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Abstract

Studies of Amorphous Alloys 
Based on Carbon and N itrogen

By

Haralabos Efstathiadis 

Adviser : Professor F. W. Smith

This thesis presents the results of a  system atic study of th e  deposition 

and characterization  of a  series of am orphous hydrogenated carbon- 

nitrogen alloy films (a-CxNyHz) prepared via plasm a-enhanced CVD from 

m ixtures of am monia and  acetylene and from m ixtures of nitrogen and 

acetylene. The effects of the ratio of reactants on the film composition, the 

optical constants, and  th e  optical energy gap have been determ ined. I t is 

found th a t the presence of nitrogen in  the gas phase during deposition 

decreases th e  film deposition rate  and th a t incorporation of nitrogen into 

the film  is lim ited to N /C=0.1. As th e  concentration of N in  th e  film  

increases, the concentration of C also increases w hile the concentration of 

H decreases. No evidence for the theoretically-predicted C3N 4  compound 

was found. The addition of nitrogen in to  the film  causes th e  index of 

refraction and the optical gap to decrease and leads to a redistribution  of 

hydrogen between carbon and nitrogen. Hydrogen is preferentially bonded
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to nitrogen and there is evidence for N-H---N hydrogen bonding in  the films. 

The tem perature dependencies of the  in frared  absorption of a-CxHy and 

a-C xN yH z films have also been studied  from  77 K  up to 700 °C. Film  

tgraphitization, is accomplished a t approxim ately 650 °C.

The free energy model (FEM) previously developed for predicting the 

bonding in  am orphous covalent alloys has been outlined here  for the 

following alloys based on silicon: a-SixCyH z, a-SixNyH z w ith  defects, 

a-SixGeyOz, a-SixGeyHz, a-SixGeyHz w ith defects and further developed and 

applied  to th e  a-CxH y and a-CxN yH z alloys. The im portance of 

configurational entropy in  determ ining the m ost stable state of these alloys 

is dem onstrated. For the case of a-CxHy alloys predictions have been made 

for th e  d istrib u tio n  of bonds in  te tra h e d ra l C(sp3)- an d  p lan ar 

-C(sp2 )=C(sp2)-centered bonding units. The model predictions are  compared 

w ith the experim ental results for typical am orphous a-CxNyHz alloys. The 

FEM successfully predicts and explains som e of the  experim entally- 

observed properties of the above-mentioned alloys.
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1

Chapter 1 

Introduction

The developm ent of new superhard m aterials, exceeding or rivaling 

diamond in  hardness, represents a  central challenge of m aterials research. A 

focus of recent activity has been the  fabrication of a  covalent solid based on 

carbon and nitrogen. A ttention h as been particu larly  in tense since the 

prediction, based on an  em pirical relationship ̂ 2-3 th a t the bulk modulus of 

the hypothetical C 3 N 4  covalent solid m ight exceed th a t of diam ond. The 

prediction of C 3 N 4  was the prim ary motivation of th is thesis.

The goal of th is thesis, in  the experim ental part, is the deposition of 

amorphous C 3 N 4  film s, or a t least hydrogenated carbon f i lm s  w ith high 

nitrogen content using plasma-enhanced chemical vapor deposition (PECVD) 

and th e  characterization of the deposited f i lm s . Their optical response is 

studied in  order to provide inform ation regarding their structure. The local 

atomic bonding configurations present in  these alloys play a  central role in 

determ ining film properties such as optical response (IR and UV-visible) and 

density. Thus, another objective of th is thesis, in  the theoretical part, is to 

understand the influence of the local atomic bonding on the properties of the 

films. In  order to accomplish th is, we have employed a  free energy model for 

predicting the bonding in  amorphous covalent alloys.

The experim ental p art of this thesis includes:

(1) A description of the experim ental setup and the deposition conditions used 

for a-CxNyHz films prepared from m ixtures of ammonia and acetylene and of 

nitrogen and acetylene. I t also includes studies of the sta tic  plasm a
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discharge, film  density , and scanning Auger microprobe m easurem ents 

(SAM).

(2) D etailed studies as a  function of th e  ratio of th e  reactants of the infrared 

absorption (IR) of th e  as-deposited a-CxNyHz film s in  the range from 400- 

4000 cm*1, m easurem ents of the optical constants, i. e. the index of refraction 

n and the dielectric function £, in  the range 1.5 eV to about 6.25 eV and of the 

optical energy gap Eopt.

(3) Study of the therm al stability and structural transform ations which occur 

in the a-CxHy alloys during annealing from 350 °C up to 650 °C and  from 77 

°K up to 700 °C for the a-CzNyHz films.

The previously developed4*5'6 free energy model (FEM) has been 

further developed and applied to alloys based on carbon, i.e. a-C^Hy7, a- 

CxNyHz8 alloys. The model is based on the quasichem ical approach to the 

thermodynamics of regular solutions. Given the composition of th e  alloy the 

FEM can predict the bond fractions present. The FEM  is also briefly outlined 

here for th e  bonding in  amorphous covalent alloys such as a-SixCyH z9, a- 

SizNyHz w ith defects10, a-SixGeyOz 11 a-SixGeyHz6  and a-SizGeyH z w ith 

defects6. The tetrahedron probabilities P(i) are calculated for th e  following 

alloys: a-SizCyHz and a-SizGeyH z w ith defects.

The theoretical p art includes:

(1) The FEM  has been extended to include te trahed ra , the fundam ental 

structural units in  th e  a-SizCyHz alloys. I t is proven th a t the tetrahedron 

probabilities P(i) can be obtained by random ly distributing, according to 

statistics, the bonds predicted by th e  FEM among the possible Si- and C- 

centered te trah ed ra . D etailed predictions are  presented  for th e  bond 

fractions, tetrahedron probabilities, an d  te trahedral and polymeric volume
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fractions in  a-SixCy alloys an d  also in a-SixCyHz alloys w ith both high H 

content and low er H content.

(2 ) The FEM for a-SixN yHz alloys has been extended to include neutral and 

charged Si an d  N defects. The FEM  predicts th a t the dom inant defects in  N- 

rich alloys are N 20, N2 ', and either S i3+ or N 2+.

(3) The FEM h as also been applied to amorphous alloys based on Si and  Ge. 

It is predicted th a t H is preferentially bonded to Si and  th a t dangling bonds 

appear p referen tially  on Ge atom s in  am orphous a-SixGeyH z alloys. In  

addition, it  is predicted th a t O bonds preferentially to Si in  a-SixGeyOz alloys 

and th a t Ge w ill be more strong  oxidized when p resen t in  very d ilu te  

concentrations in  a-SiC>2 . The FEM  has been extended to amorphous carbon 

alloys, a-CxHi_z, containing carbon atoms w ith sp3 and  sp2  hybridization. 

Predictions have been made for th e  bonds present in the alloys, w ith the case 

of 'chemical' ordering a t T = 0 K  corresponding to phase separation into 

separate C(sp3 ) and  CCsp2) regions. For T > 0 K phase separation  is 

elim inated an d  th e  predictions provide no evidence for the clustering of 

graphitic carbon, indicating the importance of the configurational entropy in  

influencing th e  bonding in th e  alloys. Predictions have been made for the 

d istribu tion  o f bonds in  te trah ed ra l C(sp3)- and p lan a r C(sp2)=C(sp2)- 

centered units. I t is found th a t essentially no arom atic or graphitic structures 

are present in  typical alloys. The a-CxH i_x alloys have been proposed to 

consist of five am orphous components: diamond-like, graphitic, polymeric, 

olefinic, and m ixed diam ond-graphitic (d-g). The FEM h as also been applied 

to a-CxNyHz alloys. Predictions are presented for the bonding of te trahedral 

C(sp3), trigonal C(sp2), pyram idal N(sp3), and trigonal N(sp2) atoms in  the 

alloy, and the bonding of H to these atoms. W hen bond energies alone are 

considered (T= 0  K), i t  is predicted th a t typical a-CxNyH z film s undergo a
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phase separation into graphitic regions containing CCsp2) atoms and  C(sp2)- 

N(sp3 )-H2 groups, and into diamond-like or polymeric regions containing only 

CCsp3) and H atoms. W hen the effects o f entropy are also included, phase 

separation is elim inated and  C(sp3)-C(sp2), C(sp2 )=N(sp2), C(sp2 )-N(sp2), and 

C(sp2 )-N(sp3 )-H2 bonds a re  also p red ic ted  to be present. The model 

predictions are  com pared w ith our experim ental resu lts for typical 

amorphous a-CxNyHz alloys. In  a  film w ith  y  = 0.07 the carbon atom  sp3 /sp2 

ratio is predicted to be 0.7, while 80% of N  atoms are predicted to be trigonal 

NCsp2) atoms.

Regarding the key resu lts of this thesis, we have experim entally shown 

th a t using PECVD a-CxN yH z films can be synthesized from m ixtures of 

ammonia and acetylene and  from m ixtures of nitrogen and acetylene a t T = 

250 °C, P = 0.15 Torr, and power density = 0 .2 2  W/cm2. The addition of NH3 

or N 2 to the reaction cham ber decreases th e  film growth rate. It was found 

th a t a  limited amount of nitrogen is incorporated into th e  films. The higher N 

content of up to 6.4 at.%  N was m easured for the f i lm s  deposited from 

m ixtures of N 2 and C2H2 , while up to 3.7 at.% N w as incorporated from 

mixtures of NH3 and C2H2 . The amount of N incorporated into the f i lm s  does 

not increase linearly w ith the increase of partia l pressure of nitrogen present 

in  the gas phase. I t was also found th a t for the f i lm s  deposited from 

NH3/C2H2 m ixtures as the at.% N increases the at.% C and at.% H slightly 

decrease while for the films deposited from  N2/C2H2 m ixtures as the at.% N 

increases the at.% C increases while at.% H  decreases.

Under the deposition conditions used, no experim ental evidence for the 

hypothetical m aterial C3N4  was found. I t  is shown th a t deposition from 

m ixtures of NH3/C2H2 leads to form ation of HCN molecules w hich are 

etching products. High NH3 /C2H2 ratios lead  to film  etching ra th e r than
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deposition. I t was found th a t HCN(g) molecules are one of the  etching 

products. On the o ther hand, w ith deposition from N2/C2H2 mixtures we can 

avoid th e  region of HCN bu t we are heading tow ard films with m uch lower 

nitrogen content than  57 at. %N.

The IR spectra of a-CxH y film s changes dram atically upon nitrogen 

incorporation. There is evidence th a t there are carbon and nitrogen atom s in 

sp hybridizations present in  the films in  the form of C = N  bonds. From the IR 

spectra of the a-CxNyHz films, we found evidence of hydrogen bonding (-N- 

H—N) present in  th e  alloys. The index of refraction n  for the films deposited 

from N H 3/C2H2 is approxim ately 1.9 for R = 0  and 1 .8  for R varying from 1/3 

to 1.0 for all wavelengths in  the UV-visible region. The same decrease of n 

with R is found for the  films deposited from N2/C2H2 . n  is reduced from 1.8 to

1.7 as R is  increased from 0.5 to 100. E0pt also decreases as the at.% N in  the 

films increases.

The FEM has been shown to provide a  useful model for predicting the 

atomic bonding which is favored thermodynamically and the resulting bond 

fractions in  these am orphous covalent netw ork alloys. The model has also 

been extended here to predict how the bonds are distributed am ong the 

fundam ental structural units. I t has been proven th a t the probabilities P(i) 

for the structural u n its can be obtained from a  random  distribution of the 

predicted bonds among the possible te trahedra or p lanar units. I t has also 

been dem onstrated th a t entropy plays an  im portant role in a-CxHy and 

a-CxNyHz alloys in  determ ining the thermodynamically-favored bonds. For 

the case of both a-CzHy and a-CxNyHz alloys, phase separation is e l im in a ted  

when th e  effects of entropy are included. The low concentration predicted for 

C(sp3)-N(sp3) bonds suggests th a t these bonds are not favored and, as a
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result, formation of C3N4  is therefore not favored. Instead, incorporation of N 

into th e  alloys enhances the sp2 hybridization of carbon atoms.

This thesis is organized as follows. A general discussion of amorphous 

semiconductors followed by a  sum m ary of previous experim ental research on 

a-CxNyHz alloys is presented in  chapter 2. The details of the experim ent and 

procedures used  are  given in  chap ter 3. In  chapters 4, 5 and  6  th e  

experim ental resu lts are presented and analyzed. The FEM and comparisons 

w ith related experim ents are presented in  chapter 7. Finally, the conclusions 

and recommendations for future w ork follow in  chapter 8 .
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Chapter 2 

Background

2.1 A m orphous sem iconductors.

Traditionally solid-state physics has m eant crystal physics. Solidity 

and crystallinity were treated as synonymous in  condensed m atter. Yet, one 

of the most active fields of solid-state research in  recent years has been the 

study of solids th a t are not crystals, solids in  which the arrangem ent of the 

atom s lacks th e  slightest vestige of long-range order. These m aterials, which 

are  known as 'amorphous solids' or as ''glasses ', a re  developed by the 

repetition of one or more basic structural un its in  a  w ay th a t cannot be 

identified w ith  any known crystal structure or indeed w ith  any in fin ite 

periodic array.

Much of the intellectual fascination about the am orphous solid sta te  

arises from the fre t th a t scientific insight m ust be achieved w ithout the help 

of the m athem atical am enities (Brillouin zones, Bloch sta tes, group- 

theoretical selection  rules, etc.) which accom pany periodicity  in  th e  

crystalline solid sta te. Some old approaches still rem ain useful for amorphous 

solids (most notably the chemical-bonding viewpoint, w hich focuses on the 

short-range order, SRO). T hat crystalline and am orphous sem iconductors 

have strong sim ilarities in  their electronic structure is a  consequence of these 

two types of solids having essentially the same SRO. From another viewpoint, 

much of the in tense research in te rest in am orphous solids is  driven by the 

technological im portance of these m aterials. Exam ples include the use of 

u ltra-transparen t optical fibers in  telecommunications, the use of amorphous
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semiconductors in  xerography and solar cells, and the ubiquitous everyday 

uses of organic glasses as structural m aterials.

In  c ry sta ls , the  equilibrium  positions of th e  atom s form  a 

translationally periodic array. The atomic positions exhibit long-range order. 

In  am orphous solids, long-range order (LRO) is absen t; the a rra y  of 

equilibrium  atomic positions is strongly disordered. The term  'amorphous 

solid' is a  general one, applicable to any solid having non-periodic atom ic 

array. The term  'glass' has conventionally been reserved for an amorphous 

solid actually prepared by quenching the m elt. Since there are other ways to 

prepare amorphous solids th an  by melt-quenching, glass is a  more restrictive 

term . O ther term s, sometimes used in the literature in  place of amorphous 

solids, are non-crystalline solid and vitreous solid.

The density of electronic states for amorphous m aterials as a function 

of energy is nowhere zero. Both the conduction and the valence bands have 

ta il states w hile deeper in  the  energy gap there are the defect states. While 

the tail sta tes arise from deformed but in tact bonds, the defect states are  due 

to the stru c tu ra l and coordination defects (atoms th a t are not bonded 

according to th e ir normal valence) and to im purities.

The typical distribution of the density  of sta tes g(E) in  am orphous 

semiconductors in  the region of the energy gap is shown in  Fig. 2.1.
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Fig. 2.1. The typical d istribution of density o f s ta te s  in  am orphous 
semiconductors in  the region of the energy band gap. E y is the top of the 
valence band and E c is the bottom of the conduction band.

The optical absorption of such a m aterial can occur between gap (defect) 

states and extended band states, between tail sta tes and band sta tes and 

between band states. Because of these transitions, the  optical absorption 

spectrum  can be separated into three regions, A, B and C as shown in  Fig.

2.2. 1 ) Region A, for absorption coefficient a  < 1 cm '1, corresponds to 

transitions from defect states to band states, depending on the defect level of 

the sample 2) region B, for a  less than  approxim ately 1 0 4  cm '1, corresponds 

to transitions from tail sta tes to band sta tes and 3) region C, for a  greater 

than  approximately 104  cm'1, corresponds to transitions from band sta tes to 

band states.
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Fig. 2.2. Optical absorption edge of a  typical amorphous semiconductor.

2.2 P lasm a-enhanced chem ical vapor d ep osition .

Plasm a-assisted deposition, etching, im plan tation , and  surface 

modification are im portant m aterials processes for producing film s on 

surfaces and modifying their properties. For example, the cycle of film  and 

m ask deposition, m ask pattern ing , im plantation or other modification, 

etching, and mask stripping is repeated many tim es during the m anufacture 

of modem integrated circuit devices. Because device structures are sensitive 

to tem perature, high-tem perature deposition processes cannot be used in 

many cases. Fortunately, due to the nonequilibrium  nature of low-pressure 

processing discharges, ’high-tem perature' films can  be deposited a t low 

tem peratures. Furtherm ore, films can be deposited w ith improved properties, 

nonequilibrium  chemical compositions, and crystal morphologies th a t are
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unattainable under equilibrium  deposition conditions a t any tem perature. 

Unique film s not o rd inarily  found in  n atu re  can also be deposited, e.g. 

diamond.

Chem ical vapor deposition (CVD) typically consists of a  therm ally 

activated se t of gas-phase and surface reactions th a t produce a  solid product 

a t a surface. In  plasm a-enhanced chemical vapor deposition (PECVD), the 

gas phase and  often th e  surface reactions are controlled or strongly modified 

by the plasm a properties, h i place of therm al activation in  CVD, the critical 

initial step  in  PECVD is electron im pact dissociation of the feed stock gas. 

Since th e  energy kuTe =  2-5 eV available in  a  low-pressure discharge easily 

suffices for feed stock dissociation and  since Te is much greater than  the 

substrate (and heavy particle) tem perature the deposition can be carried out 

a t substrate tem peratures much lower t h a n  used for CVD. Because chemical 

reactions between neu tral gas-phase precursor components are often required 

for PECVD, the discharge pressures used are in  the range 0.1-10 Torr. The 

neutral m ean free p ath s are therefore sm all, of order 0.003-0.3 mm. The 

densities of all types of particles in the plasm a are in  the range 1015-1 0 16 cm* 

3, and th e  fractional ionizations are low, of order 10~7 -10-4. The deposition rate 

is lim ited by either th e  feed stock gas flow ra te  and pressure or by the 

discharge power. Surface activation energies for PECVD are often small, 

occasionally negative. Hence deposition rates are usually not very sensitive to 

the substrate tem perature Ts . However, film properties such as composition, 

stress, and morphology are  generally strong functions of T s. Consequently, Ts 

is usually optimized to achieve a  desired se t of film properties.

Deposited film uniform ity is a  critical issue for PECVD because of the 

high pressures, high flow ra tes, sho rt m ean free paths, high gas-phase 

reaction ra te s , and high surface sticking probabilities for some gas-phase
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deposition precursors (often neutral radicals). This combination of factors 

makes it very difficult to achieve uniform precursor and ion fluxes across the 

substrate area. Hence, g rea t care is  required  in  design of the n eu tra l 

transport system for flow of gases into and out of the reaction zone. Similarly, 

the  variation of the r f  power per unit a rea  in  the discharge m ust be carefully 

controlled. For these reasons, rf-driven parallel-plate discharge geometries 

have been favored.

A simple plasm a consists of positive ions and negative electrons in  a 

sea of neutral atom s and radicals. In  the  plasm a, ion-electron pairs are 

continuously created  by ionization and  destroyed by recom bination. 

Approxim ately as m any as 1018 electron-ion pairs per cm ' 1 are being 

produced per second12. Since these processes are always pairwise, the space 

rem ains charge neutral. The degree of plasm a ionization, which refers to the 

ratio  of electron density to gas molecule density, depends on the pressure and 

power in the reaction cham ber and is often known as the plasm a density. The 

ion and electron densities in  the plasm a, a t a  pressure of approxim ately 0 .1  

T orr and gas tem perature ~300 K m ight be less than  = 1 0 11 cm '3. The 

electron tem perature Te can be defined if  the electron distribution function is 

approximately M axwellian and is typically *  104  K (E = ksTe, where k e  is 

th e  Boltzmann's constant). The ion and gas tem peratures are about several 

hundred degrees K, fa r below Te. Typical values of tem perature (energy) for 

the sets of particles - neutrals, ions, and electrons - that exist in  an argon (Ar) 

glow discharge plasm a, respectively, a re 12 : 293 K (0.025 eV), 500 K (0.04 eV), 

and 20,000 K (2  eV).

Such a  nonequilibrium  plasm a contains a  considerable am ount of high- 

energy electrons which encounter gas molecules to produce ions, radicals (a 

radical is a  species th a t contains an odd num ber of valence electrons and
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thus has a  single, unpaired electron in one of its orbitals, e.g. A*B —» A* + B* 

(hom olytic bond break ing  in  which one electron stays w ith  each 

fragment))13*14 and excited molecules, e.g. (AB)*. The threshold energy 

(dissociation energy) to create neutral fragm ents by e~ im pact is known15 to 

be significantly less t h a n  dose to the energy needed for the electron-impact 

ionization. For the case of the N2 molecule, for example, the dissodation 

energy is 9.98 eV while the ionization energy is 15.57 eV. Hence, the 

predom inant flux im pinging onto the substrate surface is inferred to be 

radicals ra th e r th an  ions, and the t h i n  film form ation process m ight be 

controlled either by the generation rate of radicals in  the plasma or by the 

surface reactions involving radicals. The energetic ions impinging onto the 

growing surface influence the kinetics of the network formation as well as the 

nature of the resulting film.

Electron-im pact dissodation of C2H2 , NH3 and N2 molecules in  the 

glow discharge is the prim ary step for the reactions in the chamber. N eutral 

fragm ents (radicals) produced in  the gas phase diffuse tow ard the substrate 

and cham ber w alls, and ionic spedes and electrons move tow ard the 

electrodes under the influence of the applied r f  electric field. Because of the 

electron im pact some of the neutral spedes are exdted and the subsequent 

relaxation leads to light em ission. Secondary processes such as neu tral- 

molecule and ion-molecule reactions occur through collisions in the gas phase. 

Finally, reactions among reactive ions, atoms, and molecules impinging onto 

the surface may lead to the formation of a  deposit. Both radicals and ions are 

further fragm ented upon surface impact, after which the near-surface exdted 

region is quenched by the underlying colder substrate. Angus and Jan sen 16 

have proposed th a t the composition of the film and th e average nearest- 

neighbor coordination adjust to a  minimum possible energy state.
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In a  capacitively-coupled deposition cham ber a  negative dc bias Vb of 

slightly less th a t h a lf the peak-to-peak r f  voltage V0 arises on the powered 

electrode. The voltage Vb is basically due to the  higher mobility of electrons 

as compared to ions in  a  13.56 MHz glow discharge. The plasm a potential Vp 

is th e  potential of th e  glowing p a rt of the discharge w ith respect to the 

grounded electrode and is the m ost positive potential anywhere in  the reactor

(Fig. 2.3).

Average  t i me  d i s t r i bu t ion  
of v o l t a g e  wi thin d i s c h a r g e

- V

Glow
Space

Ois tance

T T
Capadtively Grounded
coupled electrode electrode
(small) (large)

RF modu l a t i on  of  p l a s m a  
and b i a s  p o t e n t i a l

Vp(t)

0

V

Ti me

Fig. 2.3. Spatial distribution of the potentials in  an  rf-discharge. (a) Average 
tim e distribution of voltage in  the discharge, (b) RF modulation o f plasma «nrf 
bias voltage.

The potential Vp is a t least as large as the first ionization potential of the gas 

in  contact w ith the glow discharge and is regarded as the reference potential
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of the system. The applied r f  voltage in itially  induces a  large electron current 

tow ard the powered electrode during one h a lf of the cycle and a  sm all ion 

current on the other half of the cycle. A s a  resu lt the capacitor connected to 

the r f  power source becomes negatively charged to develop the average self­

bias Vb. F inally the net electron curren t induced by the positive voltage 

exceeding Vp on one-half of the cycle becomes equal to the net ion current on 

the other h a lf cycle, during which the electrode potential is lower than  Vp. 

The sheath potential Vs is equal to Vb + Vp on the powered electrode. Vs 

accelerates ions th a t enter the sheath and as a  resu lt the electrode surface is 

bombarded. The current densities12 are typically of the order 1 mA/cm2.

The properties of the deposited a-CxNyHz films are functions of several 

plasm a param eters, the dom inant influence being attributed to the substrate 

bias voltage Vb17. This voltage is controlled indirectly by changing the rf  

power (Prf) and/or deposition pressure P in  the  cham ber. According to 

Catherine18 the self-bias voltage of the substrate Vb is related to the power 

Prf and pressure P by:

Vb x Jlp" (2.1)

The ion energy E depends on Vb and the ion m ean free path  in  the sheath. At 

low pressures in  the absence of collisions the energy E is proportional to Vb:

E oc Vb  (2.2)

while a t the relatively high pressures used in  PECVD the ions are scattered 

by collisions and reach the substrate w ith a  distribution of energies lower 

th an  the applied bias. The average im pact energy of ions bom barding the 

growing film in  the rf  plasm a depends on Vb and on the pressure. Bubenzer 

et. a l. 19 proposed the following relation:
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E o c X | .  (2.3)
Vp

Thus, the film properties can be varied by adjusting the  two independent 

plasm a param eters, Prf and P.

Substrate tem perature during deposition is another param eter th a t 

can affect the properties of the  growing films. It was reported by Meyers on 

and Sm ith20 th a t diam ond-like carbon (DLC) film s, for example, soften 

significantly if  deposited a t tem peratures above 325 °C. Tem perature also has 

an  im pact on th e  hydrogen content of DLC film s and th e ir therm al 

stability21*22.

2.3 R eview  o f p reviou s w ork on  am orphous carbon a lloys and th e sis  

m otivation .

W ithin the past th irty  years, a  plasm a-discharge process has been 

employed to produce film s w ith  'diam ond-like' properties. Film s can be 

deposited on m any substrates including m etals, ceramics, ionic solids, and 

semiconductors. The relatively large number of param eters th a t can be varied 

during PECVD preparation have produced, as might be expected, films w ith a 

very broad spectrum  of properties. This variation reflects differences in  

s tru c tu re  and elem ental com position, which in  tu rn  depend upon the 

conditions of preparation. No comprehensive, complete u n d e r s t a n d in g  of the 

m echanism  of form ation and structu re of the  f i lm s  is  currently available. 

However, the  to ta lity  of resu lts from  m any sources leads to a  general 

framework in  which the films m ay be discussed.
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A large num ber of empirical studies has been published correlating the 

properties of th e  resu lting  film s w ith som e easily accessible process 

param eters, such  as the pressure, the gas species, the supplied electrical 

power, and the substrate bias voltage. In particular, the substrate bias, which 

determ ines the energy of the ions impinging onto the surface of the growing 

film , has been found to play a  crucial role for the film properties23. The 

m odeling of PECVD processes tu rns out to  be ra th e r difficult. Ideally, 

m odeling should  describe sim ultaneously  th ree  d ifferen t in teracting  

subsystems: the  plasm a, the surface of the growing film, and its near-surface 

bulk.

O bservations of hard  carbon-based film s deposited by plasm a 

discharges in hydrocarbon gases were reported as early as the last century24. 

These films are of both scientific and technological in terest because of their 

unusual structu re and properties. They are  typically denser, harder, and 

more re sis tan t to chemical a ttack  than  any other solid hydrocarbon or 

carbonaceous polymer. These properties appear to be caused by an  unusually 

large number of tetrahedral (sp3) carbon-carbon bonds. The details of the film 

structure, however, m ust still be considered a n  open question.

Some of th e  dense carbon films con tain  significant am ounts of 

hydrogen (a-C:H) and in  some ways appear analogous to am orphous 

hydrogenated silicon (a-Si:H). They differ, however, in  th a t carbon readily 

forms double and  trip le bonds. The possible structure and bonding networks 

for the carbon-based films are, therefore, fa r more complex th an  for silicon. 

The unusual com bination of density, hardness, a  generally low friction 

coefficient, high electrical resistivity, chemical inertness to both adds and 

alkalis25*26*27 an d  relative transparency m akes such carbon f ilm s ideal 

candidates for optical coatings. This application is further enhanced by the
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discovery th a t the refractive index can be system atically changed by varying 

the deposition conditions28. O ther potential applications include coatings for 

tools, especially knives and cutters th a t do not operate a t high tem perature, 

and as a  hard, low-friction coating for moving parts. The films may also find 

use as protective coatings against corrosion and  as passivating diffusion 

b arrie rs for electronic com ponents. They a re  also finding im m ediate 

applications as hard  coating m aterials for high-Tc superconducting films, 

m agnetic storage disk drives, an d  as an tireflective coatings for IR- 

windows29’30’31. Some potential applications are currently lim ited by the poor 

adherence to some substrates, e.g. sulfides and halides, the high internal 

compressive stress, and the relatively poor transm ission in  the visible region.

The properties of amorphous hydrogenated carbon (a-C:H) films also 

resem ble those of diamond in  th a t they a re  both h ard , electrically 

insulating32, chemically inert, and very good heat conductors. For th is reason 

a-C:H film s are commonly referred to  as diamond-like carbon (DLC) films. 

There has been no consistent nom enclature for describing these unusual 

hydrocarbon and carbon films. A variety  of nam es have been used, e.g. 

diamond-like carbon films, hard carbonaceous films, hard carbon, a-C:H, and 

i-carbon. Often different nam es have been used to describe very sim ilar 

m aterials and, conversely, the sam e name used to describe very different 

m aterials.

In  the la s t few years the incorporation of nitrogen into amorphous 

carbon has received special attention26’33 since i t  was proposed some years 

ago by Cohen1 th a t a  hypothetical m aterial, carbon nitride (P-C3N4 ) which is 

structu rally  analogous to f)-Si3N4 , can possibly exist and be harder than 

diam ond, the  hardest known solid. I t has been noted th a t sm aller bond 

lengths d and high degree of covalence are expected to significantly increase
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the m aterial's hardness. This led Liu and  Cohen2,34 to study the system  f}- 

C3N4 . The structure of th is  m aterial was assum ed to be isomorphic to (3- 

Si3 N4 , but w ith the long Si-N bond o f 1.74 A replaced by the shorter C-N 

bond of 1.47 A. From ab in itio  calculations based on an  empirical model for 

the hardness of covalent solids, the  bulk m odulus of the hypothetical 

compound (J-C3N4  was estim ated to be =4.83 GPa, comparable to th a t of 

diamond (=4.43 GPa) and cubic boron nitride (=3.69 GPa), and the cohesive 

energy was calculated to be m oderately large. These results suggest th a t (3- 

C3N4 could be a  m etastable structu re  and extrem ely hard. Hence it is 

possibly a  good candidate as a  hard m aterial for technological applications.

