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Quantitative study of C—H bonding in polymerlike amorphous carbon films usingin situ
infrared ellipsometry
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Polymerlike hydrogenated amorphous carbanG:H) films have been deposited by plasma CVD at low
temperature and low pressure. Vibrational properties have been investigdteditnyinfrared ellipsometry as
a function of film thickness. Hydrogen distribution within the films has been changed by varying the ion energy
impinging on the film surface. Vibrational properties of—@&l stretching and bending modes have been
analyzed as function of self-bia¥{;,J in terms of frequency, bandwidth, and intensity. Absorption strengths
are associated with effective charges that have been calculated for the diffpfeBH, groups. In order to
make a comparison with values of organic chemistry, a general review of infrared spectra including alkanes,
alkenes, and aromatic hydrocarbons is presented. A dipole description taking into account the local environ-
ment of CH bonds is developed showing that methyl and methylene group effective charges are similar for
polymeric a-C:H and GH, organic compounds. Line broadening and frequency shift effects are found to
depend on the type of CH groups and are explained through a model including strain and dipole-dipole
interactions. The sensitivity of effective charges to the local environment and the determinatiop gfdbid
densities are used to propose a description of the hydrogenated network stii@dd&3-18208)01044-3

. INTRODUCTION the case of amorphous hydrogenated silicarSj:H) to cal-
culate H concentration from IR data, cannot be applied to
Hydrogenated amorphous carbaC:H) films show re-  a-C:H owing to changing absorption strengths. Furthermore,
markable physical and chemical properties such as highs hydrogen is not equally distributed between sip@ and
hardness, electrical resistivity, and near-infrafé®) trans-  sp® phases, and as no quantitative data on the transition mo-
parency or room-temperature luminesceht&hese proper- ments have been so far available, the evaluation of the
ties are closely related to the film microstructure, dependingp?/sp® ratio by IRAS leads systematically to high values,
on the hybridization state of carbon atoisg? or sp®) and  compared with NMR dat¥ IR results have thus to be cor-
on hydrogen distribution among these two configurationsrected by empirical factors to be in agreement with NMR
Several technigues have been used to investigate hydrogessyltst®
content and thesp?/sp? ratio, such as nuclear magnetic  |n order to check hydrogen distribution, fitting procedures
resonancé (NMR), electron energy loss spectroscdpy using Lorentzian or Gaussian shapes are necessary to get the
(EELS), and infrared absorption spectroscoPyiRAS). The  viprational contribution of each group since the different
first technique can provide quantitative results on thecH, bands overlap. Nevertheless decomposition has to be
sp?/sp’ ratio but needs a large amount of material; the seccautiously performed so that results do not depend on the
ond one yields inconsistent conclusions in the low-energyhoice of the number of bands as well as on the free param-
range (0-40 eV..* IRAS is a widespread technique but eters selected for each banaidth, frequency. Finally, no
faces many problems for providing quantitative results, arisquantitative conclusions can be drawn about hydrogen distri-
ing from IR oscillator strength changes and band overlapbution and film microstructure from a band decomposition
ping. unless the absorption strengths for each, @Hit are known.
Using IRAS technique, some authbrdhave tried to de- Previous IR analysé$'’have revealed that, in the field of
termine the total H content by calculating the whole absorp-organic compounds, some transition dipole moments can be
tion area of the stretchinaround 2950 cm') or bending  considered as a constant. The aim of this paper is, in particu-
(around 1450 cmt) bands. However, the results were incon- lar, to check whether this assumption is valid in the case of
sistent with other direct techniques like elastic recoil detecpolymerlikea-C:H films. The experimental deposition setup
tion (ERD). The decrease of the IRAS signal observed withdescribed in Sec. Il allows to obtain a large range of poly-
increasingsp?/sp° ratio had then been interpreted in terms meric carbon films having differersgp?/sp® ratios. In Sec.
of bound (IR active and unboundIR inactive hydrogef® I, the general formalism of IR absorption is presented in
leading to the conclusion that up to 50% of hydrogen can béerms of effective charges and local field corrections. In or-
trapped as kK molecules. Nevertheless, inelastic neutronder to perform reliable calculations, a specific method, which
scattering has shown that the fiaction'® contributing to the  will be presented in Sec. 1V, is used to analgs€:H film
total hydrogen content is low. This contradiction comes fromvibrational properties. This procedure is partially based on
the hypothesis of constant IR absorption strengths that haithe method used by Shanksal® and Langfordet al® for
often been assum&#'!?to facilitate IR data analysis. a-Si:H thin films: transition dipole moments are calculated
JacoB® has shown that the procedure used by Brodsky by combining absorption intensity measurements and deter-
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mination of the total hydrogen amount measured indepenis related to thesp? content’ and decreases from 3 eV
dently. In the case o&-C:H films, the procedure used by (Vpj,s=—20V) to 1 eV Vpias= —200 V).
Shanks and Langford cannot be directly applied since many Vibrational properties are investigated as a function of
vibrational bands overlap and since the number of, @H  film thickness byin situ IR ellipsometry. The entire spectral
brational bands is very high. In order to get a reliable deterrange(1000—4000 cm?) is studied using a HEd, _, Te de-
mination of effective charges, our method takes advantage aéctor. To get a better sensitivity, the particular—@&
IR measurements for different vibrational modes as a funcstretching region near 3000 crhis also analyzed using an
tion of thickness, which represents a useful contribution inlnSb detector. IR properties are determined through the
the way of analyzing-C:H film IR properties. analysis of(i,A) spectra defined by

Among IR spectroscopic techniques,situ IR ellipsom-
etry (IRSE) has been chosen for its high sensiti¢tgnd for
its capability to follow film growtH?* Moreover, vibrational
peaks, no longer identified by extrema as in classical IR , .
transmission experiments but by inflections, can be mostiy’hererp andr are the reflection coefficients fgr- and
directly observed in spectra, which facilitates band decoms Polarized light. For a given thickness, spectra are accumu-
position. To compare vibrational properties of hydrocarbond@ted 1000 times with a step of 4 crhso that the sensitivity
and a-C:H films, IR absorption strengths of GHunits in ~ ©N (#:4) is (0.1°,0.03]. IR analysis is performed using the
organic compounds have been reviewed in detail and aré®MPplex ellipsometric densit (Ref. 28 defined by
reported in Sec. V. The results of our global analyzis are _ _ Con
presented in Sec. VI. Each vibration is analyzed in terms of D=[Intan(yy) ~In tan(y) ] +i(As—A), @
frequency, band width, and intensity. Effective charge ratiosvhere @/5,As) corresponds to the substrate. In case of thin
are determined fosp® CH; and CH groups in both bending films deposited on metallic substratds,can be expressed
and stretching modes. Using ERD measuremespé, CH  using a first-order expansion ard:
effective charge is found as a function of self-bias, which
represents the electrical potential difference between the
plasma and the substrate holder. Hydrogen bonding in the
sp? phase is determined through the analysisspf CH,
vibrations in both bending and stretching modes. All the re

sults are interpreted by taking into account the-8 bond

local environment and the internal strain effects. Finally, thigs CH bands are weald) can be exprefss_,ed as the sum of
global analysis provides some guidelines for a microstructV0 separated terms, th_e f|r§t chz_iracterlzmg t_he transparency
tural representation d-C:H region, the other including vibration contributions:

