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In this study, w e have em ployed infrared (IR) absorption spectroscopy, visible R am an spectroscopy, 

and x-ray absorption near edge structure (X A N ES) to quantify  the hydrogen (H) content in 

hydrogenated  am orphous carbon (a-C :H ) films. a -C :H  films w ith a hydrogen content varying from 

29 to 47 at. % have been synthesized by  electron cyclotron resonance chem ical vapor deposition at 

low  substrate tem peratures (< 1 2 0  °C ) applying a w ide range o f bias voltage, Vb, ( -3 0 0  V  <  Vb 

<  + 1 0 0  V ). W ith the application of h igh negative Vb, the a-C :H  films undergo a dehydrogenation 

process accom panied by  a sharp structural m odification from  polym er- to fu llerenelike films. The 

trend in the H  content derived from  elastic recoil detection analysis (ERDA) is quantitatively 

reproduced from  the intensity  o f the C -H  bands and states in the IR  and X A N ES spectra, 

respectively, as w ell as from  the photo lum inescence (PL) background drop in the R am an spectra. 

U sing the H  contents obtained by  E R D A  as reference data, sem iquantitative expressions are inferred 

for the am ount o f bonded hydrogen as a function o f the experim ental spectroscopic param eters, i.e., 

the integrated area o f the IR  C -H  stretching band at about 2900 cm -1, the PL background in visible 

R am an spectra, and the X A N ES in tensity  o f the o-*-CH peak. © 2009 American Institute o f Physics. 

[DOI: 10.1063/1.3103326]

I. INTRODUCTION

H ydrogen-free (a-C) and hydrogenated  (a-C :H ) am or

phous carbon films display tunable m echanical and electrical 

properties together w ith biocom patib ility  and, therefore, can 

be found in m any tribological and b iom edical applications.1 

Com m only, the various a -C :H  m aterials are classified con 

sidering the ternary phase  diagram  displaying the percen t 

ages o f sp 2 and sp 3 carbon and bonded hydrogen. A ccording 

to this classification,2,3 polym erlike a -C :H  (PLCH ), d ia 

m ondlike a-C :H  (D LCH ), graphitelike a-C :H  (G LCH ), and 

tetrahedral a -C :H  (TACH) can be distinguished. PLC H  d is 

plays the highest H  content and its polym erlike structure 

governed by  the H  term inated sp 3 C hybrids results in a low 

density  and soft m atrix. D L C H  is characterized  by  an in ter 

m ediate H  content and higher ratio o f sp 3 C hybrids, whereas 

TACH can be considered  as a class o f D L C H  w ith increasing 

num ber o f sp 3 C at constant H  content. The very h igh sp 3 

content confers TACH superior m echanical and tribological 

p roperties.4 Finally, G LC H  com bines a low  H content w ith  a 

h igh  sp 2 content. Thus, the physical properties o f a-C :H  

films do not only directly  depend on the ratio o f sp 2 (graphi

telike) and sp 3 (diam ondlike) carbon hybrids bu t also on the 

content o f bonded H. Therefore, the quantification o f the H

a) A uthor to whom correspondence should be addressed. E lectronic mail: 
j.buijnsters@ science.ru.nl. Present address: Institute for M olecules and 

M aterials (IMM), Radboud University Nijmegen, Toernooiveld 1, 6525 ED 
Nijmegen, The Netherlands.

