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Films consisting of amorphous carbon dispersed in tetragonal nanocrystalline zirconia were
characterized for their optical properties by reflectance measurements. The optical constants of
each component of the composite have been extracted; the experimental reflectance spectra have
been fitted to Maxwell-Garnett effective medium theory, leading to the effective dielectric
constants of the film. Absorption is characterized by the band gap, the energy and lifetime of the
optical transition of the absorbing carbon phase. These parameters are deduced from the imaginary
part of the dielectric function using Tauc-Lorentz model (TL) and from the extinction coefficient
using Forouhi-Bloomer model (FB) in which an energy dependence of the matrix element of the
transition has been introduced. Furthermore, the energies of the peak transition and the maximum
of the extinction coefficient are so similar that they prove the self-consistency of the modified-FB
model applied to the amorphous carbon phase of the composite films.

1- Introduction

Transparent conductive oxides have received considerable attention since the increasing demand for
materials of low electrical resistance and high transparency in the UV-visible-near IR range. Few
studies concern the potentiality of ZrO, - based materials as conductor oxydes; they deal essentially
with doping [1-3]. On another hand, carbon has been widely used as additive in insulator matrices
in order to increase the conductivity of the composite via percolation or percolation-tunneling
mechanisms [4-7]. In this work, the optical properties of composite films of ZrO, and carbon
deposited onto polycarbonate substrates, have been determined by means of reflectance
measurements over the visible range. Parametrization models for optical absorption in semi-
conductors, such as Tauc-Lorentz's (TL) [8] and Forouhi-Bloomer's (FB) [9] were applied to the
optical constants of the carbon phase. Validity of the models is checked, introducing a figure-of-
merit based on equalities of peak transition and maximum absorption energies derived from the
models. The electron transitions in the transparent matrix are described by the loss features which
accompany the core level spectra measured by x-ray photoelectron spectroscopy (XPS).

2- Experimental

Zirconia—carbon films are deposited on polycarbonate (PC) substrates by a r. f. sputtering of two
separated targets: monoclinic zirconia and graphite, with respectively 300 W and 100 W applied
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power chamber and a 0.5 Pa argon pressure. The samples are mounted on a rotating holder, without
any external heating.

The film thickness is measured with a stylus Dektak profilometer.

XPS is performed with a Scienta ESCA 200 spectrometer, with monochromatized AlKa ray. Cls,
Zr3d and Ols core level peaks and the valence band are measured on the film surface. A Shirley
background subtraction is applied to the spectra. Scienta sensitivity factors is used for element
quantification. The electron energy losses (EEL) associated with the excitation of the Zr3d and Ols
core levels have been also studied in order to determine the electronic properties of zirconia : band
gap, optical transitions and plasmons of zirconia.

Optical reflectance at normal incidence is measured with a Jasco V-550 spectrophotometer,
provided with a Czerny-Turner single monochromator and a photomultiplier, in the 400-800 nm
range.

3- Results and discussion
3.1- Description of the film composition and fill factor determination:

Earlier XPS and x-ray diffraction [10] analyses of films deposited with similar plasma conditions
as the present ones have led to chemical and structural characterization. The Cls spectrum
lineshape and energy (284.5 eV) corresponded to amorphous carbon, essentially in sp2
hybridisation state (i. e. graphite-like). X-ray diffraction patterns were typical of a tetragonal phase
with grain size 46 nm. Current films contain 10 at.% of carbon and a O/Zr atomic ratio of 1.44, so
they will be referred to as ZrO, -C.

The mass density of zirconia matrix and carbon phase were taken respectively as 5.76 g/cm’ [11]
and 1.9 g/cm’ [12]. The volume fraction or filling factor of carbon in the composite structure is then
deduced to be 0.09.

3.2- Optical transitions of zirconia matrix from EEL spectra:

The upper valence band (VB) of zirconia consists of filled O 2p states. The Zr** ion has empty 4d
states and, higher up, empty 5Ss states. The lower VB consists of Zr 4p states and in between lies O
2s ones. Fig. 1(a) shows a typical VB spectrum of our films. An electric charge appears on the
surface of the film during measurements and causes a shift of the spectrum towards higher binding
energy. Taking the Fermi level as oririgin, a correction was introduced with reference to Zr 3ds,
binding energy set at 181.8 eV [10]. Extrapolating linearly to zero the highest part of the spectrum
due to the O2p band yields a VB maximum at 2.3 eV.