Teter and Hemley35 examined models of different structures of carbon 

nitride in silicon nitride-like configurations, two different hexagonal versions, 

as well as a  graphitic version and a  cubic version, i.e. (X-C3N4 , P-C3N4 , cubic- 

C3N4 , pseudocubic-C3N4 , and graphite-C 3N4 . They showed th a t (X-C3N4 and 

graphite-C3N4 are energetically preferred over (3-C3N 4 and described a  cubic 

form of C3N4 th a t might have a  zero-pressure bulk modulus exceeding th a t of 

diamond and be m etastable a t zero pressure. The P-C3N4 structure, as 

mentioned earlier, is based on the (3-Si3N 4 structure, w ith C substituted for 

Si. This structure consists of fourfold coordinated carbon linked by threefold 

coordinated N atoms into a  network. The (Z-C3N4  structure can be described 

as an  ABAB ... stacking sequence of layers of P-C3 N4  (layer A) and its  m irror 

image Gayer B). The graphitic form of carbon nitride consists of an  ABAB ... 

stacking of the planar structure. Another structure is the pseudocubic. This 

structure can be classified as a  defect-zincblende structure type, a  structure 

type previously predicted for C3N4 by Liu at. a l36.

An upsurge of research activity w as sparked to attem pt the synthesis 

of P-C3N4. However, u n til now these attem pts w ere lim ited to producing
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amorphous a-CxNyHz films37*38*39*40*41, sm all fractions o f C3N4 crystallites 

embedded in  amorphous films33*42*43*44, and carbon nitride composites45. Even 

though th e re  are a  few reports of p artia l presence of crystalline carbon 

nitride46*47*4849, the growth of crystalline P-C3N4 is still a  m aterial scientist's 

dream.

So far, no film containing 100% stoichiometric C3N4  has been reported 

w ith the exception of Fujimoto et. al's work50. The film s prepared in  m ost 

experim ents are mixtures of carbon and nitrogen w ith nom inal compositions 

C3N4 , CN, C 2N and amorphous C. More precisely the film s consist o f an

amorphous carbon m atrix w ith a  sm all am ount of different kinds of carbon 

nitrides dispersed in  it. Hence, to some extend, th is kind of film could nam ed 

as nitrogen-incorporated amorphous carbon film  a-CxNyHz, as in  the case of 

conventional hydrogenated amorphous carbon films, a-CxHy.

The a-CxNyHz films are themselves useful since they  have properties 

such as h igh hardness and w ear resistance, chemical inertness to both acid 

and alkaline environm ents, lack of m agnetic response51, and an optical 

energy gap ranging from 0 to a  few eV depending upon the n itrogen 

concentration and deposition conditions. I f  grown successfully on ordinary 

Si(100) w afers, a-CzNyHz as a  variable band gap m aterial could be integrated 

into silicon technology in  a  host of new applications. The im provem ent in  

adhesion th a t results from the stress reduction upon nitrogen incorporation 

has made possible the use of a-CxNyHz films as anti-reflection coatings in  Ge- 

based IR sensors52.

There are  many reports on the  effect th a t nitrogen incorporation into 

am orphous carbon film s can have regarding the m echanical, electrical, 

optical, and  structu ral properties of the film s. Many researchers reported 

th a t incorporation of nitrogen increases the structural order37*53 and causes
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reduction  of th e  in te rn a l s tre s s27'54, red u ctio n  o f th e  electrical 

resistivity27'54*55 and  decrease of the energy optical gap27-37'55' 55 while the 

mechanical hardness rem ain practically unchanged27. O thers reported th a t 

the mechanical properties may improve w ith increasing N content31*57.

One of th e  key factors in  d e te r m in in g  the structure and properties of a- 

CxNyHz films is  th e  sta te  of hybridization o f the  atom s th a t form the 

am orphous netw ork. Franceschini et. a l.52 reported the  influence of the 

n itrogen  precursor gas, N2 o r NH3 , on th e  chem ical com position, 

hybridization s ta te  of carbon and  nitrogen atom s and in te rn a l stress of a- 

CxNyHz films deposited by PECVD and using CH4  as the carbon precursor 

gas. They found th a t nitrogen incorporation increases the  sp2 fraction of 

carbon atoms for both nitrogen precursors, w hich is consistent w ith the 

observed in ternal stress reduction. A sim ilar reduction in  stress was also 

reported for a-CxNyHz films58' 59 in  which N incorporation above 1 at.% N 

resu lted  in  both stress reduction and increase in  the sp2 carbon fraction. 

Contrary to the above research, Seth  et al. 56 reported an increase in  the sp3 

carbon atom fraction  upon n itrogen incorporation in  a-CxN yHz films 

deposited from NH 3/C4H6  m ixtures by PECVD. C. Tong et. a l .38 have 

observed a system atic variation of the properties of a-CzNyHz films w ith an 

increase in  the partia l pressure of N  during deposition. From XPS, AES, and 

TEM  studies they  observed th a t nitrogen w ill stabilize th e  diam ond sp3 

bonding, in agreem ent with the resu lts of Wang et. a l60.

To date, a  few researchers have studied the use of am monia as the gas 

source for nitrogen52'56*61. Some exciting results in  the mechanical properties, 

especially in  hardness, and m icrostructure of the  a-CxNyHz film  have been 

reported, but up to now very little  work has concentrated on the optical 

properties and on the local atomic bonding structure of the a-CxNyHz films.
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This thesis deals w ith the plasma-enhanced chemical vapor deposition 

and characterization of amorphous nitrogenated carbon films (a-CxNyHz). 

The prim ary goal is to deposit C3N4  or a t least a-CxNyHz films w ith  high 

nitrogen content and to study the optical properties and structural changes of 

the film s as nitrogen incorporation in the films increases. Another objective is 

to study the processes th a t are taking place in  the plasm a during deposition 

and the role th a t these processes play in  th e  film  deposition process and on 

the resulting solid f ilm  as a  function of different nitrogen precursor gases, i.e. 

ammonia and nitrogen, and as a  function of the gas flow rate .

The following im portant questions will be addressed. The m ost 

im portant question is why high nitrogen content is not favored in  a-CxNyHz 

alloys while a t high nitrogen availability, the film N content sa tu rates, i.e. 

why the rule of increasing [N]/[C] ratio in  the  film with increasing availability 

of nitrogen in  the plasm a does not always hold. Another im portant question is 

the role th a t nitrogen plays during film deposition and how nitrogen effects 

the bonding of carbon and hydrogen, i.e. w hat are the hybridizations of the 

carbon atoms th a t are promoted w ith increase of nitrogen content. A nother 

question is how the nitrogen incorporation in  the film s changes the optical 

properties and mechanical properties of the films.

A. B ousetta et. a l.51 found th a t the IR  spectra of a-CxNyHz film s are 

dominated by amine NH2 groups along w ith  the presence of C-N stretching 

modes. J . Kaufm an et. a l.26>55 showed th a t incorporation of N in to  a 

carbonaceous m aterial breaks the sym m etry of sp2 dom ains causing the 

Raman-active G (Graphitic) and D (Disordered) bands to also become infrared 

active. A lot of controversy exists in  the assignm ent of various infrared modes 

of a-CxNyHz films since there are overlapping bands in  the regions 3300 - 

3000 cm-1 and 1600 - 500 cm-1. To resolve these issues we have undertaken a
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careful study of different a-CxNyHz film s a t liquid nitrogen tem perature (77 

K) and a t various annealing tem peratures up to 700 °C. Regarding Hie optical 

constants, i t  was found by Wang et. a l. 60 th a t both n  and k of a-CxNy films 

decrease w ith increasing nitrogen content in  the films, which is a ttribu ted  to 

the  stabilization  o f the te trahedral bonds of carbon atoms by nitrogen 

incorporation.

The most fundam ental questions which can be asked concerning the 

properties of amorphous covalent alloys are related to their structure. Once 

the composition of an  amorphous alloy is known, i t  is natural to ask  w hat 

atomic bonds are present and what are the resulting bond fractions, e.g. for 

an alloy such as hydrogenated silicon carbide, a-SixC yHz, how m any Si-C 

bonds are there, on the average, per Si or C atom. Once the bond fractions are 

know n, one can th en  ask how the bonds are d istribu ted  am ong the 

fundam ental structural units. These questions concern the short range order 

p resen t in  the alloy and th e ir answers can be discussed in  term s of the 

tendency for the stru c tu ra l properties of the alloy to be dom inated by 

chem ical ordering. The predictions for the bond fractions can be used to 

directly obtain the probabilities for the possible structu ral units p resen t in 

these alloys simply by distributing the predicted bonds randomly am ong the 

possible structural units.

Amorphous covalent network alloys are characterized by the absence of 

long-range order (LRO) while they possess a  considerable degree of short- 

range order (SRO) referred  to as chem ical ordering (CO). CO usually  

corresponds to a  preference for unlike nearest-neighbor (NN) bonds and 

resu lts from the tendency to maximize the  chemical-bonding energy in  the 

alloy. Random bonding, on the other hand, refers to a  purely sta tistica l 

distribution of NN bonds types. CO corresponds to the  local atomic bonding
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which m inim izes the enthalpy of m ix in g  H m  of the alloy, w hile random  

bonding corresponds to th e  local atomic bonding which m axim izes th e  

entropy of mixing Sm- In any given alloy, however, the actual atom ic bonding 

present w ill correspond in  general neither to perfect CO nor to  completely 

random  bonding, bu t will be th a t which minimizes the free energy of mixing 

Gm -  Hm - TSm- In  general, stronger bonds will be favored bu t w eaker bonds 

will also be present due to entropy effects.

Amorphous alloys based on carbon and hydrogen (a-CxH i-x) and alloys 

based on carbon, nitrogen and hydrogen (a-CxNyHz) are  exam ples of 

am orphous covalent network alloys62 in  which long range order (LRO) is 

absent but in  which a  considerable degree of short range order (SRO) and 

even interm ediate range order (IRO) can still exist. Both a-CxH alloys and 

a-CxNyHz alloys are  considerably more com plicated stru c tu ra lly  and 

chemically th an  other well-studied covalent network alloys such as a-SixHy 

and a-GezHy due to the fact th a t carbon and nitrogen atoms can exist in  three 

different sta tes of hybridization in  their bonding to other carbon atoms. The 

carbon-carbon bonding occurs via covalent o and it molecular orbitals (MO's), 

w ith  the o  MO's formed from sp3-, sp2-, or sp ̂ hybridized orbitals on C(sp3), 

C(sp2), or CCsp1) carbon atoms, respectively. These hybridized orbitals are in  

tu rn  formed from the s and p atomic orbitals (AO's) on the C atom s. The it 

MO's are form ed from p AO's on C(sp2) and Cfep1) atoms. C(sp3), CCsp2), and 

CCsp1) atom s will be te trahedrally  (four-fold), trigonally (three-fold), and 

linearly (two-fold) coordinated, respectively, in molecules and in  solids.

Examples of these different forms of carbon-carbon bonding in  simple 

sa tu ra ted  an d  unsatu rated  hydrocarbon molecules include 1) th e  C(sp3)- 

C(sp3) single bond consisting of a  single a  MO in  the sa tu ra ted  molecule 

ethane, C2H6 , 2) the C(sp2)=C(sp2) double bond consisting of one a  and one it
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MO in  th e  unsaturated molecule ethylene, C2H4 , and  3) the C(sp1)=C(sp1) 

triple bond consisting of one o  and two x MO's in  th e  unsaturated  molecule 

acetylene, C 2H2 . The x MO associated w ith the double bond in  C2 H4 is 

localized between the two C atoms and is referred to as an  olefinic bond, x 

MO's also exist in  benzene, C6H6 , where they are referred to as aromatic and 

are delocalized over all six C-C bonds in  the molecule; see Fig. 2.4(a). In C6H6 

each bond between a  pair of C atoms can be thought of as consisting of one a  

MO and, nominally, one h a lf of a  x MO. In graphite, shown in  Fig. 2.4(b), 

each carbon-carbon bond consists of one <r MO and, nominally, ju st one th ird  

of a  re MO.

HH

Fig. 2.4. Bonding configurations (a) for benzene, CgHe, and (b) for graphite.

The x MO's are in  fact delocalized over a ll six C atom s in  benzene and over 

entire p lanes of C atoms in  graphite. The free energy model (FEM) to be 

outlined in  chapter 7 will be formulated in  terms of s in g le , double, and triple 

bonds betw een carbon and nitrogen atom s instead  of the a  and x MO's 

discussed here.
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To characterize a-CxHi.K alloys structurally, the overall composition of 

the alloy, i.e. the concentrations or atomic fractions of C(sp3), C(sp2), CCsp1), 

and H  atoms, m ust first be specified. The SRO in  the network of the alloy can 

then  be specified by giving the concentrations of bonds present in  the alloy 

and the ways in  which these bonds are distributed around the C atoms, i.e. by 

the bonding configurations present in  the C(sp3) tetrahedral units, the C(sp2) 

trigonal or planar units, and the linear CCsp1) units (if any are present). In 

practice the SRO is often characterized by giving the ratio  r  = sp3/sp2 of 

CCsp3) to CCsp2) atoms, the fractions of H atoms bonded to CCsp3) and CCsp2) 

atoms, and the average coordination N c of all the C atoms in  the alloy.

There is in  fact no unique way of characterizing the structure of an 

a-CxHi.z alloy due to the wide variety  of possible bonding configurations 

corresponding to the SRO and £RO and due also to the great variety  of 

deposition techniques and conditions used to prepare the alloys63. The 

approach used in  the FEM employed here to predict the atomic bonding in 

the  am orphous alloys begins by assum ing th a t the alloys lack LRO but 

otherwise have structures which correspond to the  lowest possible Gibbs free 

energy of mixing Gm-

An im portant additional question is w hether chemical ordering CCO) or 

random  bonding dominates the SRO in  a-CxHi-z alloys. The bonds favored by 

CO in  a-CxHi-x alloys can be expected to be bonds between CCsp2) atoms due 

to th e  observed stab ility  of sp2-bonded graph ite relative to sp3-bonded 

diamond. IRO in  a-CzH i.z alloys can consist of 6 -fold rings of CCsp2) atom s 

while LRO can correspond to the clustering of these rings. The possible phase 

separation of the CCsp3) and CCsp2) atoms in  the  alloy into spatially distinct 

regions is also related to the existence of IRO and LRO.
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Chapter 3 

Experim ental Procedures

3.1 D eposition  System*

The a-CxN yHz films studied in  th is w ork were grown by r f  (radio 

frequency) PECVD from m ixtures of acetylene and ammonia and of acetylene 

and nitrogen.

A schematic diagram  of the deposition system  is illustrated in Fig. 3.1. 

The m ain components are the 12  lite r stainless steel deposition chamber, two 

parallel copper electrodes, a  power supply along w ith the m atching network, 

a  residual gas analyzer, gas supply lines along w ith flow control system, the 

vacuum pumps and the gas disposal pumping system.

The electrodes of 3 inches diam eter are 1  inch apart and are shielded 

from the plasma, except for the ir front surfaces, by grounded plasm a shields 

made of stainless steel. The substrates are m ounted on the powered electrode 

while th e  other electrode is grounded. The powered electrode consists of a  

copper plate, a  thermocouple for tem perature m easurem ents, a  heater, and a  

stainless steel holder for m ounting the substrates. The substrates are held in  

place by the stainless steel holder. The chromel-alumel K-type thermocouple 

is isolated electrically by a  Macor tube (a Dow Corning ceramic) and is placed 

under the substrates in  the copper plate. The h eater (ARI BXX-06B41-4k) in  

the form of a spiral is located underneath the copper plate. The heater and 

the copper plate are isolated from each other by a  Macor plate. The substrate 

tem perature is controlled by a  controller (Model 149, Omega Engineering) or
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Fig. 3.1. Cross-sectional schem atic diagram of r f  glow discharge deposition 
system.
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by a  Variac by adjusting the voltage supplied to the heater. Below the heater 

there is another Macor p late th a t iso lates th e  heater from  the external 

stainless steel shielding surface of the electrode.

The power supply unit (Eni Power System s, model HF-300) is a 13.56 

MHz r f  generator which is capacitively-coupled to the powered electrode 

through an r f  m atching network (H eathkit Deluxe Antenna Tuner, model SA- 

2060A) which consists of two variable capacitors and a  variable inductor. The 

purpose of th is m atching network is to maximize the power transferred horn 

the power source to the discharge.

The residual gas analyzer (RGA) is a  Transpector quadrupole analyzer 

(Leybold Inficon, model H200M, mass range 1 to 200 am u, detector type: 

channeltron EM/FC), connected to the top of the  deposition chamber. The 

RGA m easures th e  partial pressures of gases in  the  mixture. Controlled by an 

external com puter, the instrum ent consists of a  quadrupole sensor th a t 

functions only in  a  high-vacuum environm ent (pressures below 1.0xl(H Torr) 

and the electronics th a t operate the sensor. The Transpector is an im portant 

aide in  the efficient use of our high-vacuum system , in  detecting leaks and 

contam inants. I t  is also used to investigate the natu re of a  process or to 

m onitor process conditions. Between th e  T ranspector and  the reaction 

chamber there is an  IPC2A pressure converter (Leybold Inficon). The IPC2A 

is used to extend the sam pling pressure range of the quadrupole's sensor 

from 10  ̂  to 1 Torr. Thus the vacuum system  can be m onitored at base 

pressure, during gas backfill, and throughout the plasm a process. The IPC2A 

is a  two-stage, single valve design and has one knob w ith three positions - 

orifice sampling, high vacuum sampling, and  closed.

There are three independent gas lines currently  used to supply gases 

into the chamber. Three gas cylinders are connected w ith the supply lines
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while the flow of each gas is achieved through an  MKS m ass flow m eter 

(258B) controlled by an  MKS electronic m ass flow controller. The control 

system  consists of a  type 260 controller, a  type 261 display, and a  type 260 

PS-3 power supply. The gases are fed into a  gas mixing box which is located 

underneath the top flange of the deposition chamber. The m u rin g  box consists 

of th ree com partments th a t are separated by two planes with one hole on the 

side of each plane. These two holes along w ith the hole on the bottom of the 

mixing box were all arranged as far apart as possible in  order to increase the 

distance traveled by the gases in  order to have as good m ix in g  as possible. 

Finally, the  m ixture of gases enters into the deposition chamber from a hole 

in  bottom of the mining box.

The pumping of the chamber is accomplished by two pumping systems: 

the  prelim inary vacuum  pumps and the gas disposal pum ping system. 

Pum ping before deposition is achieved by a  four inch a ir cooled Veeco 

diffusion pump (Model EP2A-1) th a t has a  liquid nitrogen (LN2 ) trap and a 

W elch m echanical pum p (model 1402) backing the diffusion pump. The 

pressure in  the chamber can reach 5x l0 *7 Torr and as low as 9x10  ̂  Torr with 

LN2 in  the cold trap  above the diffusion pump. The pressure in  the chamber 

is m easured by a  V arian ionization gauge (Model 0563-K2466-304) th a t is 

controlled by a  V arian ion gauge controller (Model 843). The Varian 

ionization gauge is located on the top of the diffusion pump. Pumping during 

deposition is accomplished via the disposal pumping system which consists of 

a  Roots pump (Leybold-Heraeus, RUVAC single stage roots pump, model 

WS150 LH) and a  mechanical pump (TRIVAC dual stage rotary vane pump, 

Leybold-Heraeus, model D8AC) th a t is used for backing the Roots pump. 

Care m ust be taken to prevent oil back-stream ing from the mechanical pump 

to th e  Roots pump. To achieve th is we introduce a  flow of nitrogen between
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the two pumps. Then the inlet pressure of the Roots pump increases slightly 

and the oil from the mechanical pump cannot enter the exhaust of the Roots 

pump. The p ressure a t th is point is m easured by a  thermocouple gauge 

(Leybold-Heraeus, THERMOVAC TM210).

Constant pressure in  the chamber, under steady-state flow conditions, 

is achieved by a  pressure control system that controls the opening of a 35 mm 

MKS throttle valve (exhaust valve, type 253A) which in  tu rn  controls the 

pum ping speed of the Roots pump. The throttle valve is located between the 

cham ber and the Roots pump. The pressure in  the cham ber is measured by 

the pressure control system which is consisted of a  pressure sensor head 

(MKS B aratron type 315BSH-10) w ith tem perature controller (MKS type 

272), pressure electronic display u n it (MKS type 270B) w ith digital readout. 

Finally the exhaust gases are neutralized. Use of the neutralization system is 

necessitated by the  presence of ammonia which is a  toxic gas. The gases are 

first passed through a  filter (Leybold-Heraeus, AF exhaust filter, model AF8 - 

16A), diluted w ith nitrogen, and a t the end passed through a  NaOH bubbler.

Around the external surface of the reaction chamber there is a flexible 

electric heating tape th a t is used for baking the chamber. The baking of the 

vacuum system is needed in order to remove from the surface contam inants 

such as w ater vapor th a t are absorbed by the system  inner walls while the 

cham ber is exposed to the laboratory  environm ent and residuals from  

previous depositions.

3.2 Substrate S election  and D ep osition  C onditions

Three types of substrates were used for sim ultaneous film deposition. 

This procedure w as employed in  an  attem pt to grow film s of identical
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properties on the different substrates needed for the different experim ental 

techniques employed - each requiring its  own substrate. The substrates were: 

a) polished clear fused quartz (with dimensions 0.75" x 0.5" and 16 m ils thick) 

for m easurem ents of the optical constants in  the UV-visible (193 nm  to 825 

nm) region, 2) intrinsic (111) Si (polished on both sides, resistivity 2500-5000 

Qcm, and dimensions 0.75" x 0.5" and 280 mm thick) for m easurem ents of 

infrared absorption in  the region 400 to 4000 cm 1 and for m easurem ents of 

film composition, and c) alum inum  foils (w ith dimensions 0.5" x 0.5" and 9.8 

mils thick) for density m easurem ents.

It is recognized though th a t m ainly due to the different therm al and 

electrical conductivities of the substrates used, some variation in  the film 

properties is possible. Nevertheless, the in ternal consistency of the results, in  

all but one film, indicates th a t w ithin the uncertainties assigned to the data 

this variation does not affect the conclusions. This is in  agreem ent w ith the 

conclusions of other researchers th a t also used different types of substrates.

The substrates were cleaned as follows. The Si substrate was boiled in  

Transene 100 (Transene Co., Inc.) for 10 m in and blown dry by nitrogen or 

argon gas. The quartz and aluminum substrates were cleaned ultrasonically 

in  TUD (Transene ultrasonic detergent, Transene Co.) for approxim ately 10 

m in , then  w ere rinsed by deionized w ater and finally were blown dry by 

nitrogen or argon gas.

Once the substrates w ere cleaned, they were m ounted on th e  copper 

plate of the powered electrode. Before the electrode is placed in  the chamber, 

it  is checked w ith an  Ohm -m eter to establish  th a t the  sam ple holder is 

isolated from the grounded stainless steel plasm a shields. Then the chamber 

is pumped down to 100  m Torr by the mechanical pump of the prelim inary 

pumping system . After th a t pressure is reached the diffusion pump is used to
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reduce the pressure to approxim ately 5x l0*7 Torr. A t th is  point the gas 

species present in  the  cham ber are monitored by the residual gas analyzer. 

The system  is pum ped down overnight while it  also baked to = 1 2 0  °C in 

order to remove the w ater vapor and any other surface contam inants th a t are 

already in  the system . Finally the  base pressure of approximately 9x l0 '8 Torr 

is reached w ith LN2 in  the cold trap , while the residual gases in  the chamber 

are recorded by the RGA. At th is  point the pumping of the system  is switched 

to the gas disposal pum ping system . In itia lly  argon or nitrogen gas is 

introduced into th e  cham ber a t 10 seem64 (STP65 cubic centim eters per 

m inute) controlled by the m ass flow control system. The pressure setting of 

approxim ately 0.15 Torr is achieved by the pressure control system  th a t 

controls the exhaust valve. M eanwhile the substrates are heated to 250 °C. 

A t th is point the  r f  power is tu rned  on (Prf = 2 0  w atts) and an  argon or 

nitrogen discharge was introduced prior to deposition for about 10  m inutes 

for sputter-cleaning of the substrates. After th is in-situ cleaning, the chamber 

is isolated and is pum ped down by the diffusion pump to approxim ately 

4xl0 -7 Torr.

The pum ping of the system  is sw itched again to th e  gas disposal 

pum ping system . The reac tan t gases, C2H2 and  N2 or C2 H2 and NH3 are 

introduced into the chamber. A fter reaching the pressure se tting  the r f  power 

is turned on and the a-CxNyHz film  is deposited. The discharge and the flow 

of gases are kept on for the desired time, typically between 30 to 90 m inutes 

depending on the thickness requirem ents. U nder these conditions the film 

growth is characterized as deposition under 'steady-state flow conditions' as 

opposed to 'static discharge'. A system  is a t 'steady-state* if  the values of all 

the  variables in  the system  (tem perature, pressure, flow ra te s etc.) do not 

change w ith tim e, except possibly for minor fluctuations about constant mean
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values. D uring the 'sta tic  discharge' the  r f  power is tu rned  on while the 

cham ber is isolated w ith a  desired m ixture of gases. This is done because 

sta tic  discharge m easurem ents are free from complications due to partia l 

pumping segregation of discharge - produced gas m ixtures during the 'steady- 

sta te  flowing conditions'.

By varying the reactan t ratio  R, th a t is the ratio  of the flow rates of the 

gases introduced in  the cham ber, e. g. R=[NH3 ]/[C2H2] or [N2 ]/[C2H2], the 

composition of carbon, nitrogen and hydrogen in  the films can be varied. The 

r f  power, the bias voltage of the  powered electrode, the gas pressure, and the 

deposition tem peratu re are  param eters th a t, along w ith  the additional 

param eters th a t are fixed for the  system  (geometry, frequency), determ ine 

the film properties. The connection between deposition param eters and the 

properties of the  films produced is indirect, as shown in  Table 3.1

Table 3.1. The effect of deposition param eters on the film growth process2.

Deposition param eters Film  growth process

Electrode geometry Plasm a composition:

Voltage Stable molecules, Reactive fragments

Frequency Electrons, Ions, Photons

Gas composition 1
Flow rate Flux of particles onto substrate

Pressure 4
Substrate Tem perature Composition, structure, and morphology of 

the film.

4
Optoelectronic properties of the film.

aArrows in the diagram  represent causal relationships.
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The deposition conditions for the samples prepared from acetylene and 

nitrogen during the first phase and  those sam ples prepared from  acetylene 

and ammonia during the second phase are listed in  Table 3.2.

Table 3.2. Deposition param eters for a-CxNyHz alloys deposited from 
mixtures of NH3 and C2H2 and N2 and C2H2 .

Sample n h 3

(seem)**
C2H2

(seem)**
Reactant Ratio 

NH3/C2H 2

Power density 
(W/cm2)

1.1 0.0 10 0 .0 0 0 .2 2

12 3.3 10 0.33 0 .2 2

1.3 5.0 10 0.50 0 .2 2

1.4 10.0 10 1 .00 0 .2 2

1.5 12.5 10 1.25 0 .2 2

Sample n 2

(seem)**
C2H2

(seem)**
Reactant Ratio 

N2/C2H 2

Power density 
(W/cm2)

2.1 - 10 0 .0 0 0 .2 2

22 10 20 0.50 0 .2 2

2.3 10 15 0.67 0 .2 2

2.4 40 4 10 0 .2 2

2.5 60 3 20 0 .2 2

2.6 60 2 30 0 .2 2

2.7 60 1.5 40 0 .2 2

2.8 60 1.2 50 0 .2 2

2.9 60 0 .6 100 0 .2 2

*Note th a t the deposition tem perature is 250 °C and the pressure 0.15 Torr 
for all the samples
**sccm: cubic centimeters per m inute a t STP

After the deposition process is completed, the  r f  power and the  heater 

are tu rned  off while the  flow of gases into th e  chamber is stopped. The 

residual gas mixture th a t was in  the  chamber is  pumped out using the gas 

disposal pumping system . The cham ber is filled w ith nitrogen and isolated

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



36

u n til the substra tes have cooled down to room  tem perature. A fter the  

tem perature has reached approximately 40 °C - 50 °C the cham ber is opened. 

Once the substrates are taken out, the chamber is sealed and along w ith the 

supply lines, is pumped down to 5x l0 *7 Torr by th e  diffusion pum p, leaving 

the system under vacuum when not in  use.

3^1 S tatic P lasm a M easurem ents

Careful m ass spectroscopic measurem ents w ere done under the static 

discharge conditions described earlier. Several experim ents were done under 

s ta tic  plasm a conditions using NH3 , C2 H2 , or m ixtures of NH3/C2H2 , w ith 

reactan t ratios R = 0 , 0.33, 0 .5 ,1 , and 2, a t pressure P  = 0.50 Torr, power Prf 

= 2 0  W att and tem perature 250 °C.

O peration and C alibration o f th e R esidual G as A nalyzer

The residual gas analyzer consists of a  sensor which functions in  a  

high vacuum, and an electronics un it which operates the sensor and displays 

its  output. The sensor consists of three basic parts: an  ionizer, an  ion filter, 

and a  detector. In  the ionizer, gas molecules of th e  residual atm osphere are 

given electrical charges by bombarding them  w ith electrons derived from a  

heated filam ent. The charged molecules, now ions, are accelerated electrically 

into the ion analyzer. The analyzer acts as a filte r rejecting all ions except 

those of one specific m ass/charge ratio  (m olecular w eight/charge). The 

analyzer is an  electrostatic quadrupole which is operated by applying a  

com bination o f dc and RF voltages. The m agnitude of the RF voltage 

determ ines the mass and the RF/dc voltage ratio determ ines the selectivity of
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the filter. The ions which pass through th e  filter are collected by a  detector 

and the current resulting from this ion stream  is m easured. The detector may 

be a sim ple collecting p late called a  F araday cup, or an  electron m ultiplier 

which acts as a  pream plifier for greater sensitivity.

To obtain a  conventional m ass spectrum , the analyzer control voltage 

is swept as a  function of tim e over a  certain  range, and the varying output 

current is recorded. The resu lt is a  series of peaks corresponding to the m/e 

ratio of th e  various kinds of ions p resen t. The am plitude of each peak 

indicates the rate of production of ions of th a t particu lar m/e ra tio  or, if 

properly calibrated, the quantity of molecules of the corresponding gas type.

The RGA was used for m easurem ents of the partied pressures of the 

gas components in  the m ixture of gases during the sta tic  plasm a studies. In 

order to know the p artia l pressures of th e  specific gas components in  the 

chamber we have calibrated the RGA, since a  careful calibration is essential 

for quantitative partial pressure analysis. One m ust know how m uch output 

signal will be produced a t a  particular m ass peak for a  given partial pressure 

of a particular gas, i.e. the change in  cu rren t output, divided by the change in 

partial pressure of th e  gas causing th e  change. This quantity  is called the 

sensitivity and the m ost common un it is  Amps/Torr (the output of th e  RGA is 

usually a  current). Since the scale of th e  RGA's output device is no t always 

calibrated in  units of current, the sensitiv ity  will be calculated in  scale 

divisions, or percent of full scale per Torr. The calibration was done because 

the sensitivity  varies for different RGA's and also because the detector's 

sensitivity may change due to contam ination of the hot filam ent of th e  RGA. 