( 1
1_ N

€5

a-C:H films are deposited at a low-temperatyr® °C) “)
and low-pressurd300 mTory by a double plasma radio- Outside vibrational bandss; is considered as a constant
frequency(RF)/microwave (MW) techniqueé’?> MW plasma equal toe,,. The contribution of thekth vibration to the
is formed in a quartz tube where a mixture of hydrogen andvhole dielectric function 4,) is modeled by a Lorentzian
argon is introduced. Butane is directly injected near the subfunction,
strate holder where a RF discharge is created. In order to
increase the signal/noise ratio of IR measuremes§:H fod
films were deposited on metallic substrates. A 1500-A-thick Ask:m'
palladium(Pd) layer was evaporated anSi and, for a better 0
adhesion of carbon films, was exposedituto a silane flow ~ Where o is the vibrational frequencyin cm™!) and " a
at 280 °C. As a consequence of this treatment, a,Palsiy = damping parametdbandwidth. The coefficienf represents
is formed?® at the substrate surface promoting a good adhethe transition dipole moment.
sion of carbon films, even at high RF power. UV-visible = C—H bonding can be determined by investigating both
ellipsometry measurements have shown that this treated Rte real and imaginary parts @ (ReD and ImD). How-
can still be optically considered as a metallic substrate. Agver, in the present work, the analysis is focused oIfor
vibrational and optical film properties are essentially deterthe following reasons. At first(y,A) is calculated by com-
mined by RF powef? a-C:H films are deposited using an bining fundamental Jp), first (J;), and second harmonic
increasing self-bias voltageV(,), which allows us to ob- (J,) of the IR signal. It could be showhthat ¢ results from
tain a large range of materials, from transparent polymer t@ combination of those three terms using two calibration pa-
more absorbing carbon layers. Film density is obtained byameters. The determination df is simpler and more reli-
combining Rutherford backscatteriiBBS) and UV-visible  able since it only depends on the ratlg/J; and on one
ellipsometry measurements. Hydrogen concentration, whichalibration parameter. As a consequence, the reproducibility
is determined through ERD analysis, is found to vary fromand precision ofA will be far better. Looking at Eq(5),
53 to 40 at. %. UV-visible optical properties of such films vibrations will be identified by extrema on Reand by in-
have been reported elsewhérelLet us mention that the flections on ImD. In the case of weak bar(@.g., G—H), the
Forouhi-Bloome?® optical gap of the depositeat C:H films  vibration localization and identification are facilitated by

r _
r_p =tan ye'?, )

S

D=4i sin 6, tan 6, do, (3)

1
1—-—
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whered is the film thickness and the wave numberg, is
the incidence angle argt the dielectric function of the film.

D=4i sin 6y tan 6, do+

Il. EXPERIMENTAL DETAILS
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analyzing jumps rather than bumps. At last, E4). proves  tional properties of-Si:H, considering that SiH dipoles
that one needs to calculate, in order to perform quantita- are inside a spherical cavity: €1) surrounded by aa-Si

tive measurements. In the first-order approximation,DRe matrix. In that casef;, which corresponds to the Maxwell-
will not depend ore.. outside the bands. It is therefore im- Garnett correction, can be written as

possible to properly analyze-€H bonding by using only

ReD whereas a complete study can be achieved by investi- e
gating ImD spectra. fint—1+—28m- (13)
IIl. VIBRATIONAL ABSORPTION FORMALISM When the cavity is not spherical, the symmetry is broken so

that f;,, depends on the size of the cavity and on the vibra-
Considering a distribution of dipoles embedded in a di-tional mode'®
electric matrix, the general expression of the absorption For a quantitative determination of the—GH oscillator
properties associated with thth vibrational transition is de-  density,f;,; should be known. As our carbon films are H rich,

scribed by the parametéy; : each G—H dipole is surrounded by a hydrogenated carbon
matrix: the Lorentz correction seems then to be better
A:f a(w)d_"’ (6) adapted in our case and will be considered for the calcula-
] 1 . . . . . .
band ] tions performed in the following sections. This assumption

i i - . ill be discussed in more detail in Sec. VII A.
wherea is the absorption coefficient andthe frequencyin W Iscu ' i

s ). In the case of dipoles in the gas phase, assuming the

double harmonic approximatioiie., dipole considered as a B. Effective dynamical charge

harmonic oscillator with an electric momept depending In order to describe more physically vibrations and to find
linearly on the normal coordina®; of the jth vibration, A, parameters transferable from one molecule to another, vibra-
can be expressed as tional coordinates R;), which characterize the atom dis-

5 placements, have been useR;)(can be separated into two

A= 1 % ‘9_” ) subsetdr} and{¢} for, respectively, stretching and bending
! 12.9007 w; |9Q;| "’ components. In the equilibrium charges and charge flows

(ECCB (Ref. 35 model, at any instanjy is due to localized

where N is the dipole densityc the velocity of light in charges €,) on atoms so that

vacuum,w; the band center, ang; the degeneracy of the
mode. In the liquid or solid phase, owing to the mutual in-

teractions of dipoles and to the dielectric properties of the = E Ok k& (12
medium, Eq.(7) become¥ atoms
1 Ng louwl?1 whereg, is the bond unit vector and, the internuclear dis-
A= > e f% " (8)  tance. These parameters can be directly related to the bond
120" wj [9Qj] N moment dipoleu,, generally used in the valence optical
where the ternf, is equal to theory?® In the zero-order approximation, no interactions be-
tween bond moments are considered, which leads to the
E; simple expressioti
fin’[:E1 (9)
. . _ I Oy
whereE; andE are, respectively, the intern@r local) field [9—Rt— (9—Rk (13

acting on the dipole and the macroscopic field in the dielec-

tric of refractive indexn. The two termgdu/JdQ;| andf,,  The dipole moment variation produced during vibration is

will be presented separately. then directed along the bond in the stretching mode and per-
pendicular to the bonalonge) in the bending mode:

A. Internal field correction

J J
The termf;,; has been widely studied for molecules di- %zqﬁeﬁrrﬁ % e, (stretching, 14
luted in a solvent. Ratajczékhas shown that the change of r M
intensity from gas to solution for a given band could be fairly P
e>§pla|ned in te;rmg of the Lorentz internal field correcthn. If TP _ qErE (bending. (15)
nis the refractive index of the solverft,; has the expression d¢
(241 The zero indices characterize the equilibrium values. With

=73 (10 such a description, many fundamental properties as intramo-
lecular and intermolecular interactions or bond eneffies
Onsager has demonstrated that this formula is a particul&ian be deduced from IR data. In Table I, different equilib-
case of a more general expression where the long-range dium charges ¢3), bond lengths 1), and charge flows
polar interactions are taken into accodfhe Onsager field (dqy/dry) for a hydrogen atom attached to carbon in vari-
is the field inside a sphere of dielectric constastirrounded  ous configurations are givél.From Table |, it is evident
by a medium of dielectric constant,. Cardon&® and other that IR band intensities of -CH vibrations will depend on
authors* have successfully applied this model to the vibra-the hybridization states of both tle(first H neighboy and 8
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TABLE |. Equilibrium bond lengths and charges, and charge 2000 ———— T
flows on H atoms for different G-H configurations. i 3200 cm™
15.00 | ]
. . L] o ]
C—H g dy ary 2 1]
configuration A) (el unit) (lelA™h = 1000 2500 cm™
g ]
—C—C—H 1.096 0.045 -0.21 i 1920 em™! 1
=C—C—H 1.096 0.068 -0.21 5.00 |- y
=C—H 1.085 0.134 -0.22 ]
0.00 PR SR T JR SRS S R N SR SR S S SR S N S S S SN R
0 1000 2000 3000 4000 5000 6000
(second H neighb9iC atoms, in agreement with experimen- Deposition time (s)

.tal f|nd|ngs_16'l7¥>le can al'so notice thwtf’e”(bendllng.mod)a FIG. 2. Evolution of ImD vs deposition time for different wave
mcreg\ses an@\j (stretching modedecreases with increas- ,;mpers.
ng qy.

However interesting the bond model theory is to analyzecalled the effective dynamical charge and has been widely
hydrocarbon IR spectra, Gribov has shdfvthat interaction used in the IR studies on hydrogenated amorphous
terms of dipole moments of GHbr CH; groups can be as silicor®®3* (a-Si:H). Even if € is often considered as an
significant as one-bond terms so that Ef3) should be empirical parameter in solid-state physics, it can be deter-
modified. Dipole moments of -GH bonds attached to the mined byab initio calculations for quite simple molecules.
same carbon atom are indeed not purely additive:HCab-  In the present case, such calculations have not been per-
sorption properties should thus no longer be described iformed: effective charges are only determined in this work
terms of G—H bonds but as the result of different Ggroup ~ from experimental results.
vibrations. Band intensities of mostg, compounds can be
indeed fairly simulatetf**'’by assuming that different GH IV. DATA ANALYSIS
group vibrations do not interact with each other and by tak-
ing into account the local environme(first and second H
neighbor$ of CH, units. Looking at Eqs(14) and(15), the
group movements can be described by a parametefin
electron charge unitwhich depends on the vibrational mode
and symmetry, on the type of grodpH, Chp, or Ch), and is a straight line the slope of which is relateddg. Inside

on the local group environmefiirst and second neighbors : . N
Using the harmonic approximation and considering the confEhe bands, €-H bending and stretching vibrations are stud-

tribution of each vibration to the whole dielectric function, :jeéjngg_stl:]t;tr?ecsthr}gnlnﬁfjg;tsf:tltsIllneasrhv(\)/\?v\genr;uzg\(leé ?:ﬁ:cr]_
A; can be expressed¥s : g y, 1By, g

tions (see inset of Fig. Jlcorresponding to the different GH
group vibrations. More precisely, three steps are directly ob-
e Ne*zfﬁ,t, (16) served in the inserted figure. The vibrational study as a func-

2CeoN Mo, tion of thickness(Sec. V) and the analysis of hydrocarbon
vibrational frequenciegSec. \} will show that five vibra-
tions (localized by arrowpsare in fact involved in the stretch-
ing (2800-2970 cm?) region.