Zirconia is a material with a wide band gap located in the UV. The EEL occur in inelastic processes
of band-to-band excitations and plasmons; X-rays measurements of EEL lead to the gap of such
dielectrics. In zirconia, some interband transitions with single electron occur at energies lower than
collective ones (plasma oscillations). Bulk plasmon excitation occurs at ~26 eV [13] although they
can also be observed at ~14 eV, [14, 15]. Loss features due to interband transitions below the
plasmon energy are mainly due to: i) O 2p — Zr 4d, at 6-8 eV according to [16], and at 7-11 eV
[14];1i) O 2p —Zr S5s given at 9.5 eV [13], and to: iii) O 2p — O 3s at 13.5 eV [13]. These transitions
are visible in the EEL spectrum associated with Zr 3d, as shown in Fig. 1(b). After background
subtraction, the curve deconvolution gives three peaks: A at 9.3 eV, B at 12.9 eV and C at 15.2 eV
from the Zr 3ds, elastic peak. Peak A can be attributed to one of the two interband transitions that
involve Zr 4d or 5s final states. C may be due to bulk plasmon excitation while B may be assigned
at either an O 2p — O 3s transition or a surface plasmon.

The band gap E, is the onset of the O2p - Zr4d transition, i.e. the onset of the lowest excitation in an
EEL spectrum. E, is estimated by a linear extrapolation to a minimum of intensity of the low energy
portion of the first loss feature in the EEL spectrum associated with Zr 3d and O 1s core level lines.
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More accurately, it was also determined as the zero energy in the derivative spectra. This is shown
in Fig. 2 (a-b) where both spectra are displayed.

One obtains E, as 5.30 + 0.3 eV and 4.97 + 0.3 eV on the Ols and Zr3d loss spectrum respectively,
showing a good consistency between each other. They are comparable to the direct band-gap energy
of ZrO2 [15 - 17].

These results confirm that for our films, although the zirconia phase is under-stoichiometric, it
remains transparent in the visible. This is taken into account for the interpretation of the reflectance
measurements leading to the optical constants of the composite film as discussed in the following
section.

3.3- Optical constants calculations from a Maxwell-Garnett model of reflectance spectra

Optical measurements were made on a 398 nm thick ZrO,-C film deposited on a 1.02 mm thick
PC substrate, a structure sketched in Fig. 3(a).

Both substrate and film are transparent in the visible range of wavelengths A. During reflectance
measurements, the response of the spectrophotometer to energy reflected by the rear face of the
samples has been minimized with a light absorbent deposited onto it.

Fig. 3(b) gives the experimental and calculated reflectance spectra of the composite film deposited
onto PC as well as that of PC. The film spectrum shows the characteristic interference pattern of
transparent layered structures, as it will be demonstrated below.

Polycarbonate exhibits a rather flat spectrum except in a close vicinity of 400 nm.

The real part v, of its index n, = v, + 1K, is given by

vp=a+bl+% ()

in which @ = 1.532, b = 2.585 10" nm " and ¢ = 26.750 10° nm *. This flat spectrum is in good
agreement with already published data [18].
However, one cannot be sure that the film deposition process leaves the PC index identical to that of
a bare and non-treated substrate. Actually, this has been taken into account introducing an
imaginary part

K,=d+b' X+ % (2)
where a'=9.37 107, b'=-710” nm™ and ¢' = 847.88 nm’
The amplitude of the electric field reflected by the sample is described according to the classical
principles of propagation of electromagnetic waves, discussed by Born and Wolf [19]: namely we
consider a plane and parallel layer of composite film deposited on a semi-infinite substrate of
polycarbonate whose indices are given above. Since the rear face of polycarbonate is coated and
absorbing, no wave is back reflected; the combination of interfaces becomes rather straightforward
although complex values of indices have to be handled with care.

Let n; be the index of the i-th layer. The reflectance coefficients p; ; of the various interfaces are

n,-n;

Pi n,+n, )

with p;, for the vacuum-film interface, and p,3 for film-polycarbonate interface. Then, the
theoretical expression of Fresnel reflectance is R gyesner = p0* with

2ik ,d
P + Pype
- 1 2ik ,d , 4)
T PnPxe

where k; is the wave vector and d; the thickness of the composite layer [20].

The effective dielectric constant of the composite film, (€), can be found applying Maxwell-Garnett
equation [21]
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l1-g+3¢ A
"1-q+3¢, A
where q is the volume fraction occupied by carbon and ¢ its dielectric constant. &, stands for the
matrix constant i.e. zirconia, and A=q/ € + 2 &y, .