The procedure we followed for determ ining the sensitivity  of a  particu lar 

molecule was to introduce a  pure gas in to  our system  a t a  known pressure 

and then to measure the output signal from the RGA for the principal mass
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peak of th a t gas. The ratio of th is output signal to the pressure of the gas is 

the sensitivity factor.

The basic assum ption made in  quantitative partial pressure analysis 

is: for a  m ass spectrum  of a m ixture of gases, any peak m ay consist of 

contributions from molecular ions and/or fragm ent ions. The contributions 

add linearly  and  the observed peak  height is  equal to th e  sum  of the  

individual peak heights th a t would be produced if  each constituent were 

alone in  the system . Thus, from th e  peak height, after sub tracting  the 

contributions from other gases to th is  peak, we can calculate th e  partia l 

pressure of the gas th a t th is peak corresponds to. The formula th a t gives the 

partia l pressure of substance j, Pj (Torr), in  a  gas mixture in  our RGA when 

the electron m ultiplier was used for d ata  collection, is:

 ix io;‘°
(FF)j x  (X F)j x  10

w here I  is the signal am plitude of th e  m ass peak that corresponds to 

substance j, (FF)j is the fragm entation factor, and (XF)j is the ionization cross 

section factor of substance j. The fragm entation factor (FF)j is the fraction of 

to tal ions from substance j having m ass i, while the ionization cross section 

factor (XF)j is the relative yield of ions from substance j compared to nitrogen. 

The fragm entation factor (FF)n28 for N 2+ ions from  nitrogen (typically 0.90 to 

0.95) is often taken as 1.0. From the calculated partia l pressures of the gases 

in  the RGA, the percentage composition of the gas mixture in  th e  reaction 

cham ber is calculated and then the partia l pressure PP of each gas of the 

m ixture into the chamber is calculated.
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The cracking pattern , the fragm entation factor, and the ionization 

cross section factor were determined for every reactant gas which was used in 

our system . F irst the fragm entation factor (FF)j w as determ ined. The 

chamber was isolated and is filled w ith  gas j  up to 0.5 Torr. Then the cracking 

p a tte rn  of th e  gas was recorded from  the readings of the peaks th a t 

correspond to gas j. From these data th e  factor (FF)j is calculated. Then N 2 of 

equal pressure to the pressure of gas j  in  introduced into the chamber. Then 

from the known partial pressures, the amplitudes of the m ain peaks, and the 

known (FF)j factors the sensitivity factor of gas j w ith  respect to N 2 , i.e. 
(XF)j/(XF) n 2 , is calculated. The fragm entation factors (FF)j, an d  the

sensitivity factors with respect to N2 , i.e. (XF)j/(XF) of the most im portant 

gases used in  the reaction chamber are given in Table 3.3.

Table 3.3. Fragm entation factors and sensitivity factors of C2H2 , NH3 , and 

N2 m easured for the calibration of th e  residual gas analyzer.

n h 3 C2H2 n 2

(FF)j 0.50 0 .66 0.90

(XF),-/(XF)n2 1.46 2.04 1.00

For the HCN, CH4  and H2 gases th a t are produced during th e  static

p lasm a and  possible residual H2 O, we have adopted  the following

fragm entation factors th a t calculated from the mass spectra cracking pattern  
given by A. Cornu66: (FF)hcn = 0.79, (FF) Cjj4 = 0.46, (F F )h 2= 0.98, and

(FF) fj2o  = 0.75. The sensitivity factors used are: (XF)h c n  = 1.5, (XF) q j  =

1.6, (XF) jj2= 0.46, and (XF) jj2q  = 1*1.
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The cracking patterns listing the largest peaks in  the mass spectra of 

the m ost im portan t substances in  th e  cham ber during deposition, as 

m easured in  the RGA attached to the deposition chamber, are given in  Table 

3.4. The cracking patterns of m ethane, w ater and hydro cyanide were hum  A  

Cornu and R. M assot66.

Table 3.4. Mass spectra cracking patterns o f NH3 , C2H2 , and N 2 as measured 

in  the RGA attached to the deposition chamber.

Species Mass Substance (Mw)

NH3 (17) C2H2 (26) N2 (28)

h 2+ 2 9.9 8 .1

C+ 12 3.5

CH+ 13 8 .2

n +/c h 2+ 14 1.3 0.5 10 .2

NH+ 15 3.8

n h 2+ 16 81.0

n h 3+ 17 100 .0

n h 4+ 18 0.4

C2+ 24 5.5

c 2h+ 25 19.8

C2H2+ 26 1 0 0 .0

c 2h 3+ 27 1.8

N2+Al2H4+ 28 3.1 4.6 1 0 0 .0
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3.4 D en sity  M easurem ents

The film  densities were determ ined from separate mass and volume 

m easurem ents, i.e. p = m/V. In itially  the  m ass of th e  films prepared from 

m ixtures of NH3 and  C 2H2 was determ ined by weighing the  alum inum  

substrate before and afte r deposition using a  C ahn electrobalance (model 26). 

For the films deposited from m ixtures of N2 and C 2H2 the quartz substrate 

was weighed before and  after deposition using an  u ltra  microbalance (Model 

UM3, M ettler Co.). The volumes o f the film s w ere determ ined from 

m easurem ents of the area  of the film  along w ith  th e  variation of thickness 

along the length and w idth of the film. The thickness of the film was obtained 

using an  Alpha-step 200 profilometer (Tencor Instrum ents, Inc.).

3.5 SAM m easurem ents

The N/C ratio is one of the m ost im portant characteristics of the a- 

CxNyH z films. Information concerning film  composition, film thickness, and N 

homogeneity throughout the films has been obtained from films on the Si 

substrates via depth profiling using a  Auger Electron Spectrometer (AES) a t 

Rome Laboratory, G riffiss AFB, New York. All m easurem ents w ere made 

w ith a  P erk in  Elm er PH I 660 Scanning Auger Microprobe (SAM). The 

accelerating voltage of the electron beam  was 10 KV, and the current was 100 

nA. An area of 100 mm x 100 mm w as analyzed on th e  top surface of each 

sam ple. D epth profiling was perform ed w ith  a n  argon ion beam  for 

sputtering. The accelerating voltage of the ion beam  was 3.5 kV and the ion 

curren t w as 1.5 mA. The depth profile for sam ple No. 1.2 in  Table 3.2, 

deposited w ith R = NH3/C2H2 = 0.33 w ith N/(N+C) = 0.04 is given in  Fig. 3.2.
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Fig. 3.2. Depth profile for the film  deposited w ith R = NH 3/C2H2 = 0.33 with 
N/(N+C) = 0.04.

3.6 O ptical m easurem ents.

The optical measurem ents performed on these films were carried out in 

the IR and UV-visible regions. IR m easurem ents (400-4000 cm*1) were done 

on film s deposited on silicon and quartz substrates. The absorption spectrum  

of the  bare Si substrate was also taken and stored before each measurem ent 

and la te r subtracted from the spectrum  of the film on the Si substrate. The 

m easurem ents w ere initially tak en  in  a  Digilab FTS-40 Fourier Transform 

Infrared (FTIR) spectrom eter w ith  resolution of 8  cm-1 and 256 scans and 

la ter in  a  Bruker IFS -6 6  FTIR spectrom eter using the sam e param eters.

Both the reflectance R and  the transm ittance T of the films deposited 

on q u artz  su b stra te s  were m easured  in  an  Aviv 14DS UV-visible 

spectrom eter in  th e  range 825-193 nm  for determ ining the film  optical 

constants. A P erkin  Elmer specular reflectance accessory (Model B008-6703) 

calibrated using an  NSB SRM 2023 specular reflectance standard m irror was 

employed for the determ ination of R.
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3.7 A nnealing o f carbon film s.

Three DLC alloy films without nitrogen (a-Co.6Ho.4 ), were grown under 

the same conditions as described earlier, (Sample 2.1 of Table 3.2) from C2 H2 

a t 250 °C, w ith r f  power 0.22 W/cm2, a t 0.15 Torr on quartz  and silicon 

substra tes. The annealings of these film s have been perform ed in two 

different ways: first, by annealing in  a  special accessory inside the FTIR 

spectrom eter purged by dry  a ir (for Ta £ 350 °C) w ith  in -situ  IR 

m easurem ents performed during the annealing, and second, by annealing in  

an  electric tube furnace (Undberg Hevy-Duty, Model 54031) in  a  flow of Ar 

(1.4 standard lite r per m inute), in order to avoid the possibility of oxidation, 

a t tem peratures Ta from 350 °C to 650 °C w ith in terruptions and cooling 

down to the room tem perature for optical m easurem ents. In  this case the  

spectra of the heated Si substrates had been m easured separately and stored 

for correction afterw ard. The changes of the optical properties in  the bandgap 

region were m easured for the films on fused quartz substrates grown and 

annealed a t T > 400 °C together w ith the film  on Si substrates. The 

transm ittance T and reflectance R of the annealed films were also measured 

in  the range 825-193 nm.

The DLC alloys w ith nitrogen (a-CzHyNz) (sample 2.6, Table 3.2) was 

first m easured a t 77 K using a  Harrick dewar cooling accessory (Model DER- 

300) inside the FTIR spectrometer. In this case also the spectrum  of the bare 

Si substrate a t 77 K  had been measured separately for baseline correction 

afterw ard. The anneals of these films have also been perform ed in two 

different ways: in-situ  for Ta < 350 °C and in  the electric tube furnace for 350 

°C < Ta < 700 °C, as for the case of DLC films without nitrogen.
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Chapter 4 

A nalysis and R esults o f Static Plasm a and Optical 
Studies

The data  analysis and resu lts  of s ta tic  plasm a stud ies, of IR 

absorption, and of UV-visible m easurem ents of a -C x N yH z alloy f i lm s  are 

presented here. A b rief background of the optical characterization methods 

used is given in  the beginning of each section. The discussion of the results 

are given in  the next chapter. The variation of partia l pressures of the major 

gases in  the reaction chamber during static plasm a in  a m ixture of NH3 and 

C 2 H 2  and an  e s t i m a t io n  of the resulting film composition from  the changes in 

the p artia l pressures are given in  section 4.1. h i section 4.2 the results for 

in frared  absorption, film  thickness, deposition ra tes, N/(N+C) ratios, and 

bond concentrations are given. The optical constants and the optical energy 

gap of the films from UV-visible m easurem ents are presented in  section 4.3. 

The conclusions are given in section 4 .4.

4.1 S ta tic  P lasm a S tu dies.

As mentioned in  chapter 3, a-CxNyHz films can be synthesized in our 

reacto r from  a  m ixture of C2H2 and  NH3. U nder steady-state flowing 

conditions and during static plasm a conditions created in  our chamber we 

have calculated th e  partia l pressures of the m ain gases p resen t in  the 

cham ber. We considered any net p artia l pressure decrease of carbon- and 

nitrogen-containing molecules as due to deposition and any n et increase as 

due to etching; see Fig. 4.1, where the  partial pressures of C2H2, NH3, CH4
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and HCN are plotted during steady-state flowing conditions and during static 

plasm a conditions for R = NH3/C2H2 -1 /3 .

0.3 0.025

0.25
0.02

¥ 0.2
0.015 C

S ' 0.15 PP(CH4)

n

7 PP(NH3)

'  v PP(HCN) 0.0050.05

0
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dose of
4030 35

Time (min)
45 50

plasma on supply lines
<= - f  2-

Steady-state Plasma Plasma

Fig. 4.1. Partial pressures of gases present in  the reaction cham ber vs. time.

It is observed th a t under static plasm a conditions w ith only NH3 in the 

reaction chamber the  partial pressure PP(NH3> of NH3 decreases slowly and 

reaches a  non-zero value while PP(H2) and PP(N2) increase. The increase of 

FP(H2) is approxim ately th ree tim es g reater th an  th a t of PP(N2). The 

decrease of PP(NH3) is due to dissociation of NH3 to N2 and H2 while the 

non-zero value th a t reaches is attributed to the formation of NH3 in  the N2 + 

H2 plasm a. If  there is only C2H2 in  the reaction chamber, PP(C2H2) drops 

very quickly to zero and PP(H2> increases. As we s ta rt adding C2H2, PP(NH3)
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decreases m uch faster th a n  in  the case in  which only NH3 is present in  the 

cham ber since now N atom s are deposited on the electrodes or the w alls of 

the cham ber along w ith C atom s, i.e. the presence of a  hydrocarbon in  the 

chamber enhances the N deposition. On the other hand, PHC2H2) does not 

decrease as fa st in  the case of NH3 as in  the case where only C2H2 is present 

in  th e  cham ber. This slow er decrease of PP(C2H2) is a ttrib u ted  to the 

reduction of th e  deposition ra te , i. e. now less carbon or carbon groups are 

deposited on th e  substrate due to the presence of NH3. Thus, the presence of 

NH3 in  the cham ber decreases the film growth ra te  and enhances th e  film 

etching rate. I t was observed from the experiments th a t as E  increases from 0 

to 2, the PP(C2H2) drop is sm aller and i t  takes longer tim e to reach zero. 

Thus, the m ore NH3 we add  to the chamber, the slower the dissociation of 

C2H2 becomes and the lower the film deposition rate. The partial pressure of 

HCN, initially  increases and then  decreases; see Fig. 4.1. The largest increase 

was observed w hen more am m onia was presen t in  th e  cham ber, i.e . R = 

NH3/C2H2 = 2. A sim ilar behavior of the partia l pressure of CH^ PPCCILt), 

th a t is ano ther possible etching  product, is also observed. A possible 

explanation of the processes th a t are taking place during deposition in  the 

cham ber th a t lead  to reduction of the deposition ra te  w hen am m onia in  

present will be given later in  C hapter 5.

From th e  partial pressure changes of NH3, C2H2, N2, H2, HCN, CH4, 

and H2O during the static plasm a, we have estim ated th e  num ber of C, N, 

and H atom s per second deposited on th e  electrodes and  th e  walls of the 

chamber. We assum e th a t th e  num bers of C, N, and H atom s deposited are 

equal to the in itia l numbers of atom s in the gas phase m in u s  the num bers of 

atoms still p resen t in  the gas phase a t the end of sta tic  plasm a conditions. 

From the num ber of atoms deposited, the film composition is estim ated. It
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was found th a t if  there is only C2H2 in  the reaction chamber the composition 

of the film  is a-C0.55+0 .05H 0.45+0.10 and  for the case of R = NH3/C2H2 = 1/3 

the composition of the film  is a-C 0.53 ±  0.05N0.14 ± O.05H 0.33 ± 0.10-

From  the num ber of atoms/sec reaching the substrate or disappearing 

from th e  chamber (assum ing they are deposited on the electrodes and on the 

cham ber walls) the n e t deposition ra te  Rdep can also be estim ated by the 

following equation:

Rdep = J )  R di ■ J )  Rej
* /

(4.1a)
i = NH3, C2H2 , j  = HCN, CH4

where Rdi is the incident or the growth ra te  and Rg is the etching rate . For 

Rj) > 0 a  film is deposited, while for Rq < 0 a film is etched.

4.2 IR  absorption  o f a-CxNyHz film s.

L ight can be used to study the  nature of the  deposited solid films 

because i t  yields inform ation about the  change in  optical dielectric function e 

which arise from changes in  atomic bonding in  the m aterial. A num ber of 

techniques can be applied to the characterization of the f i l m s  during various 

stages of processing or a fte r deposition. The optical properties of our a- 

CxNyH2 films have been m easured by infrared absorption (IR) and UV-visible 

spectroscopy in  the range (1.5 - 6.5) eV.

Some exciting resu lts for the mechanical properties, especially the 

hardness, and m icrostructure investigation of the a - C x N y H z f i l m s  have been 

reported, bu t up to now very little  w ork has concentrated on the optical 

properties of the a - C xN y H z films. Saw ides67-68 has undertaken an  extensive
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study of the optical properties of th in  f i lm s  of H -  and N-free a-C. Sm ith69 has 

studied the optical constants of a -C x H y  f ilm s .

A powerful m ethod for investigating the structure and  the bonding 

p resen t in  a  m ateria l is IR absorption spectroscopy, since i t  perm its 

qualitative identification of atomic bonds and groups of atoms. The vibrations 

of a  p air of atoms bonded to a  netw ork of atoms and  of a triatom ic molecule 

along w ith the terminology used for each vibration are shown in  Figs. 4.2 and 

4.3, respectively.

I r
stretch Bending

Fig. 4.2. Vibrations of a  pair of atoms

V V
Symmetric stretch Asymmetric stretch 

Stretching Motions

V V
In-plane In-plane Out-of-plane Out-of-plane

rock scissors wag twist

Bending Motions

Fig. 4 .3 . The vibrations of triatom ic molecule. A plus sign indicates motion 

toward the reader, a  m inus sign away from the reader.
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The IR  spectra of am orphous netw orks are  determ ined by the 

vibrational density of states and by selection rules for a  particular vibration. 

The frequency of vibrations and charge distribution for a  bond are mostly 

affected by th e  local environm ent. In  order for molecules to  absorb IR 

radiation to induce bond vibrations, there m ust be a  change in  the dipole 

moment of th e  molecule as i t  vibrates. This change can be either in  the size of 

the dipole moment or in  its  location.

In a  group of two atom s the stretching frequency of a  fundam ental IR 

mode depends on both the m ass of the oscillating dipole and the strength  of 

the bond between the atom s of the bond. I t  should be m entioned here th a t a 

single A-B group or bond th a t is p a rt of a  molecule will produce an  IR 

absorption which is more or less independent of the rest of the molecule. The 

equation relating  the wavenumber V (cm-1) of a simple stretching motion of 

the A-B oscillator w ith the force constant K related to the bond strength  and 

the reduced m ass p. of the atoms is given by Hooke's law,

1 I *V = - ----  -  (4.1)
2itc Vp.

where c the speed of light and |1 = mim2Ami+m2) where m i and m2 are the 

masses of the vibrating atoms.

A part from  the frequency of the peak, i.e. the energy of the  transition, 

and its in tensity  which is determ ined by the transition  moment, the IR 

spectrum  holds a  lot of other information. The shape of the peak, for example, 

is instructive. Broad bands indicate inhomogeneous broadening. Very broad 

bands usually are indicative of hydrogen bonding involving OH and NH 

groups.
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The in teraction of ligh t w ith  m a tte r depends in  a  characteristic 

m anner on the wavelength of the incident radiation and  also on th e  specific 

p roperties of th e  m aterial th a t is  investigated . D uring transm ission  

m easurem ents light is incident on the sam ple and th e  transm itted  light is 

m easured as a  function of the w avelength X. A free-standing sam ple is 

characterized by reflection coefficient R, absorption coefficient a ,  complex 

index of refraction n  = n  - ik , and th ickness d. A bsorption is expressed in 

term s of the absorption coefficient a(hcV) which is defined as the relative rate 

of decrease in  light intensity I(hcV) along its  propagation path:

1 d [I(hcv )l
a  = — — ------  (cm*1). (4 .2)

I(hcv) dx

Frequently, the absorbance A is used w hich is defined as A = -logio(lZIo) = 

-logioT where I is the transm itted intensity , Io is the incident intensity and T 

is the  transm ittance. Then the absorption coefficient a  is given by the 

relation: a  = 2.303 A/d, w here d is th e  thickness of the sam ple. The 

absorption coefficient a  is also related  to the extinction coefficient k  that 

describes the attenuation of the electrom agnetic wave while it transverses 

the sample, through the relation: a  = 47Ck/X, where X is th e  wavelength of the 

light in  vacuum.

Typical IR absorption spectra of th e  as-grown a-CxHy (R = 0 ) and a- 

CxNyHz (R = 1/3) films are shown in  Figs. 4.4 and 4 .5, respectively. These 

sp ec tra  are  very sim ilar to the  sp e c tra  of s im ila r alloys stud ied  

previously25-26’37-70. The analysis of th e  IR  spectra is  com plicated by the 

interference fringes superimposed over th e  absorption bands. In  order to 

elim inate the interference fringes a  sine function [ao + aisin(a2V +a3)] where
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a i are the fitting  param eters or a  fifth order polynomial (asV5 + 84 V4 + a3 V3 + 

a2V2 + aiV 1 + ao) com puter fitting  of the baseline has been perform ed by 

fittin g  the  absorption-free regions. The IR spectra afte r background 

subtraction are shown in  Figs. 4.6 and 4.7, respectively.

0.05
aC  H

oo

-0.05

- 0.1
500 1000 1500 2000 2500 3000 3500 4000

wavenumber (cm'1)

Fig. 4.4. Typical IR absorbance spectrum for an  a-CxHy film deposited from 

C2H2, i.e. R = 0.
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Fig. 4.5. Typical IR absorbance spectrum for an a-CxNyHz film deposited from 
a  mixture of NH3 and C2H2 w ith R = 1/3.
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Fig. 4.6. IR absorbance spectrum  after background correction for an  a-CxHy 
alloy deposited from C2H2.
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C=C, C=N, H-N-H(b)1200
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Fig. 4 .7 . ER absorbance spectrum  after background correction for an a- 
CxNyHz film deposited from a  m ixture of NH3 and C2H2 with R = 1/3.

Interpretation of an  IR spectrum  is not a  sim ple m atter because bands 

may overlap other bands. We consider four im portan t frequency regions: 

around 3400 cm*1, corresponding to N-H(s), around 2900 cm 1, corresponding 

to C-H(s), around 2200 cm '1, corresponding to C = N  vibrations and below 

1650 cm*1, which is connected w ith  vibrations of C-C, C-N, C=C, and C=N 

bonds and  w ith bending vibrations of C-H, and N-H bonds. The observation of 

distinct C = N  and N-H(s) bands confirms the incorporation on N into the 

film.

Analysis of th e  N-H(s) and C-H(s) bands provides information on the 

total am ount of bonded hydrogen and  on the type of bonding (carbon, nitrogen 

hybridization) in these films. The concentrations of N-H and C-H bonds are 

proportional to the intensities of the integrated absorptions of the N-H(s) and 

C-H(s) modes, respectively. The proportionality constant is related to the
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cross section of th e  modes. The concentration N(C-H) is proportional to the 

integrated intensity Ic-HCcm*1) of C-H(s) and is given by

N(C-H) = Ac-h Ic-h, (4.3)

where Ao h  is a  constant defined as the inverse of the cross section <J(C-H) of

the C-H bond71, i.e. Ao h  = 1/<J(C-H). We have used Ac-H = (1.35 io .3 5 )x l0 21
*2 21 21 -2 cm which is an  average of the results of 1.0x10 and 1.7x10 cm' given by

Fujimoto et. al.72 and Nakazawa et. a l.73, respectively. Ic-h  is given by

2.303 fA/  _Ic-H =  7 J A(v)dv, (4.4)
< v > d

where d is the thickness of the film, <V> is the average wave number of the

peak, and A(v) is the absorbance a t wave number V. From the cross section of
20 -2the N-H bond, An-h  = 2.75x10 cm has been obtained from  the results of 

Lanford and Rand74. Regarding the C =N  bonds, to date there is no measured

value of this cross section. To estim ate the concentration of th e  C =N bonds,
20w ith an  error of factor 5 or 6, we have adopted the value A c=N  = 8.125x10

j2
cm . This value is the average of Ac-h  and An-H-
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D eposition  from  NH3  and C2H2

The IR spectra of the a-CxNyHz films ratio R = NH3/C2H2 varying from 

zero to 1.0 (see Table 3.2) are shown in  Fig. 4.8 after baseline correction. In 

order to identify the IR absorption bands, the spectra of the  a-CxNyHz f i lm s  

are compared w ith the spectra reported  in  the lite ra tu re  of amorphous 

hydrogenated carbon films and organic compounds th a t contain nitrogen. For 

the case of a-CxHy alloys the  reported75 C-C absorption bands are given in  

Table 4.1. The C-H deformation frequencies also observed in  a-CxHy films, i.e. 

C(sp3 >H3 asym . bend., C(sp3)-H2 bend., C(sp2)-H, C(sp3 >H2 wag etc. are in  

the region 1490-1030 cm*1. The characteristic absorptions of the amino and 

nitrile groups76 are summarized in Table 4.2.

2000

o, 1500

1000 R = 0.5

R = 0.33
500

r = o ;

500 1000 1500 2000 2500 3000 3500 4000

wavenumber (cm'1)

Fig. 4.8. IR spectra after background correction of a-CxNyHz f ilm s  deposited 
from mixtures of NH3 and C2H2 w ith ratios R = 0 ,1/3, and 1/2.
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Table 4.1. C-C IR frequencies observed in  a-CxHy films.

Assignment v (cm-1) Assignment V (cm-1)

CCsp^OsCCsp1) 2180 C(sp3)-C(sp2) 1515

C(sp2)=C(sp2) olef. 1600 1270

C(sp2)=C(sp2) arom. 1580 1245

C(sp2)-C(sp2) 970 C(sp3)-C(sp3) 1160

840

Table 4.2. C haracteristic absorption bands observed in  amines and imines 

and possible modes th a t have been identified in  the  IR spectra of a-CxNyHz 

films.

Assignment v (cm-1) Remarks

A m ines

-n h 2

(nonhydrogen-

bonded)

3550-3420

3450-3320

1640-1560

900-650

N-H asym. s tr (W)

N-H sym. s tr (W)

In-plane bending (S)

Out-of-plane bending, broad diffuse band

-NH

(nonhydrogen-bonded)

3450-3310

1580-1490

N-H str., (W)

N-H bending, (W)

-NH and -NH2 

(hydrogen-bonded) 

Interm olecular 

Intram olecular

3300-3000

3500-3200

N-H str., stronger than  the nonbonded 

vibration; sometimes quite complex 

(appears as more than  a  single band). 

Similar to interm olecular bands; usually 

quite complex
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C-N

(saturated carbon)

C-NH2 1230-1030 C-N stretching

C-N-C 1150-1100 C-N stretching

=c -n

(unsaturated carbon)

1360-1250

1280-1180

A doublet due to double bond character of 

the C-N bond when conjugated

CH3-N 1370-1310

Im m es

3400-3300

1590-1500

N-H str. (W) 

N-H bending

R-C=N-H

R-C=N- (aliphatic) Near 1670 C=N str.

R-C=N- (aromatic) Near 1640 C=N str.

R-C=N- (ext. com.) Near 1618 C=N str.

Absorption bands have been identified in  the  IR spectra of our a- 

CxNyHz films (Fig. 4.8) as follows: N-H(s) between 3500-3100 cm*1, C-H(s) 

between 3100-2800 cm*1, CO2 near 3340 cm*1, C =N  near 3200 cm*1, C=N 

(imine) 77 or C=C or H-N-H (bending) near 1600 cm*1, C(sp3 H 3 , C(sp3 )H2, 

C(sp2)H, C(CH3) bending and scissoring between 1500-1280 cm*1.

The two strong peaks n ear 1370 and 1600 cm*1 are not predom inantly 

n itrogen-contain ing  modes26. They are proposed to occur because the 

presence of N causes the Ram an G (G m eans 'graphitic') and D (D means 

'disordered') bands due to carbon to become IR active. For example, the 1600 

cm*1 peak might be due in  p a rt to the C=C olefinic vibration mode, made 

possible by the sym m etry-breaking generated by N  incorporation. The weak 

peak observed near 2200 cm*1 is attributed  to C = N  (nitrile). The appearance
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of th is peak is proof of the  existence of sp carbon in  the film. The weak 

features seen near 2340 cm*1 resu lt from  an  incomplete subtraction of the 

absorption due to CO2 in  the  spectrom eter sample chamber. The C-H (s) and 

N-H (s) modes appear near 3000 cm-1  and near 3345 cm*1, respectively. A 

closer view of the C-H(s) and N-H(s) bands in  the region 2500-3800 cm ' 1 of 

the films deposited from ammonia and  acetylene is shown in  Fig. 4.9. The N- 

H(s) absorption band is observed to have a  ta il extending on the low wave­

num ber side down to a t least 3100 cm-1. The film corresponding to ratio  R = 1 

is on a  quartz substrate while the film s w ith  R from 0  to 0.67 are on silicon 

substrates. For R =1 a  film  was deposited only on the  quartz substrate and 

not on silicon. This is m ainly due to  the  different therm al and electrical 

conductivities of quartz and silicon substrates. It can be seen from Fig. 4.9 

th a t there is an  apparent overlap of th e  N-H and C-H bands. The IR  spectra 

shown in  Fig. 4.8 ind icate th a t C and  N atom s are  bonded through 

unsatu rated  bonds ra th e r than  the  expected sa tu ra ted  bonds, i.e. peaks 

centered a t 1600 cm*1 and  3200 cm ' 1 increase as the  ratio  R increases. In 

addition, th ere  is no obvious increase of a  peak near 11 0 0  cm *1 th a t 

corresponds to C-N bonds. This is a  firs t indication th a t the deposition of 

C3N4  films is not aided by increasing th e  ratio  R.

One of the key factors in  determ ining the structure and properties of a- 

CxNyHz films is the hybridization s ta te  of the C and N atoms th a t form  the 

amorphous network. A G aussian deconvolution of the  C-H(s) and  N-H(s) 

bands using eight peaks w as carried  ou t in  order to provide detailed 

inform ation on the local C-H and N-H bonding. The C-H(s) band is usually 

deconvoluted by four peaks, the N-H(s) band by th ree  peaks, and  an 

additional peak was assigned in  the overlapping region. I t is possible to
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assign each deconvoluted peak to a  carbon or nitrogen atom w ith different 

hybridization (C(sp3), C(sp2), N(sp3), or N(sp2)) bonded to H atoms.

This deconvolution for the R = 1 /2  film is shown in  Fig. 4.10. The 

deconvoluted C-H(s) and N-H(s) bands are observed to be composed of the 

peaks given below in  Table 4.3. I t should be m entioned here th a t in  this 

region the peaks C(sp3)-H and CXsp1)-!! are also found near 2920 cm- 1 and 

3300 cm*1, respectively. We were not able to identify these two peaks since 

th e re  is an  overlap w ith  the  other peaks th a t absorb in  the  near by 

wavenumbers.

1500
a C N H  

R = NH3/C2H2 = 0,0.33, 0.5,1 j
R = 0

z 1000 R = 0.33

R = 0.5

5  500 R = 1

cv0 iU k i ii y>n U i i u i i * .*:*
2800 3000 3200 3400 3600

wavenumber (cm'1)

Fig. 4.9. C-H(s), N-(s) peaks of a-CxNyHz alloy films deposited from mixtures 
of NH3 and C2H 2  w ith ratios R = 0 ,1 /3 ,1/2 , and 1.
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Fig. 4.10. Deconvolution of C-H(s) and N-H(s) bands for an  a-CxN yHz film 
deposited from NH3 and C2H2 w ith R = 1/2.

