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Abstract

Optical properties of the ultrananocrystalline diamond films were studied by multisample method based on the
combination of variable angle spectroscopic ellipsometry and spectroscopic reflectometry applied in the range 0.6–
6.5 eV. The films were deposited by PECVD in a conventional bell jar (ASTeX type) reactor using dual frequency
discharge, microwave cavity plasma and radio frequency plasma inducing dc self-bias at a substrate holder. The
optical model of the samples included a surface roughness described by the Rayleigh-Rice theory and a refractive
index profile in which Drude approximation was used. The results conformed with the present understanding of
the polycrystalline diamond growth on the silicon substrate because the existence of silicon carbide and amorphous
hydrogenated carbon film between the silicon substrate and nucleation layer was proved.
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1. Introduction

Microcrystalline diamond finds several applica-
tions due to its high hardness but also as elec-
tronic and optical devices [1]. However, its rough-
ness makes some applications difficult. A major ad-
vance was achieved in early 90ties when the crys-
talline size was decreased from down to nanome-
ters [2]. However, the processes leading to the de-
position of small grain-sized diamond films are not
yet properly understood and these films exhibit
different properties and morphology depending on
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the method of preparation. Therefore, the term
“nanocrystalline diamond” (NCD) covers different
materials such as columnary grown films with the
grain sizes usually quoted below 100 nm (but 30 nm
are nowadays possible) [3] and continuous dense
coatings with grain sizes reaching 5–15 nm grown
under high re-nucleation rates. The latter were
firstly prepared by the group of D. M. Gruen [4] and
the term ultrananocrystalline diamond (UNCD)
was used in order to distinguish them from other
films with the grain sizes below 100 nm.

In our previous paper the deposition of the
UNCD films (crystal size below 10 nm) exhibiting
very low roughness as compared to polycrystalline
diamonds (rms of heights 9 nm), high hardness of
70 GPa and elastic modulus of 375 GPa was re-
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ported [5]. In this paper, the nucleation and be-
ginning of the deposition of similar films are stud-
ied by optical measurements evaluated by our soft-
ware procedures respecting surface roughness, re-
fractive index profile and dispersion relations based
on the parameterization of joint density of states
(JDOS). Such approach allows to obtain informa-
tion not only about the film optical constants but
also about the nucleation and deposition process
and material structure.

2. Experimental

The UNCD films were deposited on mirror pol-
ished silicon substrates by PECVD in a con-
ventional bell jar (ASTeX type) reactor using
dual frequency discharge, microwave (mw) cavity
plasma (2.45 GHz) and radio frequency (rf) plasma
(13.56 MHz) capacitively coupled to a substrate
holder. The deposition mixture consisted of 9 %
of CH4 in H2. The pressure and substrate tem-
perature were 7.5 kPa and 1090 K, respectively.
The plasma and radical densities were primarily
determined by the mw discharge with the power of
850 W whereas the rf discharge (35 W), inducing a
negative dc self-bias of−130 V, was used to control
ion bombardment on the substrate. This method is
a modification of bias enhanced nucleation (BEN)
in which usually a dc bias is applied on the sub-
strate [6]. The rf discharge was not switched off
when finishing the nucleation phase but was kept
during the whole deposition process in order to
achieve a high re-nucleation rate necessary for the
growth of UNCD films. The three samples were
prepared changing the total preparation time from
5.5 to 7.5 min.

The optical characterization of the samples was
based on variable angle spectroscopic ellipsome-
try and near-normal spectroscopic reflectometry.
The Jobin Yvon UVISEL ellipsometer was em-
ployed for measurement of associated ellipsomet-
ric parameters representing three coordinates on
Poincaré sphere defined as Is = sin 2Ψ sin ∆,
Ic,II = sin 2Ψ cos∆ and Ic,III = cos 2Ψ. The mea-
surements were carried out at five angles of inci-
dence from 55◦ to 75◦ within the spectral range

0.6–6.5 eV. Reflectances R at angle of incidence of
6◦ were measured within the spectral range 1.2–
6.5 eV using a spectrophotometer PerkinElmer
Lambda 45. The morphology of sample surfaces
was studied with the ThermoMicroscopes Explorer
atomic force microscope (AFM).