content in a -C :H  films is o f g reat im portance. H ereto, several 

analysis techniques such as elastic recoil detection analysis 

(ERD A ), nuclear m agnetic resonance (NM R), nuclear reac 

tion analysis, and therm al hydrogen evolution have been em 

p loyed to quantify  the hydrogen content w ith great 

accuracy.5- 7 Recently, Yubero et al. 6 show ed that reflection 

electron energy loss spectroscopy (REELS) can also be  em 

p loyed to nondestructively determ ine the hydrogen content at 

the surface o f a-C :H  films. This m ethod relies on the back 

scattering of electrons from  the H  atom s presen t at the 

sam ple surface, and analysis o f the elastic peak  enables the 

determ ination of the H  content w ith  an accuracy o f about 

10% .6,8

N evertheless, there is a g reat dem and for the use  o f al 

ternative, sim ple, nondestructive, and preferably  less costly 

m ethods such as infrared (IR) and R am an spectroscopy to 

quantify  the H  content in a -C :H  films reliably. In this study 

w e have em ployed four techniques to assess the hydrogen 

content in b iased-enhanced electron cyclotron resonance 

chem ical vapor deposited  (ECR-CV D ) a-C :H  films. D ue to 

its h igh  accuracy ( ± 2  at. %) and absolute m easurem ents, 

E R D A  w as used  as the reference m ethod. V isible R am an and 

IR  spectroscopies are w idely em ployed in a -C :H  film  char 

acterization due to their relative sim plicity, nondestructive 

character, and low  cost. Thus, their capabilities to y ield  H 

quantification are addressed in this study. In particular, spec 

tral features such as the in tensity  o f the sp 3 C -H  bond 

stretching vibrations around 2900 cm -1 in IR  spectra9 as

© 2009 American Institute of Physics0021-8979/2009/105(9)/093510/7/$25.00 105, 093510-1
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w ell as the photolum inescence (PL) background in visible 

R am an spectra 10 are relative m easures for the am ount o f h y 

drogen presen t in a-C :H  m aterials. W e also em ployed x-ray 

absorption near edge structure (X A N ES) here for its high 

selectivity  to sp 2 and sp 3 hybrids, surface character, and for 

being nondestructive. W e show  here, for the first tim e, that 

the a* X A N ES in tensity  related  to the C -H  states at 2 87-290  

eV  is a relative m easure for the content o f bonded hydrogen 

w ithin the a -C :H  films. W hereas E R D A  results in an abso 

lute, quantitative analysis o f the total hydrogen percentage, 

X A N ES, visible R am an, and IR  absorption spectroscopy 

only allow  a sem iquantitative evaluation. To our know ledge, 

this is the first tim e that these four techniques are com bined 

in one single study, allow ing a direct com parison betw een 

them .

F or this w ork, a -C :H  films prepared by  b iased  ECR- 

C V D  have been studied. This technique can prov ide films 

w ithin a broad range o f H  contents by  varying the kinetic 

energy o f the im pinging ions through the dc voltage applied 

to the substrate. In this way, a relatively  narrow  ion energy

distribution is obtained w ithout significantly changing other
11,12

plasm a param eters. For exam ple, a negative substrate 

bias voltage, Vb, can be applied to raise the energy o f the 

positively  charged ions that are bom barding the film  surface 

during p lasm a assisted grow th. In this way, the ion bom bard 

m ent causes dehydrogenation by the p referential d isp lace 

m ent o f hydrogen atom s and allow s for local reorganization
13

of the carbon film  m icrostructure to a denser m aterial. In a 

previous w ork 14 w e reported  that this approach yields 

fullerenelike (FL) arrangem ents, as detected by h igh reso 

lution transm ission electron m icroscopy. This structural tran 

sition coincides w ith  a low er bu lk  hydrogen content and an 

im proved w ear resistance for Vb < - 1 0 0  V . In another 

study,15 w e w ill p resen t a detailed analysis o f the m echanical 

and tribological properties o f the a -C :H  films.

II. EXPERIMENTAL SECTION

A. Film deposition

a-C :H  films w ere grow n by  EC R -C V D  (A STEX , m odel 

A X 4500) in a tw o-zone vacuum  cham ber operating w ith  a

2.45 G H z m icrow ave source at 2 0 8 -2 1 0  W  input pow er. Gas 

m ixtures o f m ethane/argon [15 SC C M /35 SC C M  (SC C M  d e 

notes cubic centim eter per m inute at STP)] w ere applied 

keeping the operating pressure at 1.1 X 10-2 Torr. D oub le 

side polished p -ty p e  silicon ( 100) w ith a resistivity  

> 1 0  f t  cm  and a thickness o f 280 ¡vm w as used as sub 

strate m aterial. A  dc bias varying from  —300 to +100 V  was 

directly  applied to the silicon substrates w hile no intentional 

heating was em ployed. A t the end o f each 1 h  deposition run 

the substrate tem perature w as evaluated  by  a therm ocouple

attached to the substrate holder. The thickness o f the a -C:H  

films was determ ined w ith  a D ektak  3030 profilom eter by 

m easuring the corresponding height differences produced by 

locally  m asking the substrate during film  grow th. In the 

range o f bias values going from  +100 tow ard —150 V  the 

thickness increases progressively, w hile for b iases m ore 

negative than — 200 V  a slightly low er thickness is observed. 

