
PHYSICAL REVIEW B 15 FEBRUARY 2000-IVOLUME 61, NUMBER 7
Interdependency of optical constants ina-C and a-C:H thin films interpreted in light
of the density of electronic states
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The real and imaginary parts of the dielectric constants for severala-C~:H! thin films were measured in the
energy range 1.5–4.5 eV. The data were analyzed assuming Gaussian shapes for the ‘‘valence’’ and ‘‘con-
duction’’ p bands and scaling the energy by means of the Gaussian width parameters. At any given scaled
energyY an approximately linear relationship was obtained between the real and the imaginary part of dielec-
tric constant. The energy dependence of the slope and intercept of such lines are analytically determined on the
basis of the quoted Gaussian-shaped density of states. The existence of a Cauchy behavior for the contribution
to the real part of the dielectric constant due to the transitions other thanp-p* is shown. The role of disorder
in determining the necessity for a scaled energy based analysis was addressed.
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INTRODUCTION

Amorphous carbon thin films have been proposed fo
number of applications involving the protection of optic
devices against wear.1 A detailed knowledge of the optica
properties of such films is therefore crucially important. T
optical constants ofa-C~:H! coatings are however dete
mined by the density of electronic states which, in turn,
influenced by the type and nature of bonds between ions
by the microstructure. For this reason knowledge of the
tical constants can represent a useful tool to improve
knowledge about the density of states and the microstruc
of a-C~:H! coatings.

A key point to be remembered in the analysis of the o
tical constants ofa-C~:H! films is that a considerable numbe
of sp2 sites is always present.2 The p states pertaining to
such sites show a low energy spacing between bonding
antibonding states, so that they sit nearer Fermi level than
s states~arising either from thesp2 or thesp3 sites!. As a
consequence, the optical transitions for photon energie
the visible and near ultraviolet energy rangeE
51.5–4.5 eV) essentially occur throughp-electron excita-
tion by incident radiation. Thesp3 sites ~mainly character-
ized bys states! give a weak contribution, arising from th
s-band tails. The method of determining the optical co
stants once the density of states is given, is quite straigh
ward and is described in several textbooks.3 It is clear that
the energy dependence of the optical constants is relate
the shape of the density of states. One should then expec
wide variety ofsp3/sp2 ratios and hydrogen contents to lea
to very different energy dependencies of the optical c
stants. As demonstrated in Fig. 1, however, there appea
be a quasilinear relationship betweena-C~:H! film refractive
index ~n! and extinction coefficient~k!. These results are
representative of optical measurements obtained for a
large number ofa-C anda-C:H coatings, at the photon en
ergy of E51.84 eV, irrespectively of the deposition metho
PRB 610163-1829/2000/61~7!/5002~9!/$15.00
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and of the hydrogen andsp2 contents.4,5

The objective of this paper is to provide a theoretical ba
for such experimental results. It will be shown that a the
retical relationship exists over the photon energy ran
1.5– 4.5 eV. This relationship will be demonstrated start
from a previously reported model of the optical properties
amorphous carbon films,6 based on the assumption o
Gaussian-shapedp and p* bands. It will be shown that a
linear correlation exists between the real («1) and imaginary
(«2) parts of the dielectric constants and, as a conseque
and with a certain degree of approximation, between the
fractive indexn and the extinction coefficientk. It will also
be shown that a quantitative agreement among the exp
mental and the theoretical values of the intercept and
slope of such lines at all considered energies can be obta
if the role of disorder is properly taken into account.

EXPERIMENT

The a-C films were deposited using a saddle field sou
onto 75325 mm2 soda glass substrates from pure acetyle
The glass substrates were argon bombarded prior to dep
tion. The source operated at 1000 V and a pressure o
2931023 mbar. Increasing the deposition pressure a
given source power decreased the refractive index of the
posited film and enabled a range of films to be deposit
With respect to hydrogen content, it has been previou
reported7 that the hydrogen content of saddle beam depos
films has been measured using both secondary ion m
spectrometry~SIMS! and thermal desorption techniques. T
latter measurement involved heating the coated sample
vacuum up to 520 °C; effused hydrogen was then measu
using a mass spectrometer. Only adsorbed hydrogen wa
tected on the films, no hydrogen was detected in the bulk
the film.

