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Role of lone-pair interactions and local disorder in determining the interdependency
of optical constants ofa-CN:H thin films

G. Fanchinit A. Tagliaferro! N. M. J. Conway’* and C. Godét
lDipartimento di Fisica and UnitdNFM, Politecnico di Torino, 1-10129 Torino, ltaly
2LPICM, UMR 7647-CNRS, Ecole Polytechnique, 91128 Palaiseau Cedex, France
(Received 2 April 2002; published 27 November 2p02

In this paper the role of the nitrogen bonding regime and of the presence of lone-pair electrons due to
nitrogen atoms on the optical properties of disordered hydrogenated carbon rat@ie:H) thin films grown
by reactive sputtering are studied. Evidence is given for the existence of a variable amount of mixing between
nitrogen atom lone-pair states andbonding electronic states in different samples. It is proved that such
mixing favors the stabilization of lone pairs. By properly analyzing the role of the local disorder and of the
lone-pair7 mixing, an ellipsometric model able to describe the optical complex dielectric constant, measured
in the UV-visible range, is developed. The existence of an optical scaling law for the real and imaginary parts
of the dielectric function is demonstrated.

DOI: 10.1103/PhysRevB.66.195415 PACS nuntber78.66—w, 73.22—f, 78.20.Ci, 78.30.Ly

. INTRODUCTION nitrogen incorporation on the properties @fCN:H materi-
als. The nitrogen lone-pair interactions withstates belong-

The considerable interest in carbon nitride-based thiring to neighboring C and N atoms and the local disorder are
films (see Refs. 1-)3is usually justified by the wide range of taken into account and the consequent site-to-site fluctua-
mechanical applications that the synthesis of the theoreticalltions of the nonbonding level considered. The role of such
predicted superhard {81, phases could open. Nowadays, phenomena in determining the optical properties of a set of
while most of the effort in growing even smalk8, crys-  reactively sputtered-CN:H materials and the existence of a
tallites seems to be quite far from the gbaither applica- scaling law for the optical properties of suehCN:H films
tions of carbon nitrides are attracting interest. Such applica@re demonstrated.
tions sometimes require very different growing processes
and nitrogen contents with respect to those currently consid-
ered to prepare the superhard phases. For instance, the addi- Il. EXPERIMENT

fcion of a few _nitrogen atoms insid&-Q:H-based _materials Samples were deposited in a conventiondlLf.56 MH2
is shown to improve some electronic properties such agioge sputtering systefiThe carbon ions sputtered from the
their photoluminescence electroluminescence,and field- graphite cathodg99.999% purity mix with the chamber
emission properties. Very small amounts of nitrogen atomsAr 4+ He+ N, +H, reactive atmosphere. No external bias
cause the disordered carbon-based matetéther tetrahe- yoltage was applied at the substrate. The He/Ar flow-rate
dral or graphitelikg to becomen type® The main contribu-  ratio (3/7) and substrate temperatuf@00°Q were kept
tion to such an effect seems related to the nucleation of thfixed. No more than one parametef power, chamber pres-
carbonsp? phasé around nitrogenated sitéthat can be ei- sure, gas flow rates. gtavas varied from one deposition to
ther sp?- or sp*-hybridized. Moreover, at least for optical the other(Table ). One additional samplésample 1 was
applications, soft and low coordinatépolymerlike materi-  prepared under conditions known to produsg?-rich and
als appear more attractive than the hardest and densest onekectrically conductive materials. Nitrogen content was
The hydrogen addition during deposition could improve theirevaluated by Rutherford backscattering and nuclear reaction
properties by increasing the number of terminal bonds andnalysis with a relative uncertainty30%. H content was
producing a more relaxed structure. In the perspective oévaluated by elastic recoil detection analysis. The N content
such applications, the film characterization should focusf the films is always close to 10%, while the H content
more on the electronic states. This is a problematic pointanges from 14%sample 2 to 20% (sample 7. Such com-
since, even in non-nitrogenated amorphous carbon materiafmsitions refer to the total N and H conteriisespective of
though the gross features of the electronic structure are urthe bonded or free nature of the atgmBreliminary results
derstood, only a small amount of detailed quantitative infor-of small-angle x-ray scattering analyses performed on
mation is available. In addition, the ability of nitrogen to samples deposited under similar conditions show the films to
cluster with thesp?- (and/orsp'-) hybridized carbon atoms be amorphous or, at least, containgf clusters below the
and to contribute to ther-states amount complicates the minimum detectable sizfestimated around 12-15 fRef.
electronic picture. Optical and electronic properties of all thed)]. The samples were optically characterizedelysituUV-
disordered carbon-based materials in the visible-neawisible spectroscopic phase-modulated ellipsometry in the
ultraviolet (VIS-NUV) energy range are in fact largely deter- 1.5-5 eV photon energy range using a Jobin-Yvon UVISEL
mined by and 7* states. system. The measured spectra were fitted using the
The aim of the present paper is to study the effects offauc-Lorent?’ model to obtain refractive indicesn) and
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TABLE |. Deposition conditions.