As previously reported, vibrational properties afC:H
films have been studied by analyzing the imaginary part of
the ellipsometric density. Figure 1 shows a typical Dm
spectrum that can be divided into two parts, that is, inside or
outside the vibrational bands. The shape of the latter region

where m will be taken as the reduced mass of the-B
bond. Comparing Eq¥8) and (16), e* is found to be pro-
portional to /g;|dp/dQ||. The parametee* is generally

A. Out-of-band region analysis

B 7T T
r According to Eq.(4), .. can be found through slope
30.00 [ analysis of the imaginary part @ outside the bands. Figure
-~ [ 3.5X10'3"'l"'l"'l"'lll|' T T
8 25.00
) [ _ - [
% 2000f s ] g 30x10°f .
= ! g 200l s I ]
L = a
L 3.00¢ 3] £ j
15.00 E S 2.5%x10°3F 4
r -4.00 . ‘ ‘ . . 1 & 1
r 72800 2850 2900 2950 3000 3050 3100 | S F
L Wave number (cm” ) ] &
10.00 PSR TR INT TR S T ST ST A B R 1 PR T I SR T N TR ' a _3» _-
2400 2600 2800 3000 3200 3400 3600 E 20x107T ]
Wave number (cm’Y) fi
i i ) i 1.5x10'3...|...| P I I PRI B R
FIG. 1. a-C:H imaginary part (InD) in degrees of the ellipso- 1800 2000 2200 2400 2600 2800 3000 3200 3400
metric density. Inset is the subtraction of Dnwith its linear wave Wave number (cm'™)

number dependence. Vibrations are localized by negative inflec-
tions (arrows. FIG. 3. Evolution of ImD per time unit vs wave number.
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TABLE II. Frequencies of CH vibrations in bending mode.

Bending mode Dischlér Rad Bellamy* Wexlel Colthug This work
sp® CH, sym 1325 1375 1370/80 1379 1370/80 1370/80
Sp3 CH; asym 1490 1450/60 1440/70 1458/67 1440/70 1465
Sp3 CH, 1450 1460/70 1455/70 1467 1445/75 1450
sz CH, 1450 1400/20 1410/20 1416 1400/20 1418
sp? CH olef. 1280 1400/20 1405 1404 1400/30 1404
sp? CH arom. 1445 1450

aReference 11.
bReference 47.
‘Reference 46.
dReference 43.
®Reference 66.

2 confirms that the evolution of I versus deposition time tional properties are generally determifietf by using the
is linear, whatever the wave number. In the whole detectiolecomposition of one spectrum corresponding to one given
area, the slopes, which are equal toDnper time unit, are experimental measurement.
calculated and their dependence with wave number is shown In the present case, for one given experimental condition,
in Fig. 3. The linear relationship is still consistent with Eq. 5—8 spectra have been recordeditu at different deposition
(4), the proportionality coefficienp, having the expression times. At first, one tries to decompose Dy spectra by using
the number of vibrations that can be directly observed by the
eye and by taking into account the fact that an asymmetric
vibration always goes together with a symmetric one. For
example, in the case of Fig. 1, the first decomposition is
whereR is the deposition rate measured by UV-visible el-Made using four vibrations corresponding ¢p’® CH, and
lipsometry. Using this methol, is determined in the whole SP° CHs groups in symmetric and asymmetric modes. This
detection range with a precision @f0.3. kind of procedure is performed for all thicknesses. If the
decompositions are not satisfactory, another vibration is
added. The line position of this new vibration has to corre-
spond to a specific CHgroup and must not depend on the
As can be seen in Tables Il and lll, in C—H bending andfilm thickness. This procedure allows us, for example, to see
stretching regions, 5 to 9 bands can overlap, which makesvidence of thesp® CH stretching vibratiorisee Sec. VI and
the vibrational analysis particularly difficult. In order to Fig. 15.
separate each band, a decomposition is necessary but has towhen the number of vibrations has been determined, de-
be carefully done in view of the high number of parameterscomposition of ImD, is carried out so that frequencies and
The contribution of the present work is, among others, towidths versus thickness stay constant within, respectively,
perform IR spectra decompositions as a function of film0.3 % and 15 %. The intensity ratio between symmetric and
thickness. To the knowledge of the author, such an analysiassymmetric modes cannot be assumed to be con&ieet
has not been performed so far farC:H films. Their vibra-  below). Examples of such decomposed spectra are presented

p1=4m sin 6, tan 6,

1
1——) Rq, 7
€

B. Vibration analysis

TABLE lll. Frequencies of CH vibrations in stretching mode.

Stretching mode Dischl@r Rad Bellamy® Wexlef Colthug This work
Sp3 CH, sym 2850 2853 2853 2855 2843/63 2845/60
sp3 CHs; sym 2875 2872 2872 2871 2862/82 2870/75
sp® CH 2920 2890 2890 2900 2890 2900/15
sp® CH, asym 2920 2926 2926 2927 2916/36 2915/30
sp® CH; asym 2970 2962 2962 2954/88 2952/72 2959

s CH, sym 2945 2980/3000 2975/80
sp? CH olef. 3000 3010/40 3010/40 3015/30 3000/20 3014/35
sz CH, asym 3025 3075/95 3075/95 3075 3075/90 3063/79
sz CH arom. 3060 3038 3030 3050 3000/3100 3046/58

%Reference 11.
bReference 47.
‘Reference 46.
dreference 43.
®Reference 66.
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FIG. 4. Examples of decomposition of infrared bendiagand (b) and stretchingc) and(d) bands fora-C:H samples obtained with a
self-bias of =20 and—170 V. In (a) and(c) pointsA andB allow us to evaluate the bandwidteee Sec. VL

in Fig. 4 for twoa-C:H films deposited with self-biases of
—20 (@ and (c) and —170 V (b) and (d). Spectra will be
analyzed in detail in the following part but it can directly be
observed that G-H bonding evolves withVy;,s and total
hydrogen concentration that varies from 53 at. ¥, {—~

1.6x10*

—20 V) t0 40 at. % Ypue= — 170 V). £ 12x10
In the bending modgFigs. 4a) and 4b)], the data points €2
are more scattered around the model fit compared with the'ggj 8§x10°°
stretching mode because of a lower signal/noise ratio. Note’i‘:‘g
also that these decompositions have been made using th_%" 4x10°
same set of frequenciéwithin =4 cm 1) and widths(within <
15% for all thicknesses, which gives strong constraints on 0
the decomposition parameters and limits the fit quality.
After fitting procedures, the coefficient of each Lorentzian
shape corresponding to a particular vibration and represent: (@
ing the absorption intensitjsee Eqs(5) and (6)] is plotted
as a function of deposition time. Figure@band §b), which 3x10* -
include some examples of absorption intensities as a functior  , 5, o4 £
of deposition time for different vibrational configurations, »
show a linear evolution. Carefully looking at Fig(ah, one 2@ 2x10
can observe that a least-square linear fit to the data does ncg£15x10*
exactly yield a zero intercept. This discrepancy, which re- g_: 1x10*
mains faint, may be interpreted in terms of interface forma- QE 5x10°° |
tion between film and substrate. 2 0
Spectra analysis has shown that for all films and all con-
sidered vibrations, a linear evolution of the absorption inten-
sity versus time deposition is observed, at least above 200 A
In the present work, only the linear region, corresponding to (b

thicknesses varying from 300 to 3000 A, will be taken into

most 50 A thick.

sp° C-CH, (asym.)-

Deposition time (s)

- Bending
- ]
(- P R 1 PP B N
0 500 1000 1500 2000
Deposition time (s)
LI B B T T T _ZXIO.S
Vbi85= -20 V ‘_
.5
E sp3 CHs(asym) —H1.5x 10
L Stretchin, —>]
E J1x10%
o<
b sp® CH olef. 15x10°¢
Bending
F o
L 1 PR R | 1 1 ) 14 0
0 1000 2000 3000 4000 5000 6000 7000