The effective refractive index of the film (n) = V(¢) is the unknown parameter to be determined by

fitting the experimental reflectance spectrum. The fit is based on calculating Rpyge s above, by (i)

introducing ¢,, € and &, for polycarbonate, C and zirconia phases of the film respectively, (ii)

calculating (&) using Maxwell-Garnett model and (iii) applying equation (4) to calculate the

reflectance coefficient and its conjugate, both entering in the reflectance determination.

Inputs in the calculations are indices of polycarbonate given above, optical indices n = v + i K of

carbon and n,, = v,, + 1 K,,, of zirconia, and the measured film thickness d> = 398 nm.

As starting point of the calculations, the indices of diamond and zirconia replace those of the carbon

and zirconia phases of the composite film.

The real part v of the index is described by a dispersion relation such as
b X c X

Z_d  F-e

in which the coefficients are given below for A expressed in nm [22], corresponding units being not

written.

For diamond : a = 2.309828, b = 3.356515, ¢ = 17300, d = 3.356515 and e = 2.5 10° .

For zirconia: a = 2.051223, b =2.414018, ¢ =26482.75, d = 11.25 and e = 7x10°

Moreover, evaporated or sputtered carbons are known to be absorbing; such absorption has been

taken into account introducing an imaginary part in its index

1

K=d +—= 7
d o+ (7)

(e)=¢ (5)

Vi=a+

(6)

where a'. =-0.169 and b'. = 143.8. Let us remind that zirconia remains without absorption.

The calculated reflectance is fitted to the experimental spectrum by a least square procedure. As a
result, the best fit is obtained with the following coefficients: the calculated thickness d; = 405 nm,
is very close to the measured one; for carbon, b =2.084 and ¢ = 9400 alone are modified. For
zirconia, a =1.920, b =2.360, ¢ =20982,d=11.25and e = 8x10°.

As it can be seen in Fig.3 (b), the fit can be considered as satisfying over most of the energy range.
The optical properties of carbon in the visible range are then described by the real and imaginary
parts of either its index n = v + i K or its dielectric function € = €, + i &, which realize the best fit to
the experimental reflectance spectrum. The same can be said for zirconia: n,, = v, + 1 X, and €, =
Em1 + 1 Em2 -

The obtained optical constants are displayed in Fig. 4 (a-b). They were used to study the absorption
properties, i.e. electronic transition parameters of the carbon phase of the film.

3.4- Transition lifetime T, energy gap E, and peak transition energy Eq deduced from optical
measurements

Several models have been developed and describe the electronic transition parameters such as the
band gap, the peak transition energy Ep and the transition lifetime. Models from Tauc-Lorentz (TL)
[8] and Forouhi-Bloomer (FB) [9] are widely used. In this work, they have been applied to the
optical constants of the carbon phase of the composite film. In Tauc-Lorentz model ¢, (E) is given
as

AEI(E-E,)

1
82(E) = E [(Ez _ E02)2 + rzEz]

for E > E, (8)
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and &(E)=0 for E < E,. 9

where A is the amplitude factor and I the broadening parameter.
In FB formalism as in TL’s, T, Eg and Ej can be derived. This is achieved by fitting k(E) as
follows

(E-E,)’

K(E)=A'————8~
(E) E*-BE+C

(10)

where A’ is proportional to the matrix element of the dipolar transition, B=2 (E, - E;) and C =

(Ef-E)* - h?/ 4. Subscripts i and f refer to initial and final state respectively. Hence (E;-E;) = B/2
corresponds to the peak transition energy (as in the case of Ej in the TL model ). Contrasting with
Tauc-Lorentz model, FB ones considers that the square of the dipolar matrix element is a constant.
In the case of dispersed carbon in our composite film, the validity of the model is checked by
introducing a figure-of-merit based on equalities of peak transition and maximum absorption
energies derived from the models. &(E) and k(E) were fitted to TL and FB models through
numerical simulations and are shown in Fig.5 (a) and ( b) respectively.

From the fit parameters, we derived the transition lifetime T and the peak transition energy (B/2 for
FB fit, E, for TL fit). All these values are summarised in Table 1.

3.5- Modification of FB model:

Results of TL and FB models given above yield lifetimes of the same order, though giving different
energy gap values. Both models use different assumptions about the energy dependence of the
matrix element of the transition (momentum versus dipole taken as a constant matrix element); as a
consequence, this may explain the great difference between E, given by TL and B/2 given by FB.
Furthermore, the values within both models are unrealistic, too high for TL and too low for FB. The
optical properties of the amorphous C films are known to be dominated by the m—n* and o-o*
electron transitions, along with the m—o* and o-m* transitions [23, 24]. The m—m* contribution
originates exclusively from sp® carbon. The 6—0 * transitions occurs at ~14 eV in graphite and at
~11 eV in diamond, while the m—m* transition is located at ~ 4 eV. All these values of energy
correspond to the maximum absorption for a specific interband transition. Consequently, no
transition other than the w—st* can contribute to optical absorption in the visible range.