Sample 1 2 3 4 5 6 7
rf power (W) 220 300 400 300 300 300 300
Piot (MToOrT) 38 25 20 20 20 20 20
FN2 (sccm 4 10 10 7 10 10 20
Fu, (SCCM 3 7 5 5 7 7 7
Fa (SCCM) 30 70 70 70 70 70 70
Fre (SCCM) 70 30 30 30 30 30 30
Self-bias voltageV) —350 —890 —1000 —890 -890 —890 —890
Thickness(nm) 250 370 460 520 440 370 300

extinction coefficientsK), as well as the complex dielectric states are sitting on different ions. Hence, as LP states$iave
functions €, +ie,) and the film thickness. character and spherical symmetry, they can mix witlor-
bitals sitting on nearby ions.
lll. THE ROLES OF NITROGEN AND DISORDER

In the VIS-NUV range, the optical transitions are gov- B. The density of electronic states
erned by ther and 7* electronic state distributions, related and the disorder-broadening effects
to sp?- and sp*-hybridized C and N atoms. Specific lone-
pair electronic states arise from group&CN) with
sp*-hybridized C atoms, which may form=EN triple bonds
or —N=C=N— longer chains, as observed previously in
sputtered films?! In the following, we will discuss the role of
nitrogen and local disorder in determining the nature an§
energy distribution of the electronic states. In particular, w
will show how the modifications of the-#* transitions due
to N lone pairs and local fluctuation effects can be incorpo
rated in the optical modeling.

In unalloyeda-C:H as a consequence of the overlap be-
tween nearest-neighboring-atomic orbitals, = bands are
narrower and closer to the local nonbonding level with re-
spect tor* bands'? The bonding and antibonding density-
f-states(DOY) distributions in carbon nitride alloys are ex-
ected to be strongly affected by the mixing effects. As a
consequence of the localized nature of the states, the defini-
tion of an overall Fermi level for thep? phase is not pos-
sible. Larger Gaussian widths for the bonding DOS can then
be attributed to the shifts of the loc@lonpinned nonbond-
ing energy level needed in order to maximize the local bond-
ing energy. Such a shift is strongly dependent on the in-
creased number of loosely bonded electrons provided by

sp'- and sp*-hybridized nitrogen atoms have unsharednitrogen atoms, which can participate in the kfmixing. In
highly localizedo-electron lone pairs that, even if stabilized the presence of relevant nitrogen alloying effects, the overlap
by the local environment, are energetically located closer t®etween nearest-neighborimgatomic orbitals* becomes a
midgap than ther-bonded states of the C-C, C-N, C-H, or secondary source of asymmetry with respect to the afore-
N-H bonds® Interactions between the lone-p&irP) andw  mentioned broadening of the bonding DOS and the subse-
states of the carbon nitride matrix may result from “orbital- quent nonbonding level shift. ALP-7 mixed) bonding state
mixing” effects. The term mixing may involve different can even sit farther from the local nonbonding level than the
physical effects that are hardly separable and can be treaté@rresponding antibonding one. Hence, the DOS model con-
in the same way in the framework of our model: templating asymmetries between the bonding and antibond-
ing DOS ina-C:H (Ref. 12 still holds fora-CN:H (Fig. 1)
though the asymmetries may have different physical origin.

A Gaussian-like shape and a scaling relationship between

structures, and peak position and peak width have been demonstrated for
(i)  the LP interaction with themolecular 7 orbitals  and 7* bandd® as a consequence of the fluctuation of the

formed by the clustered C and/or N atoms surroundiocal disorder. The CN groups relevant to the &Rmixing

ing the lone pair, dominant in floppy materials. This are located close t@r inside sp? clusters, and consequently

interaction involves a partial conjugation of the origi- affected by the same amount of disorder affecting trspt

nal p and LP states, leading to an increase in the spasites. In additionsp® andsp! phases are unable to coexist

tial extension of the “mixed” LP states as compared under thermodynamic equilibrium conditidfisand our

to noninteracting LP states. Such a mixing is expectedleposition process is not expected to largely depart from

to prevail in the low-density, H-rich carbon nitride such conditions. Hence, LP states should also be described

films examined in this paper. by a Gaussian-shaped DOS, characterized by a peak position