Dischler et. al. 78>79 have used the intensities of the deconvoluted C-H(s) 

peaks to deduce the C(sp3 VC(sp2) ratio in  amorphous carbon films. However 

this estim ation will not be correct because, as will be shown later in  Chapter 

7, th ere  are C(sp3) and C(sp2) atoms to which no hydrogen is bonded. 

Moreover the shoulder around 3000 cm*1 th a t is usually attributed to C(sp2 )- 

H(s) for a  C atom in  an  olefinic, i.e. isolated, double bond may not be the only
Q

possible assignm ent of th is broad shoulder in  the film s. Stressed C(sp )-
g

C(sp ) bonds (for instance, as in  cyclobutadiene C ^ g )  may also cause a  shift
3

of the C(sp >H2 vibrations to higher frequencies22. The shoulder around 3000 

on*1 m ay therefore be connected w ith stressed  bonds, for instance taking

place in  four-member rings of C(sp ) atoms bonded to a  double bond, which
3 2may occur in  the mixed C(sp )-C(sp ) regions of the alloy.
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Table 4.3. Deconvolution of C-H(s) and N-H(s) absorption bands for a-CxNyHz 

alloys, as illu strated  in  Fig. 4.10.

C-H(s) absorption band N-H(s) absorption band
Assignment v (cm*1)

near:
Assignment V (cm '1)

near:
1) C(sp3)-H3 sym. str. 2870
2) C(sp3)-H2 asym. str. 2920

3) C(sp3)-H3 asym. str. 2960
4) C(sp2)-H sym. str. or above 
C(sp3>H2 s tr  C(sp3)-C(sp3) 3000

5) N-H—N hydr. bonding 3300-3100
6) N(sp3)-H sym. s tr. or 3340 

N(sp2>H
7) N(sp3>H2 sym. str. 3400
8) N(sp3)-H2 asym. str. 3460

The presence of hydrogen atoms in  an  amorphous covalent m aterial 

can lead to hydrogen bonding. If  a covalently bound hydrogen atom forms a 

second, w eaker bond to another atom, the second bond is referred as a 

hydrogen bond. The hydrogen bond is usually represented as A-H—B where A 

and B are atom s with electronegativity greater than th a t of hydrogen (C, N, 

O). In  order for a  hydrogen bond to be formed there m ust be exist a  proton 

donor group A-H and a proton acceptor group B. The electrons of the A-H 

bond are m ore distributed tow ard the A atom  and th u s the net positive 

charge on the H  atom forms a  hydrogen bond donor while the proton acceptor 

B m ust have lone pair of electrons in  an  asym m etrical orbital. Thus th e  H 

atoms w ith n e t positive charge will be attracted to the regions of the lone pair 

of atom B which have large electron density. Although th e  hydrogen bond is 

much w eaker th an  normal chemical bonds, its  strength varies considerably 

w ith A-H and B. The m ajority of hydrogen bond energies, i.e. the energy for 

the reaction A-H—B —> A-H + B, range from 0.13 eV to 0.4 eV80.

IR spectroscopy is th e  most im portant method used to detect hydrogen 

bonds because of the sensitiv ity  of vibrational modes to the presence of
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hydrogen bonds. Due to th e  hydrogen bond in  the A -H -B  group, (1) the 

stretching frequency of the A-H group decreases, due to the weakening of the 

force constant for the A-H bond caused by th e  form ation of the hydrogen 

bond, (2 ) the A-H bending frequency increases bu t does not change in  w idth 

and  in tensity , and  (3) th e  band w idth and  band in ten sity  of th e  A-H 

stretching frequency increases in  part due to th e  increased polarity of th e  A- 

H  bond and also due to the charge redistribution w ithin the  whole of th e  A- 

H -B  system. As the stretching band moves to lower frequencies it broadens 

out on the lower frequency side. I t should be noted th a t in  addition to the 

usual A-H -B  hydrogen bond in  which the B atom  has sp3 hybridization and 

is called a  A-H—G hydrogen bond there is the A-H—7t hydrogen bond in  which 

the  B atom has sp2 hybridization. Both of these cases are possible in  the  N- 

H —N, i.e. N -H —NCsp3) and N-H—N(sp2)=. The N-H—N(sp2)-type hydrogen 

bonding was reported by Suw aiyan and Zwarich81 and  the very strong  

hydrogen-bond interaction between the N-H group and th e  unsaturated  N 

atom  extends the  N-H stretching frequencies to low wavenumbers82 (near 

2810 cm-1).

In hydrogen bonding i t  has been found th a t there is a  relation between 

hydrogen bond distances d(H — B) and the A-H stretching frequencies V(A- 

H)83’84. The frequency sh ift A v to lower w avenum bers depends on the  

distance d(H—B), i.e. the streng th  of the hydrogen bonding. As d(H — B) 

decreases, V(A-H) moves to lower wavenumbers. Nakamoto et. a l.83 showed 

th a t the N-H(s) band in not as sensitive to hydrogen bonding as the 0-H (s) 

band, for exam ple, in  O-H—O hydrogen bonding. This happens because 

cKH— N) in  N-H—N is longer th an  d(H—O) in  O-H—O bonds. The typical 

d(H—B) distances in  the N-H—N, N-H—O, and O-H—O hydrogen bonds80 are
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2.2 A, 2.0 A, and 1.7 A, respectively. Thus the frequency shift Av to lower 

wavenumbers is sm aller for th e  case of N-H—N.

C onsidering a ll th e  above regarding the hydrogen bonding the  

asymmetric ta il extending on th e  low wavenumber side of the N-H(s) band 

m ay be due a t le ast in  p a rt to  N-H—N hydrogen bonding85. Sim ilar, bu t 

weaker hydrogen bonding has also been observed in  a-SixNyHz alloys86.

The peak  n ear 3340 cm ' 1 in  Table 4.3 can also be due to term inal 

acetylene, i.e . the band can correspond to the CH stretching  mode of the 

C=C-H  group which absorbs a t high wavenumbers, 3290-3390 cm-1. The 

identification of th e  deconvoluted peaks of the N-H(s) band are in  agreem ent 

w ith the characteristic absorption bands found in  am ines, -NH2 , and im ines, 

=NH76 (Table 4.2). On the o ther hand, the band observed near 3200 cm*1, 

m ay also be due to the overtone of the 1600 cm*1 band87.

The deposition  ra te s  Rdep> the m easured by th e  A lpha-step

profilometer thicknesses, the  concentrations of C-H and N-H bonds, and the 

atomic fraction of nitrogen f  = N/(N+C) from SAM m easurem ents for the films 

prepared from  am m onia and acetylene are listed in  Table 4.4. It can be seen 

th a t Rdep drops rapidly from 2.88 A/sec to 0.37 A/sec as R increases from 0 to

1. F urther increase of the  reac tan t ratio above R = 1 resu lts in  no film  

deposition. Some decrease of th e  growth ra te  w ith increasing NH3 content in  

the  gas m ixture is expected since under the deposition conditions of our 

experiment in  which the to tal gas pressure was kept constant, an increase in  

the  NH3 flow ra te  requires a  decrease in  the am ount of hydrocarbon in  the 

gas mixture. The increasing am ount of NH3 in  the gas phase also results in  a  

greater etching ra te  th an  deposition due to the larger am ounts of hydrogen 

present in  th e  reaction cham ber during deposition.
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Table 4.4. M easured film  thicknesses, deposition ra tes, C =N, C-H and N-H 

bond concentrations, and  atomic fractions of N for a-CxNyHz alloys deposited 

from am m onia and acetylene.

Reactant 

ratio R 

N H 3/C 2H 2

Thickness

(A)

Rdep

(A/sec)

NCCsN)

bonds

(1022

cm'3)

N(C-H)

bonds

(1022

cnr3)

N(N-H)

bonds

(1022

an -3)

N/(N+C)

(SAM)

0 .0 0 3455 3.70 6 .1 7 0.0

0 .33 1950 1.71 0 .1 5 4 .1 6 0.55 0 .0 4 0

0 .5 0 2935 1.22 0 .1 8 4 .40 0 .6 4 0 .075

1.00 1320 0.37 3 .65 1.49

1.25 0 0 no film no film no film no film

I t can be seen from  Table 4.4 th a t the concentration of C-H(s) bonds 

decreases w ith  N incorporation while the concentration of N-H(s) bonds 

increases as R increases, suggesting th a t H may be preferentially bonded to 

N. H. Ehrh a rd t88 and coworkers came to the same conclusion by plotting the 

relative absorption coefficients acH> &NH» and acN  for the CHX, N H y, C =N  

and C=N=C vibrational modes for a-CxNyHz films deposited by PECVD using 

N2 and C2H 2  gas m ixtures. They explained that the preferential bonding of H 

to N is due to the high energy of ions h itting  the surface of the substrate and 

to their dissociation. They assumed th a t since the N-H bonding energy of 3.7 

eV is higher th an  the C-H bonding energy of 3.5 eV, H preferentially bonded 

to N. N-H bonds are actually weaker th a n  C-H bonds by approxim ately 0.25 

eV (see C hapter 7) and the bond energies also depend on the hybridization of 

the C and N  atoms. We have developed a  thermodynamic model in  chapter 7 

that can explain the preferential bonding of H to N.
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It is im portan t to m ention here th a t in  order to calculate the 

concentration of N-H bonds we have also taken  into account the hydrogen 

bonding th a t is present in  our films. We have assum ed th a t the cross section 

of the N-H—N  hydrogen bond is three tim es higher th an  the cross section of 

the normal N-H bond. The factor of three is justified  from the fact th a t the 

cross section of the O-H—O bond is five tim es higher than  the cross section of 

the normal O-H bond and also from the fact th a t the hydrogen bonded OH 

bands have higher cross sections than  those of amino groups for equal 

concentrations of bonds.

From N(C-H) and N(N-H), the N/(N+C) ratios presented in  Table 4.4, 

and taking into account th a t the average density of our f i lm s  is  m easured to 

be approximately 1.3 g/cm3, we have calculated in  Table 4.5 the compositions 

of the films prepared from NH3 and C2 H2 . The film  w ith R = 1.0 was 

deposited only on the quartz substrate and was not m easured by SAM. Thus 

there are no available data  regarding the composition of th is film. Comparing 

the composition of the films prepared w ith ratios R = 0 and 0.33 w ith the 

predicted compositions of the films prepared under static plasm a conditions 

w ith  R = N H 3AC2H2 = 0  and  0.33, i. e. a-Co.55±0.05Ho.45+o.lO and a- 

Co.53 ± O.05N0.14 ± O.05H 0.33 ± 0.10 respectively, we see th a t for the case of R = 0 

the compositions agree to w ithin the experim ental error. On the other hand, 

for the film prepared  w ith R = 0.33, th ere  is a  disagreem ent w ith  the 

predicted at. % of N and H in  the film.
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Table 4.5. Compositions and C-H/N, and  N-H/C ratio s of a-CxNyHz films 

prepared from NH3 and C2H2 .

Sample Reactant

ratio

NH3/C2H2

at% C at%  N at%  H G=&
C

N=H
N

1.1 0 .00 54.9 0 .0 45.1 0.80 0 .0 0

12 0.33 56.0 2 .0 42.0 0.67 2.45

1.3 0.50 52.5 3.7 43.8 0.73 1.52

1.4 1.00 - • •

It can  be seen firom Table 4.5 th a t only 3.7 at.%  N has been 

incorporated into the films, far from th e  theoretically-predicted composition 

C3N4 . We believe th a t the incorporation of N in  the  films is not energetically 

favored and th a t the correlation of the N composition w ith film  growth ra te  

suggests th a t a  key step in  the carbon nitride film  growth m echanism  

involves a  reaction between C and N a t the  growth surface and not in  the gas 

phase89. A  reaction taking place a t the  surface of the growing film  favors the 

creation of C-C and N-H bonds rather th an  C-N bonds and C-H bonds. I t will 

be shown in  Ch. 7 th a t enthalpy does not favors C-N bonds. Instead, C-N 

bonds appear in  the films as a  resu lt of th e  effects of entropy.

The fact th a t o ther research groups have apparen tly  m anaged to 

incorporate up to 40 at.% N into the films using other deposition methods can 

be explained by considering th a t the grow th processes for these films are not 

in  thermodynamic equilibrium  due to bom bardm ent of the surface of the 

growing film  w ith highly-energetic N ions. Thus N is im planted into the film. 

No one has been successful in  preparing films with nitrogen contents as high
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as 57 at.%  as predicted for the P-C3N4  structure. One explanation for th is 

failure could also be th a t nitrogen is  p referentially  sputtered  from the 

growing surface by th e  energetic partic les p resen t in  particle-assisted  

deposition55 because the C-N bond is norm ally weaker than  the C-C bonds.

Since the excess of hydrogen in  th e  reaction cham ber was the  m ain 

reason for film  etching ra th e r than deposition, we decided to deposit films 

using N 2 a s  the source for N. This is justified  by the fact th a t in  NH 3/C2H2 

mixtures we have 5/3 H  atoms per N or C atom if  a  complete dissociation of 

these gases occurs while in  the N2AU2H2 m ixtures there is only 1 /2  H atom 

per N and C atom.

D eposition  from  N2  and C2H2

The IR spectra of a-CzNyHz film s deposited from  N2 and C2 H2 w ith 

reactant ratios R = N 2/C2H2 varying from  0  to 100  (see Table 3.2) have also 

been studied. Typical IR spectra of these film s, after baseline correction, are 

shown in  Fig. 4.11. We observe the sam e four m ain absorption bands th a t 

were observed for the film s deposited from  ammonia and acetylene. A close 

view of th e  absorption bands of these film s in  the regions 800-2000 cm '1, 

2100-2300 cm-1, and 2700-3700 cm *1 a re  shown in  Figs. 4.12(a)-4.12(c), 

respectively. I t  can be seen from Fig. 4.12(a) th a t the peak near 1600 cm*1, 

which is m ainly due to C(sp2) and N(sp2), increases w ith increasing R, 

suggesting th a t incorporation of N  in to  the film s prom otes th e  sp 2 

hybridization of C atoms. The increase of th is peak is not likely to be due to 

NH2(b) modes, which also absorbs a t 1600 cm*1, since they have very a  small 

cross section. The C-H(b) modes th a t appear a t 1450 cm ' 1 for the R = 0  film 

dissapear as the N content in  the film  increases. Thus, the developing broad
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peak centered near 1360 cm-1 is related  to T)' Raman line th a t becomes IR 

active, as mentioned earlier.

I t can also be seen th a t the normalized area under the  C-H(s) band 

decreases while th a t under the N-H(s) band increases as R  increases. We 

again fit these two overlapping bands sim ultaneously w ith eight gaussian 

peaks. The deconvolution of these two bands is shown in  Fig. 4 .1 3  for the R  =  

5 0  film. The N-H(s) band centered near 3 34 5  cm*1 is also observed to be an  

asymmetric peak, w ith a  ta il extending on the low wavenumber side down to 

a t least 3 0 0 0  cm-1, possibly overlapping the C-H(s) band in  f i lm s  w ith R  > 

0 .6 7 . Only for R  =  0 .5  and R  =  0 .6 7  are the bands w ell-separated. For the 

cases where the C-H(s) and N-H(s) bands are well-separated the deconvoluted 

peaks are assigned according to Table 4 .3 .
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Fig. 4.12. IR  spectra for a-CxNyHz alloy film s deposited from. N2 and C2H2 

w ith R = 0, 0.5, 0.67,10, 20, 30, 40, 50, and 100 in  th e  following regions: (a) 
800-2000 cm '1, (b) 2100-2300 cm*1, and (c) 2700-3700 cm*1.
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F ig . 4 .1 3 . Deconvolution of C-H(s) and N-H(s) modes for an  a - C xN y H z  alloy 
film deposited from N 2 and C2H2 w ith R = 50.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



72

D ifficulties arise  regard ing  the assignm ent of th e  overlapping 

deconvoluted peaks th a t are very dose to th e  C-H(s), N-H(s) bands, as can be 

seen, for example, from Fig. 4.10 and Fig. 4.13. The first difficulty arises from 

the fact th a t the peak near 3050 cm '1 assigned as due to C(sp2 )-H2 or C(sp3)- 

H as mentioned in  Table 4.3 is a  very broad peak. The second difficulty comes 

from the fact th a t, besides the  peak near 3050 cm*1, there are apparently 

peaks near 3200 and 3300 cm*1 in  the overlapping region of the O H  and N-H 

bands. Even though i t  is reasonable to assum e th a t the peak near 3200 cm ' 1 

is due to hydrogen bonding, i t  is not always easy to assign the peak near 3300 

cm-1. These difficulties were overcome by assigning the peaks according to 

each specific film . For example, in  Fig. 4.10 the  peak # 4 near 3050 cm*1 is 

assigned as p art of the C-H(s) band and is due to C(sp2)-H2 or C(sp3 )-H, while 

in  Fig. 4.13 i t  is assigned as p art of the overlapping region and is proposed to 

be due to hydrogen bonding. The peak near 3300 cm*1 is always assigned as 

p art of the N-H(s) band.

The deposition rates Rdep> the concentrations of C-H, N-H bonds, and 

the atomic fractions of nitrogen N/(N + C) for the  films deposited from N 2 and 

C2H2 are listed in  Table 4.6. I t  can be seen th a t R^ep decreases from about

4.0 A/sec to about 1.0 A/sec as R increases from 0 to 10 and then saturates a t 

approxim ately 1.0 A/sec as R increases from 10 to 100. This decrease is in  

agreem ent w ith  the  results of o ther researchers90*91 who used N2/C2H 2 

m ixture while i t  is reported th a t for films deposited from N 2/CH4 mixtures 

using r f  plasm as the addition of N 2 causes an  increase of the deposition 

ra te37. In  general the  properties of these film s and the am ount of N 

incorporated in to  the films are  strongly dependent on th e  preparation 

method, the gases used for deposition, and the  deposition param eters, i.e. 

tem perature, to tal pressure, and r f  power.
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Table 4.6. M easured film thicknesses, deposition rates, C = N , C-H and N-H 

bond concentrations, and atomic fractions of nitrogen for a-CxNyH z alloys 

deposited from N2 and C2H2.

Reactant

ratio

N2/C2H2

Thickness

(A)

Rdep

(A/sec)

N(C=N)

bonds

(1022

an -3)

N(C-H)

bonds

(1022

a n '3)

N(N-H)

bonds

(1022

a n '3)

N/(N+C)

(SAM)

0 .0 3455 3.70 6.17 0 .0

0.5 7725 3.22 0.05 3.91 0.07 0.030

0.67 5810 2.42 0.07 5.31 0.15 0.035

10 6576 1.37 0.23 3.54 0.64 0.070

2 0 7485 1.25 0.25 2.35 0.73 0.075

30 5180 1.15 0.32 3.61 0.78 0.078

40 4980 1 .1 1 0.34 1.77 0.94 0.080

50 5135 1.07 0.43 1.67 1.14 0.090

1 0 0 4595 0.96 0.43 1.13 1.17 0 .1 0 0

The SAM m easurem ents enabled the extraction of absolute fractions of 

N incorporation in  the  film s and also yielded inform ation  on the 

compositional homogeneity throughout the films (see Fig. 3.2). The results of 

SAM m easurem ents indicate th a t the N content of these films increases up to 

N/(N+C) = 0 .1  (Table 4.6) with increase of R, i.e. w ith increased availability of 

nitrogen in  the plasm a. The N/(N+C) ratio in the  films depends on the NH3 or 

N2 concentration in  the gas m ixture. N is  observed v ia  SAM to be 

homogeneously distributed throughout the films. At high N availability, the 

N content in  the films and the deposition rate both saturate. We believe th a t
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th e  correlation of the nitrogen composition w ith  film  grow th ra te  suggests 

th a t a  key step  in  the carbon n itride growth mechanism involves a  reaction 

between C and  N a t the growth surface and not in  the gas phase27*89. This 

will discussed further in  chapter 5.

From  the C -H  and  N -H  bond concentrations and th e  SAM results 

presented in  Table 4.6 and tak ing  the average density o f th e  films to be 

approxim ately 1.3 g/cm3, we have calculated in  Table 4.7 th e  compositions of 

the films prepared from N 2 and C2H2 . From Tables 4.5 and 4.7 i t  can be seen 

th a t as the N  content of the film increases the H content decreases. For films 

w ith approxim ately the same am ount of N the H content is lower than  for the 

films deposited from N H 3 , e.g. sample 3 in Table 4.5 w ith 3.7 at.% N  has 43.8 

at.% H while sample 4 in  Table 4.7 has 38.4 at.% H.

From th e d ata  presented in  Table 4.6 we have also calculated the 

average num ber of N-H bonds per N atom and the average num ber of C-H 

bonds per C atom . These results are also given in  Table 4.7 w here it  can be 

seen that th e  ratio  N-H/N increases as the N content increases. For R > 2 0 , 

N-H/N is sa tu ra ted  a t approxim ately 2, i.e. the N atoms are  in  the N(sp3) 

hybridization since every N atom  is bonded to two H atoms: N(sp3>H2 . I t is 

also clear from  these d a ta  th a t H is preferentially bonded to N. The free 

energy model developed for the a-CxNyHz alloys in  C hapter 7 also predicts 

th a t H is preferentially bonded to N atoms but the predicted fraction of N(N - 

H) bonds is no t as high as found from our IR m easurem ents.

h i a-CxNyHz films when C =N  bonds are formed, as shown by the IR 

spectra and in  Table 4.6 above, N is sharing all its  valence electrons with a  C 

atom  and form s term inated sites in  the am orphous netw ork leading to a  

w eaker netw ork, since the netw ork is in terrup ted . A nother network- 

term inating bonding un it is -NH2 group that its  concentration is increasing
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w ith increasing at.%  of N in th e  film , i.e. the ratio  N-H/N increases and  

saturates a t approxim ately 2 (Table 4.7). The growing number of term inated 

sites in  a-CxNyHz film s as the N  content increases can explain the reduction 

of the internal stress and  hardness observed by some other researchers88.

Table 4.7. Compositions and C-H/N and N-H/C ratios of a-CzNyHz film s 

prepared from N2 and C2H2 .

Sample Reactant

ratio

N2/C2H 2

at%  C at% N at% H C-H
C N

2 .1 0 .0 54.9 0 .0 45.1 0.80 0 .0 0

2 .2 0.5 60.4 1.6 38.0 0.62 0.41

2.3 0.67 52.7 1.6 45.7 0.84 0.77

2.4 10 57.9 3.7 38.4 0.57 1.45

2.5 20 64.1 4.5 31.5 0.39 1.40

2 .6 30 58.9 4.3 36.8 0.48 2.04

2.7 40 63.8 4.8 31.5 0.35 1.91

2 .8 50 63.8 5.4 30.8 0.27 2.47

2.9 100 67.3 6.4 26.3 0.19 2 .1 0

From the resu lting  film compositions presented in Tables 4.5 and 4.7 

we observe th a t the at.%  of N in  th e  films is very low compared w ith th e  

57.1% N for the theoretically-predicted P-C 3 N 4 . This proves th a t under th e  

deposition conditions used for our films it is impossible not only to deposit 

C 3 N 4  films but also to deposit a-CxNyHz with N content higher t h a n  = 8  at.% . 

O ther th an  the bond concentrations for our samples and the bonding present
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in  our films, we have also used ER m easurem ents to study the annealing 

behavior and to  investigate the hydrogen bonding. These results w ill be 

presented in  C hapter 6 .

4.3 O ptical co n sta n ts o f a-CxNyHs film s.

The optical constants of a-CxNyHz films have been determ ined from 

m easurem ents of th e  reflectance and transm ittance of these films over a  wide 

range of wavelengths X from the ultraviolet to the near-infrared (193 nm  to 

825 nm). I t is  th is w avelength range th a t is m ost effective for th in  film 

characterization. W hen the optical constants of a  film  are determ ined over 

such a  wide range, they serve as the 'signature' of th a t film. For an absorbing 

m edium  the index of refraction n  is a  complex quantify, n  = n  - ik. Its  real 

p a rt n  describes the  propagation of light wave in  the optical transparency 

region and the im aginary p a rt k  is related to the absorption of energy by the 

m edium . The extinction coefficient k  is sim ply rela ted  to the absorption 

coefficient a  by a  = 4ltk/X, where X is the wavelength of the light in  vacuum. 

The index of refraction n  and extinction coefficient k  spectra, when known 

over a  wide enough w avelength range, can be readily  correlated to  film  

properties, such  as chemical composition and degree of order in  the film 's 

electronic bonding. For example, there is a  correlation between the degree of 

order in  a-CxHi_x films and the peak in  the k  vs. X spectrum.

A nother im portan t param eter is the complex frequency-dependent 

d ielectric function £ = £ i - i£ 2 - The dielectric function £ describes the  

polarizability o f a  m aterial in  an  external electric field and is related to the 

complex index of refraction n  by£ = (n)2 = (n - ik)2, i.e.
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E l = n2 - k 2 , 62 = 2nk. (4.5)

where n , k , E i, and 62, are  real functions of photon frequency CD (or V). The 

dielectric constant 62  is a n  im portan t optical param eter as i t  relates 

m easured optical properties w ith the electronic band structu re of the film.

The optical gap Egpt is a  useful param eter for th e  characterization of 

amorphous semiconducting films. The values of E0pt can be extracted from 

the energy dependence of th e  im aginary p art of the dielectric constant 62 via 

the following relation92:

e2(E) = B(E - E op t^/E 2 (4.6)

where E = h  CD is the photon energy, and the coefficient B (dimensionless) is 

given by B -  47Cfl(7min/AE. H ere (7min is the minimum m etallic conductivity 

and AE is the w idth of th e  ta il state region either a t  the top of the valence 

band ( E b  - Ey) or a t the bottom  of the conduction band (E c - E a )  as shown in 

Fig. 2.1. The minimum m etallic conductivity is the sm allest non-zero value 

th a t the conductivity a t T = 0 K can have. In addition, as pointed out by 

Stuke93, an  optical band gap E04 which corresponds to  the photon energy a t 

which th e  absorption coefficient has a  value 0 =104 cm ' 1 can be defined. Both 

param eters, E0pt and E04 a re  used for the determ ination of the optical band 

gap.

From  th e  m easured reflectance R from th e  film  side and the 

transm ittance T we have extracted the index of refraction n, the extinction 

coefficient k, and the thickness dgpt using a  computer fitting  procedure based 

on a theory for the exact am plitudes of the reflected and transm itted waves in 

the film, including interference effects69. In  order to solve the equations for n
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and k, i t  is necessary to have an  approximate thickness d as a  starting point. 

As in itial values of d  were selected the m easured thicknesses by the Alpha- 

step profilometer given in Table 4.4. The typical uncertainties in  n and k  are 

±0.05 and up to ±0.02, respectively. It was also found th a t th e  difference of 

th e  m easured thickness d  an d  the calculated by th e  fittin g  procedure 

thickness dopt was in  the range of 2-15%. An example of R and T for th e  

sample prepared from N2 and C2H2 a t R = 50 (sample 2.8, Table 3.2) is shown 

in  Fig. 4.14. It can be seen th a t T slowly decreases to zero over a  wide r a n g e  

of wavelengths, i.e. from 8250 A to 3800 A, while the interference fringes in  R 

s ta rt disappearing due to the increasing absorption of the film in  this region. 

Finally, the interference fringes in  R disappear below about 3800 A. The 

decrease of R below 3800 A is connected w ith  a  decrease of the index of 

refraction n  of the film  in th is region. After finding n  and k  for a  film, 8 1 , £2 , 

and  a  are calculated using the relations given above. From the shape of the 

optical absorption curve, we can gain im portant inform ation about the w idth 

of energy gap and the ta il states in  the energy gap.
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Fig. 4.14. Reflectance and transm ittance of an  a -C zN y H z alloy film deposited 
from N2 and C2H2 w ith R = 50.

The optical constants n  and  k, £1  and  £2 , and a  show a  system atic 

variation with N incorporation in  the film s, n  for the as-deposited films from 

NH3 and C2H2 is approxim ately 1 .8 , independent of the reactan t ratio R, for 

all the wavelengths; see Fig. 4.15. The optical energy gap for th e  same films 

decreases as R increases from 0.33 to 1 ; see Table 4.8. As can be seen from 

Fig. 4.15, n decreases a t low wavelengths and  is not a  smooth function of A. as 

was found for a-SizNyHz alloys. T hat n  is no t a  smooth function of the X is 

probably due to the inhomogeneity of the film s in  the direction of growth. The 

decrease of n  a t low wavelengths is probably due to th a t n  is lower a t the top 

surface of the film  and increases as we approach the film -substrate surface. 

Supporting experimental evidence for th is is the decrease of the reflectance R 

a t the low wavelength region; Fig. 4.14. T his inhomogeneity is probably due 

to the non-uniform distribution of hydrogen in  the film , i.e. the a t. % H is
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higher in  the top surface of the film  th a n  closer to the film -substrate 

interface.

2.

2.2 

2
n

1.8 

1.6 

1.4
1 2 3 4 5 6 7

E(eV)

Fig. 4.15. Index of refraction n  vs. photon energy for a-CxNyHz alloy films 
deposited from NH3 and C2H 2 with R = 0 ,1 /3 ,1 /2 , and 1.

The decrease of E0pt corresponds to extension of the band ta ils  into the 

gap, indicating th a t the addition of N into these films is m odifying the 

m aterial's density of sta tes near the band edges37. This decrease of Eopt 

indicates an  increase of th e  concentration of sp2 sites as the films become 

more 'graphitelike1, i.e. development of graphitic short range order. The free 

energy model developed for a-CxNyHz alloys predicts th a t the ratio N[C(sp2)- 

CCsp2 )]/N[C(sp2 )=C(sp2)] increases tow ard 2 as the N content of th e  films 

increases, i.e. as N in  added into the alloy i t  promotes th e  sp2 hybridization of 

C atom s. The decrease of Eopt can also be attribu ted  to the replacem ent of 

carbon-carbon bonds by carbon-nitrogen bonds th a t are w eaker and absorb a t 

lower energies. The observed decrease of Eopt is opposite to th e  behavior

1— 1— 1— |— 1— r —i— 1— |— 1— r - 1— i— |— 1— 1— 1— 1— [— 1— 1— r - i — |— 1— r - i — i

a C N H  .R - N H /C ^

O — n,R=0 
■e—  n,R=1/3 
-O- - ■ n,R=1/2 
* —  n,R=1

J  1 I I I I I I I I I I— I I I 1 I I L _ l  I I I I I I ' ■ ■

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



81

observed for hydrogenated am orphous silicon n itride films in  which Eopt 

increases as the N content increases86.