The a-C:H films were deposited in a 25 liter stainle
steel chamber again on soda glass substrates, placed o
10-cm diameter driven electrode. Deposition was achieve
5002 ©2000 The American Physical Society
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either 40 kHz or 13.56 MHz from C2H2, He, Ar, and H2 as
detailed in previous papers.4,5 Again a range of films was
obtained by changing the deposition pressure.

In situ ellipsometry~at l5675 nm! was used to measur
the refractive index, extinction coefficient, and thickness
the coatings. A list of thea-C~:H! coatings on which this
study is based is given in Table I along withn andk values
obtained atl5675 nm. The coatings were also examin
using spectral ellipsometry. The measurements were
formed at room temperature to evaluate the film thickn
and refractive index. The measurements were carried ou
ing a Jobin Yvon UVISEL variable angle spectral ellipsom
eter in the energy range 1.5 to 4.5 eV~wavelength 827 to
275 nm! and good agreement was obtained with thein situ
measurements.

EXPERIMENTAL RESULTS

Though all films reported in Table I~in order of increas-
ing optical gap values! have been considered in the followin
analysis, in order to avoid a loss of clarity, in Figs. 2~a! and
2~b! we have plotted the energy dependence of the refrac
index ~n! and the extinction coefficient~k! for four represen-
tative samples having very different optical and physi
properties. For instance, filmC7 is characterized by a lowe
concentration ofp states than filmC1, as shown by the
lower k-values forC7. Moreover, we can see that the max
mum k values of samplesC7 and C1 are different by a
factor of 2.3, while the shapes of the two curves are
dissimilar. The energy dependence of the refractive inde
quite different among the quoted samples and is even at
in sampleC1 ~which will be dealt with later!. The differ-
ences, however, are more apparent than real, as show
Fig. 3~a! ~where the optical constants are plotted asn vs k!
and in Fig. 3~b! ~where the optical constants are plotted as«1
vs «2!. It is now clear that, despite the scale differenc
related to the different density ofsp2 sites, the differences in
the energy dependences are due to the fact that we are
amining different parts of the energy spectrum of the opti
constants for each sample.

Since the goal is to explain the experimental relations

FIG. 1. A plot of refractive index vs extinction coefficient~at a
photon energyE51.84 eV! of severala-C~:H! films as determined
usingin situ ellipsometry. Films include those deposited from 13.
MHz RF plasmas~s!, 40 kHz pulsed dc plasmas~1!, and from the
saddle field atom source~3!.
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found in Refs. 4 and 5, a linear interpolation of then vs k
data has been performed on the nine films for each of
0.05 eV spaced energy values in the range 1.5– 4.5 eV
typical result ~regarding the behavior atE52.2 eV! is re-
ported in Fig. 4~a!. As quoted in the Introduction, the phys
cally meaningful relationship we are looking for is that b
tween the two parts of the dielectric constant. For this rea
we have shown in Fig. 4~b! the «1 vs «2 relationship at the
same energy.

FIG. 2. Energy dependence of the refractive indexn ~a! and of
the extinction coefficientk ~b! for samplesC1, C3, C5, andC7.

TABLE I. a-C~:H! coatings considered in the present work.

Coating
Deposition
Method ~a! nb kb

Thickness
@nm#Label Type

C1 a-C SF 2.48 0.27 200
C2 a-C SF 2.09 0.15 200
C3 a-C:H RF 2.01 0.08 200
C4 a-C SF 1.99 0.06 260
C5 a-C:H MW 1.98 0.07 120
C6 a-C:H RF 1.84 0.02 270
C7 a-C:H RF 1.93 0.02 230
C8 a-C SF 1.89 0.01 195
C9 a-C:H MW 1.83 0.02 120

aRF513.56 MHz plasma. SF5saddle field plasma. MW540 kHz
plasma.

bE51.84 eV.
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5004 PRB 61G. FANCHINI et al.
From each plot~i.e., at any given photon energyE! of the
types reported in Fig. 4, it has been extracted the slope
then(E) vs k(E) @and«1(E) vs «2(E)# interpolating lines as
well as their intercepts with they axis. Such values are plot
ted in Figs. 5~a! and 5~b!, respectively. The task in the fol
lowing sections will be to find an explanation for the tre
versus energy and the actual values of such curves.