3. Results and Discussion

It came out from modeling of optical data by var-
ious multilayer models that a good agreement be-
tween the measured and calculated data required
at least three-phase model. This finding corre-
sponds very well with commonly understood mod-
els of polycrystalline diamond (PCD) nucleation
on silicon [1, 6]. A PCD is represented by the first
phase. The second phase is associated with a pre-
nucleation layer (PNL) and, obviously, the third
phase is the Si substrate. This model is sufficient
for relatively thick PCD films, i. e. , films being
much thicker than the PNL.

In order to investigate sensitively the interface
between our UNCD films and silicon the three
samples with different thicknesses were prepared.
Treating the measured optical data by a multisam-
ple method, a good agreement could be achieved
only when taking into account inhomogeneous
transition layers between the substrate and PNL
as well as between the PNL and UNCD. The com-
parison of measured data and the best fit is given
in Fig. 1.

The dielectric function profile of the transition
layer between the substrate and PNL (TL1) could
be modelled as a linear transition between c-Si and
PNL materials. However, the profile of the tran-
sition layer between the PNL and UNCD turned
to be more complicated. It was necessary to add a
fourth phase, here called a nucleation phase (NP),
which optical parameters were independent on the
other three phases considered. Therefore, the tran-
sition layer between the PNL and UNCD was, in
fact, represented by two transition layers TL2 and
TL3, i. e. , a linear transition between the PNL and
NP materials and between the NP and UNCD ma-
terials, respectively. The schematic representation
of the whole structural model, that simultaneously
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Figure 1. Spectral dependences of the associated ellipso-
metric parameters Is, Ic,II, Ic,III and reflectance R for all
three samples studied. The lines and symbols denote the-
oretical and experimental data, respectively. The ellipso-
metric data correspond to the angle of incidence of 65◦.

shows the real profile of the optical constants ob-
tained at 4.124 eV, is shown in Fig. 2. The total
thicknesses d1, d2 and d3 of the three samples under
consideration are depicted by arrows in this profile
too. There was a 121 nm homogeneous UNCD film
in case of the thickest sample (#3) whereas the de-
position process has been stopped already during
the growth of inhomogeneous transition layer TL3

in case of samples #1 and #2.

 0

 1

 2

 3

 4

 5

 6

-50  0  50  100  150  200  250  300  350  400

op
tic

al
 c

on
st

an
ts

, n
, k

z-axis (nm)

d1 d2 d3

TL1

PNL TL2 TL3

NP
UNCD

su
bs

tr
at

e

ai
r

n
k

Figure 2. The structural model of the samples under study
that shows the real profile of the optical constants n and
k obtained at 4.125 eV. The total thicknesses d1, d2 and
d3 of the samples are depicted by arrows. For a detailed
explanation of the particular layers see the text.

For an evaluation of the optical measurements
the whole sample structure was described by a
two-dimensional overall transfer matrix M because
2 × 2 matrix formalism [7] is very well suited for
the description of multilayer and inhomogeneous
structures. This formalism also offers an easy way
for the description of a surface roughness that has
to be taken into account in case of polycrystalline
films too. Therefore, a final form of the matrix M
for the sample #3 was

M = BRB(n̂a, n̂f , σ, τ)×
TUNCD(n̂f , tf , d− t3 − t2 − tp − t1)×
TTL3(n̂f , n̂n, t3)TTL2(n̂n, n̂p, t2)×
TPNL(n̂p, tp)TTL1(n̂p, n̂s, t1),