The £2 and th e  log(a) for th e  different values of R a re  plotted vs. 

photon energy in  Figs. 4.16 - 4.17. Typical uncertain ty  for 82 is ±0.002. The 

values of B, Eopt, E04, and of n  (a t 3.0 eV) are given in  Table 4.8.

Table 4.8. Values of th e  coefficient B, optical energy gap Eopt and E 04 and 

index of refraction n  (a t 3.0 eV) for a-CxNyHz alloys deposited from NH3 and 

C2H2.

sample R=[NH3]/[C 2H2J B Eopt (cV) 

±0.05

Eo4 (eV)

± 0 .0 2

n  (a t 3.0 eV) 

±0.05

1 .1 0 .0 0 2.98 1.70 2.09 1.95

1 .2 0.33 2.05 1.80 2.30 1.78

1.3 0.50 2.09 1.75 2 .2 2 1.75

1.4 1.00 2.37 1.55 2.09 1.80

As can be seen from Table 4.8 Eopt and E 04 show the sam e behavior. 

Eopt and E04, though, of the film deposited w ith R = 0.33 are higher th a t the 

corresponding values of the film deposited w ith R = 0 . This increase is very 

sm all considering a ll the uncertain ties th a t appear during  the film 

deposition, i.e. the increase is w ithin the experim ental error and i t  m ight not 

be a  real increase.
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1.4
I»CjtNyHz,R=NH3̂ 2H2 R = 0

1.2

0.8 R = 0.33e R = 0.502
0.6 R = 1

0.4

0.2

E(eV)

Fig. 4.16. The im aginary p a rt £2 of the dielectric function vs. photon energy 
for a-CxNyHz alloy films deposited from NH3 and C2H2 w ith R = 0 , 1/3, 1/2, 
and 1.

5.5
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3.5

3 2 3 4 5 6 7
E(eV)

Fig. 4.17. log(a) vs. photon energy for a-CzNyHz alloy films deposited from 
NH3 and C2H2 w ith R = 0, 1/3, 1/2, and 1.
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The m easurem ents of R and T were repeated  for the film s deposited 

from N2 and C2H2 . We have also extracted th e  values of n, £2 and ln (a) vs. 

energy from these m easurem ents; see F igs. 4.18-4.20. The values of 

coefficient B, Eopt and Eo^ and the index n  (a t 3.0 eV) are given in  Table 4.9. 

n  is approximately 1.9 for the R = 0 film and decreases to approxim ately 1.7 

as R increases. From  Table 4.7 i t  can be seen th a t both the increase of N and 

the  loss of H from the films influence the index of refraction. I t is not clear 

though which change is a  more im portant factor, i.e. the increase of N or the 

loss of H.

2.4
a < '* N yH z R = N 2/ C 2H ;

2.2

R = 0 R = 10
n

1.8

1.6 R = 100 R = 30

1.4

1.5 2 2.5 3 3.5 4 4.5 5
E(eV)

Fig . 4 .18. Index of refraction n  vs. photon energy for a-CzNyHz alloy f i lm s  

deposited from N2 and C2H2 w ith R = 0 ,10 ,30 , and 100.
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0.2 R = 0
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1.5 2 2.5 3 3.5 4 4.5

E(eV)

Pig. 4.19. The im aginary p art 82 of the dielectric function vs. photon energy 
for a-CxNyHz alloy films deposited from N 2 and C2H2 w ith R = 0 ,10 , 30, and 
100.
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Fig. 4.20. log(a) vs. photon energy for a-CxNyHz alloy films deposited from  N 2 

and C2H 2 w ith ratio  R = 0 ,10 ,30 , and 100.
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Table 4.9. Values of the coefficient B, Eopt and E 04, and n  (a t 3.0 eV) and for 

a-CxNyHz alloys deposited from N 2 and C2 H2 .

Sample R=[N2J/[C2H2] B Eopt (cV) 

±0.05

Eo4 (eV)

± 0 .0 2

n  (at 3.0 eV) 

±0.05

2 .1 0 .0 3.17 1.70 2.09 1.93

2 .2 0.5 2.76 1.45 1.89 1.92

2.3 0.67 2.99 1.39 1.72 1.92

2.4 10 2.65 1.40 1.87 1.81

2.5 20 2 .2 2 1.35 1.82 1.73

2 .6 30 2.34 1.37 1.83 1.77

2.7 40 2.25 1.39 1 .8 8 1.74

2 .8 50 2 .1 0 1 .2 0 1.69 1.70

2.9 100 2.25 1.25 1.72 1.70

Stenzel and coworkers94*95 did not see any correlation of n  (at mid-ER) 

w ith  the N content in  a-CxNyHz films over a  range 1-6  a t. % N. P. Wood et. 

a l96 found in  a-CxN yHz films a t [N] between 0 and 2 a t. % th a t there is no 

significant change in  n  (at 2.0 eV), while w ith [N] > 2 a t. % n  decreased from

2.3 to 2.0 w ith increasing N content and decreased H content. We found a  

sim ilar behavior of n  in  our film s. The index of refraction (a t 3.0 eV) 

decreases w ith increasing N content and decreasing H content of our films; 

see Table 4.9. The decrease of n  is correlated w ith an  increase of the sp2 

character in  th e  film s, i.e. as the  optical gap decreased (Table 4.9). Such low 

values of n  indicate th a t the films have low densities which is consistent with 

th e  value of 1.3 gfcm3 found for our films. I t  should be m entioned here tha t 

th e  differences in  the  relationship  betw een the index n  and  the film
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com position observed by different workers could be a ttrib u ted  to the 

deposition techniques used.

I t is observed th a t the optical energy gap is also decreasing w ith 

increasing R, i.e. as the  N content in  the film increases. This is agreem ent 

with the results of O. Amir et al.90'91, D. Franceschini e t al.27, and the work of 

other researchers37. Eopt and E04 show qualitatively the same behavior w ith 

increasing N in  the film.

From the values of the coefficient B it can be seen th a t the structural 

disorder increases w ith increasing N content. As the coefficient B decreases, 

AE (which is equal to Eb - Ey or E c  - Ea; see Fig. 2 .1) increases, i.e. the 

region of ta il sta tes is  increasing. This increase is consistent w ith the 

observed decrease of the optical gap.

4.4 C onclusions

From the partial pressures changes in m ixtures of NH3 and C2H2 with 

R = 0  and R = 1/3 the composition of the resulting films was estim ated. It was 

found th a t for R = 0 th e  estim ated composition is  an  agreem ent w ithin the 

experim ental error w ith the calculated composition of the deposited films 

while there is a  disagreement for the case with R = 1/3.

The a-CzNyHz alloy films deposited under steady-state flowing 

conditions by PECVD were characterized using optical techniques and SAM 

m easurem ents. Very significant changes in  th e  optical and structu ra l 

properties caused by the presence of N in  a-CxHi-x were observed.

From IR spectra of the deposited films there is evidence th a t there are 

C and N atoms in  sp hybridizations present in  the films in  the form at of C =N  

bonds which form a  term inated site in  the network. As the N composition of
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the film  increases the relative intensities of the N-H(s) peak near 3400 cm*1, 

the C=N, and N-H(b) peaks from 1100 to 1700 cm*1, and the C = N  peak near 

2200 cm*1 increase while the C-H(s) peak near 2900 cm*1 decreases. From the 

deconvolution of th e  C-H(s) and N-H(s) peaks evidence w as found for 

presence hydrogen bonding, N-H—N, in  the films.

The am ount of N in  the f i lm s  is probably lim ited due to the fact th a t 

the new ly created  C-N bonds a re  w eaker th a n  the C-C bonds. No 

experim ental evidence for the theoretically-proposed P-C3N4 structure was 

found. The films deposited from m ixtures of NH3A22H2 have up to 4.5 at% N 

while the  films deposited from m ixtures of N 2AU2H2 have up to 6.5 at% N. 

Thus, th e  N content of the film is higher using N2 instead of NH3 as the feed 

gas, under the sam e deposition conditions of power, p ressu re and 

tem perature. From SAM m easurem ents it can be seen tha t N is uniformly 

incorporated into the films. As the reactan t ratio R increases, the deposition 

rate drops and the N content in  the film  increases. H  is preferentially bonded 

to N atom s, while m ost of them  are  in  sp3 hybridization. The ratio  N-H/N 

increases w ith increasing N in  the f i lm s  and saturates a t = 2.

We have experimentally determ ine the optical constants (n, k, £1 , £2 ) of 

the as-grown a-CxNyHz films as a  function of R. As the N in  the films 

increases i t  was found th a t the index of refraction  n decreases for all 

w avelengths in  the UV-visible region, the absorption increases, and the 

optical energy gap (Eopt and E04) decreases. The decrease of the  optical 

energy gap is probably due to the replacem ent of strong C-C bonds by weak 

C-N bonds and due to the extension o f the band farila into the gap.
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Chapter 5

A nalysis o f Com position and R elationship w ith  
Growth Conditions o f a-CxNyHz film s.

The discussion and analysis of the results of static plasm a and optical 

studies given in  chapter 4 are presented in  th is chapter. A model of th e  

PECVD deposition of a-CxNyHz film s is proposed. The correlation of th e  

model w ith the change of film composition is also presented.

5.1 P lasm a p rocesses

Gas-phase and  surface chemical reactions play critical roles in  plasm a- 

assisted m aterials processing. If th e  gas AB is fed into th e  reactor and r f  

power is applied to form a  plasm a, the electron im pact ionization and 

dissociation processes create ions and free radicals. Chemical reactions in the 

gas phase and on th e  film  surface create additional species. The film  

deposition and etching ra tes depend on the concentrations and the energy 

distributions of a ll species present. The concentrations are determ ined by 

general chem ical reactions and processes such as: electron-ion p air 

production, radical production, negative ion production, gas phase chemical 

reactions, ion transport to  surfaces, radical transport to surfaces, and surface 

reactions. The net energy required for these and other reactions is supplied 

by the discharge power source. The ra tes of all the reactions depend critically 

on the energy d istribu tions or tem peratures of the reactan ts. Although 

thermodynamics determ ines the energy of a reaction and can constrain the
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extent of a  reaction, m ost reactions occurring in  our reactor are far from 

thermodynamic equilibrium  and thus are kmetically-limited.

In  general all chem ical reactions involve bond-breaking and bond- 

making. Fundam entally th e re  are only two ways th a t a  covalent two-electron 

bond can break: a  bond can  break in  an  electronically symm etric way such 

th a t one electron rem ains w ith  each product fragm ent, or a  bond can break in  

an  electronically asym m etric way such th a t both bonding electrons rem ain 

w ith one product fragm ent. Conversely, a  bond can form  in  an electronically 

symmetric or asymmetric way. Those processes th a t involve symmetric bond- 

breaking and  bond-m aking are called radical reactions while the reactions 

th a t involve asym m etric breaking o r m a k in g  of bonds are called polar 

reactions. Polar processes are  the more common reactions. Radical reactions 

are not as common as polar, but they  are nevertheless quite im portant. 

A lthough m ost radicals a re  electrically neutral, th ey  are highly reactive 

because they  contain an  odd num ber of electrons (usually  seven) in  their 

outer shell ra th e r than a  stable inert-gas configuration (an octet). They can 

achieve the desired octet in  several ways.

Assuming a  typical electron energy distribution in  the plasm a w ith Ee 

= kgT =  2 eV, a tp  = 0.1-1 Torr (Fig. 5.1), the lower th e  energy required for a 

reaction th e  greater will be the probability th a t a  radical will be created in 

th e  plasm a and therefore th e  higher its  concentration. Although molecules, 

rad icals, an d  ions can undergo various reactions before reaching the 

substrate, for example gas phase polymerization and fu rth er dissociation or 

recom bination, i t  is assum ed th a t th e  probability of a  rad ical being 

incorporated in  the film is to  first order proportional to its  concentration. The 

energy of the  electrons is  generally less than  the threshold  energies for 

dissociation and ionization of the feedstock gas m olecules. N evertheless,
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dissociation and ionization occur because electrons have this distribution of 

energy. These processes are produced by the  high-energy ta il of the 

distribution. Although the d istribution is sketched in  Fig. 5.1 as if  it was 

M axwellian th is m ight not be the  case. The ta il distribution m ight be 

depressed below or enhanced above a  M axwellian by electron heating and 

electron-neutral collision processes.

0.7

c  °-6
.2TS 0.5

1  “
I  0.3£
I  0.2a

0.1 

o
0 2 4 6  8  10 12 14

Energy E (eV)

Fig. 5.1. Typical electron energy distribution in  the plasma (weakly ionized) 
at kfiT ~ 2 eV.

As mentioned in  Chapter 3 ,  amorphous carbon nitride f i lm s  have been 

deposited using PECVD. We used  a  feed stock mixes of N H 3/C2H2 or 

N2/C2H2 . Acetylene, C 2H2 , is chosen as a  source gas because the  ratio H/C =

1. Acetylene forms alm ost exclusively CH=HC• and C2HZ radicals and C2HZ+ 

ions97,98 in  low pressure plasmas. This arises from the very low energy of 1 .8  

eV " th a t is required to create the -CH=HC • excited radical100 by reduction of 

the trip le bond to a  double bond while 4.8-10 eV are required to create the 

C2Hz radicals (see Eqs. 5.1a below) and also from the relative ease of the 

simple ionization of acetylene com pared to dissociative ionization with C-C 

bond breaking. The predom inance of C2H2+ and C2HZ+ ions especially a t 

lower pressures is confirmed by th e  mass spectrum  of acetylene presented in
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Table 3.4. The CH=HC • radical contains two potential bonding sites, 

increasing the probability of its  reaction a t the substrate. The depositing 

neu tra l C2HZ radicals diffuse toward th e  substrate while the C 2HX+ ions, 

which are highly energetic, tend to sp lit into the ir atomic components on 

im pact a t  the surface. The energy of the C2 HX+ ion righ t before i t  h its the 

surface of the growing film will be divided essentially equally between two 

daughter C+ ions, which then  interact w ith the growing film. The interaction 

of th e  C+ ions w ith the film  depends on their energy97*98. The energy of the 

ions reaching th e  su bstra te  can approxim ately be estim ated from the 

m easured self-biased Vq. We found th a t in  our case in  the m ixtures of 

NH3/C2H 2 the ions have energies =120-130 eV w hile in  th e  N 2/C2H2 

m ixtures the ions have somewhat higher energies = 130-160 eV.

The prim ary species th a t are th e  dissociation products of C2 H2 

resulting from electron im pact in  both NH3XC2H2 and N 2/C2H2 plasm as are 

the following radicals:

e- + C2H 2 —> C2H + H + e* AHf° = 4.84 eV,

e- + C2H  -» C2 + H  + e - AH{° = 5.95 eV,

e + C 2 -> 2C + e- AHf° = 6.24 eV, (5.1a)

e" + C2H2  C2 + H 2 + e - AHf° = 6.25 eV,

e- + C2H 2 CH + CH + e- AHf° = 9.98 eV,

where AH{° is the standard  enthalpy101 change calculated from th e  standard 

heats of form ation102*103. As can be seen  from th e  above reactions, the 

dissociation of acetylene along w ith recombination reactions and ionization 

leads to various reaction products. The exact branching ratio of each product 

reaction path  is presently  unknown104. However, based on energetic and
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sta tistica l argum ents105, there are strong indications th a t C2H  (ethynyl) is 

the m ost im portant radical.

The plasm a ionized-dissociation of acetylene can be described in  term s 

of electron-molecule (prim ary) and ion-molecule (secondary) collisions. The 

ionization reactions of C2H2 th a t can take place in  the plasm a along w ith the 

energy required are:

e* - molecule collisions Energy

(eV)

ion-molecule collisions Energy

(eV)

e- + C2H2  —> C2H 2+ + 2e _ 11 .2 C2H2+ + C 2H 2 -» C4H3+ + H 11.07

e- + C2H2 —̂ C2H+ + H + 2e* 17.8 C2H2+ + C 2H2 -> C4H2+ + 2H 11.38

e- + C2H2  -»■ C2+ + 2H + 2e_ 23.8

—> C2+ + H 2 + 2e* 18.2 5.1 (b)

These processes were also confirmed from the cracking p a tte rn  of C 2H2 in  

Table 3.4 where the 26 peak is the largest peak followed by peak 25.

The electron im pact dissociation of NH3 in  the NH 3/C2H2 plasm a 

occurs through th e following prim ary steps:

AHf° (eV) AHf° (eV)

e~ + NH3 —» NH2 + H + e* 4.50 e +NH 2 -»N H  + H + e- 3.96

e~ + NH3 —> NH + H2 + e* 3.90 e- + NH N + H + e- 3.75

5.1 (c)

w here the AHf° have again  been calculated from  the stan d ard  heats of 

form ation15’56’102’103. On th e  other hand, the dissociative ionization of NH 3 

requires much more energy than  ju s t dissociation as can be seen from the 

following reactions106:
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AHf°

(eV)

AHf°

(eV)

e- + NH 3  -> NH2+ + H  + 2e* 15.77 C- + NH3 ->NH + H2+ + 2 c - 19.48

e* + NH 3  -> NH+ + H 2  + 2e* 17.55 C +NH3 -»N + + H + H2  + 2e- 22.03

e* + NH 3  -* NH2  + H + + 2e* 18.23 C- + NH3 NH+ + 2H + 2c • 22.06

5.1 (d)

These reactions a re  also confirmed from the cracking p a tte rn  of NH3 (Table 

3.4), where we observed that am m onia is dissociated to NHZ and H 2 species.

In  the N 2& 2H 2 plasma th ere  is a  possibility of form ation of the highly 

reactive -N=N* species analogous to the -CH=HC- rad ical. The energy 

requ ired  for th e  form ation o f th e  -N =N- radical is  estim ated  to be 

approxim ately 5.5 eV. This rad ical also has two po ten tial bonding sites, 

increasing its probability of reaction a t the surface of th e  growing film. The 

N2 electron im pact dissociation pathw ay can be presented as:

e* + N2 N + N + e- AHf° = 9.85 eV.

Secondary reactions between the neutral fragm ents and reac tan t gases, i. e. 

radical-molecule reactions, also can take place in  the plasm a:

H + NH3 NH2 + H 2, AHf° = -0.06 eV,

NH + NH3  -> N2H4, AHf° = -2.40 eV.

High-energy electron im pact w ith molecules can produce light-em itting 

species such as H*, H2*, NH3 *, N2* etc. Also, electrons w ith  energy greater 

than  12  eV can produce ionic species such as NHy+, N2+, etc. as mentioned in  

C hapter 4. This suggests th a t th e  m ajor products in the plasm a are radicals 

and th a t the num ber of ionic species is very sm all because th e  electron energy
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distribution function has a  peak around a  few eV and a  small ta il extending 

to more th an  1 0  eV15*107. The energy, for example, required for ionization of 

some molecules and radicals th a t are present in  the plasm a are102:

e ' + NH3 -» NH3+ + 2e* 10.16 eV 

e- + NH2  -* NH2+ + 2e* 1 1 .4  eV 

e- + HCN -> HCN + 2e* 13.91 eV 

e- + N 2  -» N2 + + 2e* 15.57 eV

e- + H 2 -> H2+ + 2e* 15.4 eV

e* + N -> N+ + 2e_ 14.5 eV

e* + H -» H+ + 2e* 13.6 eV

As can be seen from the above, the dissociation of N2 requires a  much 

higher energy th an  the dissociation of NH 3 . Furtherm ore the ionization 

potential for N2 is  15.57 eV, which is m uch higher th an  the ionization 

potential of NH3 which is 10.16 eV. Thus, th e  probability of form ation of 

NHy+ species in  th e  N 2/C2H2 plasm a is significantly lower th a n  in  the 

NH3/C2H2 plasm a. From the dissociation p a th  of NH 3 i t  is clear th a t the 

NH3/C2H2 plasm a has a  higher concentration of H radicals than the N2/C2H2 

plasm a.

In  sum m ary, the m ost im portant reactive species produced in  the 

plasm a from acetylene are C H = H C  •, C 2 H , C 2 , H , and C 2 H 2 +, while N H 2 , NH, 

H , and N H 3 + are th e  dom inant species from  ammonia. From nitrogen the 

m ost im portant are -N = N *  and N . At th is  point, since the hydrocarbon 

precursor is  th e  sam e in  both plasm as, we believe th a t the differences 

observed betw een the two plasm a discharges are due to the excess of 

hydrogen, the presence of N H 2  and N H  radicals, and alm ost no N  radicals in 

th e  N H 3AC2H2 p lasm a and  due to th e  presence and  re la tiv ely  high 

concentration of atomic nitrogen radicals in  the N 2/C2H2 plasma.

B ar mass spectra taken during steady-state deposition of the a-CxNyHz 

film s deposited w ith R = 0 , R = NH3/C2H2 = 1/3, and R = N2/C2H2 = 2/3 , i.e.
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samples 1.1, 1.2, and 2.3, respectively in  Table 3.2 are shown in Fig. 5.2. It 

should be mentioned though th a t the  peaks which are  not shown in  Figs. 

5.2(aMc) were not m easured. I t can be seen from Figs. 5.2(b) and (c) th a t the 

major differences between the  NH3/C2H2 and N2/C2H2 m ixtures are the high 

concentration of NHX and H 2  species in  the NH3& 2H2 m ixtures in  agreem ent 

w ith the species mentioned earlier in  th is section.

As the ions approach the surface, they will be neutralized by surface 

electrons and the  process can be viewed as a  collision of neutral, highly 

energetic radicals or molecules w ith the solid. Thus, while the ions bring a  lot 

of energy to the surface, the  ion flux to the surface of the  growing film  is too 

sm all to account for the  ra te  of film  growth. We observed th a t during 

deposition the Vb is h igher for the deposition from N 2/C2H2 th a n  from 

NH3/C2H2 m ixtures. This is justified by the fact th a t N 2+ ions are heavier 

th an  NH2+ ions. As the  ions h it the growing surface th e ir energy will be 

divided into their atomic components th a t are created upon im pact on the 

surface. The interaction o f the atomic components w ith  the growing film 

depends on the energies of the  fragm ents and upon the energy of the incident 

ion97*98. Atoms or ions w ith sufficient energy penetrate the  surface of the film 

and en ter in te rstitia l subsurface positions. P enetration  requires th e  ion 

energy to exceed a  threshold energy related  to the displacem ent energy of 

bonded atoms. Atoms or ions w ith energies below the penetration threshold 

energy will stick to the surface. Penetration can occur either by direct entry 

and the formation of an  in terstitia l or by the displacem ent of a  surface atom 

into a  subsurface in terstitial site.
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Fig. 5.2. M ass spectra during steady-fiow w ith (a) R = 0 , (b) R = 1/2, and (c) R 
= 2/3.
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Many differences have been observed during the film  deposition and in 

the properties of the solid f i lm s  deposited from m ixtures of N H 3  or N 2  and 

C2H2. Acetylene and am m onia need approxim ately th e  sam e energy  to 

dissociate in  the discharge while the dissociation of nitrogen requires a  much 

higher energy. As a  resu lt an  in itial layer of carbon-hydrogen is likely to be 

deposited on the substrate in  the N2/C2H2 plasma.

h i m ixtures of NH3/C2H2 there is a  sm all probability of the following 

main gas reaction:

NH3 + C2H2 -+ HCN + CH4

forming hydrocyanide and m ethane. In  m ixtures of N 2^2H 2 sm all am ounts 

of H C N  may be formed due to the reaction:

N2 + C2H2 -> 2HCN.

It should be m entioned here th a t there m ust be other possible reactions 

which form HCN besides th e  ones above b u t the probability to take place is 

very small. It is also possible th a t the following reaction can take place:

C2H2 + H2 H  C2H4 + 3.9 eV.

The hydrogen th a t is needed for the la st chemical reaction is produced from 

the dissociation of C2H2 and from the dissociation of NH3 in  the NH3/C2H2 

plasm a. This excess of H2 is basically due to the long residence tim e th a t 

hydrogen has in  the reaction chamber and  is confirmed by the m ass spectra 

during the film deposition th a t show a  high hydrogen p artia l pressure. In 

both cases though, HCN and CH4 molecules are mostly formed a t th e  surface 

of the growing film  due to surface reactions, which have a  m uch h igher 

probability th an  gas phase reactions. T his is confirmed from th e  sta tic
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plasm a studies (Fig. 3.2) where we have observed an increase of the partial 

pressures of the HCN and CH4 im m ediately a fte r the conditions for a  static 

plasm a are satisfied. Thus, HCN and CH4 are  probably etching products. The 

decrease of PP(HCN) and PP(CH4) observed la te r (Fig. 3.2) is due to 

dissociation of both HCN and CH4 th a t is also taking place in  the plasm a. 

The possible mechanism of form ation of HCN and  CH4 molecules is decribed 

la ter in  th is Chapter.

5.2 E xperim ental R esu lts and D iscu ssion

The deposition rates Rdep have been determ ined as functions of the 

fractions f i  and f2 of C2H2 in the discharge, i.e. f i  = C2H2/CC2H2 + NH3) and 

f*2 = C2H2KC2H2 + N2) for the films deposited from NH3/C2H2 and N2/C2H2, 

respectively. For th e  case of NH3AS2H2, f i  is reduced in  th e  cham ber by 

keeping the flow ra te  of C2H2 constant a t 10 seem and increasing the flow 

ra te  of NH3 (Table 3.1). The Rdep given by Eqn. 4 .1a  decreases linearly from 

3.75 A/sec for fi = 1 to zero for f i  < 0.44; see Fig. 5.3. Thus for fi < 0.44 

etching dominates over film deposition. The decrease of Rdep is attributed to 

the increase of the concentration of the atom ic H and NHX radicals in  the 

plasm a th a t lead to etching of the depositing film  and to the decrease of the 

concentration of HC=CH- radicals th a t always lead to film deposition. The 

atomic hydrogen is produced from the dissociation of both C2H2 and NH3 and 

probably from residual w ater vapor. As the flow ra te  of NH3 increases the 

concentration of atom ic H increases a ttrib u tin g  to the decrease of the 

deposition rate which we observed by increasing the Re. On the other hand, 

as the flow rate of NH3 increases, there is an  increase of the concentration of 

NHZ radicals in the gas phase th a t are deposited and a t the same tim e etch

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



99

the growing film. Thus NHZ radicals play a  dual role during deposition. By 

adding ammonia to the plasm a we increase the concentration of NH* in  the 

gas phase, since we intend to increase th e  atomic percentage of N into the 

solid film, but a t the same tim e there is a  much bigger increase of the  atomic 

H in  the gas phase th a t increases the film etching. This observation lead us to 

replace ammonia with nitrogen since m uch less atomic H will be present in 

the N2/C2H2 plasma.

As was mentioned above, we found th a t for 0.44 < fi < 1 Rdep is a 

linear function of the partia l pressure of C2H2 in  the chamber. This linear 

dependence of Rdep is consistent w ith a  group of two carbon atom s being 

deposited in the substrate since the p artia l pressure of C2H radicals in  the 

chamber is proportional to the partial pressure of C2 H2 . This is consistent 

w ith the dissociation and ionization patterns of C2H2 according to which 

•CH=HC •, C2H, C2 and C2 H2+ are  th e  dom inant radicals and  ions, 

respectively.

- aC  N H
3.5

R =

1 2 5  

S  2cc
a  1-5s

NH.
C H .

R = r

0.5

0.2 0.4 0.8 1.2
CH2 2 ?_2_ o,. 2 2

<C2H2+N2> (C2H2+NH3)

Fig. 5.3. The deposition ra te  vs. the fraction of C2H2 in  the reaction chamber 
for NH3/C2H2 and N2/C2H2.
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For the case of N2/C2H2 much less hydrogen is present in  the plasma. 

W hen Rdep is plotted as a  function of the fraction fjj of C2H2 in the chamber, 

the d a ta  show roughly th a t Rdep ~ const* ; see Fig. 5.3. This behavior of

the deposition ra te  suggests th a t single carbon atoms are deposited on the 

substra te  ra th e r th an  pairs of carbon atom s as found for the NH3/C2H2 

plasm a. The square root behavior can be explained if  we consider th a t the 

dissociation of C2H2 can happen through the reaction: C2H2 <-> C2H + H. The 

equlibrium  constant then is:

„  _ pC2H * P h  
^  = >c2H2 ’

then  P c2H ocP c2H2* ^he other hand, if  C2H 2 <-> 2 CH th en  then  

PCH oc^Pc 2H2 • Experim entally it was found th a t even for f2 = 0.01, i.e.

N2/C2H2 = 1 0 0 , deposition continues w ith  Rdep ~ 1 A/sec. Thus the 

deposition ra te  drops much more slowly than  in  the case of the NH3/C2H2 

plasm a. This behavior is attribu ted  to the reduction of the etching ra te  Re 

since th e  concentration of atomic hydrogen is lower in  the N2/C2H2 plasm a 

than  in  the NH3/D2H2 plasm a. On the other hand, nitrogen radicals are also 

deposited for 0.1 <  ffc ^  1. Thus nitrogen and carbon radicals are deposited in 

the film  and atom ic H is etching the f i lm .  As the fraction f2 decreases further 

to 0 .0 1 , i.e. as th e  reactan t ratio  R increases from 10 to 100, the concentration 

of n itrogen species is increased relative to the concentration of atomic 

hydrogen. Now nitrogen is still deposited in  the f i lm  but w ith a  lower rate 

while H continues the film  etching. The fact th a t Rdep > 0  for R = 1 0 0  is 

showing th a t the concentration in  the plasm a of the highly etching atomic N 

is very low.
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We believe th a t atom ic hydrogen plays an  im portan t role in  the 

deposition of a-CxNyHz alloys. H promotes the sp3 hybridization of carbon 

and nitrogen atom s in  both the gas phase and a t the surface of the film . On 

the other h and  H  can etch the various groups of carbon and nitrogen atoms 

from the film . This etching process works against our in itia l goal which is to 

deposit film s w ith  high nitrogen content. The process th a t finally dom inates 

depends on th e  relative concentrations of nitrogen to hydrogen in  th e  gas 

phase during deposition, w hile presence of carbon, even a t small am ounts 

< 1%, is also necessary in  order to have any deposition.

N itrogen radicals also appear to play an active role in reactions 

occurring on the  surface of the film. They contribute to  removing C atom s 

from the surface of the growing film by forming CN radicals and  HCN 

molecules. On the other hand, abstraction of H from the surface can occur via 

formation of N H 3 . I t  is also possible th a t CN radicals which are formed on the 

surface are  also incorporated into the film. Supporting evidence for C =N  in  

the film is the peak a t 2230 cm 1 in  the IR spectra of a-C^NyHz alloys, Fig. 4.8

O. Am ir et. al90*91 deposited a-CxNyH z films from m ixtures of N2/C6H6 

and found th a t the deposition ra te  dropped as the fraction of CeHg decreased. 