FIG. 5. Absorption intensity as a function of deposition time for
accounfsee Fig. Bb)]. Surface and interface phenomena aregifferent vibrations and deposition conditionss p?* C—CH; in the
described in Refs. 21 and 40, showing that, in the same comending modda) andsp® CH, (asyn) in the stretching mode with
ditions of ion bombardment, the interface and top layer are atlefinic sp? CH in the bending modéb). The lines are linear fits

corresponding to the homogeneous growth regime.
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TABLE IV. Frequency evolution o6p® CH, bending band in  noticed thasp? CH aromatic bending band near 1445¢m

presence ofr bond in g. is usually too weak to be observed. Concerningspe CH,
olefinic stretching bands, no data evidence clearly the pres-
Group Symmetry Wexlér  This work ence of the symmetric mode. Thep® CH stretching line
—_C_CH, sym 1379 1380 position is not precisely defined and reference values can
asym 1458/67 1465 vary from 2890 to 2920 cm. .
—CCH, sym 1370 1360/70 As already mentioned, vibrational propertiessqf® CHn
asym 1440 1437 groups can be strongly altered by the presence of neighbor-
ing 7 bonds. Table IV shows that bonds induce a decrease
—C—CH,- 1467 1450 of the sp> CH; bending frequency in both symmetric and
—C—CH, 1467 1450 3

asymmetric modes. In contrast, no other line shift has been
aReferences 17 and 43. reported, neither fogp® CH, group in the bending mode nor
for sp® CH, stretching vibrations.

In the linear region, the slope has the expression

1 B. Effective dynamical charges
p>=4m sin 6 tan 8y — fogRy. (19
&

)

Thanks to Egs(6) and (16), using infrared references of
pure hydrocarbons, effective dynamic charges have been cal-
Compared with previous procedurés;?this method allows culated for differensp® CH, group vibrations in the bending
us to distinguish bulk from surface properties and to elimi-and stretching modes. The values are reported in Table V.
nate features that do not physically correspond to vibrationszor IR measurements performed in the liquid or gas phase,
From Eq.(6) f can be related tdN and to the dynamical the Lorentz internal field has been considered. The values of

charge of the group vibration: Fox'® should be taken with care because we had to estimate
* 22 graphically the individual bandwidths. For Joffedata, an
Ne*“fi identical width of 30 cm? for all vibrations has been sup-

(19 posed. The dynamical charges that seem to be the more re-

) ) ) liable are those from Franéfsand those from the review of
whereN is a number of oscillators per chand o is ex-  Wexler since no assumptions have been made on the band-

1= 18ox10%%2"

H A1 . .
pressed in cn. width values. In all of these references, no bond decomposi-
tion has been achieved: hydrocarbon molecules have always

V. ORGANIC COMPOUND DATA been assumed to behave like a noninteracting mixture of

CH, groups. Table V also presents dynamical charges of
crystalline n paraffins measured by Snyf&mand those of
In order to analyze IR spectra and to compare our resultsemicrystalline polypropylenéPP, measured by ourselves.

with those of the literature, Table Il presents a frequency lisThe same Lorentz field correction has been taken into ac-
of CH, vibrations. Some data of Dischtérfor plasma de- count,n being the refractive index of the organic solids. The
positeda-C:H films do not correspond to frequencies men-e* values for solid hydrocarbor{grystals or PPare not so
tioned in organic compound IR handbooks. Among the probfar from those of liquid or gaseous ones, which could indi-
lems found in experimental characterizations, it should beate that the same* set can be used in organic compounds,

A. Band frequencies

TABLE V. Effective dynamical chargegn elementary charge upibf sp®> CH, groups. Polypropylene
(PP has been measured by us.

Reference
Group Mode  Francié FoX* Jone§ Luthe® Wexlef Snydef PP

sp® CH; (asym Bending 0.046 0.054 0.038 0.054 0.025

sp® CH, Bending 0.036 0.035 0.034 0.041 0.052

sp® CH, (sym) Bending 0.055 0.041 0.059 0.064 0.044

sp® CH, (sym) Stretching 0.084 0.068  0.081 0.090 0.090 0.096
sp® CH; (sym) Stretching 0.051 0.074 0.088 0.106 0.062 0.117
sp® CH Stretching  0.092  0.025 0.115 0.042
sp® CH, (asym Stretching 0.145 0.109 0.105 0.153 0.122 0.136
sp® CH; (asym Stretching 0.156 0.121  0.136 0.165 0.138 0.149

8Reference 42.
bReference 16.
‘Reference 41.
dreference 67.
®References 17 and 43.
fReference 44.
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TABLE VI. Effective dynamical chargeén e unit) of sp® CH, 585 77T g
groups bonded tsp? carbon. g SOF }9 114
Group configuration Mode and symmetry e*? E a3 112~
S 40 "o <0 1 E
=C—CH; Bending(sym) 0.068 £ 35t 41 &
Bending (asym 0.087 § 10 " o ] %’
Stretching(sym) 0.079 s 108%
: E2s5f <o 1 7
Stretching(asym 0.124 &~ Jos
=C—CH, Bending 0.056 S20fp 5 0007 ]
Stretching(sym) 0.065 3 L N RV '
; 0 50 100 150 200 250
Stretching(asym 0.111 Self bias (V)

“References 17 and 43. FIG. 6. Infrared dielectric constants{) and density(solid

squaresof a-C:H films as a function of self-bia@egative valugs
irrespective of the matter state. In Table VI the dependencgwo detectors have been used to deterneine Hg,Cd;_, Te (open
of e* with the local environment is shown, compared with squaresand InSb(open circles A typical error bar is plotted.
Wexler's data in Table V. In the presence®fonds in the
B position(i.e., second neighbprhyperconjugatio? which  that .., which corresponds to the film optical response in
results from a charge transfer betweea=C and CH groups, the IR transparency regions, is strongly related to the atomic
occurs and leads to an increaseef)f,and a decrease ef;,,  density. The linear background in IR ellipsometric spectra
respectively, in the bending and stretching modes. could thus be used to evaluate easihC:H film density.

In Table VII, e* values forsp? CH, groups have been To understand more deeply the evolutionasC:H struc-
calculated in olefinic and aromatic configurations showingture versusVy,,s, Vvibrations associated with GHCH,, and
that they are of same order of magnitude asdpf CH, CH units have been studied in detail in both bending and
groups. However, Bellanf§ and Ra8’ have stated that the stretching modes. For methyl and methylene groups, the de-
vibrations of monohydrogenated olefinic  groupstermination of the effective charges will be based on the
(R;R,C=CHR;) are too weak to be observed. Ramen- analysis of intensity ratio betweerisym)/(asym and
tions that aromatic CH bending ban@sar 1450 cmt) are  stretching/bending modes. No local field correction is needed
rarely observed since they are frequently overlaid by, CH in that case. For CH unitg* will be studied as a function of
deformation. self-bias: ERD measurements and Lorentz local field factor

will then be used to calculate® and oscillator densities.
VI. RESULTS A. CH, group

As already mentioned, for all samples, the evolution of
Im D (off band and of the vibration intensities versus depo-
sition time are linear at least above 200gke Figs. 2 and)5 As shown in Fig. 4, the 1350—1500 crnregion has been
which indicates that the growth is homogenedus the con-  decomposed using six vibrations at 1370/80, 1404, 1418,
sidered region and that the analysis characterizes well ant#37, 1450, and 1465 ch. Errors bar amplitudes are4
truly bulk properties. Before analyzing the evolution of cm * on the line positions. Figure 7 indicates that the fre-
C—H bonding versud/,;,s density and IR dielectric func- guencies are constant within 5 Chexcept for the 1370/80
tion are determined by combining ERD, IR, and UV-visible €M * mode, which can be unambiguously attributed to sym-
ellipsometric measurements. In Fig. 6, the increase of théetric (sym) sp® CH; bending including bot{=C—CHa)
dielectric constant with increasing self-bias voltage showgind(—C—CHy) units(see Table ll. According to Table 1V,
the role of ion bombardment that is favoring the formation ofthe slight decrease of thep® CH; (sym) is related to the
7 bond4® and densifying the filmssp? content increases presence o§p” carbons bonded to the methyl group. In such
with ion energy and the hydrogen content decreases as al-