A  m axim um  thickness o f about 1130 nm  is obtained for b i 

ases o f —200 and —150 V.16 It should be  noted that the use 

o f a dc bias m ight resu lt in an effective bias, w hich is low er 

than the applied dc bias in the case o f grow ing insulating 

a -C :H  films. H ow ever, independent IR  and R am an spectros 

copy analyses do not show  any changes in m icrostructure for 

layers up to 2 - 3  v m . D ue to the m uch thinner films consid 

ered here, shielding of the applied dc voltage is discarded, as 

w as also confirm ed in previous w o rk .12 A lso, possib le d iffer 

ences in film  density  are not considered in this study.

B. Film characterization

The com position o f the a -C :H  films has been derived 

from  ion beam  analysis (IBA) techniques. In particular, si 

m ultaneous R utherford  backscattering spectrom etry (RBS) 

and E R D A  m easurem ents w ere perform ed. The spectra w ere 

acquired by  using a 2 M eV  H e+ beam  at an incidence angle 

o f a = 7 5 °  w ith  respect to the surface norm al and using sili 

con surface barrier detectors located at scattering angles o f 

170° and 30° for detection of the backscattered  projectiles 

and recoil atom s, respectively. In front o f the forw ard detec 

tor, a 13 -v m -th ick  M ylar foil w as p laced to filter the H  re 

coils from  heavier particles. The RBS and E R D A  experim en 

tal spectra have been fitted using  the sam e film  structure by

the SIM NRA co d e .17 The cross section for the 1H ( a ,p ) 4H e
18

process given by  Q uillet et al. w as used for quantification 

o f the E R D A  data.

X A N ES m easurem ents w ere carried out at the dipole 

beam line PM 4 using the SURICAT endstation o f the syn 

chrotron facility BESSY-II in Berlin, G erm any. T he sam ples 

w ere oriented w ith  respect to the incident beam  near the 55° 

m agic angle in order to avoid orientational effects. T he data 

w ere acquired in the total electron yield  m ode by  recording 

the current drained to ground from  the sam ple. Intensities 

w ere norm alized  to the signal recorded sim ultaneously from  

a gold covered grid. The resonance V  peak  from  highly 

oriented pyrolitic  graphite  (HOPG) at 285.4 eV  was used  for 

energy calibration. IR  absorption m easurem ents w ere per 

form ed using  a double-beam  IR  spectrophotom eter (H itachi 

27 0 -5 0 ) in the range from  1000 to 4000 cm -1. M icro- 

R am an spectra w ere taken w ith a R enishaw  R am ascope 2000 

system  w ith 514.5 nm  A r laser light.

U nfortunately, it was not possib le  to characterize the 

a -C :H  films in the —90 to —140 V  interval by  ER D A  and 

X A N ES due to problem s associated w ith  partial delam ina 

tion o f the film s (about 2 % -5 %  o f the film  area had  been 

delam inated).

III. RESULTS AND DISCUSSION

A. Compositional analysis by ion beam analysis

Figure 1 show s the experim ental RBS and ER D A  (inset) 

spectra recorded sim ultaneously from  an a -C :H  film  grow n 

at Vb = + 100 V . On the one hand, the RBS signal presents 

the contribution o f backscattered  H e projectiles after co lli 

sions w ith  O, C, and Si elem ents. The m axim um  energy from  

C and O  corresponds to that given by  the kinem atic factor, 

indicating that they are p resent at the surface as film con 

stituents. The y ield  is very low  due to the reduced scattering 

cross section for low -Z elem ents and the low  dose em ployed
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FIG. 1. RBS spectrum of the a-C :H  film grown at an applied substrate bias, 
Vb, of +100 V. The inset shows the simultaneously recorded ERDA spec 

trum  (closed triangles) together with ERDA spectra taken from  the Mylar 
foil (open circles) and the a-C :H  film  grown at Vb= -2 0 0  V  (open squares).

to avoid sam ple dam age (H loss). In addition, note that the Si 

signal presents a broad onset, w hich m ight be  related  to the 

film  surface roughness ( ~ 5  nm ). How ever, it can also be 

partially  due to the grazing incidence configuration and 

thickness inhom ogeneity  along the surface. D esp ite  the high 

concentration of argon ions w ithin the applied E C R  plasm a, 

RBS analysis o f all a -C :H  films show s that only a very lim 

ited num ber o f argon ions (< 1  at. %) is finally trapped 

w ithin these films.