Their results show approximately the same behavior as our results presented 

in  Fig. 5.3 as the  fraction of C2 H2 decreases from 1.0 to 0.2. They also claim 

th a t the N concentration in  the film  grows exponentially w ith  N content in  

the gas phase. The resu lts of Robertson et. a l. 108 a re  very sim ilar to our 

results in  Fig. 5.3. They found th a t the growth rate of th e ir films deposited 

from m ixtures of N2/CH4  decreases w ith increase of a t. % N in th e  f i lm s . 

Wood et a l. 96 also found th a t the deposition ra te  decreases from 91 A/sec to 10 

A/sec as the N:C ratio  in  th e  reactan t gas was increased from 0 to 4.8 for 

films grown from  m ixtures of nitrogen and hydrocarbon vapor u s in g  r.f. self­
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bias m ethod. They have shown th a t a t constant r.f. pow er density th e  

deposition ra te  w as proportional to the mass flow rate  of HC vapor supplied 

to the  plasma. Franceschini et. al.27 have also noticed th is effect. On the other 

hand, B adzian e t. a l.108 have also observed th a t the addition of N2 to 

microwave plasm a in  a  H2/CH4 m ixtures decreases the diamond film growth 

rate.

The difference in  the deposition rates for the two m ixtures is also 

accompanied by differences in  the atomic percentage of N  th a t is incorporated 

into the films. Film s deposited from  NH3AC2H2 have a  maximum of 5 at.% N 

while films deposited from N2/C2H2 have a  maximum of approxim ately 7 

at.%  N. At th is  point we should m ention, though, th a t 5 a t. % N is 

incorporated in  th e  film  w ith R = NH3/C2H2 = 1.0, while *  5 a t. % N is 

incorporated in  the  film  w ith R = N2/C2H2 = 40. T his relatively low 

concentration of N in  the films even a t very high ratios R shows th a t N 

incorporation in  the film is not favored. In order to explain th is and also to be 

able to understand  the stru ctu ra l changes th a t are tak in g  place in  the 

deposited film a s  the N content increases we have developed a  free energy 

model (FEM) to predict the local atomic bonding in  the a-CzNyHz alloys th a t 

is presented in  C hapter 7. The low N concentration is consistent w ith the 

resu lts of other researchers54*90’91’108*110 who deposited a-CxNyHz f i lm s  from 

N2 or NH3 and various hydrocarbons using different deposition methods.

The calculated atom ic percentages of C, N and H in  our f i lm s  have 

been presented in  Tables 4.5 and 4.7 for the films prepared from  mixtures of 

NH3/C2H2 and N2A32H2, respectively. The changes in  at.% C and at.% H vs. 

at.% N in  the film s for both cases are plotted in  Figs. 5.4 and  5.5. A linear 

fitting  of at.% C and at.% H vs. at.%  N for NH3/C2H2 gives the following 

equations for the composition param eters x, y, z, (x + y + z = 1):
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x -  (55 ±  2) - (0.4 ±  0.5) * y 

and (5.1)

z = (45 ±  2) - (0.6 ±  0.5) * y.

As can be seen from these relationships the increase of N is accompanied by 

sm all decrease of both C and H, as expected. The ratio of the slopes of the two 

equations in  Eq. 5.2 is approximately 1:2 .

For the films deposited from N2/C2H2 linear fits to the data  in  Fig. 5.5 

yield the following results:

x = (53 ±  2) + (2 ± 0 .5 )* y  

and (5.2)

z = (47 ±  2) - (3 ±  0.5) * y.

I t is d e a r from Eq. 5.2 th a t incorporation of N into the  films resu lts in an 

increase in  the C fraction x and a  decrease in  the H fraction z, in  strong 

con trast to the  NH 3/C2H2 case. The ra tio  of th e  slopes o f th e  two 

relationships in  Eq. 5.2 is 2:-3.
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70 50
(at% H) = (45.1 ±  2.0) - (0.63 ±  0.5)*(aL% N)

45
65
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(at.% C) = (54.9 ±  2.0) - (0.37 ± 0.5)*(at% N)
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Fig. 5.4. The changes in at. % C and at. % H  vs. at. % N in  the films deposited 
from  ammonia and acetylene.
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(at% H) = (46.9 i  1.9) - (3.0 j - 0.5)*(at% N)
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Fig. 5.5. The changes in at.% C and at.% H  vs. at.% N in  the f i l m s  deposited 
from  nitrogen and  acetylene.
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We have developed a  simple model for th e  structural changes taking 

place a t the surface of th e  growing film . The model takes in to  account th e  

m ost im portant species th a t are present in  th e  plasm a and th e changes of 

compositions of C, N and  H in  the growing film . We have sim ulated th e  

process of N incorporation into the a-C0.55H0.45  film  deposited for R = 0  in  

order to reproduce the fitte d  coefficients of Eqs. 5.1 and  5.2. For th e  

NH3/C2H2 m ixtures the coefficients ( 55/45 and  0.4/0.6) are  reproduced to 

w ithin experim ental erro r if  we consider th a t a  N atom is deposited onto 

surface of th e  film  while a  C and a  H atom are  subtracted. We sta rt for 

example from a  hypothetical a-C0.55H 0.45 alloy th a t has in itially  55 C and 54 

H  atoms. We assum e th a t two N atoms are added in  the alloy to form an  a- 

CxNyHz replacing a  C and a  H  atom. Continuing th is procedure we find two 

linear equations y = y(x) and y = y(z) in  w hich the ra tio  of the fitted  

coefidents are  55/45 and  0.5/0.6. One possible process resu lting  in  th is 

change is the subtraction o f a  CHn+i  group of atom s from th e surface of the  

film  and its replacem ent by NHn, where n  = 0 , 1 , 2. Energetic C2H2+ and 

NH3+ ions th a t are split in to  the atomic components on im pact a t the surface 

provide the necessary energy for th is process. A schematic diagram  of th is 

process is shown in  Fig. 5.6 (a). This explanation is consistent w ith the fact 

th a t NHn radicals are the dom inant species in  the  plasm a, specifically the 

-NH2 radicals, and th a t th e  partia l pressure of CH4  (e.g. CH3 + H —» CH4 ) 

increases during deposition as can be seen in  Fig. 4.1. It is also supported by 

th e  fact th a t the  ratio  o f N-H bonds per N atom , i.e. N-H/N is w ithin 

experim ental error equal to  2 ±  0.5 for both film s; see Table 4.5. Meanwhile 

the C-H/C ratio  drops w ith increasing R; see Table 4.7.
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1. NH3/C2H2

-NH

Solid Rim

2. N2/C2Hfe

> N -

Solid Rim

3H

I
Fig. 5.6. Schem atic diagram  showing th e  proposed changes taking place a t 
the surface of the growing film in: (a) NH3/C2H2 and (b) N2/C2H2 m ixtures.

h i th e  m ixtures of N2& 2H2 much less hydrogen is available th a n  in  

the case of N H 3/C2H2 m ixtures. This case of N 2/C2H2 seem s to be much more 

complicated than  the case of NH3/D2H2 regarding the groups of atom s th a t 

can be deposited and etched from  th e  growing film . Eqns. 5.2, w ith  

coefficients 53/47 and 2/(-3), can be reproduced to w ithin the experim ental 

error if we assum e th a t two C and one N atom s are deposited onto the surface
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of the film replacing three H  atoms. The ratio of the  fitted  coefidents in  this 

case are 53/47 and 2/(-3). The physical explanation for th is assum ption comes 

from the fact th a t the dom inant spedes in  the gas phase are now C iH x  and N 

radicals. The N atom  replaces 3 H and the C2H  radical replaces an  H  atom. It 

seems th a t the presence of atomic N in  the gas phase somehow enhances the 

deposition of carbon relative to that of hydrogen. This also explains the fact 

th a t film deposition still occurs even when the p artia l pressure of C2H2 is 

only 1% in  the  cham ber for R = 100. A schematic diagram  of th is process is 

shown in  Fig. 5.6 (b).

Another possible process is th a t N also form s NHn spedes on the 

surface of the film th a t along with CHZ spedes are  etched by th e  atomic 

hydrogen present in  the gas phase. This helps C atom s to be deposited in  the 

film in  the form of -C =C H  (see Fig. 5.6 (b)) and on th e  other hand results the 

presence of NHn radicals in  the gas phase. Thus, in  th is case th e  NHn 

radicals are generated a t the surface of the growing film . After th is point the 

deposition process also involves the process th a t was considered for the case 

of NH3/C2H2 m ixtures. Supporting evidence for the above process is the fact 

th a t the  calculated N-H/N ratio  now increases slowly and sa tu ra tes a t 

approximately 2  as R increases from 0  from 100; see Fig. 5.7. M eanwhile the 

C-H/C ratio decreases w ith increasing R; see Fig. 5.8.
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Fig. 5.7. The N-H/N ratio as a  {unction of the reactan t ratio R for N 2/C2H2 

mixtures.
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Fig. 5.8. The C-H/C ratio  as a  function of the reac tan t ratio R for N 2AD2H2 

mixtures.
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In order to visualize the  changes in  film  composition, consider the 

ternary  CNH phase diagram  shown in  Fig. 5.9. The th ree  corners of the 

triangle correspond to pure C, N, and H. The molecule HCN is located a t the 

center of the triangle while C 3N4  is on the  CN side. C2 H2 and NH3 are also 

shown in the diagram . The N-free a-C0.55H0.45 film is located on the CH line 

a t point E. h i plasm a deposition from m ixtures of NH3/C2H2 film deposition 

sta rts on the line connecting C 2H2 with NH3 from a  point lying between pure 

C2H2 and point A, a t which R = NH3AC2H2 = 1, i.e. 25.0 at.%C, 12.5 at.%N 

and 62.5 at.%H. We found experim entally th a t no film is deposited for R > 

1.25. For deposition firom N 2/C2H2 m ixtures, deposition sta rts  from any point, 

except pure N, on the line connecting C2 H2 and N. Our goal is to reach the

Point A: R = NH3/C2H2 = 1 
Point B: R = N2^ 2 H2 = 1°0
Point E: a-C0.5 5 H0 .4 5  

Point F: a-Co.5 2 N0 .0 4 H0 .4 4  

Point G: a-Co.67N0.07H0.26

Fig. 5.9. Ternary CNH phase diagram  showing the changes in  composition of 
films deposited firom NH3/C2H2 and N2/C2H2 .

As can be seen firom the phase diagram  if  we s ta rt firom m ixtures of 

NH3/C2H2, e. g. near point A, we have to pass very close to the HCN point

C3N4 point or to get as dose to i t  as we can.

C j ^ g )

N ^ 3 (9 ) H
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th a t is an  etching product. Therefore film  etching ra th e r than  deposition is 

preferred. On the other hand, firom m ixtures of N2AU2H2 we can avoid the 

region of HCN by using high values of the  reactant ratio  R = N2/C 2H 2 . If we 

consider, for example, the case in  which R = N2/C2H 2 = 100, th en  point B 

w ith 98 a t. % N, 1  a t. % C, and 1 a t. % H is the starting  point. Even though 

point B and the line connecting point B and C3N4  are fa r firom th e  center of 

the diagram  the distance of point B firom C3N4  is quite large. Thus, point D 

corresponding to the ratio N:C = 4:3 corresponding to ratio  R = N 2/C2H2 -  4/3 

is located a t the shortest distance firom C3N4 and may be considered to be an 

optimized sta rtin g  point th a t can possibly lead to a  film  deposition with 

composition dose to C3N4 .

We also indude in  Fig. 5.9 th e  points which represent our film s th a t 

were deposited firom NH 3/C2H2 and  N 2AD2H2 and contain approxim ately 4 

and 6  at. % N respectively, i.e. the films w ith the highest N contents firom 

Tables 4.5 and  4.7. The a-C0 .52N 0 .4H0.44 film  deposited firom NH3 and  C2 H2 

is represented by point F  and  the film  a-C0.67N0.07H0 .2 6  prepared firom N2 

and C2H2 is represented by point 6 . As can be seen, starting  from  the a- 

C0.55H0.45 film , i.e. point E, we end up a t point F for th e  case of NH 3/C2H2 

m ixtures, i.e. we are heading tow ard the HCN which is a t the cen ter of the 

ternary diagram . Thus, the form ation of C3N4 is not possible from NH3 /C2H2 . 

For the case of N2AC2H 2 s ta rtin g  again firom point E we end up in stead  a t 

point 6 . h i th is case we are going away firom the region of HCN b u t we are 

heading tow ard lower nitrogen concentrations which is not consistent w ith 

our goal to have 57 a t. %N content in  the films, i.e. C3N4 . H eading toward 

lower N concentrations can be understood by the FEM which is presented for 

the a-CxNyH z alloys in  C hapter 7. I t w ill be shown th a t C-N bonds are  not 

favored over C-C bonds which lim its the am ount of N into the films.
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PECVD is also used for the  deposition of am orphous silicon nitride 

films. The usual feed stock mix is NH3/S1H4. Although N2/SLH4 is also used, 

the films are of poorer quality and the deposition rate  is low er than with the 

use of NH3 as the source of nitrogen, opposite to w hat happens in  the a- 

CxNyHz film s. On the other hand, the a-SixN yHz film s have much less 

hydrogen and are richer in  nitrogen than those grown using NH3111. Possible 

reason th a t the at.% N in  the a-SixNyHz film s is higher th a n  the a-CxNyHz 

films is the preference of N atom s to be bonded to Si atom s over C atoms. 

This can be seen firom the following bonds reaction equations (BREs):

(1) Si-Si + N-H ->  Si-N + Si-H f t l  = 0.4 eV,

(2) Si-Si + N-N ->  2Si-N « 2  = 2.91 eV,

(3) C-C + N-H -4  C-N + C-H Q3 = -0 33 eV, 5.3

(4) C-C + N-N ->  2C-N Q 4 = 0.78 eV,

where £2 is the interaction param eter and the C and N atoms in  Eqns. (3) and

(4) are considered to be in  sp3 hybridization. The bond energies used for the 

calculation of £2 are given later in  Table 6.1, and Appendix 7 A . Comparing 

the interaction param eters it follows th a t th e  driving force to the righ t in  

Eqn. (1) is stronger than  the corresponding Eqn. (3), which is  favored toward 

the left side. Even though Eqns. (2) and (4) are  favored tow ard the right side 

we can see th a t again the driving force to the  righ t hand side is stronger for 

the case of the a-SixNyHz alloys than  the a-CxNyHz alloys.

&3 C onclusions

In summary, different behavior has been observed w hen NH3 and N2 

are used as reactan t gases for the deposition of a-CxNyHz film s. The plasma

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



112

precursors leading to the  film  deposition for the case of NH3 A32H2 are 

probably C2Hx, NHy, and H z radicals and C2HZ+, NH3+, and Hx+ ions. C2H*, 

N, and Hz radicals and C2 HX+, N2+, and  Hx+ ions are  probably the major 

species responsible for film deposition for the case of N2/C2H2 m ixtures. The 

energies of the  ions reaching the substrates are higher during film deposition 

firom N2/C2H2 th an  from N H 3/C2H2 m ixtures.

No film  is deposited for R = 1.25 from  NH3/C2H2 while films are still 

deposited for R = 100. An understanding of the plasm a chem istry is 

necessary for controlling the type of chemical bonds th a t are formed and thus 

controlling the  overall composition of th e  deposited film. A simple model has 

been developed to explain the  growth processes occurring a t the surface of the 

growing film. W hen NH3 is used as the source of N the experimental results 

are explained by assum ing th a t a -NH2 radical replaces a  -CH3 group a t the 

surface of the film. W hen N 2 is used as the N source more complicated 

processes are taking place both at the  surface and in  the gas phase during 

deposition. D ifferent behavior was also observed between a-CxNyHz and a- 

SixNyHz films deposited from  m ixtures of NH3 or N 2 and C2H2 or SiH4 , 

respectively.
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Chapter 6

Thermal Stability o f a-CxHy and a-CxNyHz films

The purpose of th is chapter is to obtain  a  clear view of the rea l 

structure of a-CzHy and a-CxNyHz films and of the therm al stability  and  

structural transform ations which occur in these films during annealing. As 

mentioned in  C hapter 4, hydrogen bonding is present in  a-CxN yHz alloys due 

to the presence of N-H bonds along w ith N and possibly 0  atom s which have 

a  lone pair of electrons. The effects of hydrogen the  hydrogen bonding can be 

stud ied  by investigating  the effects of tem peratu re on th e  hydrogen 

distribution and/or content. M easurements a t 77 K  and in-situ anneal a t T a < 

300 °C were done in  order to look for reversible changes related  to th e  

forming and breaking of hydrogen bonding while the anneal a t Ta ^  300 °C 

were done in  order to study the therm al stability of the films. Since hydrogen 

bonds are rela tively  weak, they  can be broken or w eakened when th e  

tem perature of th e  film  is increased and they can be formed again when the 

tem perature is decreased.

IR spectroscopy has been used in  th is  chap ter to study th e  

transform ations of the  properties of a-CzHy f i lm s  following isotherm al 

anneals from Ta = 300 °C to 650 °C while a-CxNyHz films have been studied 

from liquid N 2 tem perature (77 K) up to 700 °C.

6.1 A nnealing o f a-C^Hy alloy film s.

PECVD process using C2 H2  lead to deposition of th ree a-CxH y film s 

w ith H content from  20 to 40 at.% . In the IR spectra we consider two
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im portant regions of frequencies: around 3000 cm*1, corresponding to the C- 

H(s) bonds, and  below 1700 cm*1, which is connected w ith  th e  skeleton 

vibrations of C-C bonds and w ith bending vibrations of C-H bonds (see Fig. 

4.6).

I t can be seen from the IR spectra after background correction (Fig. 

4.6.) th a t the as-grown a-CxHy films contain essentially no oxygen or nitrogen 

contam ination. D uring th e  annealing some contam ination occasionally 

occurred th a t can be seen as an  additional peak a t approxim ately 1700 cm*1, 

connected w ith C=0 vibrations. The changes of the IR absorption of the alloys 

s ta rt a t Ta = 350 °C, w ith more significant changes occurring a t Ta = 400 °C 

and above. G enerally, the observations in  the IR region show the same 

changes as described by o ther au thors25’112, i.e. a  decrease of C(sp3)-H 

absorption and  developing of absorption bands due to C(sp2 )-H and 

unsatu rated  bonds of C(sp2) atoms. For Ta ^  400 °C the decrease of the 

energy gap in  UV-visible measurem ents has been observed.

The effects of annealing a t Ta = 450 °C for the region of th e  C-H(s) are 

presented in  Fig. 6.1. The kinetics of the anneal depends strongly on the Ta: 

the ra te  of the changes increases when T a increases. In  fact, from  the studies 

of kinetics i t  is  quite clear th a t the  form ation of the  3045 cm *1 band is 

essentially completed in  the very first stages of the annealing, i.e. in  the first

0.5-1 h. Following th is, the intensity  of 3045 cm*1 absorption band does not 

change appreciably, even though th e  peaks below 3000 cm *1 are still 

changing. The position o f3045 cm*1 band indicates bonding of hydrogen to a  

C(sp2) atom. I t does not correspond, however, to hydrogen bonded to  a  CCsp2) 

atom  in  an  isolated olefinic double bond which would absorb a t about 3000 - 

3020 cm*1 bu t instead corresponds to G(sp2) atom in  conjugated double bonds,

1.e. two double bonds are separated by a  single bond, C=C-C=C.
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Fig. 6.1. Absorption in  the C-H(s) region as a function of annealing time a t T a 

= 450 °C.

The main changes of the shape of the peaks below 3000 cm '1 take place 

actually  during the  firs t anneal and then th is  se t of peaks is ch a n g i n g  

proportionally, i.e. w ith the same ra te  for all features. This can also be seen 

in  Fig. 6 .1  where the features of the band become sharper for Ta  = 450 °C, i.e. 

peaks near 2870 cm '1, 2920 cm '1, 2960 cm*1, and  3045 cm*1 become more 

distinct.

D uring anneals a t Ta < 450 °C the low wavenumber region (Fig. 6.2 

presents the results for Ta = 450 °C) shows a  steady increase of the peak a t 

1600 cm*1 and apparent decreases of the sharp features at 1450 and 1370 cm* 

1 connected w ith th e  bending vibrations of C (sp3)-H bonds. A broad 

absorption band around 1300 cm*1 is also increasing. Three sharp features in  

the region 700-900 cm*1 occur in  the  very beginning of the annealing and then 

are ra th e r stable. The peak a t 1700 cm*1 may be due to oxygen contamination

As grown 
0.5 hours
1 hours
1.5 hours
2 hours
2.5 hours 
4 hours
8 hours 
12 hours
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and is not typical for the anneal experiments. The region below 2000 cm-1 is 

believed to be significantly affected by the baseline correction. These spectra 

thus indicate only qualitative changes connected w ith annealing.

0.03
As grown 
0.5nours 
8 hours 
20 hours

0.025

0.02o0

1  0.015 

<  0.01

0.005

600 800 1000 1200 1400 1600 1800 2000

wavenumber (cm1)

Fig. 6.2. Absorption in  the low wavenumber region as a  function of annealing 
tim e a t Ta = 450 °C.

During a  20 min. anneal a t T a = 650 °C the tran sp aren t film tu rned

black and after several hours of annealing started  to separate from the quartz

substrate. The ta ils  of this absorption can be seen even in  th e  mid IR spectra.

D uring the firs t 20 min. of annealing the hydrogen-related peaks around

2950, 1450, and 1370 cm*1 essentially disappear. The peak a t 3045 cm*1

decreases slowly, about 10% in  20 h., w ith annealing. I t can be seen in  Fig.

6.3 th a t the 1600 cm*1 peak shifts to lower wavenumbers and th a t a  broad

absorption band betw een 1200-1400 cm*1 increases and  shifts to lower

wavenumbers. The film had been previously annealed a t 400 °C for 20 h.
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Fig. 6.3. Absorption in  the low wavenumber region as a  function of annealing 
tim e a t Ta = 650 °C.

The optical properties in  the UV-visible region have been used to 

m onitor the changes in  the optical energy gap Eopt during the annealing22. 

The band gap also shrinks very rapidly during the first 2 0  m in .  and then 

continues to decrease steadily. Photon energies E04  corresponding to the 

value of absorption coefficient a  = 1 0 4  cm*1 have been chosen for Eopt- I t was 

found th a t Eopt a^3°  decreases due to the annealing. For Ta = 4 0 0  and 4 5 0  °C 

the m ost rapid changes occur during the first 2 0  min. Subsequent anneals 

lead to a  steady decrease of the gap. Some quantitative results of th is process 

will be presented below.
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6.1.1 D iscu ssion  o f  an n ealin g resu lts for a-CxHy a lloy  film s.

The results presented in  the previous section have shown a  complex 

picture of the transform ations connected w ith the anneals. Two im portant 

observations separate the processes which are reflected in the changes of IR 

absorption after the anneals. The first one is th a t the absorbance of the 3045 

an ' 1 band saturates w hile changes in  th e  region below 3000 cm ' 1 are still 

occurring (Fig. 6 .1). The second observation is the steady increase of the 1600 

cm'1 band even when changes in  the hydrogen-related bands no longer occur. 

Thus, we conclude th a t rem oval of hydrogen from C(sp3)-H bonds is not 

always followed by form ation of new  C(sp2)-H bonds and  th a t new 

C(sp2 )=C(sp2) double bonds may be formed without hydrogen removal. It can 

also be concluded th a t separate processes connected w ith annealing occur in 

different regions of th e  alloy, otherwise m utual influence would inevitably 

affect th e  IR spectra as well. A reasonable model of the processes based on 

the structure of the alloys will be presented below.

The reconstuctions th a t are tak ing  place in  the film during  the 

annealing can be expressed by the following bond reaction equations w ith the 

corresponding interaction param eter:

C(sp3)-H + 10C(sp3)-C(sp3) -»

C(sp2)-H + 2C(sp2)=C(sp2) + 6C(sp3)-C(sp2) + C(sp2)-C(sp2) -0.21 6.1 (a)

Q(eV)

2C(sp3)-H ->  C(sp3 )-C(sp3) + H-H 

4C(sp3)-H ->  CH4 

4C(sp3)-H + 6 C(sp3)-C(sp3) -*

CH4  + C(sp2 )=C(sp2) + 4C(sp 3 )-C(sp2) -0.14 6.1 (d)

-0.49 6.1 (b)

0 .0 0  6 .1  (c)
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The bond energies used to calculate Cl are given in  Table 7.1. Equations 6 .1  

(a), (b), and (d) are endothermic, i.e. are favored tow ard the left.

Bond reaction equation 6.1(a) expresses the reconstruction of stressed 

rings of C(sp3 )-C(sp3) into units w ith double bonds. A possible schem atic 

picture of th is transform ation is presented in  Fig. 6.4 (a).

As mensioned in  section 4.2, the  shoulder around 3000 cm *1 seen in  

Fig. 6.1 is  attributed to C(sp2 )-H(s) vibrations for a  carbon atom in  an  olefinic 

double bond78 or to C(sp3>H2 connected to stressed  bonds113. D uring 

annealing the transform ations in  the m ost stressed regions occur fester, new 

double bonds are formed, and C(sp3)-H bonds transform  into C(sp2)-H bonds 

em bedded in  the m ixed structu re w ith  a  resu ltin g  higher fraction  of 

C(sp2 )=C(sp2) bonds.

I f  reaction  6.1 (a) occurs for stressed  C(sp3 MXsp3) bonds, the 

absorption structure in  the 2800-3000 cm *  region w ill become sharper, as 

observed, because the stresses are reduced, and a  new band a t 3045 cm ' 1 

connected w ith C(sp2)-H bonds occurs. I t should be mentioned here th a t only 

a  sm all fraction of the in itia l concentration of C(sp3)-H bonds is affected by 

the stress and is converted into C(sp2)-H bonds. In  th is model double bonds 

are formed which develop copjugated configurations around existing double 

bonds, so th a t no hydrogen is bonded to olefinic C(sp2) carbon atom  in  

accordance w ith the experim ental observations.
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o 2Fig. 6.4. (a) transform ation of C(sp )-H bonds in  stressed regions into C(sp )-
H bonds, as explained by Eqn. 6 .1  (a); (b) formation of H 2 , Eqn. 6 .1  (b); (c)
formation of CH4 , Eqn. 6.1 (c); (d) form ation of CH4  and a  double bond, Eqn.
6 .1  (d); (e) formation of double bonds w ithout CH4 formation.
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The annealing of the C(sp3)-H bonds shows a  dependence on T a. A 

tem perature-dependent saturation can be seen in  Fig. 6 .1  which is obvious at 

Ta = 450 °C. We cannot consider th a t the bond destruction sta rts and the 

products move diffusively to the surface and leave the film  because 

dehydrogenation will continue until eventually all H  atom s leave. There are 

two possible explanations for the observed saturation  of the H content a t a 

finite, non-zero value. Diffusion for some reasons is no longer possible or the 

formation of th e  mobile products inside the alloy such as H 2 or hydrocarbon 

molecules is  restricted. Thus, the structure of the alloy undergoes some 

transform ations which drastically reduce the diffusion or the form ation of 

mobile products.

The form ation of H 2 can be expressed by Eqn. 6 .1  (b). The energy 

necessary to perform th is reaction is also high, about 0.49 eV. The formation 

of CH4  inside the film is more favorable energetically th an  the formation of H 

or H2 . The mechanism for th is reaction is connected w ith the removal from 

the alloy netw ork of one C atom  and four H atom s followed by netw ork 

reconstruction. This can be done by a num ber of different processes, but the 

easiest way is likely to involve units like C(sp3 )-Hn w ith  n  = 2, 3. We have 

predicted7 th a t for an a-Co.6Ho.4 alloy up to 80% of the C(sp3) atom s are 

hydrogenated. The num ber of such units is sufficient to create opportunities 

for the form ation of CH4  in  the alloy w ithout special kinetic restrictions, a t 

least in  the beginning of the  annealing process. The bond reaction equation 

producing CH4  is Eqn. 6.1 (c). The total num ber of C(sp3 )-C(sp3) bonds in  the 

alloy need not change in  th is process. The energy required for this process is 

dose to zero, making it  m uch more favorable than  the formation of H or even 

H2 . As CH4  form ation proceeds, the reactions leading to form ation of 

m ethane become more and more kinetically restricted due to the increasing
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separation o f the C-H bonds, h i fact the process may be term inated a t lower 

tem peratures, well before a ll of C-H bonds is elim inated. The size of CH4 

molecules is also a  very im portant factor: th e  CH4 is sm all enough to exist in  

the amorphous network, th e  effective diam eter being about 2 A. Therefore a  

high mobility of CH4 m ay be expected.

A nother bond reaction occurring during annealing including network 

reconstruction and leading to formation of double bonds and CH4  is Eqn. 

6 .1(d). This bond reaction  equation is also endotherm ic w ith a  required 

energy of only about 0.14 eV. I t  can be seen th a t the p a rt of reaction 6.1(d) 

which is connected only w ith  C atoms represents the transform ation of C(sp3) 

atoms into C(sp2) carbon atoms.

Reactions 6 .1(b) and 6 .1(c) may proceed without causing changes in  the 

concentrations of C(sp2)-H and C(sp2 )=C(sp2) bonds. These bonds m ay 

therefore be formed as a  resu lt of other possible transformations in  th e  alloys. 

The development of the absorption connected w ith stretching vibrations of 

unsatu rated  C(sp2)=C(sp2) bonds dose to  1600 cm*1 does n o t requ ire 

hydrogen rem oval firom th e  alloys. The 1600 cm*1 band starts to increase a t 

Ta = 350 °C w hile the changes in  the integrated absorption in  the 2700-3100 

cm*1 range cure sm all, an d  continues to increase well after m ost of the 

hydrogen is  removed firom the film, or after the transform ations of the  C-H 

stretching vibrations stop. This is a  direct indication th a t form ation of new 

unsaturated  bonds may occur in  hydrogen-free structures (see Fig. 6.4(e)). 

This does not necessarily m ean th a t new unsaturated bonds cannot also be 

formed by H  rem oval in  th e  polymeric regions as well. As discussed above 

(see reaction 6.1 (d)), additional double bonds may be formed as a  resu lt of H 

removal firom originally polymeric regions of the  as-grown alloy.
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At annealing tem peratures above 550 °C a  broad absorption in  the 

region 1100-1300 cm *1 is observed to increase. T his absorption, th a t be 

assigned to a  m ixture of a  variety  of CCsp^MXsp2) and  C (sp2 )-C (sp2) single 

bonds in  different local bonding environments and m ay increase due to the 

increase of the concentration of C(sp2) atoms in  the film . The overlapping of 

these Inroad absorptions does not allow the extraction of vibrations of specific 

configurations. The broad band is apparently re la ted  to high vibrational 

density of states in  th is region.