(1)

where BRB is the boundary matrix representing
rough surface, TUNCD and TPNL are the trans-
fer matrices representing the homogeneous UNCD
film and pre-nucleation layer, respectively, and
TTL1, TTL2 and TTL3 are the transfer matrices
representing the inhomogeneous transition layers.
All matrices are functions of system parameters
and optical constants of i-th material ni and ki.
The system parameters are rms of heights σ, auto-
correlation length τ , total thickness of the multi-
layer structure d and thicknesses of particular lay-
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ers TL3, TL2, PNL, TL1, i. e. t3, t2, tp and t1, re-
spectively. The optical constants, i. e. complex re-
fractive indices n̂i = ni − iki are these of air n̂a =
1, the UNCD film n̂f , the nucleation phase n̂n, the
pre-nucleation layer n̂p and the substrate n̂s.

It obvious that for thinner films, i. e. samples #1
and #2, Eq. (1) has to be modified as follows

M = BRB(n̂a, n̂x, σ, τ)×
TTL3(n̂x, n̂n, d− t2 − tn − t1)×
TTL2(n̂n, n̂p, t2)TPNL(n̂p, tp)×
TTL1(n̂p, n̂s, t1),

(2)

where n̂x is the complex refractive index on the
surface expressed as

n̂x =
√

d− t2 − tp − t1
t3

(n̂2
f − n̂2

n) + n̂2
n. (3)

The boundary matrix representing rough sur-
face was calculated using the Rayleigh-Rice theory
(RRT) [8–10]. The AFM data on all three samples,
as evaluated by the Gwyddion program [11], re-
vealed that the rms of heights and autocorrelation
length were 13–18 nm and 60–78 nm, respectively.
Although, the rms of heights are slightly above the
limits of the RRT, only this theory can be used
to describe the roughness with such autocorrela-
tion lengths [10]. The RRT is based, contrary to
the effective medium approximation (EMA), on
the solution of the Maxwell equations and includes,
therefore, an effect of light scattering. The fitting
results were in a relatively good agreement with
AFM because resulting rms and autocorrelation
lengths were in the ranges 13–16 nm and 46–59 nm,
respectively.

The transfer matrices representing the inho-
mogeneous layers were calculated using an al-
gorithm dividing recursively the inhomogeneous
layer into sufficient number of inhomogeneous sub-
layers which transfer matrices were calculated by
the Drude approximation. The final number of the
sublayers is given by the condition that their thick-
ness must be much lower than wavelength. More
details about the applied algorithm can be found
in [12].

The optical constants ns and ks of the c-Si were
fixed at known values. The optical constants of

all other three phases introduced in the structural
model above were obtained from the dispersion for-
mulae based on the parameterization of JDOS (PJ-
DOS) [13]. In the frame of this model the interband
transitions are expressed by three fitting parame-
ters: minimum energy of transition, i. e. band gap
Eg, maximum energy of transition Eh and param-
eter Q proportional to the density of states. Phases
of the structural model were modelled by two or
three different kinds of interband transitions. The
parameters obtained from the best fit are summa-
rized in Table 1. The dispersion behaviors of the
optical constants are compared in Fig. 3 with data
tabulated for the crystalline diamond [14] and a
typical hydrogenated DLC film studied before [13].
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Figure 3. Spectral dependences of the refractive indices n
and extinction coefficients k for UNCD film, nucleation
phase (NP) and pre-nucleation layer (PNL). The optical
constants of the crystalline diamond [14] and typical DLC
film studied before [13] are added for a comparison.