On the other hand, the E R D A  spectrum  (closed tri 

angles) o f the sam ple grow n at Vb = + 100 V  show s the sig 

nal from  H recoils after going through the range foil. The 

signal is p lotted together w ith  the yield  obtained (for the 

sam e ion dose) from  a M ylar foil (open circles) indicating 

the higher H  content (> 3 6  at. %) o f the a-C :H  film. The 

com bination o f RBS and ER D A  analysis show s that the O 

contam ination decreases for m ore negative bias (from  

10 at. % at +100 V  dow n to 1 at. % at —300 V) and that 

the H  content decreases dram atically  for h igh  negative bias 

voltages (Vb<  - 1 0 0  V ). For exam ple, the ER D A  spectrum  

of an a-C :H  film  deposited  at Vb= -2 0 0  V  (open squares) is 

w ell below  those o f the M ylar foil and the a -C :H  film  grow n 

at Vb = + 1 0 0  V . The trend in the H  content is shown in Fig. 

2 . There is a progressive decrease in the hydrogen content 

tow ard m ore negative substrate bias and values ranging from  

47 dow n to 29 at. % are derived show ing a sharp drop 

around Vb= -1 0 0  V . The bias-induced hydrogen depletion 

during grow th in the a -C :H  film  is likely  induced by  H  and C 

atom ic displacem ents that result in local recom bination of 

atom ic H  and the form ation o f H 2 m olecules. T hese m ol 

ecules are either trapped in internal voids or diffuse to the 
surface and deso rb .19

B. Infrared absorption spectroscopy

The optical absorption spectra (Fig. 3) obtained over the 

entire IR  range investigated (4 0 0 0 -1 0 0 0  cm -1) display two 

m ain absorption reg io n s.9,16 T he high-frequency band around 

2900 cm -1 is related  to different sp 3 C -H  bond stretching 

vibrations (1 -3 ), w hile the low -frequency structures from

FIG. 2. ERDA H content of the a-C :H  films as a function of the applied 
substrate bias voltage.

about 1800 to 1300 cm -1 can be separated into several con 

tributions such as the sp 3 C H 3 sym m etric bending (4), the 

sp 3 C H 2 scissors m ode (5), and the sp 2 C = C double bond 

stretching (6) at about 1375, 1454, and 1600 cm -1, respec 

tively. The absorption peak  at about 1700 cm -1 (7) can be 

assigned to the presence o f C = O  bonds. The feature ob 

served around 2344 cm -1 (8) com es from  the silicon w afer 

and is an artifact rem nant o f the double-beam  collection 

m ethod. O bviously, there are strong differences betw een the 

IR  absorption spectra taken from  the films grow n from  

+80 V  >  Vb > - 1 2 0  V  and those obtained at m ore negative 

substrate bias ( -1 5 0  V <  Vb< - 3 0 0  V ). The first bias re 

g im e (upper four spectra in Fig. 3) is characterized  by  a 

strong absorption in the 2900 cm -1 range. The sp 3 C H 3 sym 

m etric bending (4) and the sp 3 C H 2 scissors m ode (5) can be 

observed as w ell. A nalog to the detection of oxygen by  RBS, 

the C = O  absorption band at 1600 cm -1 (7) indicates a 

h igher oxygen concentration for these a-C :H  films, espe-

FIG. 3. Background subtracted IR absorption spectra of a-C :H  films depos
ited with varying applied substrate bias.
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cially for the films obtained at Vb= 0  V  and Vb = + 5 0  V . For 

Vb < - 1 2 0  V , how ever, the individual contributions (1 -3 ) of 

the 2900 cm -1 band cannot be d istinguished anym ore. The 

sym m etric bending o f sp 3-CH 3 (4) cannot be  detected either. 

The peak  related  to the stretching o f C = C bonds at 

1600 cm -1 (6) is strongest for Vb= -1 5 0  V  and is found for 

the films deposited  at h ighly  negative bias only.