1. Bending mode

ready mentioned from 53 to 40 at. %. Figure 6 also indicates 1480
1460 _ MSNO cm !
TABLE VII. Effective dynamical chargeéin e unit) of sp? CH, ~ e em’ !
structural units. ¢ is the symbol used for the phenyl group. 5 1440:— o 437 em!
. L
Group configuration Mode and symmetry e*? § 1420:‘ 1418 cm’
i g P " 1404 om
—C=CH, CH, bending 0.046 & 00
CH, stretching(asym 0.096 1380 L Mmo em !
R;HC=CHR, CH in plane deformation 0.069
cis-R{HC=CHR, Stretching 0.152 13600 e 5'0 1")0 1;0 2(')0‘ —
transR;HC=CHR, Stretching 0.106 Self bias (-V) 250
¢-CH Stretching 0.065

FIG. 7. Line positions ogp® CH, andsp? CH, groups vs self-
8References 17 and 43. bias (bending modge
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FIG. 8. Bending intensity rati&, andKg as function of each FIG. 9. Evolution of the methyl group local environment\,
other (hypothesisB). The solid line is the model assessing constantand N, are the numbers of CHgroups attached to ap® or sp?
effective charges. carbon, respectively. The solid line is a guide for the eye.

a case, Table IV shows that tlsg® CH; (asym) mode fre-
quency should also decrease from 1450/65 to 1440'cm
Consequently, the 14374 cm ! vibration is attributed to
the asymmetric =C—CHz;) mode. The asymmetric
(—C—CH,) mode is located either at 1450 ch(hypoth-
esisA) or at 1465 cm? (hypothesisB). Using Eq.(19), a
relation between the vibrational intensity ¢éym and
(asym modes can be established:

certainly associated with the{{C—CH,) group. Moreover,
Eqg. (20) stipulates that, if effective charges aC:H are
constant,K, and Kg are related by a linear law. Figure 8
shows that, within the error margin, this assumption is fair.
Through slope analysis, the rat g ,{€5 ,s,mCan be deter-
mined. Taking as referene ,,,ande} 5, mvalues given by
Wexler?® sp® CH; bending effective charges are calculated
and reported in Table VIII. In Fig. 9, the fraction b, and

N, is plotted versud/,,s, indicating that the local environ-
ment of methyl groups evolves fromp® to a mixture of
sp?/sp°-configurated carbon atoms.

2
(eI,asyn)

(€F oym 2+ (€5 ym?
i i (es,asyn)z

Ka= (e;.c,asyn)zKB , (20
where 2. Stretching mode

f2,asym (T 2,asym > Figure 4 shows the result of band decomposition in the

Ka=7 (01002’ (21)  2840-2980 cm! stretching region. This region can be de-
Lasymi™ 1.asy composed using five vibrations at 2845/60, 2870/75, 2900/
f (Taum)? 15, 2915/30, a_md 2959 C_rﬁ. It will be de_r_nonstrated in the

Kg=—20 T (22)  following sections that this decomposition cannot be per-

2 .
f 1,asym ( O'l,asyn)

The indices 1 and 2 characterize the-C—CH;) and
(=C—CH,3) groups, of respective densitids andN,. At
low self-bias, no clear vibration at 1437 Chis present, e ; . 3
indicating thatN,<N;. We can thus calculate the square of €™ [nflectlons characterize rrjethylene.gromsm EHZ)'
effective charges ratio betweerfasym and (sym) Vibrations located at 2900/15 crhare attributed tsp® CH

(—C—CHs3) modes. Values of 0.43 and 0.80 are found for 9roups. Methyl group line positions i(sym} and (asym)
hypotheses\ andB, compared with an average 0.71 ratio in modes stay constant whereas frequency shift can be observed

free molecules, which shows that the 1465-¢nmode is for methylene and CH units. It is evident from Table VI
that different effective charges should be assumed for

formed with less than five bands. The evolution of band fre-
quency withVy,,s is plotted in Fig. 10. According to Table
1, the 2870/75 and 2959 cni vibrations are attributed to
methyl groups(sp® CH,) whereas the 2845/60 and 2915/30

TABLE VIII. Effective charges of CHin bending and stretch-
2980

ing modes. In our calculations, the underlined values are taken from
Wexler? 2060 L & 5 b a8 .
r 2959 cm' !
Group Mode Wexl€t  This work "; 2940 E A___gw o !
3 b
—C—CHjz (sym) Bending 0.054 0.054 g »20 _ %
—C—CH; (asym Bending 0.064 0.064 5z W0t E0U1S em !
=—C—CH; (sym) Bending 0.068 0.060 E ass0f
—C—CHj (asym Bending 0.087 0.090 oo | b o v 287075 cm!
—C—CHj (sym) Stretching  0.106 0.117 e
—C—CHs (asym Stretch!ng 0.165 0.165 28400 — 5'0 —— '1“)0' — 1;0' — '200
=—C—CHjs (sym) Stretching 0.079 0.085 Self bias (-V)
=C—CHjs (asym Stretching 0.124 0.120

8Reference 43.

FIG. 10. Line positions oép® CH, group vs self-biagstretch-

ing mode.
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H 3
35 Stretching mode . TABL.E IX. Effective charges okp®> methylene groups used to
fit experimental results.
3L sp’ C]-l3 (asym)
sp* CH, (sym) Group Mode e*
., 25F )
e —C—CH,- Bending 0.041
2L o . =C—CH, Bending 0.26
’_T/’D”_’_r —C—CH, (sym Stretching 0.090
5L | o - —C—CH,- (asym Stretching 0.153
@ =C—CH, (sym) Stretching 0.065
[ R S S SR =C—CH, (asym Stretching 0.111
0 50 100 150 200
Self bias (-V)

FIG. 11. Asymmetric to symmetric stretching intensity ratio decomposmon of all ,mOdeS of IR spectra but no clear con-
(Ksy) Vs self-bias: the open squares are experimental points; thgrmatlon had been given up to now.

solid line is the fit assessing constant effective charges.
B. sp® CH, group

CHs:€7 2870 €3 28701 €1 20501 ANAES He54, the first and second From our fitting procedures, the 1450, 2845/60, and
index designating the type of environmesaée previous sec- 2915/30-cm? bands have been attributedgp® CH, bend-
tion) and the vibrational frequency, respectively. Using Eq.ing, symmetric and asymmetric stretching vibrations, in
(19), it can be shown that agreement with values of Tables Il and IlI. As in the case of
methyl groups, one has to consider different types of local
environments. However, GHocal environment description

is more complicated since methylene groups can be attached
to 0, 1, or 277 bonds. As a consequence, two types of sur-
roundings will be considered: methylene units bonded either
to two sp® carbon (—-C—CH,—C) or to, at least, onsp?
carbon &C—CH,). Nj andN, will designate the respec-
tive densities of these groups. Ratios between diffesqrit
CH, vibrational modes can again be defined:

N>
(€T 2959+ Ny (€3.2059°
KStr: N ’ (23)
* 2 2 % 2
(12870 N, (€32870

where

2
_ f 2050 (02050

= 24
f2870(0'2870)2 24

Str
2
_ f1450 (071450

Bt — (25
TheN,/N; ratio has been previously determined for bending ¢ f 2020 (072920
modes. Taking as a reference the average valuej 9fso ; ’
given by Wexler and the quantitative effect of hyperconju- _ Fias0 (01450 (26)

gation, the other effective charges can be calculated by fit- P o800 (028507
ting experimental results with ER3). These are reported in  rjgre 12 shows that, even if error bars are taken into ac-
Table VI_II and are in go_od agreement with effectl_ve chargeq:oum, K and Kp are not monotonous versus self-bias, in
of_ organic molecules. Figure 11 compares experimental data, . ast toK », Kg, andKg,. This experimental result can
with our model based on constant effective charges. Accordt-)e explained by(i) a strong evolution of CH effective

ing to these results, owing to the valueseéfccg)mpared with charges ina-C:H, and (i) a Nj/N/ ratio, which is not a

* . . ) )
€1 , a constant ratio fofsym and (asym sp” CHs vibra-  y5n0tonous function of self-bias. As far as hypothégiss
tions within a 25% error can be supposed in the decomposisoncerned, we have proved in a previous section that effec-

tion of IR spectra. This result remains valid at all values ofij,e charges of organic compounds are well adapted to de-
N, /N, . This latter statement has often been supposed for the

0.8 ¢
6 E
CH, bending 07 F
- 5L CH2 (sym) stretching 0.6 -_
M . [ ] £
- W [] a CH, bending - 0.5 :_
,_MQ ‘ CH2 (asym) stretching % 0.4 E—
g 3 z 5
= I 03
E 2f 02F

g 0.1 _ CH, groups
1F -1

T Tl E [u] 0 " PR [ S S N 1 N

ob U T A 0 50 100 150 200
0 50 100 150 200 Self bias (-V)

Self bias (-V) ) )
FIG. 13. Evolution of thesp® CH, local environment. N; and
FIG. 12. Intensity ratios osp® CH, groups in the bending N, are the numbers of CHyroups attached to sp® or sp? carbon,
mode, to the symmetric and asymmetric stretching modes. respectively.



