
1. Layer structure

Each optical model, used for the analysis of SE data, has
a layer structure whereby each layer is defined by its own
thickness and dielectric constants. A three-tiered layer struc-
ture is used for the a-C:H thin films investigated in this
paper. The first layer is a 1 mm thick silicon wafer with a 1.6
nm native oxide layer. The native oxide layer was measured
prior to deposition, and both thicknesses are fixed in the
layer model. This is the substrate on which amorphous car-
bon, i.e., the second layer, is deposited. The third and last
layer is the roughness, which is modeled by Bruggeman’s
EMA of 50% bulk material and 50% voids.15 The !in"homo-
geneity in depth of the carbon layer is discussed in Sec.
III C. This fairly simple and straightforward layer structure is
used for the B-spline model, in which the dielectric function
of the carbon layer is parametrized by means of B-splines.

2. B-splines

Basis-splines, commonly abbreviated to B-splines, are a
recursive set of polynomial splines
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where k is the degree of the B-spline and i is the index for
the knots ti that denote the position, on the x-axis, where the
polynomial segments connect.14 The total spline curve S!x",
representing the dielectric function of the film layer, is then
given by

S!x" = '
i=1

n

ciBi
k!x" , !2"

with ci the B-spline coefficients. !ti+2 , ci" denote the loca-
tions of the control points of the B-spline curve. If there are
n knots then there are n−k−1 control points, i.e., the last
control point is located at !tn−k+1 , cn−k−1". CompleteEASE uses
cubic B-splines !k=3". With k=3, each control point influ-
ences only the two previous and the following two polyno-
mial segments.21 This is known as local support.14

The number of coefficients used to accurately describe
the dielectric function should be kept as low as possible,
while still adhering to the shape of the function. Although
additional coefficients can provide a better description, too
large a number leads to an unrealistic result in which only
the noise is better described. It also increases the possibility
of correlation between the coefficients.

B-splines can be ensured to have a physical meaning
because of the following two properties. First, a Kramers–
Kronig transform exists of a B-spline curve, i.e., "1 can be
found from a Kramers–Kronig transformation of "2. This
reduces the number of fitting parameters by two and there-
fore also reduces the probability of correlation between
them. Kramers–Kronig consistency requires that "2 goes
smoothly to zero. This is ensured by choosing knots at ap-

propriate locations outside the measured range. These outer
knots should, therefore, also be communicated. Second,
B-splines have a property known as convex hull14: if all co-
efficients ci are positive then the total curve is also positive.
Since "2 can never be negative, all ci’s should be positive.
By enforcing that the B-spline curve is Kramers–Kronig con-
sistent and that all ci’s are positive, a physical result for the
parametrized dielectric function is ensured. Both conditions
are enforced for all the B-spline parametrizations in this
work.

3. The Cauchy model

Hydrogenated amorphous carbon thin films are semi-
transparent, as is evident from the interference fringes in the
long wavelength region in Fig. 3. The transparent part can be
fitted by empirical Cauchy dispersion relation !3a" for the
refractive index.5,22 The Cauchy dispersion relation by itself
is not Kramers–Kronig consistent, since "2 is assumed to be
zero. However, absorptions can be accounted for by adding
relation !3b" to the dispersion relation

n!E" = A + BE2 + CE4, !3a"

k!E" = DeF!E−Eedge", !3b"

with A, B, C, D, and F the fitting parameters and Eedge the
band edge.5,22 Both relations together are hereafter referred
to as the Cauchy model. Good estimates for thickness and
roughness are found from this model. After determining the
thickness and roughness from the transparent part of the
data, the optical constants for the entire spectrum, including
the absorbing part, can be found by an exact direct numerical
inversion. This inversion is carried out wavelength by wave-
length. Due to noise in the experimental data, it is not guar-
anteed that the dielectric function, resulting from the numeri-
cal inversion, is indeed Kramers–Kronig consistent.

4. Tauc-Lorentz oscillator

A Kramers–Kronig consistent parametrization of "2 by
the TL oscillator is given by

FIG. 3. !Color online" Ex situ measurement of # and $ as a function of
energy, which is a common representation of SE data. A film thickness and
surface roughness of, respectively, 940 and 6 nm are derived for this a-C:H
film by means of a Cauchy model.
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