The line shape of the a -C :H  films grow n w ith +80 V 

>  Vb >  -1 2 0  V  is very sim ilar and the appearance of three 

contributions in the high-frequency band  is typical for these 

so-called PLC H  films, w hich contain  polym erlike hydrocar 

bon chains w ith  relatively  little cross-linking betw een these 

chains. For Vb < - 1 2 0  V , the high-frequency band (1 -3 ) b e 

com es less pronounced and the different C H 2,3 stretching 

vibrations cannot be d istinguished as separate peaks. Also, 

the overall in tensity  o f the 2900 cm -1 band decreases for 

increasing ion energy, indicative for the ion-induced hydro 

gen depletion o f the produced a-C :H  film s. A lthough in ear 

lier w orks9,20- 22 decom position o f the 2900 cm -1 band was 

perform ed by  m ultiple stretching m odes (even up to ten), the 

high-frequency band can be considered as the sum  of m ainly 

three different con tribu tions9 and, therefore, it is here fitted 

by three G aussians only. T he high-frequency stretching 

m odes centered at around 2876 (1), 2921 (2), and 2954 cm -1 

(3) can be assigned to the in-phase (sym m etric) C H 3, out-of 

phase (asym m etric) C H 2, and out-of-phase (asym m etric) 

C H 3 stretching vibrations, respectively. The total area under 

the 2900 cm -1 band (the IR  signal being recorded in abso 

lu te intensity) is a re la tive  m easure for the content o f bonded 

H  in the a-C :H  films.

N ote  that hydrogen can be bonded to sp 3- or 

sp 2-hybridized C sites, but since no IR  com ponents are cen 

tered around 3000 and 3050 cm -1, i.e., at the positions o f the 

stretching vibrations o f olefinic and arom atic sp2-CH 

groups,9,22 and the IR  signal does not extend m uch beyond 

3000 cm -1, w e m ight conclude that for our a -C :H  film s h y 

drogen is preferentially  bonded to sp 3-hybridized C atoms. 

This is in full agreem ent w ith earlier solid  state N M R
23

investigations o f a -C :H  films grow n by  dc p lasm a assisted 

C V D  w here no sp 2 C -H  could be identified at all.

C. Visible Raman spectroscopy

The visible R am an spectra o f a-C :H  films deposited at 

varying Vb are d isp layed in Fig. 4 (a ). For reasons o f clarity, 

the collected  spectral data have been m ultiplied by  different 

factors in order to produce an ordered stacking of spectra 

w ithout altering the peak  positions or ratio o f peak  in tensi 

ties. N eglecting the silicon substrate peak  at 520 cm -1 that is 

observed for all a -C :H  films deposited  w ith - 8 0  V  <  Vb <  

+ 80 V, the R am an spectra o f these films are ra ther feature 

less. They display a strong PL that is related  to the hydrogen 

saturation o f nonradiative recom bination cen ters.10,24 For the 

a-C :H  films grow n w ith  -3 0 0  V  <  Vb < - 8 0  V , the so- 

called D  and G  peaks, at about 1350 and 1580 cm -1, respec 

tively, becom e visible. The second order signals o f these D  

and G  peaks are located around 3000 cm -1. The G  peak  is 

due to the bond  stretching o f all pairs o f sp 2 carbon atom s in 

both  rings and chains. The D  peak  is a disorder-induced
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FIG. 4. (a) Raman spectra o f a-C :H  films deposited with varying applied 
substrate bias voltages (in volts). (b) Raman signal of the a-C :H  film grown 

at Vb= -1 7 5  V with indicated linear PL background.

band that appears due to a double-resonance R am an process

and results from  the breathing m odes o f sp 2 carbon atom s in
25

rings.

Sem iquantitative inform ation about the H  content o f the 

a -C :H  films deposited  at Vb<  - 8 0  V  can also be obtained 

from  these single-w avelength (514.5 nm ) R am an spectra by 

m easuring the slope o f the PL background .10 In this work, 

the PL background (given in m icrons) is calculated  as the 

ratio  betw een the slope m o f the spectral background, m ea 

sured betw een 800 and 2000 cm -1, norm alized to the m axi 

m um  in tensity  (height) o f the R am an G  peak  [7(G)] .10 For 

sim plicity, a linear background has been considered as 

show n in Fig. 4(b) for the R am an spectrum  o f an a-C :H  film 

deposited  at Vb= -1 7 5  V . A fter subtraction o f this linear 

background, the D  and G  peaks are fitted w ith tw o G auss 

ians. For the a -C :H  sam ples grow n w ith Vb >  - 8 0  V , the G 

and D  bands are overshadow ed by  the strong PL. Therefore, 

m / 7(G) can only be  derived from  the a -C :H  sam ples grown 

in the bias range -3 0 0  V  <  Vb < - 8 0  V.

