in the presence of
three Gaussian contours inserted into
g”’(hv) dependence for some of the examined
a—C:N films as compared to two contours
which are characteristic of a-C:H films
(those are not shown in Figs. 2 and 38). The
presence of the low energy (1-3 eV) contour
in the films of both types is associated with
n-electrons and the presence of a contour in
the domain of higher energies (3—4 eV) is
connected hypothetically with o-electron
contribution [8, 9, 12]. We identified in
some of examined a—C:N films the third
weakly pronounced Gaussian contour in the
energy range of 1.5-2.5 eV [14] but its ex-
planation requires further studies.
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MeToa ONTHYHMX MOCHIAKEeHb HAHOCTPYKTYPHHX
aamMaszononioaux miaisox a—C:N

C.B.Kapa-Myp3a, B.B.Benaes, B.A.I'puyvrux, I.B./Kuxapes,
H.B.Kopuukxoeéa, /. A.Haymenro, A.M.IIpydnuxoé

3aIpoIIOHOBAHO KOMILJIEKCHY METOAMKY OITHUYHUX MOCJIiJKeHb HAHOCTPYKTYPHHUX ajMa-

sonoxibrux a—C:N miiBok.

51 3HAXOAKEHHS TOBIIMHU ILIiBKH d, IIOKa3HMUKA 3aJOMJEHHS

ng 1 KoedimieHTa eKCTUHKIIlI K, BHKOPHCTOBYETbCA METOX BimOuBHOI esimcomerpii mpu
dikcosaniit moBxuHi xBuai Ay = 632,8 EM mna pisHuX KyTiB nagimasa. 3a SHAUYEHHAMH ), K
i d 3 KpUBUX ONTHUYHOTI'O IPOIYCKaHHA B AiamasoHi goexuH xBuab 280-1200 HM BigHOBIIIO-

I0ThCA 3ayesKHOCTL (1),

k(A) i, AKX BHACIIIOK, 3aJeKHICThL YABHOI YACTUHU TieJeKTPUUHOL

dyuKIii €” Bixm eHeprii ¢oroHiB Av mobiusy (QyHIaAMEHTAJILHOTO MHOTJIUHAHHA. SHANAEHO
HMINPUHY 3a00pPOHEHOI 30HU Eg i Koedimienr Tayma B mis miIiBoK, 1[0 OTPUMAHI y pPisHHUX
TEeXHOJIOTIUHUX PeXUMax, 3pO0JIeHO IIOIepeaHi BMCHOBKH II[OAO BKJAIIB sp2 Ta sp3 das y

3aJIEMKHOCTL BiJ MUX PEKUMIB.
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