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Chapter 1DLC and a-C:H �lms1.1 Introdu
tion1.1.1 Kulis
h99-book [?℄Carbon 
an exist in a vast variety of 
rystalline and, espe
ially, amorphous modi�
ations. The most im-portant 
rystalline phases are diamond and graphite that are 
lassi
al examples of sp3 and sp2-bonded 
ar-bon materials, respe
tively. In 
ontrast to the tetrahedral sp3-bonded diamond, the sp2-bonded graphitehas no analog with the other elements of group IV (Si, Ge and Sn) [?℄, [?℄. The reason 
an be foundin the ele
troni
 stru
ture of the 
ore of the elements of the �rst?? row of the periodi
 table [?℄, whi
h
onsists of s-ele
trons only and 
ontains no p-ele
trons. Any p-ele
trons in the 
ore have a repulsivee�e
t on p-valen
e ele
trons, for
ing them into bonds with neighboring atoms [?℄. This means that sp2hybridization takes pla
e only for elements of the �rst row. The ability to form double and triple bonds,however, is (besides the ability to form long 
hains and 
y
li
 
ompounds) responsible for the immensevariety of organi
 
hemistry.The number of possible amorphous 
arbon �lms, 
onsidering the nature of bonding, 
omposition andstru
ture, is very high. This is espe
ially true if the 
onsideration also in
ludes hydrogen 
ontaining �lmsand if, in addition, 
lassi
al polymers su
h as polya
etylene (-CH-)n and polyethylene (-CH2-)n are takeninto a

ount. This variety of possible stru
tures 
orresponds to a extreme variation of �lm properties,whi
h ranges from soft to superhard. A 
lassi�
ation of the various types of (hydro)
arbon layer 
an beperformed through their hydrogen 
ontent, on the one hand, and their density [?℄ or the fra
tion of sp3bonds, on the other hand.1.1.2 DLC22 [?℄DLC �lms 
ontain both the tetrahedral C-C bonding 
on�guration (sp3), as in diamond, and trigonalbonding 
on�guration (sp2), as in graphite. Depending on the relative fra
tions of the sp3 and sp2
ontents in DLC, the properties of the hardness, opti
al transparen
y, smoothness, and 
hemi
al inertnessvary over a wide range. Therefore, the determination of the sp3/sp2 ratio is a very important issue in
hara
terizing 
arbon �lms. The 
hara
teristi
 bonding 
on�guration of hydrogenated DLC �lms havebeen studied using infrared spe
tros
opy [?℄,1.1.3 hydro
arbonsmethane CH4, ethane C2H6, ethylene C2H4, a
etylene C2H21.2 Overview about papersa
etylene: DLC5theory of bonds: DLC7bandgap: DLC10IR spe
tra: DLC1, DLC4, DLC5 3



4 CHAPTER 1. DLC AND A-C:H FILMS1.3 IR bandsband No. 
on�guration predi
ted freq. observed freq. observed FWHM[
m�1℄ [
m�1℄ [
m�1℄1 sp1CH 3305 3300 442 sp2CH (arom.) 3050 3045 683a sp2CH2(olef.) 3020 - -4 sp2CH(olef.) 3000 3000 785a sp3CH3(asym.) 2960 - -3s sp2CH2(olef.) 2950 - -6a sp3CH2(asym.) 2925 2920 ?7 sp3CH 2915 2920 885s sp3CH3(sym.) 2870 - -6s sp3CH2(sym.) 2855 2850 78Table 1.1: C-H stret
h absorption bands [DLC4℄. Predi
ted are taken from [2℄, [3℄. Di- and trihydrogenbands are doublets with a \symmetri
" (s) and \antisymetri
" (a) vibration.Determination of the absorption 
oeÆ
ient and the opti
al band gap is based on transmittion and re-
e
tion spe
tra [1℄. Deposition of �lms des
ribed in [?℄, [4℄. The bonding type (sp3, sp2 and sp1) 
an bedetermined by the spe
tros
opy of the infrared vibrations of CH, CH2 and CH3 groups.



Chapter 2CNx �lms2.1 related 
hem. 
ompounds2.1.1 UrotropineUrotropine (C6H12N4) also 
alled hexamethylenetetraamine (HMTA) 
ontains the nitrogen and 
arbonatoms in positions 
losely resembling those in the predi
ted �-C3N4. The di�eren
e between this mole
uleand a subnanometer size 
rystallite of �-C3N4 is mainly that 
arbon dangling bonds are hydrogen termi-nated, altough the nitrogen atoms in urotropine are in tretrahedral, rather than trigonal sites. [Marton94℄Note, in XPS of urotropine C1s should be 
omposed from two peaks C-H and C- N (sp3). Nobodygives both positions!Table 2.1: FTIR a
tive modes based on theoreti
al 
al
ulations in [1℄wavenumber [
m�1℄ wavenumber [
m�1℄ bondsexperimental theoreti
al2955 2960 C-H stret
h2919 2914 C-H stret
h1456 1458 CH2 s
issors1370 1368 CH2 wag1240 1243 CH2 ro
k1007 1009 N-C stret
h812 825 N-C stret
h673 677 N-C-N bend512 504 N-C-N wagChen01: For urotropine [21 and 22℄, the C 1s binding energy is 286.9 eV and N 1s is 399.4 eV.Referen
es:1) Vibrational frequen
ies and stru
tural determinations of hexamethylenetetraamine, Spe
tro
himi
aA
ta Part A: Mole
ular and Biomole
ular Spe
tros
opy, Volume 58, Issue 7, May 2002, Pages 1347-1364James O. Jensen => papers1/
n/related stru
t/jensen02.pdf21) D. Marton, K.J. Boyd, A.H. Al-bayati, S.S. Todorov and J.W. Rabalais. Phys. Rev. Lett. 73 (1994),p. 118.22) Mansour and S. Ugolini. Phy. Rev. B 47 (1993), p. 10201.2.1.2 pyridineChen01: For pyridine [21 and 22℄, the 
arbon binding energy is 285.5 eV21) D. Marton, K.J. Boyd, A.H. Al-bayati, S.S. Todorov and J.W. Rabalais. Phys. Rev. Lett. 73 (1994),p. 118.22) Mansour and S. Ugolini. Phy. Rev. B 47 (1993), p. 10201.2.1.3 polya
ronitrilepolya
ronitrile (C 1s binding energy: 286.4 eV and N 1s binding energy: 399.6 eV) [Cheng01℄5



6 CHAPTER 2. CNX FILMS2.2 nanotubes2.2.1 Lai031) The 
rystalline properties of 
arbon nitride nanotubes synthesized by ele
tron 
y
lotron resonan
eplasma, Thin Solid Films, Volume 444, Issues 1-2, 1 November 2003, Pages 38-43 S. H. Lai, Y. L. Chen,L. H. Chan, Y. M. Pan, X. W. Liu and H. C. Shih => papers3/nanotubes/
n nanotubes/lai03.pdfFTIR - The absorption band between 1250 and 1750 
m�1 shows strong eviden
e for the in
orporationof nitrogen into the 
arbon network,whi
h indu
ed the FTIR a
tive G and D bands [15℄ .This very broadabsorption band is resulted from the superimposition of the NH and CH bending vibrations [16℄ .Theabsorption features at 2256 
m and 2926 
m are 
orresponding to C�N stret
hing vibrations and CHstret
hing vibra- tions,respe
tively.The band at 3451 
m 
orresponds y 1 to OH in adsorbed H2O fromatmosphere on the surfa
e dark layer and the peak is substantially redu
ed after polishing the surfa
e.Arelatively weak absorption peak at 2341 
m�1 was observed after the surfa
e dark layer being removed,asshown in Fig.3b,whi
h is probably due to the C=O vibration w 17 x resulting from the substitution ofoxygen for 
arbon in the CN-NTs.XPS - The C (1s )line (Fig.5a ) was de
onvoluted into two peaks at 287.4 and 286.3 eV,whi
h are
onsistent with Marton et al. [18℄ and our previous results [14℄ .By the theoreti
al 
al
ulations [19℄ ,thesubstitution of oxygen atom is minor and does not alter the binding energy and the global stru
tureof the tube,so we do not take the oxygen e�e
t into a

ount.The binding energy of the 
arbon shiftstowards higher position with the binding to nitrogen be
ause of the de
reasing ele
tron density on the
arbon atoms, whi
h is due to the smaller ele
tronegativity of C (� = 2:5 )than N (
hi = 3:0).The free
arbon peak at 284.5 eV was negle
ted be
ause the front dark layer of the 
omposite membrane waspolished away.By 
omparing with urotropine (C6H12N4,sp3 binding energy:286.9 eV ) [20℄ and pyridine(C5H5N,sp2 binding energy: 285.5 eV ) [21℄,the 
arbon peak at 287.4 eV and 286.3 eV are assigned tobe sp3 and sp2 bonding,respe
tively.N (1s )line (Fig.5b )was de
onvoluted into two peaks at 401.7 and 400.3 eV in a

ordan
e with Martonet al. [18℄ and our previous results [15℄. By using the same analogy for the 
arbon peaks,the nitrogenpeaks at 401.7 eV and 400.3 eV are assumed to represent the sp2 and sp3 bondings,respe
tively.Casanovaset al. reported that highly 
oordinated N atoms repla
e C atoms in the graphene sheets (401 -403 eV)and pyri- dini
 N (399 eV )w 22 x .The ratios of N y C are 0.78 andReferen
es:w 17 x A.Heilmann,P.Jutzi,A.Klipp,U.Kreibig,R.Neuendorf,T. Sawitowski,G.S
hmid,Adv.Mater.10 (1998)398. w 18 x D.Marton,K.J.Boyd,A.H.Al-Bayati,S.S.Todorov,J.W. Rabalais,Phys.Rev.B 73 (1994 )118. w19 x G.Zhang,W.Duan,G.Zhou,B.Gu,Solid Commun.122 (2002 )121. w 20 x M.Barber,J.A.Connor,M.F.Guest,I.H.Hillier,M.S
hwarz,M.Sta
ey,J.Chem.So
.Faraday Trans.II 69 (1973 )551. w 21 x U.Gelius,R.F.Heden,J.Hedman,B.J.Lindberg,R.Manne,R.Nordberg,R.Nordling,K.Siegbahn,Phys.S
r.(1970 ) 70. w 22 x J.Casanovas,J.M.Ri
art,J.Rubio,F.Illas,J.M.Jimenez-Mateos,J.Am.Chem.So
.118 (1996 )8071. w 23 x F.Tuinstra,J.L.Koenig,J.Chem.Phys.53 (1970 )1126. w24 x R.J.Nemani
h,S.A.Solin,Phys.Rev.B 20 (1979 )392.2.2.2 Chen01The 
hara
terization of amorphous 
arbon nitride �lms grown by RFCVD method, Journal of Non-Crystalline Solids, Volume 283, Issues 1-3, May 2001, Pages 95-100 Sheng-Yuan Chen and Juh-TzengLueXPS - As shown in Fig. 3(a), the 
arbon 1s line was de
omposed into three 
omponents o

urring at284.6, 285.5 and 288.3 eV. The 284.6 eV peak 
orresponds to the existen
e of nano-
rystalline graphite[14 and 20℄. The results of Raman spe
tra also reveal the graphite-phase at 1580 
m-1. In general,the XPS spe
tra of -C3N4 are 
ompared with pyridine C5H5N and urotropine C6H12N4. For pyridine[21 and 22℄, the 
arbon binding energy at 285.5 eV has the same value as the C 1s signal o

urring inthis experiment. For urotropine [21 and 22℄, the C 1s binding energy is 286.9 eV and N 1s is 399.4 eV.The trigonal stru
ture of -C3N4 has a higher binding energy of CN bonds rather than the tetrahedralurotropine. In these measured XPS spe
tra, the C 1s at 288.3 eV and N 1s at 398.5 eV are referred tothe stru
ture of urotropine. The peaks at 285.5 and 288.9 eV thus indi
ate two di�erent binding statesfor 
arbon with nitrogen (21). The 
orresponding nitrogen binding energy is at 399.7 and 398.5 eV. Theadditional peak at 405 eV was identi�ed to be due to N-O bonds.FTIR - The peak at 2352 
m�1 of the FTIR spe
tra as shown in Fig. 4 is 
aused by the absorptionof CO2 mole
ules existing in the ambient air. Unfortunately the CN stret
hing mode o

urring at 2200
m-1 is not seen for the low 
on
entration of the nitrogen doping below 9%. The intensity of lines near1570 
m�1 for the sp2 bonds be
omes a
tive with in
reasing the NH4OH 
on
entration. Carbon-
arbonstret
hing vibrations in aromati
 groups near 1550 
m�1 be
ome IR a
tive due to the addition of nitrogen