D. X-ray absorption near edge spectroscopy

In Fig. 5 , the C (1s) X A N ES spectra o f a -C :H  films p ro 

duced at various Vb are shown, all o f them  norm alized  to
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FIG. 5. C(1s) XANES spectra of a-C :H  films deposited with varying ap 
plied substrate bias. The reference spectra of HOPG, diamond, and ta-C are 

added in  the lower part of the figure. The determination of the intensity of 
the o * (C -H ) states, /(o*-C H ), is indicated for the a-C :H  films grown at 
Vb= 0  V and Vb= -3 0 0  V.

unity. The reference spectra o f H O PG , diam ond, and H -free 

tetrahedral am orphous carbon (ta-C) norm alized to unity  are 

added for com parison. T he d iam ond reference spectrum  ex 

hibits a single absorption edge corresponding to the onset o f 

transitions from  the core level to the unoccupied  o* states, 

w ith a m axim um  in tensity  in the region betw een 289 and 293 

eV. The H O PG  reference spectrum  shows tw o absorption 

edges, the h igher energy one corresponding to 1s ̂  o* tran 

sitions, w ith m axim um  in tensity  betw een 292 and 294 eV, 

and the low er energy band corresponding to 1s ̂  V  transi 

tions w ith an onset at ~ 2 8 5  eV. The ta-C  reference is added 

as a reference o f a H -free, disordered carbon m aterial w ith  

dom inant sp 3 character and reduced intensity  in the V  re 

gion.

The spectra o f the a -C :H  films grow n at Vb= 0  V  and 

Vb = - 8 5  V  show  som e sim ilarities w ith that from  ta-C, but 

w ith an increased intensity  at 288.0 eV  due to the con tribu 

tion of o* C -H  states.14,26 A lso, the n* peak  from  the sp 2 

hybrids is sharper than the corresponding peak  in ta-C . L ike 

w e already dem onstrated  in previous w ork ,14 for the a-C :H  

films deposited  w ith Vb <  - 1 0 0  V  there are three m ain ap 

parent changes in the X A N ES line shape as com pared  to the 

sam ples grow n at Vb >  - 1 0 0  V: (i) the V  peak  is broader,

(ii) the C H  peak  is reduced, and (iii) there are new, relatively  

low  intensity  peaks appearing at 286.0 and 288.5 eV, for

exam ple. T hese latter peaks m atch exactly  at the positions o f 

the L U M O + 1 and the L U M O + 3  states o f m olecular C 60.27 

This indicates the self-form ation o f C 60 inclusions and FL 

arrangem ents during the film  grow th process.

A lthough in princip le there are subtle changes in the 

shape o f the o*-CH states in the presence o f different local 

environm ents o f the hybrid ized  C atom, all features appear in 

the sam e energy region (~ 2 8 7 .5  eV ). The X A N ES intensity 

related  to the o*-CH  states, 7(o*-CH), at 2 8 7 -2 9 0  eV  is, 

therefore, a re la tive  m easure o f the content o f bonded hydro 

gen w ithin the a -C :H  films. In Fig. 5 the assessm ent o f the 

in tensity  o f the C -H  band is illustrated  for the a-C :H  films 

grow n at Vb= 0  V  and Vb= -3 0 0  V , respectively. W hereas 

the determ ination of the signal from  the o*-CH  states is 

rather straightforw ard for the sam ple grow n at 0 V, the m inor 

signals com ing from  the self-form ed C 60 inclusions14 slightly 

com plicate the direct assessm ent o f 7(o*-CH) for the films 

deposited  w ith  Vb <  - 1 0 0  V. N evertheless, 7(o*-CH) can be 

estim ated  w ell by  extrapolation o f the broad o* band edge 

starting at around 290.8 eV  and the V  C = C absorption at 

around 285.8 eV, as is illustrated  in Fig. 5 for the case o f 

Vb = -3 0 0  V. D ue to the initial norm alization to unity  o f the 

X A N ES spectra, the in tensity  7(o*-CH) w ill be  always 

sm aller than 1.

E. Comparison of spectroscopic techniques

Figure 6 show s the correlation betw een the (absolute) H 

content m easured  by E R D A  and the relative signal obtained 

for spectral features by  IR, visible R am an, and X A N ES spec 

troscopies. F rom  these correlations, w e have derived em piri 

cal, sem iquantitative relationships to calculate the hydrogen 

content [H] in a -C :H  films.