THEORY

It has been shown by several authors~see for instance
Ref. 3! that the proper way to approach the response o
solid to an alternating electromagnetic field arises from
analysis of the complex dielectric constant

«~E!5«1~E!1 i«2~E!. ~1!

The imaginary part«2 is the most directly related to th
density of states and to the electronic properties in sol
However, as the interaction of radiation with matter is co
cerned, the following relations@the well-known Kramers-
Krönig ~KK ! relationships# will hold between the two com-
ponents of the dielectric constant,«1 and«2 :

«1~E!511
2

p E
0

` E8«2~E8!

E822E2 dE8 ~2a!

FIG. 3. ~a! n(E) vs k(E). ~b! Real @«1(E)# vs imaginary
@«2(E)# part of the dielectric constant plot for samplesC1, C3, C5,
andC7, in the energy range of Fig. 2. Energy increases ask and«2 .
of

a
e

s.
-

«2~E!5
2

p
EE

0

` «1~E8!

E822E2 dE8. ~2b!

Such equations are in fact a general feature of causal
tems, describing the detail of such interaction.8 Moreover,
complex refractive index and complex dielectric constant
immediately related, since

«1~E!5n2~E!2k2~E! ~3a!

«2~E!52n~E!k~E!. ~3b!

Relationships~2! and ~3! suggest a way to approach th
problem: at first, determine or assume~see below! an expres-
sion for «2 , so that, by means of the KK Eq.~2a!, the ex-
pression for«1 may be determined. Taking advantage
such a relation, the existence, at a given photon energy
the linear relationship between«1 and «2 will be shown.
Finally, using Eqs.~3a!–~3b!, the n vs k function will be
determined.

THE IMAGINARY PART OF DIELECTRIC CONSTANT

When each typej of optical transition gives its contribu
tions, the overall imaginary part of the dielectric constant c
be obtained by summing up such contributions:

FIG. 4. Linear interpolation of~a! then vs k and~b! the«1 vs «2

data for eight films atE52.2 eV.
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«2~E!5(
j

«2,j~E!. ~4a!

By replacing Eq.~4a! into Eq. ~2a!, it can be shown that

«1~E!215
2

p E
0

p E8( j«2 j~E8!dE8

E822E2 5(
j

@«1,j~E!21#.

~4b!

As the optical transitions ofa-C~:H! thin films are con-
cerned, it has to be considered9 that the energy region of th
density-of-states sitting 2–3 eV above and below Fermi le
is made up mainly byp states. This means that in the ener
region of interest in the present work (E51.5– 4.5 eV) we
can assume that onlyp-p* transitions give an appreciabl
contribution to excitation, therefore

«2~E!5«2s~E!1«2p~E!'«2p~E!, ~5a!

where «2p(E) represents the contribution ofp-p* transi-
tions, while, in the present paper, we’ll indicate as«2s(E)
the contribution of all other transitions~s-p* , s-s* ,•••!. On
the other hand, because of the peculiar form of Eq.~2a!, all
transitions will give their contribution to the susceptivi
«1(E)21 @and to the refractive indexn(E)#. Therefore,
from Eq. ~4b!, we can write

FIG. 5. Energy dependence~a! of the slopes~b! of the intercepts
of the linearn vs k ~11! and«1 vs «2 (—) interpolations. Note the
similarity of values and trend for the slopes.
l

«1~E!5«1s~E!1«1p~E!21. ~5b!