2.2. NANOTUBES 7at neighboring sites. The absorption peaks instead of the transmission dips were tested for the upper-most 
urve. Fig. 5 shows the Raman spe
tra of a-CN:H 
ompared with a-C:H. Both are de
omposedinto graphiti
 G at 1575 
m�1 and disorder D band at 1360 
m�1 as shown in Fig. 5, respe
tively. Thesymmetri
 E2g Raman- a
tive G band for graphite is broken dramati
ally as the NH4OH partial pressurein
reases (19). The intensity ratio ID/IG in
reases as the in
orporated nitrogen 
ontent in
reases. It isa

ompanied by a slight redu
tion of the FWHM of G band from 132-117 
m�1. These results show thatthe in
rease of the nitrogen 
ontent in a-C:H �lms indu
es an in
rease of sp2 fra
tion and the grain sizeof graphite mi
ro
rystallines in the �lms [30 and 31℄.Referen
es:(21) D. Marton, K.J. Boyd, A.H. Al-bayati, S.S. Todorov and J.W. Rabalais. Phys. Rev. Lett. 73(1994), p. 118.(22) Mansour and S. Ugolini. Phy. Rev. B 47 (1993), p. 10201.2.2.3 Hammer01CNx �lms The binding energies found are 398.3 eV (A1), 400.4 eV (A2) and a small peak at 402.4 eV(A3). The width (FWHM) of all subpeaks is 1.9 eV. It is generally a

epted that the A2 
omponent isdue to substitutional N in extended graphiti
 stru
tures. (my 
omment: C=N, a

ording to Marton94)Theoreti
al 
al
ulations suggest that with in
reasing size of these 
lusters the binding energy (EB) shiftsto higher values ( 401 eV) (12). The FWHM is determined by their size-distribution. This graphitizatione�e
t was dete
ted for samples grown at elevated temperatures (>350C) [13 and 14℄. The most 
ontra-di
tory peak assignment in the literature refers to the 
omponent A1. Most authors attribute this peakto N atoms bonded to sp3 hybridized 
arbon [4, 8, 12, 15 and 16℄, while others identify A1 ex
lusively,due to pyridine like stru
tures at the edges of graphiti
 
lusters [17, 18 and 19℄ or as 
aused by nitrile(CN) groups [20℄. None of these suggestions is very satisfa
tory to explain our spe
tra. In the �rst
ase one has to assume for N ri
h samples a high fra
tion of sp3 
arbon or a preferential bonding of Nwith sp3 C, both situations are not very probable. The se
ond assignment would indi
ate an entirelyaromati
 nature of the material. In the later 
ase, Snis et al. 
on
luded from the 
omparison of theRaman a
tivity with graphiti
 modes that the 
ontribution of the CN groups, observed as a small peakat 2200 
m-1, has only a minor e�e
t on the XPS spe
tra [17℄. We propose a multi-stru
tural nature ofA1 and assign as the main 
ontribution to non-aromati
 CN bonds with N having an sp3 hybridization
hara
ter similar to that in the NH3 mole
ule. Furthermore, also N bonded to sp3 C (NC3) and forN ri
h samples nitrile as well as aliphati
 groups (NC2) 
ontribute to A1. Only a small e�e
t on thespe
tra is expe
ted from the pyridine stru
ture (aromati
 NC2) with a 
al
ulated position at 399.2 eV(12). Finally, the small A3 
omponent at 402.4 eV results from trapped N2 mole
ules in the �lm [3 and12℄. The 
ommonly used identi�
ation of A3 as due to N-O groups 
an be ex
luded in our in situ XPSdiagnosis. The de
onvoluted C 1s 
ore-level spe
tra, shown in Fig. 3, in
lude the spe
trum of a a-C �lmgrown without nitrogen ion beam assistan
e. The C 1s peak position of the a-C �lm lo
ated at 284.3 eVis identi�ed as due to graphiti
 stru
tures [15℄. Most authors attribute the minor 
omponent at 285.3 eVto sp3 
arbon [15 and 21℄. The in
lusion of an in
reasing amount of N 
auses a systemati
al wideningand shifting of the C 1s spe
trum to higher binding energies. This e�e
t is 
aused by the formation of avariety of di�erent CN binding environments, 
ontributing to the high energy side of the spe
trum andthe redu
ed number of pure graphiti
 sites at 284.3 eV (B1). Three new 
omponents 
an be �tted at285.2 eV (B2), 286.2 eV (B3) and 287.4 eV (B4), all with a FWHM=1.6 eV. A

ording to Hammer etal. [3℄, the 
omponents 
an be assigned to the following stru
tures: the B2 peak is attributed to thearomati
 C3N 
on�gurations, B3 is assigned to the non-aromati
 C3N phase, in
luding sp3 C bonded toN (C4N) and B4 represents the non-aromati
 C2N2 
on�guration. From Fig. 3 it 
an be easily seen thatthe intensity ratio of non-aromati
 to aromati
 stru
tures, (B3+B4)/(B2), in
reases with the addition ofN. Similar behavior of the ratio A1/A2 
an be observed in the N1s spe
tra ( Fig. 2).and mu
h more for CNx:H in the paper!!2.2.4 Ref. 17 in Hammer01 - sehnat!17. A. Snis, S.F. Matar, O. Plashkevy
h and H. Agren J. Chem. Phys. 111 (1999), p. 9678 Coreionization energies of 
arbon-nitrogen mole
ules and solids A. Snis and S. F. Matar Institut de Chimie dela Matiere Condense de Bordeaux, CNRS, 87, Avenue du Dr. Albert S
hweitzer, 33608 Pessa
, Fran
e O.Plashkevy
h and H. Agren Department of Theoreti
al Chemistry, Royal Institute of Te
hnology, S-10044, Sto
kholm, Sweden (Re
eived 27 April 1999; a

epted 9 September 1999)Core ionization energies have been 
al
ulated for various 
arbon- nitrogen mole
ules and solids. Thesystems investigated 
ontain many of the bonding possibilities whi
h presumably arise in 
arbon nitride



8 CHAPTER 2. CNX FILMSthin �lms prepared under varying 
onditions. The mole
ular 
ore ionization energies are 
al
ulated bythe SCF self-
onsistent �eld method. Several singly, doubly, and triply bonded CxNyHz spe
ies havebeen 
onsidered. Core ionization energies of two C11N4 C sp2 and C sp3solids have been 
al
ulated withthe full-potential linearized augmented plane wave method. Mole
ular C 1s binding energies in
reasewith approximately 1 eV for ea
h singly or doubly bonded nitrogen atom atta
hed. The trend is similarin the solids although variations and saturation e�e
ts are obtained due to hybridization and nitrogen
ontent. The 1s binding energies of two-
oordinated nitrogen atoms in C sp2 mole
ules and of pyramidalthree-
oordinated nitrogen atoms in C sp3 mole
ules are 
lose to ea
h other. The di�eren
es dependon the size of the systems and the number of CH3 groups atta
hed. In the solid state 
ompounds,where no CH3 groups are present, the energies of two-
oordinated nitrogen in a C sp2 environment arealways lower than the energy of pyramidal three- 
oordinated nitrogen in the C sp3 solid, by more than1 eV. Con
erning the mi
ro stru
ture in thin CNx �lms, 
omparisons of the 
omputational results withexperiment indi
ate that at low nitrogen 
on
entrations the atomi
 
on�guration 
lose to the N atomsare mostly of sp3 
hara
ter. At higher N 
ontents more two-
oordinated nitrogen atoms are in
orporated.The N 1s binding energy shifts observed at high substrate temperatures 
ould be explained by either agradual formation of three-
oordinated N atoms in a graphiti
-like C sp2 environment or by lo
al domains
ontaining high N 
on
entrations. (
)1999 Ameri
an Institute of Physi
s.2.2.5 Marton94- only as a printed paper Carbon Nitride Deposited Using Energeti
 Spe
ies: A Two-Phase System D.Marton, K. J. Boyd, A. H. Al-Bayati, S. S. Todorov, and J. W. Rabalais Department of Chemistry,University of Houston, Houston, Texas 77204-5641 Phys. Rev. Lett. 73, 118-121 (1994) Carbon nitride�lms deposited by three di�erent methods have been analyzed using in situ Auger ele
tron spe
tros
opyand ex situ x-ray photoele
tron spe
tros
opy (XPS) and Rutherford ba
ks
attering spe
trometry. TheXPS data for all 27 samples indi
ate that these �lms have a similar 
omposition 
onsisting of two phases.One phase has a stoi
hiometry near C3N4 and is identi�ed as a tetrahedral 
omponent. The otherphase has a variable stoi
hiometry from C5N to C2N and is identi�ed as predominantly an sp2 bondedstru
ture. For a �lm 
omposition of [N℄/[C℄ < 1, the tetrahedrally bonded 
omponent grows only mod-erately as the nitrogen 
ontent of the �lms is in
reased. (
)1994 The Ameri
an Physi
al So
iety URL:http://link.aps.org/abstra
t/PRL/v73/p1182.3 FTIR and XPS2.3.1 Mutsukura99, TSF, 
n/mutsukura99.pdfCNx �lms obtained (PECVD CH4/N2) were polymer-like transparent soft �lms. The IR spe
tra indi
ate�ve absorption bands at 3200-3500 
m�1, 2800-3000 
m�1, 2100-2250 
m�1, 1500-1800 
m�1 and 1300-1500 
m�1 regions.The 3200-3500 
m�1 band is 
omposed from three absorption peaks at 3200, 3300 and 3450 
m�1whi
h were de
ided by the Gaussian �tting and were 
onsistent with the reported [2℄ and predi
tedvalues [13℄. They are identi�ed with N-H stret
hing vibration, and are asso
iated with both >NH andNH2 
omponents.The 1500{1800 
m�1 band is predi
ted to 
ontain some absorption modes su
h as double bondedC=C and C=N stret
hing and N-H bending modes.The absorption band at 2800{3000 
m�1 is identi�ed with C-H stret
hing vibration, whi
h is normallyobserved in diamond-like 
arbon �lms [14℄.The absorption band at 1300{1500 
m�1 region has been reported to be related with C-H [2℄ and C-N[12℄ bonds.As to the absorption band at 2100{2250 
m�1, the 
ontribution of C�N triple bond has been reporteduntil now [2,3,5-12℄. In these previous reports a broad absorption band having single absorption peakhas been observed for almost all of the 
arbon nitride �lms, ex
ept the samples reported by Kaufmanet al. [5℄ whi
h indi
ated two absorption peaks at 2130 and 2200 
m-1. However, for our samples theband 
ontains obviously several 
omponents: 2105, 2160, 2190, 2215 and 2245 
m�1. The vibrationfrequen
ies of the C�N stret
hing modes asso
iated with both nitrile (-C�N) and isonitrile (-N�C)stru
tures, greatly depend on a type of 
omponent bonded to these stru
tures. Those appear at 2245-2255 
m�1 and 2226-2229 
m�1 for the nitrile, and at 2146-2183 
m�1 and 2122-2125 
m�1 for isonitrile,when they are bonded to hydro
arbons and aromati
 rings, respe
tively.



