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Abstract

Porous diamond-like-carbon (PDLC) thin films obtained on silicon substrate by DC low energy magnetron sputtering have been
investigated by photoluminescence, transmission and reflection spectroscopy, photoacoustic and spectroscopic ellipsometry. The absorp-
tion features observed for these films show similarities with those of porous silicon (PS) as well as in the performed gradient structural
pattern classification of the SFM porosity, by means of the computational GPA-flyby environment on PS and PDLC samples. The
dielectric function is also calculated for the bulk diamond-like carbon using the full-potential linearized augmented plane wave method
within the framework of local density approximation to density functional theory. From the measurement a low real dielectric constant
of about 4.5 at 0.8 eV was found whereas the calculated e1(0) for the bulk diamond has a value of 5.5.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Porous diamond-like-carbon (PDLC) films have many
attractive properties which can deal with potential applica-
tions. Besides mechanical and tribological characteristics,
electrical and optical properties can, also, deserve special
attention [1,2]. More specifically, surface porosity in differ-
ent kinds of materials exhibit very interesting optical effect
related to porous density and size, suggesting new applica-
tions [3].
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PDLC obtained by low energy magnetron sputtering on
silicon substrate has been investigated by photolumines-
cence, transmission and reflection spectroscopy, spectro-
scopic ellipsometry and photoacoustic. For the latter the
thermal diffusivity are investigated. In order to obtain the
value of the bulk diamond-like carbon (BDLC), the calcu-
lation of the dielectric functions using the full-potential lin-
earized augmented plane wave (FPLAPW) method, within
the framework of local density approximation (LDA) to
density functional theory, is performed [4].

Scanning force microscopy (SFM) and absorption mea-
surements have revealed an intriguing similarity between
PDLC and porous silicon (PS) [3,5,6]. From the photolumi-
nescence and absorption spectra of PDLC, spanning the
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Fig. 1. An example of simulation by KPZ 2D model.
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wavelength interval 290–850 nm and 1.5–4.5 eV, respec-
tively, the energy features for a number of electronic
processes are determined. These suggest, like PS, the possibil-
ity of technological applications in opto-electronic devices.

A gradient structural pattern classification of the SFM
porosity, by means of the computational gradient pattern
analysis (GPA), GPA-flyby environment, is performed on
PDLC samples. The results show many structural similar-
ities, as gradient asymmetries and topological entropies
compared to real PS samples.

2. Experimental details

The PDLC thin films were obtained on (100) silicon
substrate by DC low energy (200 W) magnetron sputtering
of a graphite target with the discharge produced in a gas
mixture of 10% H2 and 90% argon and stored in atmo-
sphere environment. The roughness (Rms) for PDLC is
around 5 nm, and it does not change with the scanning area
[2]. The PS samples were produced by etching p-type c-Si
wafers of crystal orientation (100) and resistivity 1–
30 X cm electrochemically in 40% HF:ethanol 1:1. The
electrolytic cell as well as the etching procedure are
described in Refs. [5,6]. The experimental absorption and
reflection spectra were obtained by a homemade reflec-
tion-transmission spectrometer. The experimental photo-
acoustic spectroscopy (PAS) apparatus consists of a
high-pressure 1000 W xenon arc lamp (Osram), a chopper
(HMS Elektronik, model 220A) and a monochromator
(Sciencetech, model 9010). The ellipsometric data were
recorded at room temperature with variable angle of inci-
dence spectroscopic ellipsometry (J.A. Woollam, Inc.
Co.) in the photon energy range 0.75–6.5 eV [7]. The pho-
toluminescence measurements for two excitation wave-
lengths were performed following standard procedures
[5]. The surface of the samples was studied using a Shima-
dzu scanning force microscopy in tapping mode.

To determine the coefficient of thermal diffusivities of
PDLC, PS and crystalline silicon c-Si, a 300 mW Melles
Griot argon laser was used as light source. The monochro-
matic light beam was modulated with a chopper; model
SR540 of Stanford Research Systems (SRS). The cell used
allows front and rear illuminations. The signal produced in
the cell was detected with a Seinheiser microphone, ampli-
fied with the Lock-in of the SRS, recorded and interpreted
by a computer program. The amplitude and phase of the
PA signals of the PDLC, PS and c-Si were measured at dif-
ferent frequencies of modulation. These measurements
were carried out with rear illumination, first with the film
face receiving the light and afterwards with the substrate
face illuminated. In both cases the thermal diffusivity coef-
ficient found no significant differences.