E.p and a widtho p, and we expect the same scaling rela-

While the first type of “mixing” is connected with distor- tionship between peak position and peak width to holdsfor

tions, the second type is due to the fact that lone pairs/and (and #*) and LP bands. Let us assume the Gaussian-shaped

A. Lone-pair o mixing and partial delocalization
of the lone-pair electrons

(i) the LP interaction with the oth@tomicorbitals of the
N atom, likely prevailing in constrained carbon nitride

195415-2
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C. The joint density of electronic states(Jpos) and the optical

Nonbonding oscillator density
) level shift
TS When optical transitions are considered, the relevant
NN quantity affecting the dielectric constant is not the DOS it-
AN L self, but the so-calledpos, defined a¥®
hv
JDos(hv)=f No(Z—hv)N,(Z2)dZ. 4
T 0
Assuming the matrix elemei@ of the transition to be inde-
pendent of the energy of the initiabccupied and final(un-
N occupied states, the imaginary part of the dielectric constant
7E can be written a8
FIG. 1. Schematic of the density of states near the “Fermi e,(hv)=Q2?- Jposhv)/(hv)2. 5)

level.” The effect of LP4sr mixing is evidenced by the broadening ) . ) . )
of the mixed LP+ 7 band with respect to the original “unmixed” [N turn, the optical oscillator density will be given By
LP and 7 ones. The “nonbonding level shift” consequent to the

mixing is sketched. f(E)= fOE(hv)gz(hu)d(hv). (6)

disorder-broadened bands to be centered &t,, E ., and

—E_p, respectively. The origin of the energy scale is set at In order to analyze the optical oscillator density at a given
the average nonbonding level. For the sake of simplicity wephoton energy we hypothesize in our case that in addition to
will assumen and 7 DOS to be symmetric with respect to absorption processes due#e— 7* transitions, other transi-
the origin, andE, will be equal toE,«. We perform a tions related to the presence of nitrogen appear. In particular,
scaling™*® of the peak energies by dividing each peak en-7— 7* and LP—7* transitions coexist, the contribution of
ergy by the correspondent half width at half maximuen,.(  the latter being controlled by the total concentratiop of
=0+ and o p) SO that a quantityV, independent of the =" states(that equals the total concentration »fstatesn )

given film is obtained: and the concentrationgy of CN groups, providing a lone-
pair each(i.e., if n nitrogen atoms with a lone pair each are
E,lo0,=E_«lo«=E plop=Wy=const. (1)  present in the group, they would be countednagroups.

Applying the f-sum rulé’ we obtain the oscillator strength
As outlined in Sec Il A, arr and LP mixing effect occurs  densityf, p of the LP— #* transitions,
due to disorder and local distortions. The Appendix shows
that, assuming both nonmixed and LP bands as Gaussian fLpx(Nen: N, Y2=B-(ney-n,) Y2 (7)
shaped, the DOS arising from their mixing is still Gaussian . .
shaped, peaked between the two LP- anstates Gaussian, No linear relationapparentlyholds betweem_ andf, p as

and wider than each of thefsee Fig. 1L The parameter the LP DOS depends oncy and does not seem to be
uniquely related ta,. However, several effectsletailed in
Vno=Ep/E, =0 plo, (2)  the following have to be considered before a final statement

can be made.
takes into account the difference in the peak positions of the First of all, eachsp!-hybridized atom involves twar
m and LP DOS. For LP states sitting on the material non-electrons, not the single electron involved by eachp?’ site,
bonding level we have/y,=0 and adéshaped LP DOS, and this will alter then,, value. The presence ep! nitrogen
while V=1 implies that themr and LP DOS are super- affects then, value in an additional way because, as dis-
posed. As a consequence ofLP mixing, the peak of the cussed in Ref. 11, CN groups are expected to favor the nucle-
-LP band moves to an intermediate position betwBegp  ation of thespz phase around them.
andE ., so that the scaletby disordey peak-to-peak energy Such effects can be summarized in the following relation-
Wy between the mixedr-LP and ther™ bands is given by  ship betweem . and the 6p*) CN group density ficy):
(see the Appendix

n=nl+(2+¢)ney, ®)
Vot 3
WNOZWWO- (3 wheren'® is the m-electron density of a hypothetical non-
NO nitrogenated 4-C:H precursor,” and 2 is the number of
It can be observed th&Appendix electrons belonging to each CN group. The parameter