2.3. FTIR AND XPS 9Table 2.2: Bonding energiesbond energy [k
al/mol℄C-N 69.7C=N 147C�N 2072.3.2 Jel��nek00, TSFXPS analysesThe N1s spe
tral lines displayed in Fig. were found to be broad (2.8 eV) suggesting more bonding statesof nitrogen atoms. Reasonable �ts were obtained with three Gaussian fun
tions 1.5 eV wide (FWHM)peaked at 398.8�0.1 (sp3C-N), 399.9�0.2 (N-H) and 400.9�0.2 eV (sp2C-N).FTIR spe
traNitrile, isonitrile and 
arbodiimide are assumed to play imporatnt role in of the bridges between aromati
Table 2.3: FTIR identi�
ationwavenumber [
m-1℄ bonds1600-1630 C=C, C=N, N-H, O-H3300 N-H, O-H2220-2230 
m-1 -C�N nitrile2115-2175 
m-1 -N�C isonitrile2105-2155 
m-1 -N=C=N- 
arbodiimide
arbon 
lusters [33,37℄. Position of isonitrile does not agree with Mutsukura99 above
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Chapter 3Si-related 
ompound3.1 Analysis of sili
ones, 
hapter 10 (FTIR), D. R. Anderson3.1.1 Si-H� Si-H stret
hing vibration is one of the most 
hara
teristi
 infrared frequen
ies for organosili
on ma-terials. It gives a strong band in the 2100 to 2300 
m�1 region where there is very little interferen
efrom other bands. It has been shown that the position of the Si-H stret
hing frequen
y is depen-dent on the indu
tive power of the other groups on the sili
on atom, the more ele
tron-withdrawinggroups 
ausing shifts to higher frequen
ies [57℄.The position of the Si-H stre
hing band for a parti
ular 
ompound 
an be predi
ted from a tableof 
onstants 
hara
teristi
 of ea
h substituent [?℄group E [
m�1℄ group E [
m�1℄F- 760.8� Me2N- 715.5�Cl- 752.8 CH2 =CH- 709.2MeO- 734.4� CH3- 705.9EtO- 732.0� Et- 699.1H- 724.8 Me3SiCH2- 687.6HO- 718.6� Me3Si- 684.8

11
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Chapter 4Si-nitrides, 
arbides and
arbonitrides4.1 About e�ort in Si-C-N 
ompounds4.1.1 si-based hard/si
n/Smirnova03 [?℄Sili
on 
arbonitride thin �lms are attra
tive sin
e they are expe
ted to 
ombine the properties of sili
onnitride and the hypotheti
al 
arbon nitride. These �lms would be resistant to high temperatures and
orrosive environments. They may be used as variable band gap materials, diele
tri
 layers, di�usionbarriers in semi
ondu
tor te
hnology and the materials having unique tribologi
al behaviour.TernarySi -C -N 
ompounds were 
ommonly deposited using CVD te
hniques at elevated temperatures [1-3℄.Low-temperature deposition pro
esses are preferred for pra
ti
al appli
ation in order to make ele
troni
devi
es and prote
tive 
oatings.However, only a few attempts to prepare SiCN alloys have been 
arriedout at low growth temperatures primarily using physi
al vapour deposition (PVD) methods [4 -10℄ .In depositing �lms with CVD pro
ess mixtures of CH4, N2, H2 and SiH4 (5% SiH on N dilution)gases in various proportions are widely used as basi
 reagents [8,11,12℄ .Su
h gas mixtures are haz-ardous.Therefore, the sear
h for novel new volatile pre
ursors to fabri
ate sili
on 
arbonitride �lms isrequired. However,there is no great variety of su
h volatile substan
es. Organosili
on 
ompounds 
ouldbe used as single- sour
e pre
ursors 
ontaining sili
on, nitrogen, and 
arbon.Being of no hazard,they areparti
ularly promising for SixCyNz�lm deposition.4.1.2 si-based hard/si
n/Peng01 Peng01Sili
on 
arbide nitride material is a 
ovalently 
ross-bonded ternary system with short-range order, whi
hposses the ex
ellent me
hani
al, 
hemi
al, ele
tri
al and opti
al properties of sili
on 
arbide and sili
onnitride [1℄. Espe
ially, amorphous sili
on 
arbide nitride thin (r)lms (a-SiCx Ny ) have re
ently beenattra
ting mu
h attention for its apparent tunability over a wide range from the band gap of SiC (2.86eV) to insulating �lm of Si3 N4 (� 5.0 eV) by 
ontrolling the 
omposition, whi
h are of interest inintegrated 
ir
uits, opti
al devi
e fabri
ation and material surfa
e prote
tion [2℄. However, only a fewe�orts have been spent in the re
ent years to synthesis Si-C-N thin �lms by rea
tive sputtering a sili
on
arbide target in N2+Ar atmosphere [3℄, nitrogen-ion implantation into SiC [4℄ (mi
rowave) plasma-assisted or ele
tron 
y
lotron resonan
e 
hemi
al-vapor-deposition (PACVD, MWCVD or ECR-CVD)using SiH4 -NH3 -CH4 [5,6℄ or laser ablation of a SiC target in nitrogen atmosphere [7℄. Chen et al.[6℄ reported a SiCx Ny thin �lm, whi
h 
ontains N 574.4 eV using ECR-CVD. In our data, there is noreport on synthesis of SiCx Ny (r)lms by rf rea
tive sputtering a Si3 N4 target in methane and argonatmosphere.4.2 FTIR of sili
on nitrides4.2.1 book - Sili
on Nitride in Ele
roni
s, V. I. Belyi et al., Elsevier 1988 [?℄p. 105 The IR absorption spe
trum of partly and 
ompletely 
rystallized sili
on nitride reveals the bandstypi
al of the 
rystalline �-Si3N4 phase: 830{835 
m�1, 870{880 
m�1 (the two strongest bands),920 
m�1, 1015-1020 
m�1 (weak bands). All the vibrations are valen
e ones.13
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e and deformation vibrations of all main os
illators of Si3N4 o

ur in the interval of wave-lengths entering the IR range (Si-N: 11.6-12.0 �m, i.e. 862{833 
m�1 - valen
e [45℄, N-H: 3.0 �m, i.e.3333 
m1 - valen
e, 6.4 �m, i.e. 1563 
m�1 - deformation [46℄, Si-NH- Si: 8.6 �m, i.e. 1163 
m�1- valen
e [46℄, Si-H: 4.7 �m, i.e. 2128 
m�1 - valen
e [46℄, 8.4 �m, i.e. 1190 
m�1 - deformation[35℄).4.2.2 si-based hard/sin/lu
ovsky83 [?℄title: Nitrogen-bonding environments in glow-dis
harge-deposited a-Si:H �lms� a-Si:H �lms - 2000 
m1 stret
hing of Si-H, 630 
m1 bending (or wagging) of Si-H� a-SiN:H �lms - 2060 
m1 Si-H, 840 
m�1 in-plane Si-N stret
hing mode, 3350 
m1 N-H stret
hingvibration, 1150 
m1 N-H bending vibration4.2.3 si-based hard/sin/tsu86 [?℄title: Sili
on nitride and sili
on diimide grown by remote plasma enhan
ed 
hemi
al vapordeposition Are the �lms amourphous? Probably.Films were grown by remote PECVD from mixture of SiH4 or Si2H6 with NH3 or N2/He. We have foundthat �lms grown from N2 and deposited at subst. temperature in ex
ess of 350ÆC have a 
omposition
orresponding to stoi
hiometri
 Si3N4, whereas �lms deposited from NH3 require subst. temperature inex
ess of about 500ÆC to eliminate bonded H and yield the same stoi
hiometri
 
omposition. In 
ontrast�lms grown from NH3 at temperatures in the range of 50 to 100 
ir
C have a 
hemi
al 
omposition
orresponding to sili
on diimide, Si(NH)2. Films grown from NH3 at intermediate substrate temperaturesare solid solutions of Si3N4 and Si(NH)2.� Si3N4 �lms deposited from SiH4+N2: SiH stret
hing vibration 2180 
m�1 (diminished for T >350ÆC), SiN vibration at 835 
m�1, sili
on (Si-Si) breathing at about 470 
m�1� SiNH �lms deposited from SiH4+NH3: NH stret
hing vibration 
entered at about 3335 
m�1(medium ir a
tivity), NH bending vibration at 1175 
m�1 (strong ir a
tivity), SiN stret
hing vibra-tion whose frequen
y varies between 885 and 835 
m�1, sili
on breathing vibration whose frequen
yvaries between 430 and 490 
m�1. In addition the �lms with high 
on
entration of NH groups dis-play a shoulder on the high frequen
y side of the 3335 
m�1 band and an additional weak feature at1545 
m�1. They are interpreted as NH2 stret
hing vibration and a NH2 s
issors bending vibration,respe
tively.4.2.4 ftir/lanford78 [?℄title: The hydrogen 
ontent of plasma-deposited sili
on nitrideSensitivity fa
tors for SiH and NH - IR bands, 3350 and 2160 
m�1, are ne
essary to estimate the
on
entrations of these groups in the SiN:H �lms. The fa
tors were obtained from 
omparison of nu
learresonant rea
tion analyses (NRRA) that determined H 
ontent and IR absorption. Total amount of Hatoms/
m2 from NRRA 
an be 
ompared with area under absorption peak.SiO2 �lms deposited for 
omparison did not exhibit any SiH groups but OH bands, 3645 
m�1(probably isolated OH) and 3390 
m�1 (probably water).4.2.5 Materials S
ien
e of Carbides, Nitrides and Borides, ed. Y.G. Gogotsi,R.A. Andrievski, NATO S
ien
e Series Vol. 68(p. 96) broad and 
omplex band 
entered at 3355 
m�1 assigned to Si-NH-Si imido and Si-NH2 amidosurfa
e groups [28,29℄4.2.6 si-based hard/sin/lattemann03 [?℄� Si3N4 �lms: 875{896 
m�1 asymmetri
 in plane Si-N streta
hing vibration mode [7℄. It is wellknown that the oxygen in
orporation in sili
on nitride 
auses a shift in the absorption band due toSi-N bond stret
hing near 880 
m towards higher wavenumbers.The large value of the full widthat half maxima (FWHM )of this band is 
onsistent with the previously reported data [7,17℄ andrefers to the amorphous nature of Si3N4�x �lms.The small peak absorption band observed at 490
m�1 
orresponds to Si-N breathing mode [17℄ .It 
an be noted that the samples do not have