PRB 58 QUANTITATIVE STUDY OF C—H BONDING IN . .. 13 967
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FIG. 14. Vibrational spectra of the 3000 cfnregion for films
deposited at—150 (@) and —170 V (b) self-bias. Open squares FIG. 15. Decomposition of the stretching region using either
correspond to experimental results. The solid lines are the fits rfour or five Lorentz oscillators.
sulting from decomposition.
of o bonds: a purely hydrogenatexp® network cannot be

scribe the vibrational intensities of methyl groups. We will ©btained, even at very low ion energy.
thus use constam* values as obtained from organic chem- )
istry and consider hypothesid). In order to describe the 2. Stretching mode

nonmonotonousN,/N; ratio, a second-order polynomial As we discussed in Sec. |, the contribution of tsym
function of V5 has been chosen. Experimenkal andKp methyl group to IR absorption is high in the stretching re-
curves plotted in Fig. 12 can be fairly modeled by usinggion. Thus the IR signal o§p? CH, vibrations, which is
effective charges reported in Table IX and three parametersxpected in the 2950/3100-crhrange, cannot be easily de-
characterizing the polynomi®;/N; evolution. The relative tected. Only for samples having a relatively low methyl IR
group densitie$N; andNJ) are plotted in Fig. 13. Note that signal, band analysis can be performed in this region. Figure
error bars are quite important but thg/N; ratio cannot be 14 shows IR spectra and their decomposition which evidence
considered as a constant: the evolution is clearly nonmonotdh@ny vibrational modes. The fits are not as good as those
nous. Contrary to the methyl case), does not represent the presented in l_ilg. .4 but st[ll allow us to !ocgllze. vibrations
density of one precise group but takes into account all thélnd to deter.mlne line positions. E_:an(_j attnbgt_lon is presen.ted
types of environment that contain at least enbond, which 1" Table I, in good agreement V!I'[h line positions of organic
could explain the rather complex evolution Nf/N;. The mqlecules. The 391_4 and 3035-ciLrbands_, certa|r_1ly charac-
observed minimum a¥,,,= — 100 V, which may suggest a terize sp? CH oIeﬂmc bqnds in, rt_aspecuvely,_ms and trans
structural transition, will be interpreted below. (—CH=CH-) conﬂ_guraﬂons. As in the bending [node, the
sp? CH,-, bandwidths are between 15 and 25 ¢mand
remain low as compared to the 25—50 ¢rwalues found for
C. sp’ CH, group methyl or methylene groups. No evaluation of effective
1. Bending mode charges has been performed, in view of the very small IR

. . o signal amplitude.
Figure 4 clearly evidences vibrations located at 1404 and

1418 cm'%, which do not correspond ®p* CH, groups(see 3

Table Il). In comparison with organic molecules, these D. sp” CH group

modes are attributed ®p? CH in olefinic configuration and The sp® CH stretching vibration is known to be difficult

to sp> CH,, respectively. The latter is only detected for to detect: its presence is often obscured by the stronger me-
samples deposited at high ion energy whereas the former cdhylene and methyl group absorption. This band, which can
be observed at all values of self-bi@ee Fig. 7. Our obser- be directly observed for films deposited using a h\gfs
vations do not correspond to Dischler’s attributisee Table value, has also been evidenced through fitting procedures.
[II') and prove that our films always contain a certain amounfigure 15 presents two types of decompositions using either
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FIG. 16. Effective charge afp® CH stretching mode as a func-

. 3 .
tion of self-bias. The line is a linear fit. FIG. 18. Bandwidths ofsp” CH; (sym (solid squares

—C—CH, (asym (open squargsandsp® CH, (open diamonds
groups in the bending mode vs self-bias. Dashed and solid lines are

four or five different bands, i.esp®> CH; andsp® CH, in  guides for the eye.

(asym and(sym) modes combined or not with a vibrational
mode located around 2900 ¢t The different bandwidths atoms, consistent with previous resuttd. The total IR ac-

have been limited to 50 cnt so that the fit could converge e hydrogen amount can thus be calculated without taking
prqperly towardés meaningful parameters. Fslgure 15 clearlynto account thesp? CH,, groups® The total number of Chl
ewden;:es thep® CH band located betweesp” CH; (Sym  and CH, units (N, is calculated using results of previous
andsp’ CH, (asym vibrations. parts and the Lorentz field correction. Thanks to hypotheses
_The analysis method thqt has been performed to deteh) and (ii), the number ofsp® CH bonds can be deduced
mine e* for CH, and CH units cannot be used for the CH ;5jng ERD measurements and thig values.e, can then
group since its vibrational modes are not separaté@ym 1o gyajyated as a function of self-bia is again assumed

a_nd(a}syn) normal modes. Moreover, no clear CH bendingto correspond to the expression given by Lorentz. In Fig. 16,
vibrations have been observed. At last, as shown in Table Vi o o\ o1ution ofsp® CH effective charge versu¥ys is
las

3 B . -
the sp” CH effective charge valuesog in the stretching  gpown revealing a strong decreasey,,from 0.08 to 0.02.
mode calculated from different references show a high dis-
persion, in contrast to other GHyroups. Even for saturated _
hydrocarbons, IR spectra can hardly be fitted using a con- E. Bandwidths

stant effective charg¥. Bandwidths are deduced from decomposition procedures.
In order to calculate}y,, the following assumptions are For isolated vibrations likes p> CH; (sym) in the bending
made: (i) aimost all hydrogen atoms measured by ERD aremode or vibrations that are not followed by another one, like
bonded to carbon and are thus IR activéii) effective  sp® CH; (asym in the stretching mode, the width can be
charges obp® CH, vibrations are of the same order of mag- evaluated by the eye by looking at the local extrema of
nitude as those presented in Table VII. Im D, [see pointsA and B of Figs. 4a) and 4c)]. The dis-
The first assumption is based on results reported by Honance(in cm ™) betweenA andB is a first evaluation of. As
eybone and co-worke'$* showing that only small quanti- a matter of fact, bandwidths c§p® CHs (sym, bending
ties of molecular hydrogen are trapped insaeC:H films. mode andsp3 CHg (asym’ stretching moderibrations can
Using hypothesisii) and comparing absorption intensities of pe evaluated by the eye. Pdf,,=—20 V, respective values
sp? CHy—1,andsp’ CH,_, ; bending groups, it can be con- of 16 and 28 crm® are found whereas the decomposition
cluded that hydrogen is essentially bondedsfw’ carbon |eads to values of 19 and 33 cf respectively. When in-
flections are surrounded by others, li&p®> CH orsp® CH,,

Stretching mode the only way of determining bandwidths is to perform de-

60

o L 'sp's c|113 ] composition. In order to get reasonable values, the maximum
sob (asym.) ] value of " is set to 60 cm* for all vibrations.
O ] Bandwidths of principal vibrations are presented in Figs.
) b sp’ CH, 17 and 18 versu¥,,. In the stretching mode, methyl and
£ (asym-) 3 methylene(asym peak widths are nearly the same and be-
= oL ] come larger when ion energy increases: for these vibrations,
- ] I" reaches 50 cm' for V,i,e=—170V. In contrastsp® CH
200L ] bandwidth decreases versus self-bias, from 55 to 15'cin
f sp* CH | the bending mode, théasyn) vibrations become sharper
who—— e with increasing ion energy whereas broadening is seen for
0 50 100 150 200 the 1370/80-cm' mode. These results show that bandwidth

Self bias (-V) evolution is not straightforward and can depend on the vibra-

FIG. 17. Bandwidths ofsp® CH (solid squares CH, (open  tional mode as on the C;ngoup._ln Sec. VII, it will be
squarey and CH (open circles groups in the stretching mode vs shown that bandwidth and effective charge are closely re-
self-bias. Dashed and solid lines are guides for the eye. lated.
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VII. DISCUSSION deformed®3* Moreover, ase,.g; is high, the Lorentz and