In Fig. 6(a), the 2900 cm -1 IR  band area (absorbance) 

norm alized to the a -C :H  film  thickness (in m icrons), A IR, is 

p lo tted  as a function of the E R D A  hydrogen content. There is 

a fairly strong linear correlation betw een these data as, obvi 

ously, A IR increases linearly  w ith the ER D A  hydrogen con 

tent. T he coefficient o f regression, R 2, is 0.91 [linear best fit 

indicated by  dashed line in Fig. 6 (a)] . For the hydrogen con 

tent, [H ]IR, the follow ing expression is then obtained:

[H]i r =23.2 + 20Air . (1)

The slope (0 .0 5 /at. %) o f the linear fit in Fig. 6 (a) is 

rather high, because AIR drops by a factor o f about 3 for the 

a -C :H  films containing 4 7 - 2 9  at. % hydrogen, respectively. 

This d iscrepancy can be assigned to several factors: (i) the 

transition dipole m om ents (or absorption strengths) o f the 

individual C -H  vibrations are not identical and depend on 

the specific m icrostructure o f the a -C :H  film s,22,28 (ii) it is 

assum ed that all hydrogen m easured by  E R D A  is bonded to 

carbon atom s, and (iii) the IR  absorption w as not corrected 

for reflection losses.

F igure 6 (b) show s the PL background, m / 7(G), derived 

from  the visib le R am an spectra (Fig. 4 ) o f the a -C :H  films 

grow n w ith  Vb <  - 8 0  V  as a function o f the E R D A  hydrogen 

content. T he values o f m / 7(G) d isp layed in closed squares 

are from  a-C :H  films deposited  at Vb values o f —300, —200, 

— 175, and —80 V. For these sam ples the hydrogen content
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FIG. 6. Correlation between hydrogen content measured by ERDA and (a) 
the norm alized IR (C -H ) band area at about 2900 cm-1, (b) the Raman PL 
background, and (c) the XANES o*-CH band intensity. The dashed lines 
represent the linear best fits through the data points from  which the empiri 

cal expressions (1 ) , (2), and (4) are derived (see text). The closed squares, 
open triangles, and solid line in (b) represent the four data points obtained 

by ERDA directly, the tw o data points obtained by interpolation of the 
ERDA data in Fig. 2 , and the expression between PL background and hy 

drogen content (3) found by Casiraghi et al. (Ref. 10) , respectively.

w as m easured  directly  by  ER D A . The m / 7(G) values for the 

a -C :H  films grow n at Vb= -2 5 0  V  and Vb= -1 2 0  V  are 

show n w ith open triangles since the H  content w as here ob 

tained by interpolation o f the E R D A  data o f Fig. 2 (no direct 

ER D A  data w ere available for these a -C :H  film s). The PL 

background, p lotted in logarithm ic scale, scales linearly  w ith 

the H  content. The dashed line in Fig. 6 (b) show s the linear 

best fit through the data points (R2 = 0.94) and from  it w e can 

deduce

[H] Raman ' : 3 0 .0 +  4.6 log{m //(G)}. (2 )

In a previous study, C asiraghi et al. 10 derived a sem iquanti 

tative estim ation o f the hydrogen content, C[H ]Raman, for a 

larger selection o f a -C:H  films produced w ith different tech 

n iques and gas precursors

C[H]Raman = 2 1 .7 + 1 6 .6  log{m/7(G)}. (3)

This relation is represented by  the solid line in Fig. 6 (b). 

There is a large deviation betw een our correlation [Eq. (2)] 

and that derived by  C asiraghi et al. 10 [Eq. (3)] . This m ight be 

explained by  the lim ited num ber o f data points in our study, 

the lim ited range of hydrogen contents (2 0 -4 5  at. %) on 

w hich Eq. (3) was based 10 and/or the fact that the PL  back 

ground in the R am an spectra is not perfectly  linear.