4.3. FTIR ON SI-C-N FILMS 15a 
hara
teristi
 absorption band at 1040 
m�1 of the asymmetri
 stret
h mode of the Si-O-Sibond.This proves that there is no signi�
ant amount of sili
on dioxide in the samples.7. G. Parsons, J.H. Souk and J. Batey. J. Appl. Phys. 70 (1991), pp. 1553- 1560.17. T. Serikawa and A. Okamoto. J. Ele
tro
hem. So
. 131 12 (1984), pp. 2928-2933.4.2.7 si-based hard/sin/parson91 [?℄title:There is a large amount of literature dealing with the vibrational frequen
ies asso
iated with Si-H, N-Hand Si-N bonding groups. The assignments for these modes in PECVD sili
on nitride are given in Ref.5 and are brie
y summarized here: ( 1) N-H stret
hing mode at 3330 
m�1 , (2) Si-H stret
hing at 2140
m�1 , (3) N-H2 s
issors at 1550 
m�1, (4) N- H and N-H2 bending at 1150 
m�1, (5) Si-N stret
hingbetween 870 and 820 
m�1, and (6) the Si-N "breathing" mode between 430 and 490 
m�1. The sharpabsorption feature o

asionally observed at 1100 
m�1 is related to in
omplete subtra
tion of a Si-0related feature in the sili
on4.3 FTIR on Si-C-N �lms4.3.1 papers1/si-based hard/si
n/peng01 [?℄title:Xiao et al. [3℄ and Savall et al. [11℄ pointed that although ea
h of its absorption band 
ould be tra
ed toa 
ertain binary bond, the exa
t vibration frequen
y was slightly di�erent owing to the 
omplex 
hemi
albonding surrounding ea
h element. For example, the peak at 460 and 1000 
m�1 [12℄ 
an 
orrespondto asymmetri
 and symmetri
 stret
hing vibration of Si-N bond. Several Si-C stret
hing mode wereobserved 
orresponding to wave numbers 610, 800-823 
m�1. A weak C-N bond at 1100 
m�1 [12℄ 
analso be �tted in all four spe
tra. A broaden peak at 1250-1560 
m�1 
orresponding to C-N, C=N andC=C bond and an additional weak peak at 2170 
m�1 
orresponding to C�N stret
hing mode 
an alsobe observed [4,13℄. They �tter broad peak 700{1200 
m�1 by three peaks: 800-822 
m1 Si-C, 996{1012
m�1 Si-N and 1102{1112 
m�1 C-N.4.4 FTIR on Cl-related �lms4.4.1 ftir/Cl-related/Upadhyay04 [?℄The untreated PVC 
opolymer shows two distin
t C-Cl vibrations at 695 
m�1 (S'HH ) and a moreintense band at 613 
m�1 (S HH) [23 -25 ℄.Where, the S 'HH and S HH bands are,respe
tively,due toout-of-plane and in-plane C-CHCl-C skeletal modes trans to neighbouring hydrogen atom.[papers1/ftir/Cl-related/Robinson95℄: The Si-H vibrational frequen
ies for a series of 
hlorine-substitutedsilanes are 2118, 2168, 2213, and 2274 
m�1 , for (CH3)3Si-H, (CH3)2ClSi-H, (CH3)Cl2Si-H, Cl3Si-H,respe
tively [34℄.
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Chapter 5Organosiloxanes5.1 Overview about papers� VanOoij97-HMDSO4 Deposition from HMDSO (usually) in d
 dis
harge on metal and plasti
substrates.{ �lm 
hara
terisation: weighting and 
al
ulation of thi
kness, i. e. deposition rate, expe
tingthe density of 1.5 g/
m3; FTIR using the re
e
tion-absorption mode (RAIR) with Spe
trate
hvariable-angle spe
ular re
e
tion atta
hment (IR is well dis
ussed!)� Alexander96-HMDSO7Deposition from HMDSO and HMDSO/O2 mixtures (Qhmdso = 20 s

m,Qo2 =0{200s

m) in mi
rowave dis
harge on Al substrates.{ �lm 
hara
terisation: XPS (good des
ribed together with 
alibration and peak positions!)� Alexander97a-HMDSO10 Deposition from HMDSO/Ar and HMDSO/Ar/O2 mixtures in mi-
rowave dis
harge on Al substrates.{ appli
ation: 
orrosion prote
tion{ plasma diagnosti
s: mass spe
tros
opy of exhaust gases; utilization of parameters from Wag-ner's and Yasuda's work{ �lm 
hara
terisation: IR absorption; XPS; water 
onta
t angle; resistivity agains 
orrosion� Tien72-HMDSO11 Deposition from HMDSO/Ar feed (0.3/0.1 Torr) in rf dis
harge on glasssubstrates.{ appli
ation: in integrated opti
s, i. e. as a waveguide.{ �lm 
hara
t.: refra
tive index, light s
attering, ele
tron mi
rographs� HMDSO14 model for polymerization of HMDSO, TENTO CLANEK CHYBI!!� Lamendola97-HMDSO16 Deposition from HMDSO and HMDSO/O2 feeds (O2/HMDSO= 0{20, p = 50{100 mTorr) in rf parallel plate dis
harge (2.0 and 4.0 W/
m2) on Si substrates pla
edon third 
oating ele
trode.{ appli
ation: list of referen
es{ plasma diagnosti
s: OES, a
tinometry{ �lm 
hara
t.: XPS, FTIR, weighting{ 
on
lusions: explanation of deposition me
hanismus for \high fragmentation" 
onditions (oxy-gen added into the feed)� Alexander97b-HMDSO17{ �lm 
hara
terisation: XPS only shortly� Aumaille00-HMDSO19 Deposition from HMDSO/O2 and TEOS/O2 feeds (�xed total 
ow rateat 16 s

m ! 
hange of monomer fra
tion) in heli
on di�usion dis
harge on sili
on? substrates.{ plasma diagnosti
s: OES, a
tinometry 17



18 CHAPTER 5. ORGANOSILOXANES{ �lm 
hara
terisation: spe
tros
opi
 ellipsometry; XPS; gravimetry and X-ray re
e
tivity;
hemi
al et
hing using p-et
h� Ito-HMDSO20 Deposition from HMDSO and TEOS with or without Ar and O2 in a
 and rfdis
harges (parallel plate).{ �lm 
hara
t.: refra
tive index, dep. rate, XPS, 
onta
t angle{ 
hybi 
ita
e a nenasla jsem ji ani INSPECem od r. 1996!5.2 Results on plasma deposition from HMDSO5.2.1 VanOoij97-HMDSO4 [?℄Films are divided into two groups:� low power/high pressure (LW/HP) - There are better resolved peaks. A substantial amount ofSi-CH3 fun
tionality seems to be retained and polymerization o

urs partially in the 
hain-likestru
ture.� high power/low pressure (HW/LP) - Does not seem to be well de�ned. No long 
hains 
an bedete
ted. There are fewer CH3 groups and broader absorption bands indi
ation a higher amountof 
rosslinking. It also displays a higher relative intensity of Si-H groups, whi
h we interpret to beindi
ative of a higher monomer breakdown.The XPS (no details presented) shows that the elemental 
omposition of both the LW/HP and HW/LP�lms were approximately the same and also very 
lose to that of pure PDMS (polydimethylsiloxane)indi
ating that the di�eren
es observed in FTIR spe
tra were the results of stru
tural di�eren
es betweenthe �lms. The TOF-SIMS results indi
ated that the LW/HP �lms had a stru
ture whi
h resembled thatof the HMDSO monomer mo
e 
losely that that of the HW/LP �lms.5.2.2 Alexander96-HMDSO7 [?℄Table 5.1: Results from XPS analyses in HMDSO7. HMDSO 
ow rate of 20 s

mQo2 C O Si C/O C/Si O/Si0 50.31 22.89 26.80 2.12 1.88 0.8510 39.93 32.33 27.74 1.24 1.44 1.1720 35.57 35.56 28.88 1.00 1.23 1.2340 29.94 41.43 28.63 0.72 1.05 1.45100 22.66 47.57 29.77 0.48 0.76 1.60200 18.74 50.76 30.50 0.37 0.61 1.66HMDSO 66.67 11.11 22.22 6.0 3.0 0.55.2.3 Alexander97a-HMDSO10 [?℄From IR spe
tros
opy of �lms it 
ould be supposed that a higher amount of O2 is for
ing demethylationof the �lms, 
hanging bonds in the polymer from -H to -O-. A possible reason for these e�e
ts is a
hange in the neutral gas phase 
hemistry.It is known that the addition of O2 to a rea
tive mixture ofhydro
arbon fragments and H and H2 
an lead to high losses of methyl radi
als be
ause of the in
uen
eof O and OH radi
als [HMDS010-13℄. Simultaneously, the amount of atomi
 hydrogen will be redu
eddue to the produ
tion of water via OH radi
als. If one adds small amounts of O2 to a H2/Ar plasma, anin
rease in atomi
 hydrogen and thus of hydro
arbon radi
als may o

ur [HMDSO10-14℄. This situation,however, is fas from our plasma 
onditions. Looking at the results from the mass spe
trometry, no 
hangein the amount of CH4 in the gas phase, but an intensive H2 and CO2 produ
tion, was dete
ted. It 
anbe 
on
luded from these 
ir
umstan
es that under 
ertain 
onditions, H atoms tend to re
ombine amongea
h other rather than to form CxHyOz.The relative proportion of the atoms at the polymer surfa
e was found by XPS to be O/C/Si�2.7/3/1for pure HMDSO/Ar plasma and �2.7/0.3/1 for an additional oxygen admixture. HMDSO monomerhas this ratio 0.5/3/1. It means that Si-O-Si 
ross-links prevail in �lms, whi
h are grown in presen
e ofadditional oxygen.



5.2. RESULTS ON PLASMA DEPOSITION FROM HMDSO 195.2.4 Tien72-HMDSO11 [?℄A typi
al HMDSO �lm has a refra
tive index of 1.4880 at 632.8 nm (red He- Ne laser), 1.4960 at 514.5 nm(green argon laser) and 1.4996 at 488 nm (blue argon laser).5.2.5 
hybi!-HMDSO14 [?℄A simple model was dedu
ed to des
ribe the in
orporation behavior of plasma polymerized �lms in termsof dis
harge power. The model was based on the disso
iation of the 
hemi
al bonds of the monomer byinelasti
 
ollision with ele
trons in the plasma. The in
orporation rate of the 
hemi
al bonds was given asa fun
tion of the dis
harge power under the assumption of the proportionality between the in
orporationrate and the 
on
entration of bonds in the plasma. The validity of the model was examined by measuringthe relative in
orporation rate of Si-O-Si and Si- CH3 bonds in the �lms deposited by PECVD fromHMDSO.The in
orporation rate of Si-O-Si bonds de
reased with in
reasing dis
harge power. There exista linear relationship between the re
ipro
al of the in
orporation rate and the dis
harge power, whi
hagrees well with the predi
tion of the model dedu
ed for one disso
iation pro
ess of Si-O-Si bond inHMDSO.5.2.6 Aumaille00-HMDSO19 [?℄The in
uen
e of the organosili
on fra
tion (Xorg = 5{100%) on the deposition rate and the refra
tiveindex of the deposited �lms at 1.96 eV (i. e. 633 nm) is reported.It is 
lear that simple law between the deposition rate and the organosili
on fra
tion does not exist.At low values of Xorg, low deposition rates of about 6{10 nm/min are obtained for both organosili-
ons. Upon adding the organosili
on pre
ursor to oxygen, the deposition rate in
reases and saturatesat 25 nm/min for the �lms deposited in pure TEOS plasmas and 50 nm/miin for the �lms deposited inpure HMDSO plasmas. Thus, at high values of Xorg, the deposition rate is around two times large inHMDSO-derived �lms that in TEOS-derived �lms. This result is in agreement with what was found byLatre
he [HMDSO19 22(PhD thesis)℄ and Sawada [?℄.Ellipsometry in-situ ) If there are any voids they 
an be treated in Bruggeman e�e
tive mediumaproximation (BEMA) as va
uum and not water vapours!At a low Xorg, the �lms are transparent in the 1.5{5 eV range, and their refra
tive index at 1.96 eVis very 
lose to the one of a thermal oxide (n=1.46). The de
rease of the refra
tive index as Xorg isin
reased, indi
ates the presen
e of defe
ts su
h as mi
roporosity. The BEMA has been used to evaluatethe fra
tion of voids, assuiming that the �lms is a homogeneous mixture of amorphous SiO2 and voids [?℄.The value of void fra
tion in
rease with Xorg rea
hing 6% for the �lms deposited in 20%TEOS/80%O2plasmas, against 2% for the �lms elaborated by 20%HMDSO/80%O2 plasmas. As Xorg is above 30%,both the extin
tion 
oeÆ
ient and refra
tive index in
rease. For Xorg =100%, the HMDSO-derived�lms are more absorbent in the UV (k(240nm) = 0:052) than TEOS-derived �lms (k(240nm) = 0:028).Moreover, at high values of Xorg the organi
 �lms derived from HMDSO have a refra
tive index higher(n(633nm) � 1:535) that the organi
 �lms derived from TEOS (n(633nm) � 1:45).For Xorg <33%, the two elements dete
ted are sili
on and oxygen. Carbon is bellow dete
tion limitof XPS analyses. Whatever the organosili
on, the O/Si 
ontent is 
lose to two. : : : dis
ussion aboutposition of Si 2p and O 1s peaks. By in
reasing the organosili
on fra
tion, the 
arbon 
ontent in the�lms in
reases very rapidly, whereas the oxygen and sili
on 
ontents de
rease (Table 5.2).Table 5.2: Results from XPS analyses in HMDSO19. Total 
ow rate of 16 s