_ _ takes into account that nitrogen induces the nucleation of the
(i)  the bonding DOS “band” broadens because of &P- carbonsp? phase and, as such, it also indirectly increases the

mixing: amount of# states. Our model will not be able to provide an
(i) the “mixed” LP-7 DOS band is peaked between the a priori estimate forp (that could even differ from sample to
LP andm peaks E n=[E,+E p]/2). sample without limitation to the model applicability
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Generally speaking, Eq8) must be modified in the case At high enough photon energi€égsually above 2—-3 ey
in which bothsp?- andsp*-hybridization of nitrogen atoms the optical oscillator densityf p_.(Yy) arising from the
occurs. However, this simply means substituting the numbeGaussian-shaped DOS “bands” can be assurhad being
2 in Eq. (8) with a properly averaged number. Hence, theGaussian-shaped itself. Hence, we can write
following considerations will also hold for all samples hav-
ing comparable amounts ef?- ands pt-hybridized nitrogen fLpn(Yn) =JIpos Lp(YN)/Yn~Cexd — (Yy—Wno)?,
atoms. Sincéat least in the presehtydrogenatecscamples') 12
no evidence of a relevant amountsy®-hybridized nitrogen
atoms was obtained, we will focus the following discussion
to thesp® case[with the use of number 2 in Eg8)].

whereC is a constant.

By substitutingney from Eq. (8) in the f-sum rule de- IV. THE LINEAR INTERDEPENDENCY MODEL FOR
scribed by Eq(7), we obtain NITROGENATED FILMS
1/2 n(0) 172 A. Introduction
T
flLp=B-n, m ( . (9a) In the presence of different types of transitions, at each
w

(scaled or notphoton energy, the overall excitation coeffi-
whereB is a constant. As the nitrogen-related increase of theiente, can be regarded as the sum of various contributions
m-state density is expected to be, at least for sufficientlys,=3¢,;). We will neglecte,, as it describes transitions
N-rich films, quite relevant, we assurner/n(f)>1. Hence involving o states g—o*, o—o*,...) andgives a small
1o ©) contribution in the energy range of interest. TfHg term

( _ ”L) (9b) (and, henceg’, p) will be disregarded as wellsee above

2n,)’ £5(Y) will then be the sum of ther— 7* (=¢&,,) and LP

—a* (~e4p) contributionse,~e,,.+e5p. In the next
sections a model useful to analyze the optical properties of
slightly nitrogenated~10%) films will be developed and its
applicability will be shown to rely on the applicability of the

flp~B-n, 2+

This allows to writef | p as a sum of a positivlargen and a
negative(smalle) term: f o~ f |~ f|x (N0 physical meaning
being assigned to the negative contributieri'):

112 condition (2+ @)ncy=>n'?,
fl,_P(Y):B(Y!WO)'nﬂ" m) ’
B. The basis of the model
£ (Y) = B(Y. Wo)-n©. vz (10 According to the Kramers-Krig relations'® the total di-
LP 0T Tl 8+ 40 electric susceptivity £,—1) can be obtained by summing

the contributions related to the various transitioag:—1
=3, [e;—1];. In our scheme, the overall dielectric suscep-
tivity at any given energy is written as

As evidenced, the coefficiel@=B(Y,W,;) will not depend
on the single film properties, but only on the scaled enéfgy
and the scaled peak enerlly, (see the Appendix for their
definitions. / "

For a r?on-nitrogenated materigl,=0 [from Eq.(9a), as e1-1~le1= 1o 4o 1ot o= 1lip— o1 1]LP('13)
n77=n§T°)], while in the presence of nitrogen alloying effects
fip~f/p>fp. As f p On its turn is lower than ther— 7* By multiplying [e,—1],.+[e;—1]/p by a factore,/(e;,
contribution ), we can neglecf|,, assumingf, +f,  +&p)~1 we obtain, at each scaled eneny,
~f_+f/p. This is tantamount to assuming that most of the
 states sitting close to the lone pairs &dérectly or indi- [e1(Yn)—1]a+[e1(Yn)—11(p
rectly) related to nitrogen, rather than to the microstructure e1(Yn)~ ea(Yn) +eh 5 YN)

of the “a-C:H precursor.”
te1,(Yn)—[ea(Yn)—1](p. (14
D. Th led phot d th tical illator densit . . .
© scaled photon energy and the oplical osciiator densty Hence, fora-CN:H films a relationship of the type

Let us now discuss the scaled photon energy to analyze

the optical oscillator density of our films. In the Appendix it e1(Yn)~Su(Yn Wro)e2(Yn) +In(Yn,Wyo)  (15)
is shown that the scaling of photon energy in the presence of
LP-7 mixing should be performed in the following way: holds betweerz(Y)) andes(Yy).