In the following paragraphs, we will take advantage of E
~5! in order to work out a quantitative explanation for th
«1(E) vs «2(E) andn(E) vs k(E) relationships reported in
Fig. 4.

Gaussian-DOS model

When onlyp-p* transitions are considered, optical pro
erties of amorphous carbon thin films~and, especially, the
imaginary part of dielectric constant! can be modeled6 as
arising from Gaussian shapedp andp* bands. The follow-
ing expression for«2p(E) can be obtained:6

«2p~E!5
Q

NvnpE2 E
EF

EF1E

Np~E82E!Np* ~E8!dE8

5
A

E2 erfS E

2sp
DexpF2S E

2sp
2

2Ep

2sp
D 2G , ~6!

whereNv is the number of valencep electrons per atom.
Np and Np* represent the Gaussian-shaped densities

bonding~p! and antibonding (p* ) states.
Q depends upon the dipole matrix element of the opti

transitions. As previously shown3 this is almost independen
of energy, as far as the suitable matrix element is chos
Actually, Q depends as well upon film density, but this d
pendence will not be considered here.

2Ep is the interband peak-to-peak energy, whileEp is the
distance of each Gaussian with respect to the Fermi le
EF .

sp is the Gaussian width related to the local disorder
sp2 sites.

The magnitude of each of valence and conduction Gau
ian bands is proportional to the concentrationnp of the p
states~i.e., of thesp2 carbon sites! in the film, so that6

A5
ApQspnp

Nv
. ~7!

With a different grouping of terms, we can rewrite Eq.~6! as

«2p~E!5
np

sp
f GS YG5

E

2sp
,WG5

2Ep

2sp
D , ~8!

wherenp depends on thesp2 fraction and the film density
only. It is worth noting that:

~1! the only first-order effect of a variation in thesp2

concentration is to change the value ofnp .
~2! f G depends on only two dimensionless variables~YG

andWG!.

Gaussian-n model

For reasons which will become hopefully clear later, w
will now perform a slight modification of the just describe
Gaussian-density of states~DOS! model, based on the optica
oscillator strength density

n~E!5
me

2p2\e2 E«2p~E!, ~9!
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TABLE II. Optical gaps, Gaussian-DOS model~Ep andsp! and Gaussian-n model~Pp andsp8 ! param-
eters.

Sample C1 C2 C3 C4 C5 C6 C7 C8 C9

E04 @eV# 1.15a 1.48a 1.73 1.80 1.80 2.14 2.18 2.22 2.22
Ep @eV# 2.28 2.35 2.37 2.46 2.56 2.65 2.70 2.61 2.55
sp @eV# 1.02 1.07 0.94 1.00 0.99 0.92 0.93 0.87 0.80
Pp @eV# 4.00 4.13 4.15 4.32 4.50 4.64 4.73 4.58 4.48
sp8 @eV# 1.04 1.09 0.96 1.02 1.01 0.93 0.94 0.88 0.81
Wn 1.92 1.89 2.16 2.12 2.23 2.49 2.52 2.60 2.77

aExtrapolated.
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wheree andme are respectively the charge and rest mass
the electron. Althoughn(E) was originally proposed to rep
resent the number of electrons involved in optical transitio
induced by photons having energyE, more sophisticated
treatment has shown that its interpretation is somewhat m
complicated.8 However, it still remains that the integral ove
all energies of such quantity represents the total number
unit volume of electrons involved in the transitions. Asp
bands are concerned, this indicates that

np5E
0

`

n~E8!dE85
me

2p2\e2 E
0

`

E8«2p~E8!dE8. ~10!

In the framework of the Gaussian-DOS model describ
above, then(E) value is given by

n~E!5n~YG ,WG!