3. Modeling and numerical results for GPA

Recently, the characterization of irregular structures in
PS SFM images has been studied using the gradient pattern
analysis (GPA) method [6,8–10]. GPA is an innovative
technique, which characterizes the formation and evolution
of extend patterns based on the spatial correlations
between large and small amplitude fluctuations of the
structure represented as a gradient field [11,12].

The application of GPA for PS SFM images analysis
was performed on images of three typical PS samples dis-
tinguished by different absorption energy levels and poros-
ity aspect ratios (low, intermediate and high roughness) [6].

The structure formation GPA models can be discrete or
continuous where the discrete models demand to simulate
automata universal aspects of the problem. Continuous
models generally use differential equations, with stochastic
component, where the main formation process obeys the
general physical aspects of the problem. The continuous
model used in this work is the (Kardar–Parisi–Zhang)
KPZ equation.

The KPZ equation is given by the following expression
[13]:

ohðx; tÞ
ot

¼ tr2hþ k
2
ðrhÞ2 þ gðx; tÞ; ð1Þ

where h(x, t) is the height (position x, time t), t is the param-
eter of surface tension, k is the parameter of lateral growth
and g(x, t) is the noise term. A result from KPZ 2D simula-
tion, solved by means of the FTCS (forward time centered
space) method [8], is shown in Fig. 1 where, the spatio-tem-
poral scales (L · L, with 0.1 lm per pixel) are compatible to
the real PS scales showing similarities with Fig. 2.

Figs. 2 and 3 show a SFM image of PS sample produced
with 60 min, etching time and the SFM image of the PDLC
sample used in this work, respectively. X-ray photoelectron
spectroscopy (XPS) analysis has been performed on this
PDLC film showing dominant C–H bond and some oxygen
concentrations [2].

The KPZ model presented results compatible with the
irregular surfaces observed in the SFM samples of PS
and PDLC when their constitutive parameters (surface



Fig. 2. Scanning force microcopy image of the porous silicon surface.

Fig. 3. Scanning force microcopy image of the PDLC surface.

Fig. 4. Flyby using the StrFB code, computing the level of correspondent local
of a porous silicon; (b) flyby snapshot SFM structural pattern of a porous dia
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tension, noise term and lateral growth) are in the following
ranges: �0.3 6 t 6 �0.1; �1 6 r 6 �0.5 and k without
restriction. This analysis has been adapted in order to oper-
ate in an OpenGL flyby environment (the StrFB code) [9],
whose application gives the numerical characterization of
the structure during the flyby in real time (Fig. 4).

4. Results

The dielectric function was calculated in the momentum
representation, which requires matrix elements of the
momentum, p, between occupied and unoccupied eigen-
states. To be specific the imaginary part of the dielectric
function, e2(x) = Im e(q = 0, e), was calculated from [4]

eij
2 ðxÞ ¼

4p2e2

Xm2x2

X
knn0r

knrjpijkn0rh i kn0rjpjjknr
� �

� fknð1� fkn0 Þdðekn0 � ekn � �hxÞ: ð2Þ

The imaginary part of the dielectric function, e2(x), in
the long wavelength limit have been obtained directly from
the electronic structure, using the joint density-of-states
and the optical matrix overlap, see Ref. [4]. In Eq. (2), e

is the electron charge, m its mass, X is the crystal volume
and fkn is the Fermi distribution. Moreover, jknri is the
crystal wave function corresponding to the nth eigenvalue
with crystal momentum k and spin r. The summation over
the Brillouin-zone in Eq. (2) is calculated using the tetrahe-
dron interpolation with a k-mesh consisting of about 450
uniformly distributed k-points. The matrix elements, eigen-
values and eigenvectors are calculated in the irreducible
part of the Brillouin-zone. Finally, the real part of the
dielectric function, e1(x), is obtained from e2(x) using the
Kramers–Kronig transformation

e1ðxÞ � Reðeðq ¼ 0;xÞÞ

¼ 1þ 1

p

Z 1

0

dx0e2ðx0Þ
1

x0 � x
þ 1

x0 þ x

� �
: ð3Þ
asymmetry in an area of 8 · 8: (a) flyby snapshot of SFM structural pattern
mond-like carbon.
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Fig. 5. Photoluminescence of PDLC.

0.0

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

0.2

0.4

0.6

0.8

1.0

Reflection

Absorption

In
te

ns
ity

 (
a.

u.
)

Energy (eV)

Fig. 6. Absorption and reflection of PDLC.
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Fig. 7. Absorption of PS.
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Fig. 8. Photoluminescence of PS.