g2(Yn)

Yn(E)= [2(\/2—st Y, (11) C. The slopeSy

NO The slopeSy will be approximately given by the factor

whereY (=E/[20,]) represents the scaled photon enétgy appearing in brackets in Eq14). As Kramers-Kroig

in the absence of LP’s. We remind the reader that such scatelationship$’ allow us to write each contribution to suscep-
ing is performed in order to get rid of the different amountstivity ([, —1];) in terms of the corresponding optical oscil-

of disorder in the different samplés. lator densityf;, we have

195415-4
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[e1(Yn)— 1]+ [e(Yn)—1](p
g22(YN) T e 5 Yn)
+o f(Z)+ T p(Z)
f iz
f (YN + (YN
Yn

Sn(Yn) =

—co0

(16)

In order to obtain a more useful expression $mwe will
apply the procedure described by E@8) and (10) to the
oscillator densityf p_. [EQ. (2)]:

flp(Yn)= fII_P—w(YN) - EP-W(YN)
=C'exd — (YN_WNO)z]
—C"exd — (Yn—Wyo)?]. (17)

The coefficientsC’ and C” can be evaluated by using the
f-sum rule. Henc&c=C'—C"=K'n_—K"n{® and the fol-
lowing expressions are obtained:

flp(Y)=K'n exd - (YN_WNO)Z]r

— o (Y)=—K'n'® ex — (Yy—Wyo)?].  (18)

Sy can be evaluated by replacirfg.+ f p with f . (i.€.,
substitutingf|p_. for f _+f, andf|s_ for f{p) in Eq. (16)
and taking into account Eq12). The energy trend of the
slope Sy is consequently given by

SN(Y N, W) =i erfli(Wyo—Yn) ]
+iexp —4WroYnerfli(Wyo+ Y 1,
(19
whereW,, represents a properly averaged value of \tie

values of the different films taken into account in a specific

analysis. The possibility to use a singMévalue is related to
the fact that then,. dependency of the terrh,.+f/p, as it
affects both the numerator and the denominator in (E§),
cancels out. Hence&(Y) values do not depend am, (i.e.,

PHYSICAL REVIEW B 66, 195415 (2002

relevance in determining the intercept valugs The f|p
related contributions will then become relevant at lwal-
ues. Following Egs(20) and(10) we can write

= fp(Z)

IN(YN):IO(YN)_j

When only the effect ofr-state related transitions is con-
sidered,|, can be written, by means of the Kramers-Kip
relationship and a Wemple-diDomenico modfeas-

oY, Xg,X2) =1+ 1 Xg— X,Y?), (22)
where X, and X, are values determined by the related
transitions. Thg e,(Y)—1]{p term accounts for the depar-
ture between the experimentake beloywand modeledEq.
(195)] trends at lowY values. Indeed, ase,(Yy) —1]1{p is
proportional tonﬁf) and different ‘a-C:H precursors” can
exist, the intercept valulg, is not unique but is affected by a
certain fluctuatiomAI(Y), depending on the actual concen-
trationn®) of 7— 7* oscillators in the a-C:H precursor.”

E. Summary

The linear interdependency model contemplates that, at
each scaled energyy, samples place themselves along
parallel lines havingSyo(Wy) slopes. The line on which a
givena-CN:H film is actually placedFig. 3) depends on its
“a-C:H precursor.”

V. EXPERIMENTAL RESULTS AND DATA ANALYSIS

A. Overview

The ellipsometry data analyzed using the Tauc-Lorentz
model provide the optical parameters usually selected to
compare carbon-based thin films with literature data. In this
study, the optical gajgy of sputtered carbon nitrides ranges
from 0.6 to 1.2 eV, and the refractive index at 2 eV is in the
range 1.80-1.95 showing their graphiticlike structure. In the

they are not affected by film features such as cluster sizesgllowing, a more detailed ellipsometric model is developed

and Csp?, N, and H contents, etc.

in the frame of the scaling law exposed in the previous sec-

Equation (19) closely resembles the result obtained for tjon.

non-nitrogenated films> However, it has to be noted that the
parameters involved in Eq16) have a different physical

Let us first focus on the energy dependence pande,
reported in Fig. 2. The analysis of the figure shows that the

meaning than those involved in the “non-nitrogenated” casegross features of the optical properties @fCN:H in the

D. The intercept |

The analysis of Eq(14) shows that the intercept can be
written as
INCYN) =€1,(Yn)—[e1(Yn)—1](p. (20

Although f{ gives a nearly negligible contribution to the

VIS-NUV range appear to be close to thoseae€:H films.
However, the trends faai-C(:H) films are steeper than those
of our a-CN:H films.