5
meA

2p2\e2E
erfS E

2sp
DexpF2S E

2sp
2

2Ep

2sp
D 2G

5
menp

4p2\e2YG
f GS YG5

E

2sp
,WG5

2Ep

2sp
D , ~11!

where f G is as defined in Eq.~8!, but the disappearance o
the additional factor 1/sp present in such equation has to
noticed. This avoids the loss of generality in the Gaussi
DOS model due to this factor, as Eq.~11! depends onnp and
dimensionless parameters~YG andWG! only. However, our
interest inn(E) is mainly due to the fact that, in the prese
case, a Gaussian shaped oscillator strengthn(E), namely

n~E!5
me

2p2\e2 B expF2S E2Pp

2sp8
D 2G , ~12!

is consistent with the assumption of Gaussianp-DOS, if the
shape of factor erf(Y)/Y @see Eqs.~7! and ~8!#, is approxi-
mately Gaussian. Then-model Gaussian parameters,Pp and
sp8 , will be roughly of the same order of 2Ep and sp

~thoughPp,2Ep and sp8 .sp , see Table II for the actua
values!.

By replacing Eq.~12! in Eq. ~10!, B is shown to be pro-
portional to the concentration,np , of p states in the film

B}np . ~13!

Such relationship will play, in the Gaussian-n model, the role
played by Eq.~7! in the Gaussianp-DOS model. The new
model will allow as well a schematic expression for t
imaginary part of dielectric constant of the form
f

s

re

er

d

-

«2p~E!5
np

sp8
f nS Yn5

E

2sp8
,Wn5

Pp

2sp8
D , ~14!

where the functionf n has the same form as thef G function
of Eq. ~8!. Note, however, that theYn axis can be differently
scaled in the two models, sincespÞsp8 .

The advantage of the present model is that it allows
analytical solution of«1(E) vs «2(E) and n(E) vs k(E)
relationships, not achievable by the Gaussian-DOS mod

THE «1 VS «2 BEHAVIOR

Time has now come to address the main point of t
paper: the«1(E) vs «2(E) behavior. By assuming excitatio
to be described by Eq.~5a! ~i.e., «2'«2p! in the energy
region of interest, Eq.~5b! can be rewritten as

«1~E!'«1s~E!1
«1p~E!21

«2p~E!
«2~E!. ~15!

Our interest, as shown in the last sections, is not focu
onto the energyE, but on the scaled energiesYG or Yn .
Therefore let us rewrite Eq.~15! as

«1~Yi !'«1s~Yi !1
«1p~Yi !21

«2p~Yi !
«2~Yi !, ~15a!

which holds for bothi 5G and i 5n. The susceptivity to
excitation ratio forp-p* transitions in such equation can b
evaluated by substituting Eq.~8! @or ~11!# in the KK relation-
ship @Eq. ~2a!#:

«1p21

«2p
5

2

p E
0

` Y8 f i~Y8,Wi !

Y822Yi
2 dY8

f i~Yi ,Wi !
5S~Yi ,Wi !, ~16!

which still holds for bothi 5G andi 5n. The dependence o
S on thesp2 fraction ~i.e., on deposition parameters, hydr
genation, etc.! is limited to a second-order effect, such
fluctuations in the values of theWG5Ep /sp @or Wn

5Pp /(2sp8 )# ratios. If WG ~or Wn! is the same~or almost
the same! for a set of samples, then Eq.~16! shows that a
linear relationship between the measured values of«1(Yi)
and «2(Yi) holds. Varying thesp2 fraction in a set of
samples will cause, through Eqs.~15! and~16!, a variation of
the «2(Yi)'«2p(Yi) value, and a similar variation of the
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«1p(Yi) value. Moreover, a small variation withinWi values
of different samples, will provide only a small spread
experimental data about the foreseen trend. Finally, the
tercept I (Yi)5«1s(Yi) is a slowly increasing function o
energy,10,11 which, in a first order approximation, does n
directly depend uponnp ~or, equivalently, on thesp2 frac-
tion!. In summary, a linear relationship

« i~Yi !5I ~Yi !1S~Yi !«2~Yi !, ~17!

will be anticipated under the following conditions:
~i! If the relationship is analyzed at a fixed value ofYi and

not at constant photon energy.
~ii ! If the contribution of transitions other thanp-p* is

negligible in the energy region of interest.