Table 2
Morphological aspects for the best surfaces generated by the 2D KPZ
model and PS and PDLC for scale of 25 · 25

2D KPZ PS PDLC

Gradient pattern ðga
1Þ 1.970 ± 0.001 1.970 ± 0.004 1.970 ± 0.005

M.P.M.A. Baroni et al. / Journal of Non-Crystalline Solids 352 (2006) 3734–3738 3737
Fig. 5 presents the photoluminescence measurement of a
PDLC sample, where dotted and full lines are related to the
excitation wavelengths of 230 nm and 240 nm, respectively.
The photoluminescence was observed just in the interval
280–440 nm. Such PL depends on the PDLC homogeneity.

Fig. 6 shows the absorption and reflection spectra in the
energy range 1.5–4.5 eV. These spectra reveal complex
structures in contrast to those obtained from ordinary
semiconductor materials with one fundamental band-gap,
for which a well-defined absorption edge is observed. Such
complexity has also been found in porous silicon and it is
originated from the surface roughness as shown in Fig. 7.

Fig. 8 presents the photoluminescence measurement of a
PS sample. Table 1 shows the 16 features observed in the
absorption spectrum of the PDLC and also those observed
to PS in Figs. 6 and 7, respectively. It is worth noting that
in the energy region studied here, the absorption measure-
ments show some similarities with the energy structure of
Table 1
Values of the absorption energy onsets for PDLC and PS

PDLC-AB (eV) 1.56 1.63 1.69 1.75 1.84 2.02 2.13
PS-PAS (eV) 1.55 1.62 1.67 1.75 1.86 2.02 2.14
PS-PLE (eV) 1.54 1.59 1.67 1.72 1.81 – –
PS investigated with photoluminescence excitation (PLE)
and photoacoustic spectroscopy (PAS) for energies below
2.2 eV [5].

From the measured dielectric functions for PDLC a low
real dielectric constant of about 4.5 at 0.8 eV was found
whereas the calculated and measured values of e1(0) for
BDLC are 5.5 and 5.7, respectively. The former result
2.25 2.37 2.49 2.68 2.87 3.11 3.31 3.60 3.90
– – – – – – – – –
– – – – – – – – –
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indicates a low e1(0) for PDLC as pointed out by Sakaue
et al. [14].

This paper also showed asymmetry level for the KPZ 2D
model compatible with the surfaces observed in the PS and
PDLC samples (Table 2).

5. Conclusions

In this work the complex structure of the band-gap ener-
gies of the PDLC was obtained through the transmission
and reflection techniques. Such complex structure exhibits
a total of 16 energies onsets in the energy range 1.5–
4.5 eV. This is by itself an usual richness in structures in
comparison to cases where semiconductor materials with
ordinary band structures have been studied, and it shows
similarities with PS and the two broad peak energies as
observed in CVD diamond films [15]. This suggests, like
PS, that PDLC also has a potential for applications in
optic–electronic device structures. The photoluminescence
of the PDLC is also shown. The X-ray photoelectron spec-
troscopy (XPS) analysis on this PDLC film has shown
dominant C–H bond and some O concentrations [2]. This
occurrence probably leads the PDLC to have a very lower
thermal diffusivity when compared to bulk diamond but
only half the value of silicon and higher value compared
to PS. Both PDLC and PS use silicon as substrate. PS
has treated electrochemically in 40% HF:ethanol 1:1.
Moreover due to a very low roughness and thickness of
the PDLC thin film compared to silicon substrate we treat
the thermal diffusivity as an effective mean value. This has
been done for porous silicon with very good results [16–18].

The PDLC effective thermal diffusivity result was found
a = 0.48 cm2/s, a value, which is about 40 times less for dia-
mond and half of the crystalline silicon, a = 0.9 cm2/s, and
about 10 times for PS, i.e., a = 0.045 cm2/s [16]. This last
value may be compared to the other effective values for
PS, a = 0.047 cm2/s and a = 0.053 cm2/s found by Cruz-
Orea et al. [17] and Calderón et al. [18], respectively, with
open photoacoustic cell method.

For the dielectric functions we have performed the spec-
troscopic ellipsometry. The result has shown the tendency
of the PDLC dielectric constant becomes lower when com-
pared to the BDLC. The calculated and measured values of
e1(0) showed a very good agreement. The KPZ model has
shown structurality results, for 2.5 lm · 2.5 lm scales,
compatible with the irregular surfaces observed in the
SFM samples of PS and PDLC.
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