mXorg =10% Xorg =100%TEOS HMDSO TEOS HMDSOO(%) 67 68 34 34Si(%) 33 32 13 24C(%) 0 0 53 425.2.7 Ito-HMDSO20 [?℄With in
reasing input power, the refra
tive index in
reases monotonously (for pure monomer?). In 
aseof HMDSO n600 = 1:39 for 20 W and n600 = 1:43 for 200 W. However, the 
omposition found by XPS
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hange. Therefore they suppose that the in
rease is 
aused by in
reased density.Table 5.3: Results from XPS analyses in HMDSO20. Pure monomer?TEOS HMDSOO(%) 53 27Si(%) 37 32C(%) 10 41De
rease of refra
tive index with oxygen 
ow, for HMDSO from 1.42 (pure) to 1.39 (50s

m O2).O/Si from 0.7 to 1.25 (40 s

m O2). C/Si from 1.5 to 1.2.Lower oxygen 
ontent in the SiOx �lms results on higher refra
tive index [?℄. Or higher 
arbon 
ontentin
rease the refra
tive index [?℄.5.2.8 Poll93-HMDSO21 [?℄Exhaust gas spe
trometry in the 
losed rea
tor and pure HMDSO ) a

ording to the residen
e time inthe rea
tor the stable gaseous produ
ts 
an be divided into four groups:� mainly monomer (up to � 20 s)� mainly oligomers (20{110 s)� mainly Si(CH3)x (110{200 s)� mainly CxHy and H2 (200{310 s)Compared with a 
ow rea
tor, our rea
tor is 
hara
terised by a high ration of bu�er volume to a
tiveplasma region (about 100:1). The gas ex
hange plasma-bu�er expands the time s
ale by di�usion and
auses a de
rease in deposition rate on the the dis
harge ele
trode.In the �rst stage A (up to 180 s), the produ
tion of �lm-forming spe
ies from HMDSO leads to anin
reasing deposition rate, in spite of the de
reasing HMDSO 
on
entration. After 
onsumption of theHMDSO and the stable sili
on-
ontaining rea
tion produ
ts the rate de
reases (se
ond and third stages,B and C) and rea
hes zero (at the end of C).Refra
tive index in
reases along the transition from stage A to C. Beginning of deposition: 1.44, endof stage A: 1.49. Center of stage B: 1.52.5.2.9 Lamendola97-HMDSO16 [?℄Given trend of 
omposition of Si, O and C for various O2/HMDSO ratios (podle pravitka to prepsat!).5.2.10 Vallee97 [?℄Refra
tive index for HMDSO and TEOS and various dis
harges (40 kHz, Heli
on, DECR) as fun
tion ofmonomer per
entage in HMDSO/O2 mixture. For pure HMDSO n = 1:51 for 40 kHz (density 1.25 g/
m3)and n = 1:59 for DECR (density 1.35 g/
m3). For pure HMDSO, DECR the IR spe
trum is shown.5.3 Appli
ation of HMDSO �lms� HMDSO11 appli
ation of HMDSO plasma polymerized �lms in integrated opti
s, i. e. as a waveg-uide. The �lms were deposited on the glass substrate. To serve as a light quide, the �lms musthave a refra
tive index larger than that of the substrate.� HMDSO13 appli
ation of PP-HMDSO as 
orrosion prote
tive 
oatings on metal substrates in
lud-ing 
arbon steel, stainless steel, Monel et
. Deposition in mi
rowave large s
ale rea
tor (2.45 GHz).Resistan
e to simulated sea water (4% NaCl) was evaluated.� HMDSO9 Preparation of metal-organi
 �lms by 
o-deposition of metal with HMDSO (d
 dis-
harge).



Chapter 6Organosilazanes6.1 Overview of FTIR and XPS on HMDSN6.1.1 Seekamp00 (paper3/hmdsn)FTIR - There are six bands of similar amplitudes whi
h give an insight into the bonding and growthpro
esses for both materials. There is no band from Si-C and Si-N bonds in 
erami
 environmentsbetween 800 and 1000 
m�1 . The �rst two peaks at 790 and 840 
m�1 
an be assigned to Si-(CH3)2stret
hing vibrations and Si-(CH3)3 ro
king vibrations respe
tively [6℄. The Si-(CH3)2 absorption hasa larger amplitude in samples made from HMDS while the Si-(CH3)3 absorption is of equal amplitudein both materials. This similarity means that there are more sili
on atoms bound to spe
ies other thanmethyl with two of their bonds in samples made from HMDS 
ompared to samples made from HMDSN.The Si-CH3 deformation band at 1260 
m�1 [6℄ gives an indi
ation of how many methyl groups there arein the samples. Hen
e there are more methyl groups bound to sili
on in the sample made from HMDSNthan in the sample made from HMDS. As there is no absorption for Si-CH3 stret
hing vibrations at 775
m�1 [6℄ dete
table in samples from HMDSN and only a shoulder in material from HMDS, the ex
essmethylgroups must be bound in Si-(CH3)4 
on�gurations. The absorption of tetramethylsilane at 695
m�1 [6℄ indi
ates the presen
e of this substan
e in the material but it is too small to be quanti�ed.The absorption of in Si-CH2-Si at 1240 
m�1 [6℄ has more than twi
e the amplitude for samples madefrom HMDS than for those made from HMDSN. A band at 1240 
m�1 is often interpreted as a Si-O-Sistret
hing vibration. For the materials dis
ussed here su
h an assignment is not valid be
ause of theabsen
e of an Si-O-Si band around 430 
m�1 [6℄ that is always observed for oxidised �lms depositedunder 
on- ditions dis
ussed here [7,Seekamp98℄. Two of the bands, the asymmetri
 Si-N-Si stret
hingvibration at 923 
m�1 [6℄ and the Si-NH-Si bending band at 1184 
m�1 , only appear in the spe
tra formaterial de- posited from HMDSN. Both these bands have almost the same amplitude in the spe
trum ofliquid HMDSN. Their relative amplitudes in the sample spe
trum is similar to that found in the spe
trumof liquid heptamethyldisilazane [9℄. Hen
e the 
on
entration of N-CH3 bonds for the deposited materialin
reased 
ompared to the liquid starting material and the N-H bond is not fully preserved.6.1.2 Baraton98 (paper3/hmdsn)3320 
m�1 adsorbed water, 3780-3600 
m�1 �(OH) stret
hing mode of di�erent types of hydroxyl groupsbonded to Ti atoms. The remaining bound water mole
ules are indi
ated by the broad band at 3480
m�1 assigned to �(OH) stret
hing mode in perturbed hydroxyl groups and by the band at 1620 
m�1assigned to Æ(OH) bending mode in water mole
ules. Bands 
entered at 2348 
m�1 assigned to CO2,1352 
m�1 to Æ(CH3) bending mode.6.1.3 Pe
heur99 (paper3/hmdsn)SiO-H absorption at 3635 and 936 
m�1, Si-H in O2Si-H in the interval 2213-2236 
m�1. Around2966 
m�1 C- H3 [13℄. Two smaller bands between 1420-1350 
m�1 attributed to the deformation ofSiC-H bond [14℄. Moreover, IR spe
tra show an arear between 3390 to 3500 
orresponding to N-H andN-H2 vibration mode [15℄ and at 888 
m�1 to Si-NO.13. J.H. Lee, Y.H. Lee and B. Farouk. J. Va
. S
i. Te
hnol. A 14 5 (1996), 1p. 2702. 4. M. Latre
he,PhD thesis, Universit Paul Sabatier, Toulouse, 1Fran
e, 1993 5. A. Sassela, A. Borghesi, F. Corni, A.Monelli, G. Ottaviani, 1R. Tonini, B. Piva
, M. Ba

hetta, L. Zanotti, J. Va
. S
i. Te
hnol. A 15 (2)1(1997) 21
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lanek6.1.4 Fainer03 /papers/hmdsnXPS- It was revealed that all peaks 
onsist of more than one Gaussian peak that indi
ate multi- ple bond-ing between the 
onstituent atoms of Si,C and N.The Si 2p photo-ele
tron peak 
ould be resolved into twopeaks 
entred at 100.3 -100.6 and 101.6 -101.8 eV,belonging to Si -C and Si -N bonding,respe
tively.TheC 1s photoele
tron peak 
onsists of three 
omponents 
entred at 283.1-283.8, 284.5-284.8 and 285.7-286.1eV, belonging to C-Si,C-C and C-N bonding [4,5℄.The N 1s photoele
tron peak 
onsists of one 
ompo-nent 
entred at 397.3-397.6 eV,
orresponding to N -Si bonding. Unfortunately,the present level of ourunderstanding of the 
rystal stru
ture of SiC x N y .lms is insuf .
ient.We 
an propose that a plausiblestru
ture 
ould be that of Si3 N4 in whi
h some of the Si atoms are substituted by C atoms.[4 ℄M.T.Kim,J.Lee,Thin Solid Films 303 (1997)173. -bad re�eren
e, there is nothing about XPS [5℄T.Tharigen,G.Lippold,G.V.Riede,et al.,Thin Solid Films 348 (1999)103.6.1.5 Gengenba
h99 /papers3/hmdsnFTIR - XPS - detailed dis
ussion! HMDSN: Some oxygen (O/Si 0.17) was dete
ted in the freshlydeposited �lm whi
h might have been partially due to oxygen impurities in the dis
harge and/or toexposure to atmosphere. The O 1s BE of 532.3 eV, whi
h was somewhat higher than expe
ted for Si-O-Si probably indi
ated the presen
e of various oxygen-
ontaining stru
tures su
h as Si-O-Si, Si-O-C andO-C stru
tures. A low 
on
entration of C-O bonds was indi
ated by a weak C 1s signal dete
ted atsomewhat higher binding energy (about 1 to 2 eV) than the main 
arbon peak.The 
hemi
al 
hanges during storage for ppHMDSA were mu
h more extensive 
ompared to ppH-MDSO. The O/Si ratio in
reased from 0.17 to about 1.15, a