The slope

As mentioned above, an analytical evaluation of the slo
is not achievable in the framework of the Gaussian-D
model, because of the peculiar form of Eq.~6!. However, an
integration of Eq.~2a! in analytical form can be obtained12 in
the framework of the Gaussian-n model, by setting the lowe
limit of the integral arising from KK relation to2`. With
such an additional approximation, we obtain

«1p~Yn!21'
B

psp8
E

2`

1` exp@2~Wn2Y8!2#

Y822Yn
2 dY8

5
B

E
$ i erf@ i ~Yn2Wn!#exp@2~Yn2Wn!2#

1 i erf@ i ~Yn1Wn!#exp@2~Yn1Wn!2#%.

~18!

Dividing by «2p(Yn) @see Eqs.~12! and ~16!# the following
B-independent expression for the slope of the«1(Yn) vs
«2(Yn) line is found

S~Yn!5 i $erf@ i ~Yn2Wn!#

1exp~24WnYn!erf@ i ~Yn1Wn!#%

5 i H erfS i
E2Pp

2sp8
D

1expS 2
EPp

sp8
2 DerfS i

E1Pp

2sp8
D J . ~19!

Since Eq.~19! has been demonstrated in the framework
the Gaussian-n model, a simplification of the Gaussian-DO
one, before moving to the analysis of experimental data,
wish to extimate the error introduced by using t
Gaussian-n model instead of the Gaussian-DOS one. At t
purpose we have performed, by varyingEp andsp values, a
large number of numerical simulations of the type repor
in Fig. 8, where the slopes extracted by numerical integ
tions in the framework of the Gaussian-DOS model are co
pared to those obtained from Eq.~19! for the Gaussian-n
model. As shown in Fig. 6, differences can be found only
small values ofWG5Ep /sp , such as those found insp2

richest samples.13
n-

e
S

f

e

s

d
-
-

r

We can conclude that, apart for some very special ca
the Gaussian-n model is able to give the same amount
information achievable with the more refined Gaussian-D
model.

The intercept

Eq. ~15a! clearly shows that the«1(Yi) vs «2(Yi) rela-
tionship is not only characterized by theS(Yi ,Wi) value, but
it is also affected by the energy dependence of the te
«1s(Yi). Since we have shown that, in the energy region
interest in the present work, the transitions of other typ
than thep-p* ones give a negligible contribution to the«2
trend, it can be argued that«1s(Yi) is independent of the
density ofp states and, hence, on the slope of the«1(Yi) vs
«2(Yi) function.

Most of the electronic transitions in amorphous carbo
~exceptp-p* ! will have an onset at photon energies high
~or even much higher! than 4.5 eV. This suggested10 to treat
them as arising from twod-shaped bands at an interban
distanceE0 much higher than the energy range of intere
@Wemple-Didomenico~WD! model11#. In the framework of
such model, a very simple expression for«1s(E) can be
determined:

1

«1s~E!21
5

E0

Ed
2

1

E0Ed
E2, ~20!

whereEd is a dispersion energy connected to the amplitu
of s states related transitions~s-p* , etc.!. Since dimension-
less variablesYi have been used in the evaluation of t
slope, we will use the same dimensionless variables for a
lyzing the intercept, rewriting Eq.~20! as follows:

I ~Yi !5«1s~Yi !511
1

X02XiYi
2 , ~21!

wherei 5G or n and

X05
E0

Ed
, XG5

4sp
2

E0Ed
, Xn5

4sp8
2

E0Ed
. ~22!

FIG. 6. The comparison between numerical solutions~s! of
Gaussian DOS model and the analytical Eq.~12! ~—! is performed
even forEp values exaggeratively larger and well lower than t
current ones and a constant widthsp50.875 eV.
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THE n VS k RELATIONSHIP

From Eqs.~3! and ~17!, we can work out a relationship
between the refractive indexn and the extinction coefficien
k at a givenYi value ~i 5G or n!:

n~Yi !5S~Wi ,Yi !k~Yi !