The analysis method we have developed has allowed us t(E))nsager internal fields take values that can differ by an order

determine in detail the vibrational propertiesasfC:H films; of miﬂg'tcu;; of polvmerlike carbon. film density and dielec-
that is, frequency, bandwidth, and effective charge for each poly y y

3 T . tric function values are relatively logwrom 0.8 to 1.5 g/cr
sp” CH, group. In the present studi situ ellipsometry has apd from 1.5 to 4.5, respectivelyThe ratio H/C evolves

been used to measure absorption intensities as a function Abm 1.1 to 0.7. The particular effects described &6i:H

deposition time. In the homogeneous growth regime, whichy e thys no more valid. Moreover, owing to the high H con-
is characterized by a linear evolution of nand absorption  cenration, the different CH groups cannot be considered as
intensities versus deposition time, band decompositions ofplated dipoles in a nonhydrogenated carbon matrix. As the
more than five spectra have been performed, as compared & _H dipoles make up in great part the dielectric medium,
one in standard IR analysis. The calculatiorf isf performed  the Lorentz local field correction seems to be better adapted
through slope analysissee Eq.(18)], which provides good for polymerlike carbon, as done in this paper.

precision. Another advantage of using ellipsometry concerns

the IR background. Using classical IR absorption techniques, B. Bandwidth and line frequency

a-C:H film thickness should be high enough to get a reason-

: . . . The evolution of bandwidths versus self-bias shown in
able signal/noise ratio. Spectra background is affected by. oo . ;
fringes and becomes a complex function of thickness am}jé'gs' 17 and 18 indicates that line broadening depends on the

refractive index® In our case, as measurements are per~ ibrational _mode and on the type of q;l-group. Many
o ; i Per S uthor82752 have tentatively explained the increase of CH
formed on thin fllms, the packgrou_nd shape IS Imear, Wh'Chstretching bandwidth by assuming that strain effects become
makes its su_btract|on easier and ylbrat|onal studies more res'tronger as ion energy increases. Coutleas shown that, in
liable, especially for near absorption edge bands. 5 - films, stress is compressive and increases as H is lost
Thanks to our analysis method—H bonding properties  5nq density increases. If bandwidth is assumed to be directly
have been determined in terms of frequency, bandwidth, angh|ated to stress, crosslinkidgr density, broadening is then
effective charge. H distributionsp® content, and density expected to be higher fa&p® CH units that are located in
evolve withVyj,sas shown in Fig. 6. First neighbors of me- |ess hydrogenated regions than for Obt CH; groups. This
thyl groups evolve from purelgp® to a mixture ofsp®/sp®  assessment is in contradiction with experimental results
configurated carbons. For methylene groups, the change ghown in Fig. 17. Moreover, this direct description predicts
local environment is more complex as indicated in Fig. 13that mechanical stress, which induces length variation and
The calculation of CH stretching effective charge reveals thaéngle distortion, should similarly broaden both bending and
the absorption strength of a monohydrogenated carbon castretching CH bands. Figures 17 and 18 clearly show that
strongly evolve witha-C:H microstructure. In order to ex- this simple way of interpreting bandwidth is not correct.
plain G—H bonding properties, a local description of vibra-  Let us recall that, in IR spectroscopy, broadening can be
tional modes will be used. At first, the discussion will deal either homogeneous or inhomogeneous. In the former case,
with local field effects. The Lorentz correction that has al-width is a consequence of lifetime of excited states and vi-
ways been assumed will be discussed. Second, line broadebrational coupling leading to dephasing phenontEruch
ing and shift observed in Sec. VI will be explained. A par- effects are negligible when amorphous film bulk is studied.
ticular section will be devoted to effective charge valuesAs vibrational lines result from resonant CH bond oscilla-
calculated forsp® CH,, bonds. From all this analysis, consid- tions, each one having a particular geometrical and electroni-
eration ofa-C:H microstructure will, finally, be presented. cal environment, broadening is inhomogeneous and may
come from* (i) local strain,(ii) local electric field(iii) in-
teraction with phonons or CH mutual interactions. As mass
A. Local field difference between C and H atoms is strong, as the vibration
dtakes place in a solid where the number of bonded atoms is

In the calculation of effective charge ratios for methyl an v hiaher than f f lecul h )
methylene units, no assumption has been made on the el@/9€!y higher than for a free molecule, each gfoup is
assumed to oscillate in a local mode. Interactions with

pression of the local field correction. However, in the deter- h hich should lead t ticular vibrational band
mination ofe3g,, a Lorentz-typef;,, factor has been consid- phonons, which snould ‘ead to particuiar viorational bands,

ered to evaluate the total-GH oscillator density. One can then be negligible. Quadratic CH mutual interactions are

should question if such a correction is accurate. The Lorent'%aken into account in thy factor, as has been explained in

local field has been proved to be a good approximation fofrewous sections. In the context of a first-order perturbation

gas and liquid-phase hydrocarbons. In solid phase, the inte heory, the line transition energy for each vibrational sité

nal field depends not only on the dielectric polarizability but:f.an .be expressed as a function of local strain and electric
. . . field:

also on the dipole concentration and on the atom density.

Hence, in the case dd-Si:H where H/Si is low(approxi- N iali CNE (i

mately 0.05-0.], as H is assumed to be randomly distrib- o(1)= 0o+ Zsyai 1) €(0) + Zetectrid D find1),  (27)

uted throughout the&-Si phase, each SiH bound can be whereoy is the resonant frequency for a free molecelg)

locally represented by a dipole oscillating in a cavity, sur-andf;,(i) the local stress and field fact® i, and 2 cjectric

rounded by a nonhydrogenated silicon matrix. The contrasare coupling terms that characterize the linear response of the

between the dielectric function void ardSi (¢,.g) is high  oscillating dipole to the perturbation. These terms are

and can lead to strong evolution df, if the cavity is  strongly dependent on the effective charge values.
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Let us consider first the case of dipoles distributed in avation. Vibrational damping is thus only indirectly related to
regular lattice structure. It can be shown, through &7), internal stress since it strongly depends on the effective
that frequency of the normal stretching mode shifts owing tocharge.
dielectric screening. This shift has the approximated To sum up, line broadening is both related to &evalue

expressiorr and to the vibrational mode. Due to the high H charge de-
, formability, sp® CH, andsp® CH; bandwidths are very sen-
oo €* sitive to strain or disorder.
Ao=— —W, (29)
2 powg