As a first step, we have analyzed the energy depen-
dence for each sample by means of the formulas reported in
the Appendix. This allows to determine the values of the
various parameters needed for thecaling, i.e., bandwidths
and peak positions. Moreover, values\g§ and Wy will be

overall oscillator densities, it gives a non-negligible one toobtained for each sampleee Table .

the total susceptivity through the;(Y)— 1]/ term. In fact,
at those scaled energies at whieh (Y)—1], gives a weak
contribution, even the smdlk;(Y) — 1]/, component has its

At this stage, ther scaling of the photon energy.e., the
determination of theY\ valueg can be performed for each
film. This allows to plot(Fig. 3), at any givenYy, £; as a

195415-5
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00 Lo

3

E [eV]

FIG. 2. Trends of the reale(;) and imaginary £,) parts of the

complex dielectric constants vs incident photon energies. Trends
exhibited by samples 2, 4, and 6 are not reported since they are very

close to that exhibited by sample 3. The behavior of av€(:H)
samples(Ref. 13 is reported as well. Values in eV indicate the e, at two different scaled energie&) Y=0.9; (b) Y=1.8. Two

Eos gap.

function of e, for all samples. A linear relationship properly
describes the data at aftscaled energies:

e1j(Yn) =Sn(Ynez (Yn) +In(Yn),

wherej stands for any given sample.
The Y\ dependence of the slof® and the intercepky
for our a-CN:H films (Sy and | in the following) are re-

(23

TABLE II. Optical and DOS parameters of the filnisee text
for the meaning of the symbols

Sample 1 2 3 4 5 6 7
Tauc gapEg (V) 0.58 0.68 0.71 0.73 0.84 0.88 1.14
Eos gap(eV) 0.95 1.20 1.09 1.18 1.46 1.34 1.90
EX (eV) 163 168 1.71 1.73 195 1.77 244
P.n=E:X+E.y(eV) 4.06 399 411 4.04 452 394 5.00
o, (eV) 0.68 0.70 0.72 0.73 0.82 0.74 1.02
o (V) 1.22 112 1.18 1.11 124 1.01 1.15
AN 1.22 1.13 1.17 1.10 1.00 1.10 0.83
Wy 166 1.79 1.74 182 183 195 2.17

64 W a-CN:H(Presentwork) A
A aC(H) [13]
&
S
A ‘slighﬂypercolatingfiim ’
LP-x mixing v
T Yy
v
3 T T T
0.0 0.5 1.0 1.5
¢ (Y=0.9)
2
4
A A A
— Y A
Q) ¢
o~ \‘
1] ( N
>; 3 | .
w a-C:H 'precursor’ *\ Percolating films
\\\
vV
2 T T
o 1 2 3
g,(Y =1.8)

FIG. 3. Linear interdependency of the optical constantand

percolating &-C:H anda-CN:H) samples with different threshold
values are shown. The effects of l#Pmixing and LP delocalization
(see text are sketched.

ported in Figs. 4 and 5, respectively. The lines obtained by
best fitting the data with Eq$19) and (22) are reported as
well. It can be observed that

It
(ii)

) Eqg. (23 (i.e., the linear interdependency moxdét
reasonably obeyed by the experimental curves;

the value of the average scaled peak energy obtained
from the best-fit proceduréNy,=1.9) is close to the
average of theV values obtained from the analysis
of ¢, for each film(see Table I);

departures from the linear interdependency model oc-
cur in samples having, values well below~1.1 eV.
Such a behavior is in fact clear only for tisg?-rich
sample 1(Fig. 3) havingEy,~0.95 eV.

(iii)

Analyzing the data in Fig. 5 by E@22), the values o
(=0.529 and X, (=0.035 can be extracted. A detailed dis-
cussion of these parameters is, however, beyond the scope of
this paper.
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2 2 aC(H) 13 ization of the states creates regions of the carbon phase
5 where the electronic charge density is lower. Such regions
A v a-CN:H (present work) . . . .
will conjugate with the LP electrons and stabilize the
nitrogen-related lone-pair states. It must be noted that
a-CN:H films cannot be simply regarded as a collection of
v “molecules,” since disorder and medium-range interaction

among the various groups and clusters strongly affect their
E\A\A} properties.