ompanied by the almost 
omplete loss ofnitrogen, with N/Si de
reas-ing from 0.36 to about 0.05, as shown in Fig. 5. A de
rease of the C/Si ratiowas also observed, from 2.24 to 1.75. The in
rease in O (DO/Si 0.98) was somewhat higher than the
ombined loss of N and C (DN/Si 1 DC/Si 20.80). In 
ontrast to the 
orresponding ppHMDSO data,the O/Si ratio in
reased signi�
antly during the �rst day (DO/Si 1 0.08 within the �rst �ve hours).This evolution is similar to the oxidative ageing of other plasma polymers, where the amount of oxygenin
orporated (DO/C) during the initial, very rapid phase of oxidation was in the range 0.04 to 0.07 [18-20℄. This �rst stage of oxidation after deposition was assigned to the quen
hing of radi
als in the plasmapoly-mers by O2 on exposure of the material to air. We therefore propose the same interpretation forthe ppHMDSA 
oating.More spe
i�
 information was obtained by monitoring the evolution of peak shapes and BEs of therelevant photo-ele
tron signals: Fig. 6 displays the BE values measured for the O 1s and Si 2p signals(referen
ed to C 1s at 284.40 eV). Whereas the O 1s BE did not 
hange measurably, the Si 2p BE in
reasedby approximately 1 eV to about 102.2 eV. The latter value is indi
ative of siloxane units. However, theoverall Si 2p peak width in
reased from about 2.4 eV to approximately 2.7 eV during storage whereasin the 
ase of the ppHMDSO 
oating this value remained un
hanged at 2.3 eV. It follows that in theppHMDSA material siloxane units were present in a variety of stru
tural environments, in 
ontrast tothe ppHMDSO �lm whi
h had a more uniform stru
ture.The N 1s signal developed into a doublet. The two 
omponents were quanti�ed using the following
urve�t proto
ol: all N 1s spe
tra were �tted with a two 
omponent model with the position of the twopeaks being un
on-strained. Based on this �rst round of �tting, the mean peak separation determined was2.28 eV � 0.26 eV. All �ts were then reoptimised with the separation of the two 
omponents �xed at thatvalue. The BEs of the two 
omponents did not 
hange during ageing within experimental un
ertainty.While the original 
omponent at 398.0 eV (Si-N) lost inten-sity rapidly, a new 
omponent appeared atabout 400.0 eV, in
reasing slowly in peak height until both peaks eventually displayed approximately thesame, albeit weak, intensity (Fig. 5). The latter BE value is typi
al for aged alkyla-mine- based plasmapolymers [19,20℄ and is 
hara
teristi
 of fun
tional groups where the nitrogen is asso
iated with oxygenon the same C atom, su
h as amide groups but is too low for oxidized N (nitrites, nitrates).The C 1s peak, whi
h initially had been symmetri
al, developed a distin
t tail at higher BE, eviden
efor some in
orporation of oxygen into hydro
arbon stru
tures. Sin
e the additional C 1s 
omponentsremained rather weak and were not 
learly resolved, the newly formed 
arbon-oxygen-fun
tional groupswere quanti�ed by C 1s 
urve�ts using established values for the 
hemi
al shifts of C 1s BE 
ompo-nentsrelative to aliphati
 hydro
arbon at 285.0 eV (11.5 eV for C-O, 12.9 eV for C=O and 14.3 eV for O-C=Obased groups) [28℄. Thus, �ts were 
al
ulated based on �ve 
omponents with �xed separations from themain peak (C-Si at 284.4 eV) of 10.6 eV (CHx), 12.1 eV (C-O), 13.5 eV (C=O) and 14.9 eV (O-C=O).For the C-O signal a value of 3.5% � 1.0% of the total C 1s intensity was obtained. This value did not
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hange within experimental un
ertainty over time. Fig. 7 displays the evolution of 
arbonyls/amides anda
id/ester groups as a fun
tion of storage time. These data, whi
h parallel oxida-tive 
hanges in otherplasma polymers [18,19℄ but are mu
h less extensive, indi
ate that oxidation of hydro
arbon moietieso

urred.[1℄ Inagaki N, Kishi A. J Polym S
i, Polym Chem Ed 1983;21:2335. [2℄ Inagaki N, Kondo S, Hirata M,Urushibata H. J Appl Polym S
i 1985;30:3385. [18℄ Gengenba
h TR, Vasi
 ZR, Chatelier RC, Griesser HJ.J Polym S
i, Part A: Polym Chem 1994;32:1399. [19℄ Gengenba
h TR, Chatelier RC, Griesser HJ. SurfInterf Anal 1996;24:271. [20℄ Gengenba
h TR, Chatelier RC, Griesser HJ. Surf Interf Anal 1996;24:611.[28℄ Beamson G, Briggs D. High resolution XPS of organi
 polymers. The S
ienta ESCA300 database.1st ed. Chi
hester, UK: John Wiley and Sons Ltd, 1992.6.1.6 Grafting with HMDSN - 
itation?2973 and 2914 
m�1 are �(CH) stret
hing bands in Si(CH3)3, intense 1267 
m�1 is Æs(CH3), 3736 
m�1is �(OH) in Si-OH groups6.1.7 Ungureanu03 (papers3/hmdsn)3765 
m�1 OH stret
hing in isolated silanols (Si-OH), 3200-3600 
m�1 OH stret
hing in hydrogen-bondedsilanols, 2975 
m�1 C-H stret
hing in methyl groups6.1.8 Tanaka98Si-(CH3)3 groups are hydrophobi
.6.1.9 Fainer03 (papers/hmdsn)PECVD from HMDSN+NH3, FTIR, XPS, elips, et
.IR-spe
tra of sili
on 
arbonitride �lms (HMDSN+He) synthe- sised in the temperature region of473-773 K 
onsist of the main adsorption band of 600{1200 
m�1,
orresponding to the superpositionof the Si-C (800 
m�1)and Si-N (900{950 
m�1) stret
hing modes and the narrow peak at 1250 
m�1presumably 
orresponding to the C-N stret
hing mode [Kim97,Tharigen99℄. IR-spe
tra of the �lms grownat higher temperatures (773 -1173 K)
onsist of the wide band of 700 -1100 
m�1.In addition, there isthe narrow peak at 620 
m�1 ,
orrespond- ing to the disorder in SiC x N y .There are no hydrogenousbonds in the spe
tra.The band of 700 -1200 
m�1 was de
onvoluted using Gaussian line shapes into theSi-C (800 
m�1)and Si-N (950 
m�1)bands. As seen from Fig.2a,the rise of the temperature up to 1123K leads to a monotoni
 in
rease of the integral intensity ratio (I /I ) in the IR-spe
tra.XPS - The 
hemi
al 
ompositions of the SiC x N y .lms determined by XPS are given in Table 2.It wasshown that the 
on
entration of oxygen is below 10 at%.The 
on
entration of the main elements 
hangesinsigni�
antly with the synthesis tempera- ture rise.Binding energies of Si 2p,C 1s and N 1s 
ore levelsof this ternary 
ompound are listed in Table 3.It was revealed that all peaks 
onsist of more than oneGaussian peak that indi
ate multi- ple bonding between the 
onstituent atoms of Si,C and N. The Si 2pphotoele
tron peak 
ould be resolved into two peaks 
entred at 100.3-100.6 and 101.6-101.8 eV, belongingto Si-C and Si-N bonding, respe
tively. The C 1s photoele
tron peak 
onsists of three 
omponents 
entredat 283.1-283.8, 284.5-284.8 and 285.7-286.1 eV, belonging to C-Si,C-C and C-N bonding [4,5℄.The N 1sphoto-ele
tron peak 
onsists of one 
omponent 
entred at 397.3-397.6 eV,
orresponding toReferen
es: [4℄ M.T.Kim,J.Lee,Thin Solid Films 303 (1997)173. [5℄ T.Tharigen,G.Lippold,G.V.Riede,etal.,Thin Solid Films 348 (1999)103.
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Chapter 7XPS - summary7.1 CNx �lms[Dawei97℄ In either 
ubi
 or � phase C3N4, ea
h C atom is sp3 hybridized and �-bonded with four Natoms, forming a tetrahedral 
on�guration. As nitrogen has a greater ele
troni
 aÆnity, the ele
tron 
loudof the C-N 
ovalent bond tends to move near the N atom. This transfer of negative 
harge in
reases thebinding energy of the C(1s) and redu
es the binding energy of the N(1s) ele
tron (
ompared with thatof the N2 mole
ule).In rhombohedral C3N4, ea
h 
arbon atom is sp2 hybridized and �-bonded with three nitrogen atoms,making up a hexagonal stru
ture. In the planar network of the hexagonal latti
e, ea
h atom, 
arbon ornitrogen, has a solitary ele
tron, whi
h form the � bonding between the interplanar C and N atoms (C=Nbonds), making the stru
ture a stable one similar to the benzene stru
ture frequently found in organi

ompounds. Owing to the presene of C=N bonds, the rhombohedral C3N4 has the greatest 
hemi
albond energy and therefore is 
hemi
ally most stable among three C3N4 phases. [Dawei97℄About 30 papers dealing with CN �lms and XPS re�er to the urotropine. Some papers (Liu02,Lai03)re�er to Marton94 or a

ordingly with Marton94 to the 
omparision with urotropine and pyridine(Zheng96). Then the lowest BE assigned to C-N (sp3), a little bit higher to C=N and the highestto N-N, N-O.Other re�eren
es areFernandez03 - Ref [29℄ J.C.San
hez-Lopez,C.Donnet,F.Lefebvre,C.Fernandez- Ramos,A.Fernandez,J.Appl.Phys.90(2001 )675.San
hez-Lopez02 - Ref. [13℄ W.T. Zheng, H. Sjistrm, I. Ivanov, K.Z. Xing, E. Broitman, W.R.Salane
k, J.E. Greene and J.E. Sundgren. J Va
 S
i Te
hnol A 14 (1996), pp. 2696-2701.Ref. [14℄ J. Wei, P. Hing and Z.Q. Mo. Wear 225/229 (1999), pp. 1141-1147.Review of others in paper Bell01, Hammer01. Hammer01 is very good and detailed paper! They
onsider nitrile only for nitrogen ri
h samples. Cheng01 inform that C�N in IF spe
tra at 2200 
m�1 isobserved in N-ri
h samples.HMDSO �lms (numbered): Alexander96 (well des
ribed in
luding 
alibration), Alexander97a, Alexan-der97b (short), Aumaille00HMDSN �lms: Fainer03, Gengenba
h99 (detailed dis
ussion), Tanaka987.2 Summary tablesMy �t of APG �lms O1s:one peak: 532.9 eV, FWHM 2.2 eV Anyway the BE is too high to be 
orre
t. We have to do some
orre
tions and this support the assumption that main 
arbon peak belongs to C-Si and not to C-Cbonds. In the FTIR we 
an see Si-OH bonds? Do we have also N-O bonds?� 533.9 => (
or. -0.3) 533.6 - SiO2� 532.9 (high) => 531.7� 531.5 => 530.3
25



26 CHAPTER 7. XPS - SUMMARYTable 7.1: XPS - C1sref. BE [eV℄ bondsSong94 (in Bell01) 284 graphiteSong94 (in Bell01) 284.8 diamondGelius70 285.5 pyridine sp2C-NBarber73 286.9 urotropine sp3 C-NLai03 284.5 free 
arbon peakCNx �lms 286.3 sp2 C=N287.4 sp3 C-NLiu02 284.4 free 
arbon peakCNx �lms 285.6 sp2 C=N287.3 sp3 C-NFernandez03 284.6 pure graphiti
 sites in a-CNx matrix + C-H 
ontaminationCNx �lms 285.9 CN bonding287.7 CN bondingSan
hez-Lopez02 284.6 free pure 
arbon + adventitious CCNx �lms 285.9 sp2 C=N (ÆE = 1:3 eV)287.7 sp3 C-N (ÆE = 3:1 eV)Bell01 284.4 pure 
arbonCNx �lms 285.1 sp2 C=N (ÆE = 0:7 eV)287.8 sp3 C-N (ÆE = 3:4 eV)Marton94 284.6 adventitious 
arbonCNx �lms 285.9 sp2 C=N (ÆE = 1:3 eV)287.7 �-C3N4 (ÆE = 3:1 eV)289.5 CO (ÆE = 4:9 eV)Hammer01 284.3 graphiti
 CCNx �lms 285.2 aromati
 C3N286.2 non-aromati
 C3N in
lud. sp3C-N (C4N)287.4 non-aromati
 C2N2Chowdhury 286 sp2 C=NCNx �lms di�. approa
h 288.5 sp C�NRiedo appl
hem 284.4 graphitepure DLC 285.2 diamondRiedo appl
hem 284.7 intermediate between sp2 and sp3CNx �lms 286.2 C=N (ÆE = 1:5 eV)287.3 C-N, C�N (ÆE = 2:5 eV)288.7 C-O (ÆE = 4 eV)Tharingen99 283.7 Si-CSiCN hard �lms 284.5 C-C, amorphous free 
arbon285.5 C(sp2)-N286.8 C(sp3)-N288.6 C-OYu00 283.1 Si-CSiC �lms 284.5 graphiti
 CKleps01 282.5 sili
on 
arbideSiC �lms 284.6 graphiti
 CZaji
kova01 284.8 C-C, C-H286.4 C-O (ÆE = 1:6 eV)288.6 C=O (ÆE = 3:8 eV)283.0 C-SiBeamson, Briggs92 284.38 C in CH3-Si environmentAlexander96 283.8 C in Si-CH2-Si environment284.4 C in CH3-Si or Si-(CH2)2-Si environment (in PDMS O-Si(CH3)2-O)284.7 C in phenyl 
arbon (radi
al from benzen)285 adventitious hydro
arbon 
ontaminationZuri96 284.4 C-SiGengenba
h99 283.8 C-Si in Si-CH2-Si284.4 C-Si in siloxanes285 CHrmx, i. e.aliphati
 hydro
arbons (� = 0:6eV)286.5 C-O (� = 2:1eV)287.9 C=O (� = 3:5eV)289.3 O-C=O (� = 4:9eV)PP-HMDSO �lms 285 C-C286.5 C-O (ÆE = 1:5 eV)288 C=O
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Table 7.2: XPS - N1sref. BE [eV℄ bondsLindberg75 (in Marton94) 399.4 urotropine N-C sp3Boehland81 (in Marton94) 399.8 * pyridine N-C sp2 aromati
!in Bell01 