The much higher therm al stability of the absorption a t 3045 cm*1 is 

likely to be connected w ith a  very low probability of creation of CH4  due to 

the appreciable separation of the CCsp2 )-H bonds. Above Ta  = 650 °C this 

process becomes m ore significant bu t is s till very slow com pared to 

lgraphitization,, i.e. the  tendency of the alloys to become graphite-like. The 

graphite-like s tru c tu re  has a  short range order consisting o f a  planar 

C(sp2 )=CXsp2) double bond surrounded by four CXsp2) atoms.

The band gap decrease during annealing is m ore closely connected 

w ith the development of the 1600 cm*1 absorption band than  w ith H  removal. 

Q uantitative results22 show a  linear decrease of the band gap w ith increasing 

integrated in tensity  of the 1600 cm*1 band. Thus, the reduction of the  energy 

gap is related  to the  form ation of C(sp ) atoms w ith unsaturated  bonding. 

The conclusion is th a t the annealing transform s the alloy into graphite-like 

amorphous carbon.
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&2 A nnealing o f a-CxNyHK film s.

From the a-CxNyHz film s we have selected two films (sample 6A and 

6B) from Table 4.7 for temperature-dependence m easurem ents. Both samples 

were deposited sim ultaneously under the  sam e deposition conditions on Si 

substrates from m ixtures of N 2  and C2H2 w ith reactant ratio  R = 30 and had 

the following composition: 58.9 a t. %C, 4.3 a t. %N and 36.8 a t. %H.

Before annealing, th e  IR spectra of these as-grow n film s were 

m easured again. This was done because the  annealing was performed six 

m onths after film  deposition. Long exposure of the films in  the atmosphere 

could lead to film contam ination due to interactions w ith either O2 or H 2O. 

The IR spectra a t  room tem perature of th e  as-deposited film (sample 6B) 

righ t after deposition and after six months exposure in  the open are shown in 

Fig. 6.5(a) while the  difference of these spectra is shown in  Fig. 6.5(b). 

Additional absorptions were observed in  th e  IR spectra after six months. A 

shoulder between 1700-1800 cm *1 and a  broad peak in  the region between 

3400-3000 cm*1 between die N-H(s) and C-H(s) modes were observed. The 

bands observed around 3400 cm *1 and 1700 cm*1 can be attribu ted  to 

vibrations due to the  N-H---0 hydrogen bonding and to C=0 groups, 

respectively. Such contam ination indicates an  open porous m icrostructure 

w hich is consistent w ith the  low values o f the  refractive index n. These 

observations are consistent w ith  d ie observations of other researchers112 for 

a-CxHy films. The 2300 cm*1 peak is due to residual CO2 .
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Fig. 6.5. IR spectra, a t room tem perature, of (a) the as-deposited a-CxN yHz 
film (sample 6B) and after six m onths exposure in  the open air, (b) the 
difference of the two spectra.
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The tem perature-dependence m easurem ents of sam ple 6 A were 

perform ed in  two different ways: firs t, by annealing in-situ  in  a  special 

accessory inside the PTlK spectrom eter for Ta ^  350 °C, for a  period of 1 hour 

a t selected tem peratures, and  second, by annealing  in  a  furnace a t 

tem peratures firom 350 to 700 °C for a  period of 1 hour, again a t selected 

tem peratures, w ith interruptions and cooling down to room tem perature for 

the IR  m easurem ents. The anneals a t tem peratures firom 350 to 700 °C were 

carried out a t 50 °C intervals. For the in-situ measurements the Si substrate 

was also m easured a t the sam e tem perature in  order to elim inate the 

substrate effects. The IR spectra a t room tem perature of the as-deposited film 

(sample 6A) six m onths after deposition and following anneals a t Ta = 200,

350.450.600, and 700 °C are shown in  Fig. 6 .6 .
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Fig. 6 .6 . IR spectra a t room tem perature of the as-deposited a-CxNyHz film 
(sample 6A) six m onths after deposition and following anneals a t T a = 2 0 0 ,
350.450.600, and 700 °C.
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The m easurem ents of sample 6B were also perform ed in  two different 

ways: first, by cooling down to 77 K in  the FT1K spectrom eter in  order to look 

for reversible processes rela ted  to hydrogen bonding, and  second, by 

annealing a t Ta firom 100 to 700 °C . The IR spectra a t room  tem perature of 

the as-deposited film  six months after deposition and a fte r cooling to 77 K  are 

shown in  Fig. 6.7.

C onsider now th ree  im portan t regions: firom 3500-2500 cm *1 

corresponding to C-H(s) and N-H(s), around 2300 cm*1 corresponding to C = N  

bonds, and the region below 1700 cm*1 corresponding to skeleton vibrations of 

C-C and C-N bonds and to bending vibrations of C-H an d  N-H bonds. The 

region below 1800 cm*1 is significantly affected by th e  baseline correction. 

Thus, the IR spectra present rather qualitative changes connected w ith  the 

anneal. The IR spectra in  these three regions for the as-grown film (sam ple 

6B) after six m onths and a t T a = 100, 200, 280, 350, 400, 450, 500, 550, 600, 

650, and 700 °C are shown in  Figs 6 .8  (a), (b) and (c) respectively.

From the in-situ  IR spectra showing in  Fig. 6.7 tak en  a t 77 K it  can  be 

seen th a t there were no obvious changes observed firom th e  as-grown film . 

From in-situ  IR m easurem ents at T a < 350 °C we also did  not observe any  

reversible ot irreversible changes. The concentration o f th e  N-H - N bonds 

decreases only after the evolution of hydrogen which s ta rts  a t Ta — 400 °C. 

Thus the N-H—N hydrogen bonds even though weak appear to be very stab le 

thermally.
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Fig. 6.7. The IR spectra of the as-deposited a-CzNyHz film (sam ple 6 B) a t 
room tem perature six months after deposition (circles) and a t 77 K  (squares).
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Fig. 6 .8 . The IR spectra of the as-deposited film (sam ple 6B) after six months 
and a t Ta = 1 0 0 , 2 0 0 , 280, 350, 400, 450, 500, 550, 600, 650, and 700 °C are 
shown in  the region (a) 3500-2500 cm '1, (b) 2300-2100 cm*1, and (c) 2000-500
cm-1
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A possible explanation of th e  therm al stability  of the peak near 3200 

a n ' 1 is th a t the peak may not only be due to N-H—N bonds bu t also in p art 

due to an  overtone of the peak n ear 1600 cm-1 due to C=C, C=N, and NH2(b) 

modes. Thus the reason th a t no change is observed in  the 3200 cm ' 1 band is 

because there were no changes in  the 1600 cm ' 1 peak as the tem perature was 

increased firom liquid N 2 tem perature to 350 °C. I t  can be seen though from 

Figs. 6 .8  (a) and (c) th a t for T a ~  400 °C a  decrease of the 1600 cm ' 1 peak is 

accompanied by a  decrease of the  3200 cm' 1 peak.

The N-H(s) and C-H(s) bands are shown in  more detail in  Fig. 6 .8  (a). 

As T a increases up to 300 °C only a  few qualitative changes are observed in 

the absorption spectrum. These changes are associated with the evolution of 

O from the film and breaking of the N-H—0=C< hydrogen bond (see Figs. 6 .8  

(a) and (c)). As Ta increases above 300 °C, we observe changes which are due 

to the loss of H from the film via diffusion. This decrease of H is illustrated in  

Fig. 6.9. The absorption due to N-H—N also decreases, since th is bond is a  

weak bond and because evolution of hydrogen from the film also results the 

reduction of hydrogen bonds.

The peak near 3050 cm' 1 is observed to  increase with annealing. This 

peak is due to C(sp2)-H bonds in  which the C(sp2) atom participates in  an 

arom atic ring, i.e. when the double bonds form  a  ring  or to a  conjugated 

network22 (when two double bonds are separated by a  single bond). This band 

is very stable since i t  is observed even a fte r Ta = 700 °C. A t 700 °C, in 

addition to the C(sp2)-H band, there is still some residual N(sp3>H2 observed 

near 3450 cm*1.
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Fig. 6.9. Areas of the C-H(s), N-H, and C(sp1 )sN (sp1) bands as functions of
Ta.

The optical absorption of the film  annealed a t 700 °C in  th e  visible 

region also changed. The color of the film  changed firom brown to black 

following T a = 550 °C. The tail of the absorption is also observed to extend in 

to the IR region a t energies < 0.5 eV. Thus we conclude th a t annealing a t Ta 

>  550 °C leads to graphitization of the film.

As can be seen firom Fig. 6 .8(b) the intensity of the C =N band remains 

alm ost constant as the film is annealed up to 350 °C. F urther increase of Ta 

causes the reduction of the in tensity  of the C =N  band. After Ta = 700 °C 

alm ost all C =N  bonds have disappeared. This decrease can also be seen firom 

Fig. 6.9 w here th e  area of C(sp1)=N(sp1) band is p lotted  as a  function of 

tem perature. This behavior of the C =N  bonds is supporting evidence th a t the 

structural changes of the films s ta rt between Ta = 300 and 400 °C.

As can be seen from Fig. 6 .8(c) the intensity of the shoulder near 1700 

o n *1 which is due to the C=0 absorption decreases for T a < 350 °C while the
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1600 cm*1 peak due to C=C, C=N, and  N-H 2 bending modes rem ains 

unchanged. This also shows th a t for Ta ^  350 °C there are no significant 

structural changes in  the alloy and  the bands due to the contamination of the 

film  decrease an d  disappear a t approxim ately 350 °C. For T a -  400 °C the 

1600 cm*1 peak sh ifts to low er w avenum bers and decreases due to th e  

possible decrease of the C=N and  N-H2 bonds. This happens because as the 

tem perature rise we probably have the evolution of hydrogen, carbon, and 

nitrogen atoms firom the film. This is also th e  reason th a t die thickness of the 

film decreases firom 5580 A to approxim ately 3260 A after the annealing. The 

features a t 1450 and  1370 cm*1 connected w ith  the bending vibrations of 

C(sp3 )-H also decrease.

Thus the annealing of th is a-CxNyHz alloy m ay be considered as the 

process of the destruction of C(sp3)-Hn, N-Hx, C=N, and C=N bonding units 

a t the same tim e resulting in  th e  assumed form ation of the stable molecules 

H2 , CH4 , NH3 and  HCN. This assum ption is  consistent w ith the therm al gas 

evolution experim ents of F. F reire54 et. al. Even though film lgraphitization, 

occurs as Ta increases, i.e. more C=C bonds are  formed th a t also absorb a t 

1600 cm*1, this peak continuous to decrease because probably N atoms are 

elim inated firom th e  film. Another possible reason is th a t the C=C bonds have 

a sm aller cross section than the  C=N bonds. The broad band between 1 2 0 0 - 

1400 cm*1 also increases and shifts to lower w avenum bers. This band may be 

assigned to a  m ixture of C(sp3 KXsp2), C (sp2 )-C(sp2), C(sp2 )-N(sp3), and 

C(sp2 )>N(sp2) bands which absorb in  this region; see Tables 4.1 and 4.2. The 

overlapping of these  bands does not allow th e  extraction of vibrations of 

specific bonding configurations. The increase o f the absorption of fins band is 

probably due to th e  increase of C(sp2) and N (sp2) atoms present in  the film . 

The behavior of th is  band is sim ilar to w hat we have seen for the case of a-
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CxHy alloys; see Fig. 6.3. The 1600 cm*1 band of a-CxHy alloys though shows 

an  opposite behavior than for the case of the a-CxNyHz alloys.

&2.1 D iscu ssion  o f annealing resu lts o f a-CxNyHz film s.

Therm al evolution experiments54 in  a-CxNy&z alloys have shown that 

the form ation of H or H2 inside the film is more favorable than the formation 

of CH4 and NH3 . The formation of H2 , shown schematically in  Fig. 6 .10(a), 

can be expressed by the following endothermic bond reaction equations:

2C(sp3)-H C(sp3)-C(sp3) + H-H 12 = - 0.49 eV 6.2 (a)

C(sp3)-H + N(sp3)-H -> C(sp3)-N(sp3) + H-H 12 = - 0.82 eV 6.2 (b)

2N(sp3)-H N(sp3)-N(sp3) + H-H 12 = -1.93 eV 6.2 (c)

The energy required for the firs t reaction is  fairly  high, 0.49 eV, but is 

significantly lower than the energy required for the second and the third 

reactions involving N atoms. Thus, for the case of a-CxNyHz alloys it  may be 

more difficult to produce H or H 2 in  the bulk t h a n  for the case of a -C ^ H y  

alloys. The very high energy required for reaction 6.2(c) suggests th a t this 

reaction is very unlikely.
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Fig. 6.10. Schematic representations of bond rearrangm ent processes in the 
netw ork showing the formation of H2 and HCN molecules due to annealing of 
an  a-CzNyHz alloy.

Another possible bond reaction th a t can lead to formation of H or H2, 

C=N bonds, and C(sp2)-H bonds is the following:

2C(sp3)-H + C(sp3)-N(sp3) + 2N(sp3)-H + C(sp3)-C(sp3) ->

C(sp2)-H + C(sp2)=N(sp2) + N(sp2)-H + C(sp3K I(sp2) + H-H. 6.2 (d)
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The form ation of H2 in  this case is shown schem atically in  Fig. 6 .10(b). Even 

though A  = -0.58 eV for tins reaction, no increase in  the in tensity  of the C=N 

bonds was observed w ith annealing in  the IR  spectrum  of the film; see Fig. 

6 .8(c). Thus, we conclude th a t either the ra te  of the reaction is very low since 

the concentration of C(sp3)-N(sp3) bonds is  low in  th e  film  or th a t the 

C(sp2 )=N(sp2) bonds break to form C(sp3)-N(sp3) bonds. An indication th a t 

reaction 6.2(d) m ay be taking place is th e  increase of th e  C(sp2)-H bonds 

observed n ear 3050 cm*1.

The reduction and disappearance of th e  C =N  bonds is attributed  to the 

fact th a t C = N  bonds are term inating netw ork bonds and  are weakly bonded 

to the netw ork through a  G bond which can easily break as Ta is increased 

above 350 °C. The -C =N groups th a t are separated from  the network can 

easily react w ith H atoms to form H-C=N molecules and can then diffuse to 

the surface and leave the film. The H atoms are formed from the breaking of 

either C(sp3 )-H or N-H bonds. A bond reaction  equation describing th is 

process can be w ritten as following:

C(sp3 )-C(sp1) + C(sp1 )=N(sp1) + C(sp3)-H

H-C(spl) + C(sp1)=N(sp1) + C(sp3)-C(sp3), 6.2 (e)

w ith £2 = + 0.36 eV. The bond energies used here are also given in  Tables 7.1 

and 7.4. For clarity, we kept the C(sp1)=N (sp1) bonds in  both sides of th is 

equation. Since £2 is positive th is bond reaction is favored tow ard the right 

and shows th a t form ation of HCN is favored as long th ere  are H atom s 

available during the annealing experiments. A schematic presentation of the 

process described by the 6.2 (e) BEE is given in  Fig. 6.10(c).
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In Fig. 6.11 the areas of th e  C-H(s) and N-H(s) bands are plotted as 

functions of th e  relative concentration of C(ap1)=N(sp1) bonds a t  different Ta . 

In itially  for Ta ^  300 °C there are no changes in  the relative concentrations of 

th e  C-H(s), N-H(s), and C(sp1)=N (sp1) bonds. This also shows, as mentioned 

earlier, th a t no im portant structural changes are taking place in  the film for 

T a < 300 °C. A t Ta > 300 °C th e  concentrations of C-H an d  N-H bonds 

decrease as th e  C(sp1)=N(sp1) bonds decrease. Thus there is a  correlation 

betw een the evolution of hydrogen and or CCsp^I-Hn and N-Hn units and the 

C(sp1 )=N(sp1) bonds for Ta > 300 °C. The hydrogen formed in  th e  bulk of the 

film  attacks th e  -CCsp^sNCsp1) un its forming HCN molecules th a t diffuse to 

the surface of th e  film.
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T =20 ° c :0.6
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$ 0.3 0.5
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Fig. 6.11. The areas of the C-H(s) and N-H(s) bands as a  function of the area 
of CfspilsNCsp1) band a t different Ta.

CH4 and  N H 3 (and probably higher hydrocarbons or aminocarbons) 

can also be form ed inside the film and removed from the film along w ith
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hydrogen. The mechanisms for the sim plest reactions are connected w ith the 

removal of one C and four H atoms for the case of CH4  and of one N and three 

H atom s for the case of NH3 . There m ight be d ifferent ways for these 

processes to occur bu t the easiest ways, shown in  Fig. 6.10(d) and (e), are 

likely to involve bonding units C(sp3>-Hn, n  = 2, 3, and  N(sp3>Hn, n  = 1, 2 . 

The net bond reaction equations are:

4C(sp3>H -»  CH4  6 .2  (f)

3N(sp3)-H ->  NH3 6 .2  (g)

The interaction param eters for these reactions are approximately zero. Thus 

it is concluded th a t during annealing a t T a ^  350 °C, C(sp3 )-Hn and N(sp3)- 

Hn units are removed from the films by forming CH4  and NH3 respectively. It 

can also be concluded by comparing Eqs. 6 .2  (a), (b) and (f), (g) th a t the 

form ation of CH4 and NH3 in the film is more favorable energetically than 

the formation of H or H2 .

As m entioned earlier the film turns black after 1 hour of annealing at 

700 °C and the ta il of the band gap absorption can be even seen in  the mid IR 

spectra (see Fig. 6 .1 2 ), verifying the decrease of Eopt. We have estim ated the 

band gap by E 04, from Fig. 6.12 where a  is plotted as a  function of energy E 

(eV). As can be seen from Fig. 6.12 the band gap after annealing a t 700 °C is 

0.52 ±0.05 eV while before the annealing for the same film  Egap was 1.3 eV. 

Thus we conclude th a t as Ta rises above 400 °C, the tem perature a t which 

changes s ta rt, th e  band gap decreases steadily  in  agreem ent w ith  the 

conclusions of Feldm an114 et. al. The reason of th is decrease of the band gap 

is the film ,graphitization,.
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Fig. 6.12. The absorption coefficient a  vs. energy of a-CxN yHz film (sample 
6A) after 1 hour annealing a t 700 °C.

6.3 C onclusions

The resu lts for the a-CxHy alloys have shown th a t a t tem peratures
3

above 350 °C the concentration of hydrogen bonded to sp carbon decreased

while the concentration of hydrogen bonded to sp carbon increased. The

general conclusion has been made th a t the  annealing a t high tem peratures

above Ta = 550 °C transform s the alloys into graphite-like amorphous

carbon. I t has been pointed out recently25 for the first tim e th a t the decrease

of the C-H absorption sta rts  la ter than  th e  increase of the C=C absorption.

Regarding the a-CzNyHz alloys the results have shown th a t for Ta > 400 °C

the concentration of H  bonded to sp C and N decreased w hile the
2

concentration of hydrogen bonded to sp carbon and nitrogen increased.
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The conclusions from the study of the a n n e a l in g s  (Ta ^  650 °C) of the 

a-CxHy film s are: (1 ) The processes th a t are observed during th e  annealing 

experim ents are m ostly independent of each other. These processes are: the 

decrease of absorption of C(sp3)-H bonds, the increase of absorption of C(sp2)- 

H bonds, and the increasing absorption of the bonds th a t involve unsaturated  

C(sp2) atom s. (2) Molecules of CH4 are formed in  the bulk of the film  due to 

the distraction of all types of C(sp3)-Hn units. (3) The band gap decrease due 

to film >graphitization,.

The qualitative study of the annealings (from 77 K  to 700 °C) of the a- 

CxNyHz film s described in  th is chapter has revealed the following resu lts 

regarding the structure of these alloys: (1) The N-H -N  hydrogen bonds are 

very stable for tem peratures up to 350 °C. (2 ) The processes observed during 

the annealing experim ents are the decrease and disappearance of absorption 

by C(sp3)-H and N-H bonds, the developing of a  stable absorption by C(sp2)-H 

bonds, th e  decreasing absorption of unsaturated  C=N, C =N bonds, and the 

increasing absorption in  the region 1400 - 1 1 0 0  cm'1. (3) The annealing of the 

a-CxNyHz films may be considered as process of destruction of C(sp3 >Hn, N- 

Ha, C =N , and C=N u n its  a t the same tim e resulting the form ation of CH4 , 

NH3 , H 2 , and HCN. (4) There is a  tendency of film 'graphitization' for T a > 

650 °C.
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Chapter 7

The Free Energy M odel and P redictions for Atomic 
Bonding in Carbon-Based Alloys

In  th is  chap ter th e  local atom ic bonding in  am orphous alloys is 

predicted using th e  basic principles of s ta tis tica l thermodynamics. If  the 

composition of an  am orphous alloy is known th e  atom ic bonds present and 

the resu lting  bond fractions can be predicted. Once the predicted bond 

fractions are known, th e  distribution of the bonds among the fundam ental 

structural units can be found. The model developed by our group to address 

these issues is the free energy model (FEM) for bonding in  amorphous 

covalent alloys. The FEM will be introduced in  section 7.1 and its results to 

several Si-based w ill briefly mentioned in  section 7.2. The development of the 

FEM for C- and CN-based alloys will be presented  in  sections 7.3 and 7.4, 

respectively.

7.1 F ree E nergy M odel

In  any given alloy the actual atomic bonding present will correspond in  

general neither to perfect CO nor to completely random  bonding, but will be 

th a t which minimizes the  Gibbs free energy of m ixing Gm = Hm - TSm- In  

general, stronger bonds w ill be favored but w eaker bonds will also be present 

due to entropy effects. Although these alloys a re  clearly not prepared in  a  

state corresponding to thermodynamic equilibrium , the approach taken here 

is to determ ine the sta te  of the amorphous alloy which has the lowest free 

energy. The FEM may be expected to be valid w henever good 'atomic m ix in g *
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occurs a t the surface of the growing film . This should be the case for plasma- 

enhanced chemical vapor deposition, for example, w hen all of the  reactants 

are sufficiently excited.

The FEM as developed here is based on the quasichemical approach to 

the thermodynamics of regular solutions invented by G uggenheim 115, in  

1935. The nearest-neighbor approxim ation is generally applied, i.e. it is 

usually assum ed th a t only nearest-neighbor interactions need to be counted. 

We assume initially  th a t the  network is  fully coordinated, w ith no defects 

such as broken bonds, and  th a t atoms such as Si and C atoms th e ir normal 

chemical valence of 4 (given by the 8-N rule). The m inim ization of the Gibbs 

free energy of mixing, Gm  w ill yield the normalized bond concentrations, for 

an alloy of fixed composition x, y, z, i.e. a-CxNyHz.

The enthalpy is H = E  +  P V , w here P  is the pressure, V  is th e  volume 

and E  is the internal energy of the system  considered. The energy consists of 

the sum of th e  potential energies between the atoms E (P E )  and th e ir therm al 

kinetic energies E (K E ). We can w rite th e  enthalpy of mixing as: Hm  = 

A E (P E ) +  A E (K E ) +  A (P V ), where A  refers to the changes occurring because 

of mixing as the alloys is formed. For condensed m atter the term  P V  is small 

a t ordinary pressures and  since during  mixing the volume changes are 

negligible, th e  term  A (P V ) » 0. To a  firs t approxim ation it  is also assum ed 

th a t A E (K E ) » 0. Then th e  enthalpy o f mixing is given by Hm  = A E (P E ) 

which by the quasichemical approach can be w ritten as H m  = E  atoms - Ebonds> 

where E atoms is the sum  of th e  energies of the isolated atoms and E bonds is 

the sum of the energies of th e  nearest-neighbor bonds in  the alloy. Note that 

exothermic mixing (Ebonds >  Eatom s) corresponds to Hm < 0-

La term s of N (X i) and N (Xi-Xj) which are the concentrations of X{ atoms 

and X{-Xj bonds, respectively, in  the fully-bonded random  covalent network
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and  H0(Xi) and E(Xi-Xj) w hich are the  corresponding atom ic heats of 

formation and bond energies, respectively, we «»t> write:

Eatoms = ^  N(Xj) H0(Xi) and (7.1)
i

Ebonds = N(X|-X,) ECXi-Xj) (7.2)

where the sums are overall the atoms and all the bonds in  the alloy. The bond 

energy referred here is the Contributing Bond Energy (CBE) which is defined 

in  Appendix 7A. The entropy of mixing Sm is given in  the FEM by

SM= kglnT (7.3)

w here kg is the Boltzmann constant and T  is the to ta l num ber of d istinct 

bonding configurations in the alloy, i.e. in  system  of fundam ental structural 

units.

7.2 S ilicon  Baaed alloys.

The summ ary of results of the FEM developed for Si-based amorphous 

alloys are presented in  this section. The results for a-SixC i_x and a-SixCyHz, 

a-SixNyHz alloys w ith defects, and SixGeyH z and  SixGeyOz alloys are  

presented in sections 7.2.1, 7.2.2, and 7.2.3, respectively.
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7.2.1 a<SixCi.z  and a-SizCyHz alloys

W hile am orphous covalent netw ork alloys such as a-SixC yHz are 

characterized by the absence of long-range order, they can  possess a  

considerable degree of short range order (SRO). The degree of CO present in  

a-SixC yHz alloys rem ains th e  m ost im portant outstanding question, both 

experim entally and theoretically. There are five possible bonds in  a-SizCyHz 

alloys, nam ely Si-Si, Si-C, C-C, Si-H, and C-H. For sim plicity, th e  bond 

energies9 of these bonds are initially assumed to be independent of the ir local 

chemical and physical environment in  the alloy116.

The BRE for a-SixCyHz alloys indicate th a t (1) Si-C bonds are favored 

by CO in  near-stoichiom etric a-SizCy alloys, (2) Si-Si and C-H bonds are 

favored by CO over Si-C and Si-H bonds in  Si-rich alloys, and (3) Si-C and C- 

H bonds are favored by CO over C-C and Si-H bonds in  C-rich alloys. It is 

im portant to em phasize th a t Si-C bonds are not favored by CO in  Si-rich 

alloys.

The Gibbs free energy of mixing per total atom Gm  = Hm  - TSm  can be 

expressed as a  function of the bond concentrations as well as th e  alloy 

composition xy ,z, the bond energies, and the tem perature T. Predictions for 

the bond concentrations were obtained by minimizing G m  for an alloy of given 

composition. For a-Sio.sCo.5 alloys w ith G i/kfiT »  1 (£2i = 0.38 eV) a t T = 

523 K i t  was found th a t while CO dominates it  is not perfect as only 90% of 

all bonds are Si-C bonds, w ith about 5% each of Si-Si and  C-C are present.

For a-SizCyHz films w ith high H-content (high H  contents correspond 

approximately to z = 2.5y + O.lx, or about 2.5 H atom s per C atom  and about 

0.1 H atoms per Si atom) predictions were made . For the Si-rich alloy with 

the lowest C content, y = 0.01, it  was predicted to have the lowest num ber of
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C-H bonds per C atom , 1.956. This prediction indicates th a t CO is no t 

complete in  very Si-rich alloys, in  agreem ent w ith a  recent extended-x-ray 

absorption fine-structure (EXAFS) study117.

I t was found th a t essentially all of the C and H atoms incorporated in  

the high H-content Si-rich films are predicted to enter as CH3 units, in  very 

good agreem ent w ith the observation118 th a t films w ith high H  contents can 

be called 'm ethylated amorphous silicon1, a-Six(CH3)i.z:H. For such films only 

a  single Si-C bond per C atom is thus predicted. As a  result, the Si-Si atom  

bond fraction is not significantly affected by alloying w ith C and the films can 

be expected to be sim ilar to a-SizH z in  th e ir optical and electronic properties. 

It is interesting to note th a t N(Si-HyN(Si) rem ains almost constant a t a value 

of about 0 .1 1  from y  = 0  (a-Sio.88Ho.12) up to a-Sio.36Co.i5Ho.49 for these high 

H-content alloys.

In  order to completely specify the SEO present in  these amorphous 

covalent alloys i t  is necessary to predict how the predicted bonds will be 

distributed among the Si- and C-centered tetrahedra. In  general there is no 

unique answer to th is question. O ur approach will be to reform ulate the FEM 

for bonds by explicitly using tetrahedron probabilities to define the possible 

configurations in  the entropy of mixing Sm-

For the case of a-SixC i-x alloys There are ten  possible te trahedra in  

these alloys, nam ely Si-Si4-nCn and C-Si4 -nCn w ith n  = 0-4, as discussed 

previously119. The tetrahedron probabilities P(i) for the individual tetrahedra 

are functions both of the composition param eter x in  these alloys and also of 

the type of chemical ordering p resen t in  the films. The P(i) in  fact be 

directly determ ined from the norm alized bond concentrations predicted using 

the FEM for bonds. We assume th a t the predicted bonds will be distributed 

randomly, according to statistics, among the ten  possible te trahedra. The
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justification for this assum ption is th a t, since the predicted bonds already 

completely determine the enthalpy Hm, the free energy 6 m  = Hm - TSm will 

therefore be minimized when th e  entropy Sm  is maximized. This clearly 

corresponds to a random  distribution of the  predicted bonds among the  

available tetrahedra.

I t  is in  fact not necessary to develop a  separate FEM  for te trahedra 

since the normalized bond concentrations predicted by the FEM for bonds can 

be used to obtain the P(i) for te trah ed ra . This leads to the im portant 

additional conclusion th a t the distribution of bonds in  am orphous covalent 

alloys corresponds in  general to partial chemical ordering w ith  homogeneous 

dispersion, i.e. partial COHD. On th is basis, we can assert th a t COPS will not 

occur in  these alloys unless bond energies vary according to their local 

environm ent. For exam ple, if  Si-C bonds are stronger in  Si-centered 

tetrahedra in  which other Si-C bonds are present, then COPS can occur in  Si- 

rich a-SixCy alloys, w ith only Si-Si4 , Si-C4 , and C-Si4 te trahedra predicted to 

be present. For the case of a-SizCyHz alloys there are 30 possible Si- and C- 

centered tetrahedra. The P(i) can be calculated directly from  the predicted 

results of the FEM for bonds.

I t is predicted by the FEM th a t a-SizC yHz alloys having lower H- 

content have much lower polymeric components, for a  given y/(x+y) ra tio , 

than  do the the high H-content alloys. Therefore the polymeric component is 

controlled primarily by the H-content z, as expected.