1A@S~Wi ,Yi !
211#k~Yi !

21I ~X0 ,Xi ,Yi !.

~23!

Actually, the presence of the square-root term on the l
hand side of Eq.~23!, renders the relationship betweenn and
k not strictly linear, but its departure from linearity is low~at
least when a set of samples with a low excursion ofk(Yi) is
considered!. If such approximation holds, we can rewrite E
~23! for low-k values as

n~Yi !'S~Wi ,Y!k~Yi !1AI ~X0 ,Xi ,Yi !, ~24!

where the slope is almost the same of the correspondin«1
vs «2 one~at the sameYi value! and the intercepts of the tw
lines are in a square-root relationship.

EFFECTS OF THE HYPOTHESIS

In this paragraph the most restrictive hypotheses mad
the model are considered and their effect on the resul
behavior of then vs k curve is examined.

~a! Ep /sp ratio nondependent on sp2 content. Due to the
effect of distortions, stress, and mechanical interference
tweensp2 clusters, the values ofEp andsp will be in some
way correlated to thesp2 content. However, previou
analyses6,10 have shown that the range of variation of the
ratio is narrow, unless thesp2 fraction exceeds 0.7 in almos
unhydrogenated films.13

~b! «1s(E) nondependent on sp3 content. Since each
sp2-coordinated carbon atom contributes 3s states and each
sp3 coordinated contributes 4, it is obvious that the dens
and distribution ofs states varies from one sample to a
other. This will reflect in the«1s(E) shape and intensity. In
turn, this will lead to a variation of«1s(E) with sp2 fraction.
However, since the variations in«2s(E) occur at much
higher energies than those of interest and, moreover, are
eraged by a factor (E22E82)21, their effect is clearly a
second-order one of limited importance.

~c! np dependent only on sp2 fraction. Actually, it de-
pends upon density too. It is true that density is consequ
to thesp2 fraction and the local structure, but surely not
such a simple way as represented in Eq.~8!. This effect,
however, is not of great importance, since the densities of
films do not vary more than 10–15%.

~d! Lower integration limit moved to2` in Eq. ~11!. The
effect of this approximation is negligible as far as the con
tion Wn.1 is fulfilled. In such condition, the Gaussian cur
will have a negligible tail at negativeYn , so that the moving
of the lower integration limit from 0 to2` has no influence
on the result.

The fact that the hypotheses are almost, but not co
pletely, fulfilled, will explain the wide scatter of data aroun
the interpolating line derived from Eq.~17!.
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ANALYSIS OF EXPERIMENTAL DATA

The quality of the fit of «2 obtained by using the
Gaussian-n model can be observed in Fig. 7. It is reasona
good at least at not too low photon energies~not too close to
Fermi level!. In Table II the best fit values for both mode
~Gaussian-DOS and Gaussian-n! are reported together with
the E04 values for all samples considered in the present
per. Only samplesC2 and, especially,C1 show much lower
E04 values, indicating9 a much larger amount ofsp2 sites,
probably above the percolation threshold. In such cases
Gaussian-DOS model is known to need a modification, d
to the interaction of the contiguoussp2 clusters.13 In fact, we
would like to point out that the results achievable by app
ing the Gaussian-DOS model6,14 can be summarized as fo
lows.

~a! In sp3-rich samples, either hydrogenated or not, t
model fits properly the«2 spectra up to about 5 eV althoug
the fits does not work properly at low energies~below 2.5
eV!.

~b! In sp2-rich samples, either hydrogenated or not, t
models fail to reproduce the overall trend, while it prope
fits the low ~,2.5 eV! energy region.

In case~a! the Gaussians describe the main contribut
to the p-DOS, while in case~b! they describe simply the
p-DOS close to Fermi level. Then, care has to be taken w
the results obtained for group~a! films are compared with
those obtained for type~b! films.