K

s ]

® A\A\A\A\A In order to further investigate the role of L#mixing, it
AO

=3

w

is interesting to compare the results obtained de€N:H
films with those obtained in the-C:H case'® The existence
1 of a linear relationship betwees; and g, at any given
o-scaled energy allows in fact a quantitative understanding
on a common basis of the DOS features afC:H or
a-CN:H films. However, the various parametévg, X,, X5,
-2 . . » . - [ and subsequentlg 1, . . .) have different values and physi-
05 10 vy ° 20 cal meanings fom-C:H anda-CN:H films.

In the case ofa-CN:H the Sy (and 1) vs Y curves are

FIG. 4. Slopes of the; vs ¢, linear relationships foa-CN:H  less steefgsee Figs. 4 and)5The lower values of slope are

anda-C:H. Lines represents the fitting obtained with EL9). due to the more relevant role played by ther mixing as a

consequence of the presence of ke LP states. The

B. Looking for information about LP and their mixing bonding DOS “band” broadensd,p..> ) because of the
with &7 states LP-7 mixing effect. Such an effect increases the bandwidth

The values oWy (=E p/E ) reported in Table Il vary in o ,n Of the joint density of states and the optical oscillator
the range 0.8—1.2. Hence, the peaks of LP anstates are density[Eq. (12)]. Finally, Wy, will be lower than the cor-
quite close in energy and this favors their mixing. Since the'espondingW, [=2.4 (Ref. 13] value. As the peak-to-peak
two peaks are so close in energy, the main effect of mixinggnergy spacing is similar, this amounts to having wider
will be to broaden the bonding state DOS, leaving almosGaussian “bands” ina-CN:H and is a consequendsee
unchanged the energy spacing betwéef P mixed bond-  above of the LP-m mixing.
ing and (*) antibonding band peaks. While departures from the linear interdependency model

The highE p values(of the order ofE,, i.e., 2-3 ey  occur ina-C(:H) samples havingq,~ 1.3 eV, such a model
confirm that the LP states are strongly stabilized by the enstill holds fora-CN:H films havingEq,~1.1 eV. It has been
vironment. Such stabilization can be attributed to theargued® that the departure from the linear behavior in the
medium-range polarization and interactions related to the1(Y) vse,(Y) plotis related to the onset of percolation for
charge transfer occurring in trep? carbon phase because of (i.e., the formation of extendgdr and 7* states, which oc-
the nitrogenated inclusiort$. Actually, in the considered curs ina-C:H films having lowEy, [<1.3 eV; i.e.,sp?
a-CN:H samples it is expected that the medium-range polar=>80% (Ref. 13]. When percolation occur§.e., for Y ex-

ceeding a threshold scaled energy;) Eg. (23) no longer

5 : holds. Ina-CN:H samples Eq(23) still holds for films with
A a"C('H) (3] Eos values well below the threshold value @ C:H films.
v a-CNH (present work) This suggests that in the presence of nitrogen a higlpér

content is required to render states percolating, despite the
broader absorption band tails of nitrogenated films. This in-
dicates the important role of LP states that, by mixing with
states, leads to mixed LR-states more localized than the
original (unmixed & ones.

Of course, the presence of a relevat phase might
partially modify the shape of the DOS since eackp' site
involves two 7 electrons occupying two degenerate states.
However, at a given number of electrons per unit volume,
films having a highersp'/sp? ratio would also have a
m-electron distribution more localized aroursp! sites.

' ' ' ' ' Moreover, degenerate electronic states have the same energy
and thesp' phase is expected to increase the network flop-
piness. We would then expect a shrinking rather than a

FIG. 5. Scaled energy dependence of the intercept of the linedproadening ofr- and*-DOS bands. Finally, in presence of
interdependency relationship farCN:H. The line is obtained by a m-DOS perturbation mainly caused by the direct effect of
best fitting the 1/,— 1) trends(linear inY) from Eq. (22). thesp' phase, the linear relationship betwesgnande, [EQ.

05 1.0 1.5 20

195415-7



FANCHINI, TAGLIAFERRO, CONWAY, AND GODET PHYSICAL REVIEW B66, 195415 (2002

(3)] would vanish since their relationship will be determined Y (E+E.p)?
by the actuakp'/sp? ratio of each sample. This facts sug- Nip| 7— ~Wo | = Nip max®XH — W
gest thatr states related tsp' sites have a limited role in NO Lp
determining the optical properties of oarCN:H films. Y Wp\?
=Nppma®Xf — | g—+ 5| |
! VNO 2
VI. CONCLUDING REMARKS (A2)