Further, the self-consistency of the simulation data for a given model should be checked within the
frame of its own formulation. If E,y is the energy of maximum absorption (maximum « for FB and
maximum ¢, for TL) according to the model formulation, it should be very close to Ey for TL and
B/2 for FB as they have the same physical significance. It is clear from Table 1 that this self-
consistency is not verified for any model when applied to the present films. The discrepancy
between the two parameters from FB formulation is the largest. In order to make FB model
applicable to our films, an energy dependence in the squared matrix element R*(E) of the transition
dipole has been introduced in it. This energy dependence R*(E) o E7 is then introduced in «(E) as

follows:
| A(E-E,)

M= e CBEYC (1
Our choice of this dependence of R*(E) is based on earlier indications of a E* energy scaling of
matrix elements in disordered materials [25].

The best fit of k(E) with this formulation is shown in Fig. 5 (c), fit values being given in Table 1.
The figure-of-merit B/2 = E,.x is now fairly achieved. Furthermore, the energy gap E, from our
modified FB model (designed as mFB in Table 1) and from TL are much closer than in the case of
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the original FB. However, the modified FB model appears superior to TL in that it gives a much
more realistic peak transition energy (4.23 versus 11.04 eV).

4- Conclusion

Fitting the experimental reflectance spectra to a Maxwell-Garnett effective medium theory leads to
the optical constants of each component of the composite film as well as its effective dielectric
constants. The parameters of absorption of the carbon phase i.e. band gap energy, peak transition
energy and lifetime of optical transition could thus be determined using Tauc-Lorentz (TL) and
Forouhi-Bloomer (FB) models. The latter have been applied to the optical constants, with the
introduction of a figure-of-merit based on equalities of peak transition and maximum absorption
energies derived from the models. The results show the adequacy of FB model to describe the
interband transitions of the amorphous carbon phase of the composite films, provided an energy
dependence of the dipole matrix element of the transition is introduced. Band-gap energy and
electron transitions in the transparent zirconia phase of the films were determined by examining
the energy loss features along the excitation of Ols and Zr3d core levels..
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Table 1: Fit parameters of Tauc-Lorentz (TL) and both un-modified (FB) and modified Forouhi and
Bloomer (m-FB) models for, respectively, €, (E) and k(E) constants of the C phase of the films.

TL model FB model m-FB

A (eV) 48.127 A 0.452 A* (eV?) 3.525

E, (eV) 11.039 B/2 (eV) 1.412 B/2 (eV) 4.23

T (eV) 13.99 C (eV?) 16.751 C (eV?) 25.479

E, (eV) 0.771 Eg (eV) 0.252 Eg (eV) 0.862

T (s) 471x 107 |1 () 8.90x 107 |t (s) 1.95x 107
Emax (€V) 9.21 Enae (€V) 14.14 Emax (€V) 4.59

e 1.6537 x 107 [ 5> 2.5971x 107° |52 1.2105x 10
R’ 1 R’ 0.99998 R’ 0.99999
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Figure captions

Figure 1: XPS spectra of
(a) valence band
(b) loss spectrum associated with Zr3d core level spectrum, with curve fitting.

Figure 2: Basic principle of band-gap determination shown on (a) Ols and (b) Zr3d XP spectra and
their derivatives. This energy corresponds to the onset of the electron transition excitations,
evidenced on the derivative spectra.

Figure 3: (a) Schematic multilayered structure of the film / PC system (numbers indicate the i-th
layers).
(b) measured reflectance of a bare PC (curve 1, continuous line) and of ZrO,_-C film on
PC (curve 2), calculated reflectance of PC (curve 3, full symbols) and of ZrO, «-C film
on PC (curve 4).

Figure 4: (a) Real part of dielectric constant of the carbon phase €;, the matrix €, and the
composite (€); and imaginary part of dielectric constant of the composite (&),
(b) Real part of the index of the carbon phase, v, and the matrix, v, and imaginary part
K of the index of the carbon phase, versus photon energy E for ZrO,.«-C film.

Figure 5: (a) &(E) fitted to TL model
(b) x(E) fitted to FB model
(c) x(E) fitted to modified FB model
for the C phase of the film.
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Reflectance

Figure 3
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Figure 5
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