whereW is proportional to the cube of an interaction length C. Effective charges

representing the contribution of other dipoles to the local Effective charges evolution determined fop® CH; and
field. Equation(28) describes how effective charge varia- CH, groups can be fairly well interpreted by the hypercon-
tions can influence inhomogeneous broadening. Taking fugation model. As self-bias increases, the nearest neighbor-
typical valug® of 0.5 A% for W, the frequency shift of thep®  hood of methyl groups becomes richerrrbonds. From Fig.
CH stretching band due to effective charge evolutieee 9, the local methyl environment of films deposited with a
Fig. 10 can be calculated. A downshift value of 15 chis high ion energy can be modeled as a mixture-<a€E—CHj,
found, very similar to the experimental shift. Moreover, Eq.and=C—CHj units in ratio 3:2. Using the values given in
(28) predicts that broadenin@.e., shift fromo,) decreases Table I, the average-GH distance in CH units should thus
when e* is lowered, consistent with bandwidths plotted in decrease from 1.54 to 1.52 (Ref. 38 and the charge local-
Fig. 17. For CH and CH, group stretching vibrations, the ized on hydrogen should increase from 0.045 to 0e0The
effective charges do not change much to induce significangvolution of the effective charges reported in Tables VIIl and
variations of linewidth by screening effects. IX is consistent with the predictions deduced from E{sl)
Local angle distortions and length variations, resultingand (15) that is an increase for the bending mode and a
from local stress, will affect effective charges vallsge decrease for the stretching mode in presence lodnds ing.
Eqgs.(14) and(15)]. The coupling ternk. i, increases as the The same conclusions can be drawn for methylene groups:
oscillating group is more sensitive to environment, i.egas ab initio calculations performed on simple organic molecules
is higher. Therefore, the strain influence on thg> CH  using the Spartan software have also shown thatHbond
stretching group is expected to be far lower than fo;@Hd  length diminishes and the Mulliken chafdeon hydrogen
CH, units: the effective charge of thep® CH group is in-  tends to increase when Glis bonded tor bonds. The val-
deed between three and eight times lower than thapdf ues determined fo—C—CH, and =C—CH, units (see
CH, -, 3 units. Concerning methylene groups, by comparingTable VI) can also be interpreted in terms of hyperconjuga-
width evolution of stretching and bending regions and usingion. The high value o€; .. ,,may indicate that a significant
Egs.(14) and(15), we can conclude that bond length varia- fraction of the different kinds of methylene groups are con-
tion does not affect much line broadeniteysmall decrease nected to twosp? carbons +=C—CH,—C=).
for the 1450-cm* line). Broadening of stretching bands may  In contrast,ab initio simulations do not reveal any clear
then come from changes of charge flows. This statement i§hange of single &-H bond length in the presence af
justified by the fact thatdq®/dr ) rd is nearly one order of bonds inB. The effective charge decrease shown in Fig. 16
magnitude higher tharqﬂ in C—H compounds® which  cannot be interpreted as a consequence of hyperconjugation.
means that the charge on hydrogen atoms is very deformAccording to Eq(14), it could be the result ofi) an increase
able. The solid line plotted in Fig. 18 does not contradict thisof g% charge andii) a decrease ofY, or |4qy/dry|. Phe-
assertion since the 1370/80-ciband is the superposition nomena described in assumptiotis and (ii) occur when
of two different lines, one due te-C—CHj; and the other to  carbon bonded to single H is included in a three-dimensional
=C—CHg units. structure. For example, in some caged hydrocarbons like
Figures 4 and 14 show that the bandwidtisgf CH,_;,  triamantan&? r? is reduced from 1.11 to 1.09 A. -6C
groups is low, compared to meth{@p® CH;) and methylene and G—H bonds may also be part of a distorted network
(sp® CH,) groups, and does not evolve much with ion en-where the C hybridization state is no more purely but a
ergy. If sp? CH, effective charges are assumed to be similarcombination ofsp? and sp®. In such a case, charge flow
in a-C:H films or organic molecule¢see Table VI), this  values can be strongly modified due to the high electronic
very small bandwidth may indicate that hydrogenasgrd deformability of the atomic charge.
regions are weakly strained or disordered. This interpretation
is consistent with the model developed by AngUsyhich
shows that strain energy is released whenbonds are
formed. As the average degree of freedom per atom is higher IR results which are reported in the present work repre-
for sp? than forsp® carbon, stress is then expected to besent a contribution to a structural modelafC:H since they
stronger insp*-rich domains. derive new insights in the description of the hydrogenated
This model for broadening effects aC:H can also be network. At first, we have shown that, ¥g;,increases, the
applied to tetrahedral hydrogenated amorphous carbonearest environment of methyl groups becomes enriched
(ta-C:H). IR spectra of such a material reveal well-resolvedwith 7 bonds(see Fig. ¥ it evolves with ion energy from
stretching bandé whereas ta-C:H is known to be sp® to a mixture ofsp?-sp® configurated carbons. As far as
constrained® The above description has shown that a lowmethylene group is concerned, the evolution of the effective
value of the effective charge can account for such an obsecharges has also proved that a quite importany €&ttion

D. Microstructure
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. . 3 L
is bonded tos p>-configured atoms. Figure 13 indicates that M0t equally d|st0r|buted among thep? andsp® phase: in our
the evolution of CH local environment is more complex ¢2S€, 87-100% of hydrogen atoms are bondeds

than CH behavior because methylene can be attached tpyPridized atoms. .

severalsp? carbons =C—CH,—C—). The minimum ob- In order_ to explain the evolution of th_e methyl and meth-
served atVp,.=—100V, which corresponds to densities yleng 9nvwonment, the two-phase ml.crostructural model
around 1.2 g/crh(see Fig. 8, indicates a change of the GH coglsstm_g_ of sp? clusters gsmbedded n-a hydrogenated
neighbor electronic configuration. In contrast to the ;CH sp*-hybridized atom matrf" has. to be modified. r_;md
group, which is an ending unit, methylene can be part of bonds may form a more complicated network, which can

carbon chain. WhewW,,s increases, the change of H distri- e a multiphase heteroggneous .structu.re of sa.turated/
bution can lead to a reorganization of the carbon network. A nsaturated polymer and diamondlike regions. In Fig. 20,

an illustration, let us recall the reversible transposition reac- H osqlllat_or densities are calculated for hydrogen atoms
tion (1,3 sigmatropic transposition involved in simple CH, methyl, and methylene groups. We

can observe how hydrogen is distributed inside the poly-
— C—C—CH,—CH—C—CH. (29)  meric phase. A3/y,s increases, the number of simple CH
groups increases whereas the concentration of H atoms in
During the film formatiorf? this reaction can explain in part CH, configuration decreases. Figure 20 thus reveals a high
how the number of methylene groups attachedgbcarbon  fraction of CH groups and a low concentration of methylene
(N5) can easily evolve. The transition ¥dt;,c= —100 V also  units. The model developed by Newport and Walt8rson-
corresponds to the higher fraction of single CH groups comsisting of short CH chains and CH groups distributed in a
pared with CH units bonded tsp® as shown in Fig. 19. For sp?-sp® carbon network with olefinic carbons, is not suitable
this value ofV,,s, the ratio—C—CH,/—C—CHjs corre-  in our case owing to the relative number of CH, £tnd
sponds to a maximum too. Figure 19 indicates that the con€Hjs units. Figure 20 shows that crosslinking should be im-
figuration of the saturated polymeric phase does not evolvportant but, comparing CH and GHthe end groups are in
simply from chains to a crosslinked network. Otherlow concentration. This observation indicates that such a
authord?662have already reported such an evolution inter-polymeric phase should have a low sizea-C:H micro-
preted as a transition from polymerlike carb@LC) to dia-  structure can rather be a mixing, at the atomic scale, of the
mondlike carbon(DLC) films. A extended analysis of the sp®/sp? network, without distinct phases.
network struct;sr(? evolution, combining x-ray diffraction and
IR ellipsometry;” will be reported in another paper.
In Sec. VI C,sp? CH (olefinic) and CH, bands have been Vil SUMMARY AND CONCLUSION
evidenced thanks to our analysis method. The presence A complete G—H bonding study in plasma deposited
of such groups clearly shows that the hydrogenas@d  polymerica-C:H films has been performed. Usiimgsitu IR
phase does not consist of aromatic clusters that would bellipsometry, an original analysis method has been devel-
hydrogenated at their boundaries. Assuming absorptiooped in order to check vibrational bulk properties. IR spectra
strengths similar to those of organic compounds, hydrogehave been analyzed both inside and outsideHC bands.
nated olefinicsp? carbon content can be evaluated throughThe simultaneous increase of the IR refractive index and film
bending bands and are found to increase with self-bias frordensity reflect the microstructural evolution @fC:H films.
about 5x10%° to 3x 107! at/cn®. This result is consistent The evolution of IR spectra versus thickness in the homoge-
with the generalr bond increase deduced from Fig. 6 and neous growth regime has allowed us to determine with accu-
with the evolution of methyl surroundings described aboveracy vibration frequencies and widths. Bending and stretch-
The increase of thep? fraction with Vs is also correlated ing CH regions have indeed been decomposed into separate
with the decrease of the optical gap measured by UV-visibldands using the same set of bandwidths and line positions for
ellipsometric measuremefits and consistent with most different thicknesses. Calculations of effective charges have
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been performed fosp? CH,—1 53 groups: for methylener( be very sensitive to disorder. The determination of H distri-
—2) and methyl groupsn(=3), transition dipole moments Pution in the film has shown that H is preferentially attached
are constant and similar to those of organic compounds. FdP sp’ carbon. The evolution of the different effective
the sp® CH group, the effective charge has been found tgcharges has indicated thatC:H microstructure is strongly
strongly decrease as a function of self-bias during plasm&€térogeneous and may rather be represented as a mixture at
deposition. Line broadening has been proved to depend d€ atomic scale of hydrogenated=<C and G—C bonds

the type of CH group and on the vibrational mode. interconnected to form thep?/sp® carbon network.

To interpret IR results quantitatively, the local CH envi-
ronment and disorder have been considered. The bandwidth
and line shift have been explained through a microstructural
model taking into account screening effects and local disor- The authors are grateful to C. Clerc for RBS/ERD mea-
der: CH and CH stretching widths have been proved to surements.
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