We have shown that the optical properties of a set of . .
a-CN:H thin films having quite different physical properties where a further dimensioniess parameter
can be described on a common basis. The crucial role played
by the nitrogen atoms in promoting either directlypt hy- Vno=Ep/Ez=0oplo,
brids involving one morer electron thansp? hybrids or
indirectly (sp* hybrids inducing carborsp? island nucle- takes into account the peak positiBpe (and the bandwidth
ation around theprthe increase of the-electron density was o) of the LP DOS. For LP states sitting on the average
discussed. nonbonding level we havé,=0 and adsshaped LP DOS,
The lone pairs belonging to the nitrogen atoms are ofwhile V\,=1 implies that thew and LP DOS are super-
crucial importance in determining the optical properties ofposed.
the films. LP states can mix either with otreomicorbitals Let us suppose that a full LR-mixing occurs without any
of the same N atom or with th@oleculars orbitals formed  relevant energy gain. This is a reasonable assumption as the
by the clustered C and/or N atoms surrounding the lone paitwo states merge in order to prevent the energy loss that the
As a consequence, a single “valence” lzPband of local-  local distortions would impose on nonmixed states. The den-
ized states is formed and transitions occur to the states of thsity of bonding states obtained by mixing the whatDOS
7* band. Assuming such bands to have quasi-Gaussiaand the whole LP DOS will be given by the convolution
shapes, the absorption properties in the energy range close pooduct of the two bands
the Gaussian peak-to-peak energy spacing have been prop-
erly modeled.

+ oo —
~ Onthe basis of such an approach, the existence of a linear N, (v)= f Nw(E, — W, |N(Z,—Wy)dZ
interdependency between causally related optical constants —o Vo
and the differences of the involved parameters with respect 5
to thea-C:H casé® have been justified. The existence of a —Np., maxeXpl’ _ [4Y+W02(1+VN0)] ]
common “a-C:H precursor” for the set oh-CN:H films, ’ 8(VNot1)
with a common concentration ef-7* oscillators, has been (A3)
proposed.
The result is the formation of a LR-mixed DOS band lo-
APPENDIX: JOINT DENSITY OF STATES IN THE cated at an intermediate energy and wider than each of its
PRESENCE OF LP-m MIXING AND LP DELOCALIZATION components. The joint density of statelgg) will be ob-

tained by properly convoluting the density of occupied states
In Sec. llIB we have justified the assumption that thewith the density of unoccupied ones. Considering only the
density of LP,7, and 7* states are described by Gaussian-(7-LP)— «* transition,
shaped disorder-broadened bands centeredBt,, —E..,
andE .« , respectively. We have also demonstrated the valid-

ity of the following assumption: Jpos Lp(Y)

Y
= J NLP—ﬂ-(Z_Y)N:-(Z)dZ
EW/O',,T: Eﬂ.* /O'.,T*:ELP/O'LPZWO:COHSL 0

Under negligible LP# mixing conditions, the Gaussian-
shapedr and77* DOS can be written in terms of the scaled
photon energyy (=E/[20]) and the scaled peak-to-peak 4Y+W0(2V§O—VN0+ 1)
spacingW, (=E,/[o,]): [ eri{ 2[2(VZ+ 1) (V2g+2)]2

[ TAY - We(Vyot )12
—Cen T T ey

Ni(Y,Wo) = Ni max@XH — (Y =Wo/2)], (A1)

'{ —AY(1+VZ) +Wo(2VZ— Vao+ 1)
—er
2[2(VRo+ D (VRot+2)]™
where + holds fori= (i.e., bonding DO$and — for i (A4)
=7* (i.e., antibonding DOBS
The Gaussian-broadened LP DOS can be written in termAs the term inside brackets has a quasilinédependence in
of Y andWj: the region of interest, the optical oscillator densitigs ()
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[ =Jpos,p(Y)/Y] is approximately Gaussian shapédn fLp-x(Yn)=Jpos,Lp(Y)/Y~C exd — (Yn—Who)?]
particular, if we introduce a new scaled photon energy
(whereC# C"). It has to be noted that the new energy scale
(Yy) differs from the original ongY) for Vyo>0, as it will
o YSY be Yy=Y only for V\,=0 (i.e., in the absence of lone-pair
[2(Viot2)] stabilization by the environment
Equation(A5) is crucial, since it links the values of the
scaled peak-to-peak energy in the absence ofrlLiixing
and in the presence of a complete EPnixing. For nonsta-
(A5) biIi;eo! (i.e., nonmixed Ione. pairs V.N.O:(.))' WN0=3W0/4,
while in the presence of high stabilizatioW(,=1, i.e. LP
states sitting at the same energymbonded statgsit will
we can write be Wyo= \/2/3W,.

YN:

and a new scaled peak-to-peak energy

NOT2[2(Ve+2)1M2 T
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