In the present case, the Gaussian model is found to
appropriate for filmsC2-C9 and, in the lower part ofYn

spectrum, for filmC1 @a type~b! film# too. The departure of
sampleC1 from the linear«1(Yn) vs «2(Yn) relationship
gradually appears for scaled energiesYn>1.2 ~i.e., E
>2.5 eV! and could be related to the possible presence of
percolation threshold in that DOS region of the quot
sample.

Figure 8 shows the experimental slopes of the«1 vs «2
lines at allYn values, together with the best fit obtained b
using Eq.~19! and the valueWn52.39 for the scaled peak
energy. ThisWn value should be compared with the valu
given in Table II. Note thatWn represents the ratio of th
peak energy to the peak width, so that the model perfo

FIG. 7. Experimental data~s! and Gaussian-n model best fit
~—! for sampleC7.
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well at least when films whosep bands are narrow enough t
have a negligible tail near Fermi level are considered. Fig
9 shows, in a WD plot, that a good agreement is obtai
between the experimental values and the WD curve
which the values ofX050.421 andXn50.013 are used for
the dimensionless parameters of Eq.~21!. Using for sp8 its
average value 0.96 eV~from Table II!, we obtain E0
511.2 eV andEd526.5 eV. If we compare such values wi
those typically found fora-Si:H ~E052.2– 2.6 eV andEd
530– 40 eV15!; we observe that theE0 value reasonably
scales like thes-s* states energy gap~compare for instance
diamond 5.5 eV gap andc-Si 1.11 eV gap!. As Ed is con-
cerned, being its value proportional to the volume density
valence electron,15 we would have expected in fact th
a-Si:H value to be larger, since in thea-C~:H! casep states
do not give their contribution toEd ~see above!.

Going back to Fig. 9, where the typical dispersive beh
ior far from resonance’s of«1s is evident, it should be noted
that an incorrect normalization of energy scale~for instance
using E instead ofYn! will markedly distort the trend of
I (Yn), as can be seen by comparing Figs. 5 and 9. The
played by thesp scaling becomes crucial: in order to unde
stand the meaning of such a role, it is important to remem
the large impact that disorder has in determining the width
Gaussian bands. By operating thesp scaling, then, it is pos-
sible to take into account the different amount of disorder
different samples. This allows a comparison between opt
properties in regions where the effect of disorder is simi
In contrast, a comparison made at a given photon energE
~withoutsp scaling! will disregard such an effect and mix u
the real behaviors.

CONCLUSION

In this paper it is reported that, as far as thin films
hydrogenated~and not hydrogenated! amorphous carbon ar
considered, a linear relationship exists between the real
imaginary parts of the dielectric constant for energies in
range 1.5– 4.5 eV. We have shown that such a behavior
be foreseen in the framework of the Gaussian-DOS mo

FIG. 8. Experimental data~d! for the slope of the«1(E) vs
«2(E) lines and best fit~—! obtained using Eq.~19! and Wn

52.391.
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for the p states,6 once the difference among the band wid
in different samples is taken into account through a norm
ization of the energy scale, achieved by introducing
scaled energyY5E/(2sp). As said above, this can be in
terpreted in the light of the role that the local disorder a
sumes in determining thesp value. The Gaussian-DOS
model itself is able to properly reproduce the energy dep
dence of the intercept and slope of the linear interpolation
«1 vs «2 and n vs k. However, through the Gaussian-DO
model approximation to the Gaussian-n model ~where a
Gaussian shape is assumed directly forE«2!, an analytical
expression of theY dependence for the slope of the line
interpolation of«1 vs «2 and n vs k has been evaluated. I
summary, the origin of such a linear behavior can be fou
in the peculiar Gaussian form of the DOS bands~the p and
p* ones! involved in the optical transitions.

It has also been shown that the intercept value can
interpreted in the framework of the Wemple-Didomeni
model as due to contribution to«1 of the transitions involv-
ing thes states and occurring far from the energy region
interest in the optical analysis.

FIG. 9. ~a! Wemple-Didomenico plot and~b! I (5«1s) behavior
vs normalized energyYn with appropriate best fits obtained by Eq
~21! employingX050.421 andXn50.013.
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