a 398 C�N (polya
rylonitrile)Lai03 400.3 N-C sp3401.7 N=C sp2Liu02 398.3 N-C sp3400.2 N=C sp2Fernandez03 398.1 N-C sp3 (urotropine)400.2 N=C sp2 (pyridine)San
hez-Lopez02 399.1 N-C sp3400.8 N=C sp2402.7 N-OBell01 397.6 probably �-C3N4 written N-O, N-N(no C�N in IR+Raman) 399.1 probably C=N written C=N!! errors in text 401.4 probably N-O, N-N, written �-C3N4Marton94 398.3 �-C3N4400 N=C sp2402 N-N, N-OHammer01-CNx 398.3 N-sp3C3, sp3N-C (non-aromati
) + (for N ri
h samples) N�C, NC2 aliph400.4 N-sp2C402.4 N2Hammer01-azaadenine 398.6 CN<399.3 pyridine (aromati
 NC2)400.1 N2C (one double bond)400.7 -N2C401.2 N3 aliph. (� NH2)Hammer01-CNx:H 398.7 non-aromati
 NC2, NC3399.3 pyridine (aromati
 NC2)400.3 N2C aliph.401.2 N3 aliph. (� NH2)402.4 N2 mole
uleother approa
hChowdhury99 398.8 C�N400 N-C sp2Beamson, Briggs92 398.9 sp3 C-N400.2 C=N397.48 Si3NGengenba
h99 397.8 N-Si, re
her
he398 Si-NH-Si, fresh400.0 aged alkyl-amine polymers, fun
tional group N- C=O< 400 oxidized N (nitrites, nitrates)
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Table 7.3: XPS - Si2pref. BE [eV℄ bondsZaji
kova01 103 SiO4101.4-100.7 SiOxCy99.9-99.6 Si-SiFour
hes93 103.5 SiO4102.3 SiOx101.3 SiOxCy100.3 SiCGao00 (SiCN �lms) 101.7 Si-N, Si-OGong99 (SiCN �lms) 101.5 Si-N99.2 Si-C, Si-SiAlexander96 103.4 sili
a SiO4102.1 PDMS O-Si(CH3)2-O101.8 PP-HMDSO Si(CHx)yHz-O (y + z = 3)Gengenba
h99 100.6�0.38 �Si-Si�, �Si-C�101.2 N/A =N-Si� re
her
he101.2 Si-NH-Si102.15�0.36 [-Si(CH3)2-O-℄n (siloxane)103.49�0.13 SiO2 (sili
a), -O-Si(O)-O-Beamson & Briggs 102.40 Si 2p1=2 in PDMS101.79 Si 2p3=2 in PDMS, main peak102.29 Si 2p1=2 in PPMS101.68 Si 2p3=2 in PPMS, main peak
Table 7.4: XPS - O1sref. BE [eV℄ bondsAlexander96 532.4 Si-O-Si in PPMS, PPDMS532.6 Si-O-Si in quartzPerkin-Elmer 532.5-533.2 SiO2532.5-533.7 nitrates530.9-532 hydroxides530.5-531.5 
arbonatesAumaille00 532.7 O4SiGengenba
h99(re
h) 532.93�0.34 SiO2 (sili
a)532.11�0.12 [-Si(CH3)2-O-℄n (siloxane)Beamson & Briggs 532.00 Si-O-Si in PDMS or PPMS532.64 C-O-C aliphati
 in CHO polymers, e. g.C-C-O-C-C532.89 C-OH aliphati
 in CHO polymers533.15 O-C-O in CHO polymers, e. g.C-C-O-C-O-C531.1 C-O-C in PEOx,i. e.C-C-O-C-N2C531.3{531.9 O=C-N, e. g.polya
rylamide O=C(CN)



7.3. MY FIT OF XPS ON HMDSO AND HMDSN APG FILMS 297.3 My �t of XPS on HMDSO and HMDSN APG �lmsN1s:� 401.2 - sp3 N bonded to some hydrogen ! korek
e 400.8� 400.1 - N-sp2C ! korek
e 399.7� 398.6 - N-sp3C ! korek
e 398.2other possibility FWHM=1.6 �xed� 401.5 ! 401.2 - sp3 N bonded to some hydrogen� 400.1 ! 399.8 - N-sp2C� 398.8 ! 398.5 - N-sp3CC1s: (varianta 
2) FWHM=1.6eV �xed� 284.4 - CH3-Si; real position 284.7 ! 
orre
tion -0.3� 285 - C-C, C-H (ÆE = 0:6 eV); �xed real position 284.7+0.6=285.3� 286.4 - C-O (286.5-286.6, ÆE0 = 1:5{1.6 eV)), C=N (286.3, ÆE0 = 0:7, 2x1.3, 1.5 eV); free real pos.286.7 (ÆE = 2:0 eV)� 287.7 - sp3C-N (ÆE0 = 2:5, 3.1, 3.4 eV); free real pos. 288 (ÆE = 3:3 eV)� 288.8 - C=O (ÆE0 = 2:9, 3.8, 4, 4.9 eV); free real pos. 289.1 (ÆE = 4:4 eV)(varianta ) FWHM=1.6eV �xed� 284.4 - CH3-Si; real position 287 ! 
orre
tion -2.62� 285.8 - C-O (286.5-286.6, ÆE0 = 1:5{1.6 eV)), C=N (286.3, ÆE0 = 0:7, 2x1.3, 1.5 eV); 
ontributionof C-C, C-H free real pos. 288.4 (ÆE = 1:5 eV)� 287.4 - sp3C-N (ÆE0 = 2:5, 3.1, 3.4 eV); free real pos. 288 (ÆE = 3:1 eV)� 288.9 - C=O (ÆE0 = 2:9, 3.8, 4, 4.9 eV); free real pos. 289.1 (ÆE = 4:4 eV)(varianta 
3) FWHM=1.7eV �xed� 284.4 - CH3-Si; real position 284.9 => poloha 283.2� 285 - C-C, C-H (ÆE = 0:6 eV); real position 286.2 (1.3) => nabijeni -1.2� 286.4 - C-O (286.5-286.6, ÆE0 = 1:5{1.6 eV)), C=N (286.3, ÆE0 = 0:7, 2x1.3, 1.5 eV); real pos.287.6 (1.4) => poloha 286.4� 288.1 - sp3C-N (ÆE0 = 2:5, 3.1, 3.4 eV); real pos. 288.9 (2.7) => poloha 287.7� not taken into a

ount 288.8 - C=O (ÆE0 = 2:9, 3.8, 4, 4.9 eV); real pos. 290.1, outside the range!=> 288.9� 289.3 - O-C=OSi2p: The highest BE is for sili
a (SiO4) at 103.5 eV.� 103.5 - sili
a (SiO4)� 102.5 - SiOx� 101.1 - Si-N
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Table 7.5: Fits of XPS N1s signalsample peak area position FWHM %Lorentz[eV℄ [eV℄HMDSO1 0 401.186 1436.585 1.900 01 399.944 5246.289 1.700 0� = 12:0 2 398.642 2393.655 1.500 0HMDSO4 0 401.068 2761.824 1.900 01 399.867 7468.423 1.700 0� = 45:6 2 398.541 3184.302 1.565 0HMDSN1 0 400.847 4650.752 1.700 01 399.909 12463.39 1.700 0� = 45:6 2 398.787 9291.873 1.700 0HMDSN2 0 401.134 1187.135 1.700 01 399.935 4297.403 1.700 0� = 16:7 2 398.706 2615.157 1.700 0HMDSN3 0 401.089 3267.035 1.700 01 400.235 8687.732 1.700 0� = 40:5 2 399.159 9779.181 1.700 0HMDSN4 0 400.700 3200.000 1.700 0byt �xni, pro
?! 1 399.500 6483.166 1.700 0� = 88:9 2 398.198 1579.909 1.700 0HMDSN5 0 401.312 1628.066 1.700 01 399.987 7062.621 1.700 0� = 16:4 2 398.677 3645.203 1.700 0



Chapter 8Infrared absorption - summary[?℄: All the FTIR spe
tra exhibit a sloping baseline due to an opti
al interefen
e e�e
t, whi
h has beenremoved by �tting the experimental 
urve in the transparent region. The normalized absorban
e spe
trawere obtained by 
onverting the 
orre
ted transmission spe
tra to absorban
e spe
tra and dividing theresult by �lm thi
kness (determined using spe
tros
opi
 ellipsometry).8.1 Good papers spe
i�
 to FTIRPapers with FTIR on HMDSN �lms:� Seekamp00 (paper3/hmdsn) - see text above� Liang03 (papers3/hmdsn)� gonzalez luna98 (papers3/hmdsn)Deposition of sili
on oxinitride �lms from hexamethyldisilizane (HMDS) by PECVD, Thin SolidFilms, Volume 317, Issues 1-2, 1 April 1998, Pages 347-350 R. Gonzlez-Luna, M. T. Rodrigo, C.Jimnez and J. M. Martnez-DuartPapers with FTIR on CSixNy �lms:� Tharigen99 (papers/si
n) - CSixNy �lms, XPS, FTIR et
. Table 3. FTIR absorption lines (
m-1)of CSixNy �lms deposited from graphite targets with 0Papers with FTIR on CNx �lms:� Jelinek00 (papers1/
n)� Mutsukura8.2 Summary tablesassigment absorption band [
m�1℄C-H asym. str. 2960-2950C-H sym. str. 2910-2890Si-H str. in SiHx-CH3 sym. def. in Si(CH3)x 1010-980-CH2- wagging in Si-CH2-SiSi-O-Si and/or Si-O-C str.Si-C str 830-800Si-Si asym str 455Table 8.1: Infrared Absorption Bands in spe
tra of TMSS - Wrobel
31



32 CHAPTER 8. INFRARED ABSORPTION - SUMMARY
Table 8.2: Infrared Absorption Bands of methylsilyl group - Organometali
 Che. Rev. 68., Horak
ompound vibration wavenumber ref.-CH3 �as(CH3) 2950-2973 Organometal. Chem. Rev. 1968-CH3 �s(CH3) 2895-2913 Organometal. Chem. Rev. 1968-CH3 Æas(CH3) 1395-1465 Organometal. Chem. Rev. 1968-CH3 Æs(CH3) 1240-1285 Organometal. Chem. Rev. 1968-CH3 �as(CH3) 800-900 Organometal. Chem. Rev. 1968-CH3 �as(CH3) 750 Organometal. Chem. Rev. 1968-SiCH3 
har. for -Si(CH3)x Æs(CH3) -� 1250-Si(CH3)3 Æs(CH3) 1250 HMDSO1HMDSO Æs(CH3) 1252 Organometal. Chem. Rev. 1968area � 800 de
ides among RSi, R2Si and R3Si-Si(CH3)3 �as(CH3) � 850 Organometal. Chem. Rev. 1968HMDSO �as(CH3) 843 Organometal. Chem. Rev. 1968-Si(CH3)3 �s(CH3) � 750 Organometal. Chem. Rev. 1968HMDSO �s(CH3) 756 Organometal. Chem. Rev. 1968, HMDSO1-Si(CH3)3 �as(SiC3) � 700 Organometal. Chem. Rev. 1968-Si(CH3)3 �s(SiC3) 600-660 Organometal. Chem. Rev. 1968-Si(CH3)2 �s;as(CH3) 800-850 Organometal. Chem. Rev. 1968-Si(CH3)2 �(CH3) 800 HMDSO16-Si(CH3)2 �as(SiC2) 760-820 Organometal. Chem. Rev. 1968-Si(CH3)2 �s(SiC2) 650-700 Organometal. Chem. Rev. 1968-Si(CH3) �(CH3) � 800 Organometal. Chem. Rev. 1968-Si(CH3) �(SiC) � 750 Organometal. Chem. Rev. 1968CH3SiH3 sym. deformation CH3 1266CH3SiH3 ro
king CH3 870CH3SiH3 stret
hing Si-C 701