In Fig. 6 (c), the in tensity  o f the X A N ES o*-CH  band, 

7(o*-CH), is given as a function o f the E R D A  hydrogen con 

tent. A gain, there is a strong linear correlation betw een the 

p lo tted  data, as 7(o*-CH) increases linearly  w ith  the ER D A  

hydrogen content. 7(o*-CH) now  drops by  a factor o f about 

2.5 for the a -C :H  films containing 47 and 29 at. % hydro 

gen, respectively. For the linear best fit indicated by  the 

dashed line in Fig. 6 (c), R 2 = 0.98. The em pirical relation 

betw een the X A N ES o*-CH  intensity  and hydrogen content, 

[H ]XANES, can then be w ritten as

[H]x a n e s  = 20.4 + 39.6/(o-*-CH ). (4)

R em arkably, the trends for the X A N ES o*-CH  intensity 

[Fig. 6 (c)] and IR  CH X stretching band area [Fig. 6 (a)] as a 

function o f the E R D A  hydrogen content are very  similar. 

A lthough both  techniques IR  and X A N ES are based on the 

detection o f C -H  bonds, they differ significantly, not only in 

the process o f C -H  bond detection and sensitivity  but also in 

the detection range. IR  absorption spectroscopy in transm is 

sion m ode detects C -H  bonds in the bulk, w hereas X A N ES 

is a surface sensitive technique w ith  absorption signals com 

ing from  the surfacem ost 5 -1 0  nm . N evertheless, the strong 

correlation betw een the IR  and X A N ES data show s that their 

quantification data for hydrogen can be taken as roughly  rep 

resentative o f bu lk  com position, sim ilar to that found in p re 

v ious w ork by  Yubero et al.6,i for the determ ination o f the 

hydrogen content by  the surface sensitive REELS technique.

A  very striking poin t is that for a negligible intensity  o f 

the IR  2900 cm -1 and X A N ES o*-CH  bands as w ell as an 

alm ost flat PL background (i.e., w ith log{m / 7 (G )}~  0) Eqs. 

(1), (4), and (3), respectively, y ield  [H] ~ 2 0  at. %. This re 

sult can be explained either considering that the above ex 

p ressions are only valid  in the H  concentration explored, i.e., 

2 9 - 4 7  at. %, or alternatively that the am ount o f hydrogen 

contained in the film  and not bound to carbon, p resum ably  in
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the form  o f -O H  bonds or H 2 and H 2O m olecules d ispersed 

in voids, is around 20 at. %. This m ight especially  be  the 

case for the a -C:H  films w ith  the highest O  concentration 

and low est film  density, i.e., the polym erlike films deposited 

at positive or less negative bias. H ow ever, the absence of 

these oxygen-related v ibrational and/or electronic states in 

the m easured IR  and X A N ES spectra (Figs. 3 and 5) indi 

cates a m inor effect o f oxygen on the bonding characteristics
of the a -C:H  films. M oreover, although several studies20,22,23

indicate that a significant fraction o f the total hydrogen 

am ount in a -C :H  films can be unbound, it is generally  ac 

cepted that this fraction is rather low. N evertheless, our re 

sults indicate that the com bination of spectroscopic studies 

sensitive to H  bound to C, w ith  techniques sensitive to the 

total H  content, can solve the quantification o f the ratio  o f 

bound/unbound hydrogen in a -C :H  films, provided a com 

p lete  enough set o f sam ples w ith low  ( 1 - 5  at. %) and h igh 

(~ 5 0  at. %) H  contents.

IV. CONCLUSIONS

F our spectroscopic techniques w ere em ployed to assess 

the dehydrogenation o f a -C :H  films produced by  bias- 

enhanced E C R -C V D . B y changing the dc substrate bias from 

+ 100 V  dow n to —300 V, drastic changes in the hydrogen 

content and m icrostructure o f the a -C :H  films are observed. 

This w ork shows that hydrogen release m echanism s are very 

effective. PLC H  films containing large am ounts o f bonded 

hydrogen (4 0 -4 7  at. %) are deposited  under positive or low 

negative bias voltages, w hereas the hydrogen content drops 

w ell below  35 at. % and hard  a-C :H  films are obtained for 

high  negative bias conditions ( < - 1 0 0  V ). U sing ER D A  as a 

reference technique to determ ine absolute values for the H 

content, w e have deduced sem iquantitative expressions to 

estim ate the hydrogen content in a -C :H  m aterials from  the 

relative signal o f characteristic spectroscopic param eters 

such as the integrated area o f the IR  C -H  stretching band at 

about 2900 cm -1, the PL  background in visible R am an spec 

tra, and the X A N ES o*-CH  intensity.
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