From the resulting optical constants and pa-
rameters describing JDOS some information about
particular material phases composing the prepared
samples can be obtained. The first phase observed
as a homogeneous UNCD top layer has the refrac-
tive index almost as high as diamond exhibiting
also quite similar dispersion behavior (see Fig. 3).
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Table 1
The parameters of the PJDOS dispersion models of the
pre-nucleation layer (PNL), nucleation phase (NP) and ul-
trananocrystalline diamond (UNCD) film. For comparison,
the parameters corresponding to a typical DLC studied
before [13] are given in the last column.

parameters PNL NP UNCD DLC

Qa [eV3/2] 36.7 46.2 1.48 4.8

Ega [eV] 1.33 0 0 1.0

Eha [eV] 27.6 38.2 3.99 8.6

Qb [eV3/2] 64.6 282 80.7 180

Egb [eV] 2.96 3.85 1.01 1.6

Ehb [eV] 29.4 89.8 48.4 70

Qc [eV3/2] – – 81.7 –

Egc [eV] – – 5.42 –

Ehc [eV] – – 21.4 –

However, the extinction coefficient differs from zero
in the whole spectral range 0.6–6.5 eV. This ab-
sorption can be divided into three regions (i) 5.4–
6.5 eV, (ii) 1.0–5.4 eV and (iii) 0.6–1.0 eV. The ab-
sorption in deep UV is related to σ → σ∗ interband
transitions in diamond crystals. They correspond
to c excitations included in the PJDOS dispersion
model of the UNCD phase (see parameters Qc, Egc

and Ehc in Table 1). It is important to note that
obtained band gap Egc = 5.42 eV agrees very well
with the indirect band gap of crystalline diamond,
5.48 eV [15]. However, the absorption is higher due
to higher degree of disorder caused by a limited
size of crystals in the UNCD material. The absorp-
tion in the middle spectral region can be assigned
to π → π∗ interband transitions in amorphous car-
bon phase at the boundaries between nanocrystals.
When comparing the PJDOS parameters of the b
excitations with the parameters of typical DLC in-
cluded in Table 1 it is apparent that they describes
both, the π → π∗ and σ → σ∗ interband transi-
tions in amorphous carbon phase. The absorption
in near IR can be associated with localized states
close to the Fermi energy (a excitations with Ega =
0 eV) related to dangling bonds.

The optical constants of the PNL phase, ob-
served as a homogeneous layer close to the sub-
strate (see structural model in Fig. 2), resemble

the optical constants of typical hydrogenated DLC
studied before. However, the PJDOS parameters
presented in Table 1 cannot be directly related to
particular π → π∗ and σ → σ∗ excitations exist-
ing in DLC. It can be caused by the fact that the
optical constants of this phase are not determined
with high precision because the thicknesses of our
samples were too high to measure the optical prop-
erties of the PNL directly without the additional
phases. Anyway, the association of the PNL with
hydrogenated DLC is in agreement with the nucle-
ation mechanism presented by Kulisch [6].

Thin transition layer TL1 close to the c-Si sub-
strate was modelled as a mixture transiting lin-
early from c-Si to DLC. Since a linear combination
of dielelectric functions of c-Si and DLC approxi-
mates SiC, the TL1 corresponded to this material
and it was not necessary to model this layer by
an independent SiC phase of the structural model.
The existence of SiC layer formed on the silicon
substrate during the BEN of diamond has been al-
ready documented in the literature and its thick-
ness of 21 nm, as found from the fit, agrees with the
thickness estimated from the FTIR measurements
to be about of 25 nm [6,16].

4. Conclusion

The optical characterization of the UNCD films
on the crystalline silicon turned to be a com-
plex problem that included description of a surface
roughness and refractive index profile. It is worth
to notice that commercially available procedures
could be hardly used for this purpose and, there-
fore, own software for simultaneous fitting of ellip-
sometric and reflectance measured data was used.
The Rayleigh-Rice theory had to be used for the
roughness description because the lateral dimen-
sions of the roughness were comparable with the
wavelength. Modeling of refractive index profile re-
sulted in the multilayer four phase structure of the
samples. The result conformed with the present un-
derstanding of the polycrystalline diamond growth
on the silicon substrate because the existence of sil-
icon carbide and amorphous hydrogenated carbon
film between the silicon substrate and nucleation
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layer was proved.
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