Table 8.3: Infrared Absorption Bands in n-alkane - Horak
ompound vibration wavenumberCH3 asym. stret
hing 2958-2954CH2 asym. stret
hing 2927CH3 sym. stret
hing 2872-2869CH2 sym. stret
hing 2855-2853



8.2. SUMMARY TABLES 33Table 8.4: Infrared Absorption Bands in liquid HMDSO and HMDSN -Organometali
 Che. Rev. 68.wavenumber monomer vibration3385 HMDSN N-H2962 HMDSN �as(CH3)2956 HMDSO �as(CH3)2903 HMDSN �s(CH3)2899 HMDSO �s(CH3)1402 HMDSN,HMDSO Æas(CH3)1437 HMDSN,HMDSO Æas(CH3)1252 HMDSO,HMDSN Æs(CH3)843(main) HMDSO,HMDSN �as(CH3)752 HMDSO �s(CH3)759 HMDSN �s(CH3)690 HMDSN �as(SiC3)683 HMDSO �as(SiC3)618 HMDSO, HMDSN �s(SiC3)565 HMDSN �s(Si2N)932 HMDSN �as(Si2N)
Table 8.5: Infrared Absorption Bands in amines - Horak str. 212-216
ompound vibration wavenumber 
ommentmethylamin CH3NH2 (gas) asym. stret
hing NH2 3427methylamin CH3NH2 (gas) sym. stret
hing NH2 3361methylamin CH3NH2 (gas) def. NH2 1623methylamin CH3NH2 (gas) twisting NH2 1015 
al.methylamin CH3NH2 (gas) stret
hing C-N 1044methylamin CH3NH2 (gas) wagging NH2 780methylamin CH3NH2 (gas) torsion 270methylamin CH3NH2 (gas) asym. stret
hing CH3 2985methylamin CH3NH2 (gas) sym. stret
hing CH3 2961methylamin CH3NH2 (gas) sym. stret
hing CH3 2820methylamin CH3NH2 (gas) asym. deformation CH3 1485 
al.methylamin CH3NH2 (gas) sym. deformation CH3 1473methylamin CH3NH2 (gas) sym. deformation CH3 1430methylamin CH3NH2 (gas) ro
king CH3 1195 
al.methylamin CH3NH2 (gas) ro
king CH3 1130RNH2 (liquid) asym. stret
hing NH2 3392-3382RNH2 (liquid) sym. stret
hing NH2 3327-3317 weaker than asym.RNH2 (liquid) deformation NH2 � 1620 in monoamines and �,!-diaminesRNH2 (liquid) deformation NH2 840-810, 793-763 in amines RCH2NH2 (R is alkyl)RNH2 (liquid) deformation NH2 851-829, 810-778 in amines R2CHNH2RNH2 (liquid) deformation NH2 851-815, 784-768 in amines R3CNH2RNH2 (liquid) torsion NH2 <290RNH2 (liquid) stret
hing CN 1090-1068 in amines RCH2NH2RNH2 (liquid) stret
hing CN 1043-1037 in amines R2CHNH2RNH2 (liquid) stret
hing CN 1038-1022 in amines R3CNH2dimethylamin (liquid) stret
hing NH 3294dimethylamin (liquid) deformation NH 724
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Table 8.6: Infrared Absorption Bands in SiN, SiC and SiCN materials.
ompound vibration wavenumber ref.a-Si3N4 Si-N 450 Liang03-11a-Si3N4 Si-N 950 broad Liang03-11a-Si3N4 CH3;2;1 1250, 1300 Liang03a-Si3N4 NH3;2;1 3400 Liang03a-Si3N4�x Si-N stret
hing 880 Lattemann03-7a-Si3N4�x Si-N breathing 490 Lattemann03-17a-Si3N4�x Si-N2 stret
hing (trapped N) 2335-2360 Lattemann03-18SiC Si-C stret
hing 782-794, double peak 800+890 Lattemann03-19,20
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assigment absorption band [
m�1℄ ref. liquid HMDSO HMDSO �lm O2/HMDSO highO-H stret
h. 3650 HMDSO16 no no noin isolated SiOH groups HMDSO19-24 - weak yesO-H stret
h in SiOH spe
ies 3450 HMDSO19-24 - weak yesOH 3400{3200, 3200{2500(?) HMDSO1 yes no yesSi-OH 3250 HMDSO1 no yes noC-H asym. str. 2960 HMDSO16,19 yes yes noC-H str. in CH3 2960 HMDS09 - yes -C-H str. 2930 HMDSO19 - yes noC-H sym. str. 2880 HMDSO16 yes yes noC-H sym. str. 2900 HMDSO19 - yes noC-H str. in CH2 2900 HMDSO9 - yes -CH3 2975{2945, 2885{2855 HMDSO1 yes no noSi-H 2250 ! 2150 HMDSO19 - yes from 33%Si-H 2300{2100 HMDSO1 yes(#) yes (") noSi-H in Si-Hx 2100 HMDSO9 - yes -Si-(CH2)x-Si 1400 HMDSO19-15 - yes noSi-(CH2)x-Si 1360 HMDSO19-15 - yes noSi-CH3 bending 1270 HMDSO16,16-28,16-29 yes yes noSi-CH3 sym. def. 1260-1250 HMDSO14,14-18 - yes -Si-(CH3)x 1250 HMDSO1,19-15 - yes noSi-CH3 1250 HMDSO9 - yes -Si-O-Si stret
h. 1070 HMDSO16 yes yes yesSi-O-Si 1090{1020 HMDSO1,9 yes yes yesSi-O-C 1090-1020 HMDSO1,9,14,14-17SiO-CH3 1000-1100 HMDSO9 - yes -Si-CH2-Si wagging 1090-1020 HMDSO14,14-14,14-15 - yes -Si-CH3 ro
king 990-980 HMDSO14,14-16 - yes -Si-OH bending 930 HMDSO16 no no noSi-(CH3)x 890 HMDSO19-15 - yes noSi-(CH3)3 ro
king 840 HMDSO16,16-28,16-29 yes yesSi-(CH3)x 810 HMDSO19-15 - yes noSi-(CH3)2 814{800 HMDSO1 yes yes yesSi-CH3 stret
h. 800 HMDSO1,16,16-28,16-29 yes yesSi-(CH3)2 ro
king 800 HMDSO16,16-28,16-29 yes yesSi-O-Si bending 800 HMDSO16 ? ? yesSi-CH2 800 HMDSO9 - yes -Si-(CH3)3 755 HMDSO1 yes no noSi-O-Si ro
king 450 HMDSO16 ? ? yesSi-O-C 500-300 HMDSO1 yes yes yesTable 8.7: Infrared Absorption Bands in spe
tra of HMDSO. Data for Si-(CH3)x are taken from [5℄, [6℄. Si-OH groups are generally responsible for siloxane �lmsaging. x =1,2,3
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assigment absorption band [
m�1℄ ref. whereSi-CH3 deformation 1260 Seekamp00 6 HMDSN+HMDS �lmsSi-CH2-Si 1240 Seekamp00 6 HMDSN+HMDS �lmsSi-(CH3)3 ro
king 840 Seekamp00 6 HMDSN+HMDS �lmsSi-(CH3)2 stret
hing 790 Seekamp00 6 HMDSN+HMDS �lmsSi-CH3 stret
hing 775 Seekamp00 6 HMDS �lmsSi-(CH3)4 695 Seekamp00 6 TMSSi-N-Si asym. stret
hing 923 Seekamp00 6 HMDSN liquid+�lms, heptaMDSNSi-NH-Si bending 1184 Seekamp00 6 HMDSN liquid+�lms, heptaMDSNSi-N 950 broad Liang03 11 a-Si3N4Si-N 450 Liang03 11 a-Si3N4�s(Si3N) 438 Organomet. Chem. Rev. 1968 (R3Si)3N�as(Si3N) 916 Organomet. Chem. Rev. 1968 (R3Si)3NCHx 1250 Liang03 Si3N4 powderCHx 1300 Liang03 Si3N4 powderS-C 800 broad Liang03 SiC powderN-Hx, O-H 3400 Liang03 Si3N4 powderSi-OH 3738 Baraton03C=C, C=N, N-H, O-H 1600-1630 Jelinek00 CNx �lmsN-H, O-H 3300 Jelinek00 CNx �lms-C�N nitrile 2220-2230 
m-1 Jelinek00 CNx �lms-N�C isonitrile 2115-2175 
m-1 Jelinek00 CNx �lms-N=C=N- 
arbodiimide 2105-2155 
m-1 Jelinek00 CNx �lmsN-H stret
hing 3200, 3300, 3450 Mutsukura99 >NH, -NH2 in CNx �lmsC=C, C=N stret
hing, N-H bending 1500-1800 Mutsukura99 CNx �lmsC-H stret
hign 2800-3000 Mutsukura99 CNx �lmsC-H, C-N 1300-1500 Mutsukura99 CNx �lmsC=C 1680 Mutsukura99 CNx �lms-C�N in alyphati
 2245-2255 Mutsukura99 CNx �lms-C�N in aromati
 2226-2229 Mutsukura99 CNx �lms-N�C in alyphati
 2146-2183 Mutsukura99 CNx �lms-N�C in aromati
 2122-2125 Mutsukura99 CNx �lms



Bibliography[1℄ [DLC4-1℄ B. Dis
hler, A. Bubenzer and P. Koidl, Appl. Phys. Lett. 42, (1983) 636[2℄ [DLC4-7℄ G. Herzberg, Infrared and Raman spe
tra of polyatomi
 mole
ules, Van Nostrand, Prin-
enton N.J., 1945[3℄ [DLC4-8℄ F. R. Dollish, W. G. Fateley and F. F. Bently, Chara
teristi
 Raman frequen
ies, Wiley,New York, 1974[4℄ [DLC4-6℄=[DLC3℄[5℄ [HMDSO16-28℄ S. Y. Park, N. Kim, U. Y. Kim, S. Hong and H. Sasabe, Polym. J. 22, (1990) 242[6℄ [HMDSO16-29℄ A. C. Dillon, M. Robinson, M. Y. Han and S. M. George, J. Ele
tro
hem. So
. 139,(1992) 537[7℄ [HMDSO14-14℄ A. M. Wrobel, M. R. Wertheimer, J. Dib, H. P. S
hreiber, J. Ma
romol. S
i.-Chem.14, (1980) 321[8℄ [HMDSO14-15℄ I. Tajima, M. Yamamoto, J. Polym. S
i. 23, (1985) 615[9℄ [HMDSO14-16℄ G. J. Vandentop, M. Kawasaki, R. M. Nix, I. G. Brown, M. Salmeron, G. A. Somorjai,Phys. Rev. B41, (1990) 3200[10℄ [HMDSO14-17℄ K. Kashiwagi, Y. Yoshida, Y. Murayama, Jpn. J. Apl. Phys. 8, (1991) 1803[11℄ [HMDSO14-18℄ L. J. Bellamy, Ultrarot-Spe
troskopie und 
hemis
he Konstitution, Steinko�, 2 Au
.,Darmstadt 1966

37