7.22 a-SixNyHz alloys with defects

As another test, the FEM was extended to amorphous a-SixNyHz films 

including defects. Experimental120 and theoretical121 studies have shown th a t
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the electronic properties of these a-SizNyHz films depend on and are lim ited 

in  a  significant way by the presence of defects, i.e. deep charge-trapping 

centers associated with dangling bonds (dbs) a t Si atom s. Si dbs have been 

widely studied in  these alloys120' 122’123 and are believed to have electronic 

energy levels lying near the m iddle of the energy gap. I t  is also generally 

agreed120’!24 th a t the energy levels associated w ith N dbs lie near th e  top of 

the valence band, a t least in  th e  N-rich alloy films which are the focus of this 

section. We use th e  notation125 Xin, where X stands for a  Si or N atom , the 

subscript i signifies the coordination num ber, and n  gives the local charge 

sta te . Thus neu tra l silicon and nitrogen dangling bonds are Si3 0  and N 20, 

respectively. I f  an  electron is removed or captured from a  Xio center, i t  is 

converted to Xi+ or Xi-, respectively.

Insight into which bonds and defects are favored by CO in these alloys 

can be obtained by examining the interaction param eters Q  of the possible 

reactions involving bonds and defects. 12 was calculated from the bond, bond- 

defect, and defect-defect reactions which are possible in a-SixNyHz alloys with 

Si and N dbs. From  the BRE's i t  was inducated th a t H can play a  role in 

determining which defects are present in  these alloys.

Predictions of the FEM for the relative concentrations of bonds and 

defects are obtained by minimizing Gm  for an  alloy of fixed composition x, y, z 

and given defect fraction n(db) = N(db)/(N(Si) + N(N)), where N(db), N(Si), 

and N(N) are th e  to tal concentrations of defects, Si atom s, and N atom s, 

respectively. T hus the m odel did not a ttem p t to p red ict th e  to ta l 

concentration of defects present, bu t ra th er how the defects were distributed 

among the various possible configurations.

Even before minimizing Gm , i t  was found from the BREs th a t the 

tendency for CO is quite strong in  these alloys since |12 |/kfiT » l for all the
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reactions considered, using a  typical deposition tem perature o f673 K. It was 

found th a t the bonds favored by CO are Si-N and Si-H while the defects 

favored by CO are N20, Si3+, and N2-.

T he re la tiv e  concen trations of the defects, e.g. n(Si3o) = 

N(Si3o]/(N(Si)+N(N)), etc. were predicted by the FEM  for three N-rich alloys 

w ith N/Si = y/x = 1.31, 1.63, and 1.90 a t a  tem perature of 673 K. These 

compositions are typical of those for a-SizNyHz alloy films prepared by 

plasma-enhanced chemical vapor deposition86 using high NH3/SiH4 ratios.

For a  defect fraction n(db) o f 10*6, corresponding to a typical defect 

fraction observed for N-rich alloys126, the predicted relative concentrations of 

defects are  N20, N2- and N2+, w hile by exam ining the bond and defect 

reactions (Table 7.8) th e  thermodynamically preferred defects are N20, N2- 

and Si3+. The N2+ seems to be preferred somewhat over Si3+ for these alloys 

a t T = 673 K. We note th a t the predictions of th e  FEM concerning the 

dominance of the charged defects S i3+ and N2- are in  agreem ent w ith the 

prediction of Robertson121. The experim ental evidence for charged defects, 

however, seems to favor Si3+ and Sis-120*123.

7.2.3 a-SixGeyHg and  a-SixGeyOz alloys

The FEM is also applied here to amorphous alloys based on Si and Ge. 

Interest in  amorphous alloys based on Si and Ge has increased recently due 

prim arily to the potential use of a-SizGeyH z as the  low-bandgap alloy in  

m ultijunction or tandem  solar cells127, to the oxidation of crystalline and a- 

SixGey alloys128’129'130, etc. It is clearly im portant to understand and be able 

to predict the bonding in  these amorphous alloys in  order to improve their 

properties.
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It w as found from th e  BREs for these alloys th a t the bonds favored by 

CO in  a-Si*GeyHz alloys are Si-Ge and  Si-H bonds in  Si-rich alloys and Ge-Ge 

and Si-H bonds in  Ge-rich alloys. Because of the relative m agnitudes of £2, 

th e  tendency for CO is w eaker an d  th e  preference for random  bonding 

stronger in  these amorphous alloys o f Si w ith Ge th an  in  the corresponding 

alloys of S i w ith C, N or O. This is prim arily  because Si-C, Si-N and  Si-0 

bonds are m uch stronger th an  Si-Ge o r Si-Si bonds. This tendency for random 

bonding, a t least in H-free a-SixGey alloys, is in  agreem ent with experimental 

observations131.

Li th e  technologically-im portant Si-rich alloys, Ge atoms are  thus 

predicted to have a tendency to be bonded to four Si atoms while essentially 

all the incorporated H w ill be bonded to Si. These predictions are in  accord 

w ith observations th a t the incorporation of Ge in  a-SixH z can occur w ithout a 

corresponding strong increase in disorder in  the netw ork127 and th a t Si-H 

bonds dominate over Ge-H bonds132.

From  the predictions of the FEM  for N(Si-HVN(H) by minimising the 

Gibbs free energy G, i.e Guun, a t a  tem perature T = 250 °C it  was found that 

over 90% of the  H is predicted to be bonded to Si even in  stoichiometric (x = y) 

alloys. This preferential bonding of H  to Si is a  resu lt of the  tendency for CO 

in  these alloys.

The electronic properties of a-SixGeyHz alloy film s depend on and are 

lim ited in  a  significant way by the presence of dangling bonds (dbs) a t Si and 

Ge atoms13*14*15. The dom inant defects in  these alloys have been identified as 

the neutral sta tes of the S i and Ge dbs, nam ely Si3o and Ge30 . In  order to 

predict which defects are preferred th e  FEM  was also extended to a-SixGeyHz 

alloys containing Si30 and Ge30 dangling bonds.
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From th e  defect-bond and  defect-defect reactions considered i t  was 

concluded th a t th e  defects which are predicted to be favored by CO in  these 

alloys are the neu tral dbs S i30  and Ge3 0 . In  addition, Ge3 0  is predicted to be 

preferred over Si3 0 . Owing to the dominance of S i30 and Ge30  in  these alloys, 

the charged defects Si3~, Ge3~, S i3+, and Ge3 + were included in  the FEM.

The predictions of th e  FEM for th e  relative fractions of bonds and 

defects were ag a in  obtained by m i n i m i s i n g  Gm for an  alloy o f fixed 

composition and  given defect fraction n(db) = N(db)/(N(Si) + N(Ge)). The a- 

SixGeyHz alloys for which predictions have been made are those studied  by 

Stutzm ann et. a l133. It is predicted by the FEM  th a t a t T = 523 K Si30  dbs are 

predicted to dom inate over G e30  only in  very Si-rich alloys, as also found 

experim entally, while Ge30  dbs begin to dom inate over Si3 0  for y/(x+y) 

between 0 .1  and 0 .2 , also in  good agreem ent w ith the experimental re su lts13. 

The dominance of Si30 over Geso a t very low Ge concentrations is an  entropy 

effect in  th a t th e  dbs tend to be randomly distributed among the Si and  Ge 

atoms, which naturally  favors th e ir appearance on Si atoms in  these Si-rich 

alloys. As the Ge concentration increases, the effects of enthalpy begin to 

dom inate and essentially all the  dbs are predicted to appear on Ge atom s. 

The preferential formation of Ge dbs as th e  Ge content in  the alloy increases 

can thus be considered to be an  equilibrium  property of th e  alloy rela ted  to 

the tendency for CO and therefore is not due to specific deposition conditions 

such as the preferential deposition of Ge atom s133.

The P(i) fo r the S i-centered and  G e-centered te trah ed ra  can  be 

obtained by random ly distributing among these tetrahedra the bonds already 

predicted to be present in  the alloy9. For th e  alloy with x = 0.74, y= 0.08, z =

0.18, and N(db) = 7xl015 cm*3 i t  is predicted th a t the dominant te trahedra for 

Si30  are Si-Si3 db, Si-Si2Gedb and Si-Si2Hdb, which contain either two or
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three back-bonded Si atoms, while for Ge3 0  the dominant tetrahedra are Ge- 

Si3 db and Ge-Si2Gedb.

Regarding the a-SixGeyOz alloys th ere  are  also five possible bonds, 

nam ely Si-Si, Si-Ge, Ge-Ge, Si-O, and Ge-O, w ith bond energies given in  

Table 7.1. The three possible reactions (3a-3c) involving these bonds are given 

in  Table 7.10. These reactions and  the m agnitudes of the corresponding 

interaction param eters 12 indicate clearly th a t S i-0 bonds are very strongly 

favored by CO over Ge-O bonds. Thus, in  any a-SizGeyOz alloy, under 

equilibrium  conditions and to the extent allowed by composition, O atoms are 

predicted to be preferentially bonded to Si while Ge atoms are predicted to be 

preferentially bonded to either Si or other Ge atoms.

These predictions are consistent w ith  a  wide range of experim ental 

observations in  both crystalline and am orphous alloys, including firstly the 

segregation of Ge a t the Si-Si02 interface during the steam oxidation of Ge- 

im plan ted  S i128 and during the  w et oxidation of SixGey alloys130, and 

secondly the generation of only Si-O bonds when oxygen is im planted into 

Si/Ge/Si m ultilayers134.

7.2.3 C onclusions

The fre e-energy model for bonding in  amorphous covalent alloys has 

been extended to include tetrahedra, the fundam ental structural units in the 

a-SixCyHz alloys. I t has been proven th a t th e  tetrahedron probabilities P(i) 

can be obtained from a  random distribution, according to statistics, of the 

bonds predicted by the FEM am ong th e  possible Si- and C-centered 

te trah ed ra . As a resu lt, the short-range order present in  these alloys
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corresponds, in  general, to partia l chemical ordering w ith a  homogeneous 

dispersion of the bonds among the available tetrahedra.

The degree and nature of the CO predicted for these a-Si*CyHz alloys 

has been shown to vary w ith alloy composition and  also with the m agnitude 

(and sign) of the interaction param eters For example, Si-C bonds are 

favored over Si-Si and C-C bonds in  stoichiom etric alloys, Si-Si and C-H 

bonds are favored over Si-C and Si-H bonds in  Si-rich alloys, while Si-C and 

C-H bonds are favored over C-C and Si-H bonds in  C-rich alloys.

For the case of a-SixCyHz, in  the  high H -content alloys C has been 

predicted to be present prim arily in  CH2  and CH 3 units, in  good agreem ent 

w ith experiment, and a  significant polymeric component has been predicted 

to be present. In  the lower H-content alloys, on the other hand, more Si-C 

bonds and a sm aller polymeric component have been predicted. It has 

therefore been concluded th a t th e  H content plays a  dom inant role in  

controlling the optical and electronic properties of these technologically- 

im portant alloys. The sim plest way to improve the usefulness of these alloys 

is therefore to lower the H content, thereby promoting the random bonding of 

C and H atoms in  the amorphous Si network.

Regarding the SixNyHz alloys w ith defects the  FEM cannot explain the 

experimentally observed dominance of the Si30 db. I t is concluded th a t either 

the observed Si3 0  dbs are not in  therm odynam ic equilibrium  w ith the 

am orphous network, in  contrast to current ideas concerning Si3 0  dbs in a- 

Si:H, or the N20  dbs have energy levels lying m uch higher in the energy gap 

than  has been predicted theoretically or observed experimentally so far.

Predictions of the FEM indicate th a t H is preferentially bonded to Si 

and th a t dangling bonds appear preferentially on Ge atoms in  a-SixGeyHz 

alloys, thus dem onstrating th a t these experim entally observed effects need
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not be a ttrib u ted  to specific deposition conditions. In addition, it  h as been 

predicted th a t O bonds preferentially to Si in  a-SixGeyOz alloys and th a t Ge 

will be more strongly oxidized when present in  very dilute concentrations in  

a-Si02-

7.3 a-C^Hy alloys

The free energy model is extended and  applied here to am orphous 

carbon alloys, a-CxH i-x, containing C atoms w ith sp3 and sp2 hybridization 

and to am orphous carbon-nitrogen alloys, a-CxNyHz, containing C and  N 

atoms w ith both sp3 and sp2 hybridization. The properties of these alloys are 

determ ined by the hybridizations of the atom s, by the relative concentrations 

of the different bonds, and  by the distribution of H among the different types 

of both C and N atoms. For the a-CxHi_x alloys the predictions of the FEM  for 

the bond fractions have been used to obtain th e  probabilities for th e  30 

possible tetrahedral C(sp3)- and planar C(sp2)=C(sp2)-centered bonding units 

present in  these alloys. The ratios sp3/sp2 for the bonding of C and N  have 

also been predicted. It w ill be shown th a t entropy has a  very significant effect 

on the structure and bonding for both the a-CxH i.z and a-CxNyHz alloys.

To characterize a-CxH i-x alloys structurally, the overall composition of 

the alloy, i.e. the concentrations or atomic fractions of C(sp3), C(sp2), CCsp1), 

and H atom s, m ust firs t be specified. The SRO is often characterized by 

giving the ratio  r  = sp3/sp2 of CCsp3) to C(sp2) atoms, the fractions of H atoms 

bonded to CCsp3) and CCsp2) atoms, and the average coordination Nc of all the 

C atoms in  the alloy.
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7.3.1 FEM for b on d s.

An im portant question is w hether chemical ordering (CO) or random  

bonding dominates th e  SRO in  a-CxH i.x alloys. The bonds favored by CO in  a - 

CxH i-x alloys can be expected to be bonds between CCsp2) atoms due to the 

observed stability of sp2-bonded graphite relative to sp3-bonded diamond.

The FEM as developed here assum es a  completely bonded network 

containing no unsatisfied  valences or dangling bonds. All possible pairs of 

atoms corresponding to twelve possible bonds (see Table 7.1) may in  principle 

occur in  the alloy. The firs t complication is connected w ith the fact th a t a  self- 

consistent set of energies for these bonds is not readily  available. The FEM 

will allow different energies for single bonds involving C atoms w ith different 

states of hybridization. This approach is justified by the fact th a t the bond 

lengths of such bonds are different, indicating th a t th e ir energies are not the 

same. This im portant point will m ake the FEM m ore complicated but also 

more realistic. The energies of individual bonds are usually derived from the 

heats of form ation for m olecules and crystals containing the bonds in  

question, as well as from  semi-empirical relations between the bond energies 

and bond lengths an d  from other analyses of em pirical data on the heats of 

the heats of form ation. The energies of the C-C and  C-H single bonds were 

estim ated using th e  average bond length for the type of bond in  question, as 

described in  Appendix 7B. The bond lengths lis ted  in  Table 7.1 are the 

averages of values fo r several different organic m olecules102. This approach 

seems reasonable since a  variety of bonding environm ents are likely to be 

present in  the alloy network. The energies chosen for individual bonds listed 

in Table 7.1 are discussed in  Appendix 7B. I t is clear th a t these bond energies 

m ust be considered as an  approxim ation to th e  rea l, more com plicated

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



154

situation w here, for each type of bond, a  distribution of bond lengths in  the 

network will correspond to a  distribution of bond energies.

Table 7.1. Bonds, average bond lengths, and average bond energies used in  

the FEM for a-CzH i.z alloys. The most im portant bonds are in  bold face.

Bond

(X-Y)

Bond

length

d(X-Y)

(nm)

Bond

energy

E(X-Y)

(eV)

Bond

(X-Y)

Band

length

d(X-Y)

(nm)

Bond

energy

E(X-Y)

(eV)

C(sp3).C(8p3) 0.1532 341 C(sp3)-H 0.1087 4 ^ 1

C(sp3)-C(sp2) 0.1506 3.70 C(sp2)-H 0.1080 4^5

C(sp3)-C(spl) 0.1463 3.88 C(spl)-H 0.1056 4.45

C(8p2)-C(8P2) 0.1456 3 ^1 C(sp*)-C (sp2) 0.133 6.72

C(sp2MXspl) 0.1445 3.96 C (spl)sC (spl) 0.119 8.13

C(spi)-C(spi) 0.1377 4.28 H-H 0.07461 4.52

The ra tio  r  = sp3/sp2 of C(sp3) to C(sp2) atom s is  often used to 

characterize th e  overall SRO in  a-CxH i.x alloys. Here a  param eter D will be 

used to specify the fraction of unsaturated C(sp2) atoms in  the  alloys. D is 

defined to be equal to the  ratio of the effective num ber of C(sp2) atoms w ith 

unsaturated double bonds to the total number N(C) of carbon atoms in  the 

alloy, i.e.

D = N[C(sp2)]/N(C). (7.1)
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From this expression it  can be seen th a t D can vary from 0 to 1, i.e. from pure 

sp3 carbon to pure sp2 carbon. The sp3/sp2 ratio  r  = N[C(sp3)]/N[C(sp2)l can 

be expressed sim ply as a  function of D for 0 < D < 1 by r  = (1-DVD. Note tha t 

r  = 1 when D = 1/2, as expected.

Some im portan t bond reactions and th e  corresponding interaction 

param eters £2 are given in  Table 7.2.

Table 7.2. Bond reaction equations and th e  corresponding in teraction  

param eters 12.

Bond Reaction Equations £2
____________________________________________________________ CeV)

2a) 7C(sp3)-C(sp3) + C(sp1)=C(sp1) + 2C(sp3>C(sp1) *->

2C(sp2)=C(sp2) + 8C(sp3>C(sp2) +1.8

2b) 2C(sp3)-C (sp2) <-> C(sp3)-C (sp3) + C(sp2)-C (sp2) +0.12

2c) C(flp3)-C(sp3) + C(sp2)-H <-> C(sp3)-C (sp2) + CCsp3) ^  +0.05

2d) CfgpSMXsp2) + C(sp*)-H <-» C(sp2)-C (sp2) + C(sp3)-H +0.17

2e) H-H + C(sp2)=C(sp2) + 4C(spSMXsp2) <->

2(Xsp3)-H + 5C(sp3>C(sp3) +0.63

2f) H-H + C(sp3)-CJ(sp3) 2C(sp3)-H +0.49

All th e  bond reaction equations as w ritten  are  exothermic in  th e  forward 

direction, w ith positive values of £2. Bond reaction (2a) essentially describes 

th e  conversion of one single bond and one trip le  bond into two separated 

double bonds. The interaction param eter for th is  BRE is quite large, +1.88 

eV. I t  follows therefore th a t C(sp3)-C(sp3) and C(sp1)sC (sp1) bonds cannot 

co-exist in these alloys as long as the deposition conditions allow 'equilibrium '
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to be reached in  the alloy film . In  practice th is m eans th a t the substrate 

tem perature T8 or the incident ion energy Ejon m ust be sufficiently high, e.g. 

Tg > 150 °C or Ejgn > 10 eV. The FEM can therefore be sim plified for 0 < D < 1 

to consider only bonds involving CCsp3), CCsp2), and H  atom s. There is, 

however, evidence in  the literatu re78 of hydrogen bonded to CCsp1) atom s in  

hydrogen-rich alloys. This is actually not uncommon for film s deposited below 

150 °C in  w hich the bonding is not, however, in  equilibrium . Since the 

concentration o f such CCsp1)-!! bonds is small, these results do not contradict 

the conclusions reached here.

Bond reaction (2b) indicates th a t carbon-carbon single bonds between 

atoms of the sam e hybridization are preferred energetically to those between 

atoms with different hybridizations. BRE's (2c-2d) both show th a t CCsp3)-H is 

the most probable bond involving H. The interaction param eter for reaction 

C2e) involving th e  H2 molecule is also ra th e r large. T his indicates th a t

unbonded hydrogen molecules in  the alloy are unlikely to co-exist w ith 

C(sp2)=C(sp2) double bonds but will instead react w ith them  to form CCsp3 )-H 

bonds. Reaction (2f) indicates th a t H2 molecules will also be elim inated by

reactions w ith  carbon-carbon single bonds in  the alloy. From these 

considerations i t  is d ea r th a t th e  FEM can be simplified by elim inating both 

CCsp1) atoms and H2 molecules. Thus from the bonds m entioned in  Table 7.1

only the 6 bonds in  bold face rem ain between CCsp3), CCsp2), and H atom s. 

Also, only the th ree BRE's indicated in boldface in  Table 7.2 need to be 

considered.

The conversion of CCsp3) atom s into CCsp2) atom s in  the alloy m ay 

expressed schematically by the overall reaction

2CCsp3MXsp3) CCsp2)=CCsp2y2 + C(sp2)-CCsp2), Q  = +0.05 eV. C7.2)
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While th is reaction is not in  fact a  BRE, it  does confirm th a t the graphite-like 

form of bonding is preferred in  these alloys to  the diamond-like form by the 

sm all am ount of +0.05 eV per C atom  determ ined previously. The sign of £2 in  

Eqn. (7.2) depends sensitively on the values of the th ree  bond energies 

involved.

The Gibbs free energy of mixing Gm  is & function of the tem perature

T, the alloy composition x, and  the fraction of sp2 carbon atom s D. The 

configurational entropy or entropy of mixing Sm  is given by kglnT w here, in

the case of a-CxH i-x, T  is given approxim ately by r(sp 3)r(sp 2). H ere T(sp3) 

and rCsp2) refer to the number of possible configurations of C(sp3) and C(sp2)- 

centered units. As discussed in  section 7.2, th is product in  fact overestim ates 

the num ber of d istinct bonding configurations9, but by a  factor depending 

only on the alloy composition. Thus the equilibrium  bond concentrations for 

an  alloy of given composition w ill not be affected.

7.3.2 P red iction s o f th e FEM  for bonds

Gm  has been minimized for several alloy compositions, tem peratures, 

and also as a  function of the param eter D. The general system  of constrain t 

equations for th e  unknown bond concentrations N(X-Y) is th e  following:

(a) N[C(sp3)-H] + 2N [C(sp3 MXsp3)] + 2N[C(sp2)=C(sp2)] +

+ N[C(sp2y a \ + 2N[C(sp2)-C(sp2)] + 2N[C(sp3)-C(sp2)] = 4N(C)

(b) N[C(sp3)-Hl +N[C(sp2)-H] =N(H)

(c) 2N[C(sp2)=C(sp2)] = DN(C)

(d) N[C(sp2)-Hl + N[C(sp3)-C(sp2)] + 2N[C(sp2)-C(sp2)] =

= 4N[C(sp2)=C(sp2)j
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Equations (7.3a) and (7.3b) express the conservation of atom s and bonds in  

the alloy, Eqn. (7.3c) is  taken  from the definition of D in  Eqn. (7.1), while 

Eqn. (7.3d) is  connected w ith the specific bonding structure of C(sp2) atoms: 

there are two single bonds per double bond. We do not consider ...C=C=C... 

bonding structures, i.e. i t  is assum ed th a t each (Xsp2) atom  can participate in  

only one double bond.

One more condition is im portant: the to ta l concentration of C(sp3>H 

bonds should be less th a n  or equal to three tim es the concentration of bonds 

which C(sp3) atoms m ake to other C(sp3) atoms and to C(sp2) atoms, i.e.

N[C(sp3)-H] £ 3{2N[C(sp3 )-C(sp3)] + NKXspSMXsp2)]}. (7.4)

h i this way no C-H4 un its (m ethane molecules) are necessary in  the alloy.

Fig. 7.1 presents th e  predictions of the FEM for the equilibrium  

norm alized bond concentrations N(X-YVN(C) for a chemically-ordered a- 

Co.6Ha 4  alloy a t T = 0  K  as a  function of D. This composition is typical for

films grown via the PECVD process. I t can be seen th a t the predicted bond 

concentrations all vary linearly w ith D.
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Fig. 7.1. The predictions of the FEM for the equilibrium  norm alized bond 
concentrations N(X-YYN(C) for a  chemically-ordered a-Co.6Ho.4 alloy a t T = 0 
K are shown as functions of D = N(C(sp2))/N(C).

The most im portant predictions of the FEM for the case of CO are as 

follows:

1. T here a re  no bonds betw een carbon atom s o f d ifferen t 

hybridizations, w ith the resu lt th a t th e  to tal phase separation of the two 

forms of carbon is predicted. There a re  two C(sp2 )-C(sp2) single bonds per 

C(sp2)=C(sp2) double bond in  the region 0 < D < D0 = 0.778 for x = 0.6. This is

the bonding which is associated with graphite in the FEM (see Fig. 2.4 (b)).

2. H  is bonded only to C(sp3) atom s for 0 < D < D0. At D = D0 each 

C(sp3) atom  is bonded to three H atoms. For D > D0 H m ust also form bonds

with C(sp2) atoms.

3. The minimum value G^Cmin, 0 K) per C atom  for a  chemically- 

ordered alloy of a  given composition x is achieved a t D = D0, with an  absolute
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value w hich is m uch sm aller th a n  the individual bond energies. This 

prediction indicates th a t the effects of entropy can be expected to play a  very 

significant role in  determ ining th e  structure and bonding of amorphous C 

alloys a t T  > 0 K.

4. The value of D corresponding to the minimum value of G&f a t T = 0 

K, w hich is Dmin = D0> decreases as the H content (1-x) increases. The 

corresponding sp3/sp2 ratio r  = (l>D0VDo> given by (l-x)/(4x-l), increases as (1-

x) increases. Note th a t for the H-free alloy a-C the carbon-carbon bonding is 

predicted to be purely graphitic since the m inim um  value of G j j  then occurs

a t D = 1.

The predicted equilibrium  normalized bond concentrations for the a- 

C0.6H0.4 alloy a t T = 523 K, which therefore include the effects of entropy, are

presented in  Fig. 7.2. Some of the predictions of the FEM presented above in 

Fig. 7.1 for CO a t T = 0 K  rem ain tru e  a t T = 523 K. The m ain difference in 

the predictions of the  FEM when entropy effects are included is connected 

w ith th e  appearance of C(sp3)-C(sp2) single bonds. Thus phase separation 

into regions containing only C(sp3) or C(sp2) atoms no longer occurs. Now the 

minimum value corresponding to GM(min, 523 K) for the a-Co.6Ho.4 alloy is 

predicted to occur a t Dmin = 0.331 instead of a t 0.778 for the same alloy a t T = 

0 K. The im portance of the entropy in  determ ining the bond distribution in  

this alloy can be seen clearly.
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Fig. 7.2. The predictions of th e  FEM for the  equilibrium  normalized bond 
concentrations N(X-Y)/N(C) for an  a-Co.6Ho.4 alloy a t T = 523 K are shown as 
functions of D = N(C(sp2)yN(C).

The sp3/sp2 ratios and the average C coordinations N q predicted for 

four alloys of different com positions and a t  different tem peratures are 

presented in  Table 7.3. The compositions and tem peratures have been chosen 

to represent qualitatively th e  changes occurring during the annealing of an 

alloy deposited a t 523 K (250 °C). The most obvious conclusions that m ay be 

draw n from Table 7.3 are th e  following: Dmin increases w ith increasing

tem perature as the H content (1-x) decreases. The sp*Vsp2 ratio and the 

average C coordination Nc both decrease w ith decreasing H content.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



162

Table 7.3. Predictions of the FEM for the  sp3/sp2 ratios and the  average C 

coordinations N e far four a-CxHi-z alloys a t different tem peratures.

T, K X ® m m spS/sp2 NC

523 0.6 0.331 2.02 3.669

623 0.65 0.353 1.83 3.647

723 0.8 0.443 1.26 3.557

823 1.0 0.540 0.85 3.460

The fractions of sp2 and sp3 C atom s present in  the alloy depend on 

both th e  tem perature and the  H concentration. The sp3/sp2 ra tio  r  = 

(1 - D min VD min is  predicted to increase as the H content (1-x) increases (Fig

7.3(a)). The sp3/sp2 ratio also increases as T increases and saturates a t higher 

T (see Fig. 7.3(b)) to a  value which increases as the H  content increases. It 

can be seen th a t th e  sp3/sp2 ratio  a t high T saturates a t a  value close to r  = 

(2-x)/x. The value of th is ratio  a t high T is connected prim arily w ith the 

effects of entropy, indicating th e  difference in  th e  num bers of possible 

configurations of C(sp3) and C(sp2>centered units.

For an  a-C alloy th e  random  bonding observed for T > 1000 K 

corresponds to r  = 1, i.e. to essentially equal num bers of C(sp3) and C(sp2) 

atom s in  the network. Fig. 7.3(b) also illustrates very clearly the transition 

from CO a t low T to random bonding a t high T.
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Fig. 7.3. The predictions of the FEM for the sp3/sp2 ratio  for a-CxHi_x alloys 
are shown for two cases: (a) as a function of the hydrogen concentration (1-x) 
for several tem peratures T, and (b) as a  function of the tem perature T for 
several hydrogen concentrations.
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At very low T the predicted ap3/sp2 ratio has a  constant value th a t is also 

determ ined only by the composition of the alloy, r  = (1 - x)/(4x - 1), i.e. Dm™ = 

(4x - lY3x. This value corresponds to the case of chemical ordering considered 

above. From  Fig. 7.3(b) i t  can be seen th a t for each H concentration there is a 

'critical' tem perature below which CO exists.

7.3.3 P red ictio n s o f th e  FEM for tetrah ed ral and p lanar b on d in g  

u n its.

In order to predict the SRO and IRO present in these a-CjH i-x alloys it 

is necessary to specify how the predicted bonds will be distributed among the 

fundam ental structu ral un its. These un its are chosen here to be C(sp3)- 

centered te trahed ral and C(sp2 )=C(sp2 )-centered p lanar bonding un its. A 

C(sp2)=C(sp2)-centered p lan a r u n it corresponds to two C(sp2) atom s 

connected by a  double bond and has four rem aining bonds available to bond 

to the netw ork , as does the  C(sp3 )-centered te trah ed ra l u n it. The 

probabilities P(i) for the distinct tetrahedral and planar bonding units have 

been calculated below using the normalized bond concentrations predicted by 

the FEM in  Sec. 7.3.2. The P(i)'s are calculated by » « an m in g  th a t the bonds 

predicted by th e  FEM are  distributed random ly among the ten  possible 

structural u n its9.

For th e  case of chemical ordering (T = 0 K) in  a-C, i t  was found th a t 

only one te trah ed ra l u n it, C(sp3HC(sp3)U, and only one p lan ar u n it, 

[C(sp2)=C(sp2)]-[C(sp2)=C(sp23 4 , are present. This corresponds to the phase 

separation discussed above. For the general case of bonding (T > 0 ED, 

corresponding neither to perfect CO nor to completely random  bonding, the 

four other te trahed ral and  four other p lan ar bonding units, e.g. C(sp3 )-
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[<Xsp3)j 3[C(sp2)=C(sp2)], [C(sp2)=C(sp2)HC(8p3^ 3[C(sp2>=C(8p2)], also

become im portant. For low values of D, 0 < D < 0.2, the C(sp2)=C(sp2) planar 

un it is preferentially bonded to four C(sp3) atom s and thus has an  olefinic 

structure. For higher values of D, 0.8 < D < 1, graphite-like units, i.e. planar 

units bonded to four other planar units, are  preferred.

For the case of a-CxHi_x alloys, there a re  fifteen possible C(sp3)- 

centered tetrahedral and fifteen possible C(sp2 )=C(sp2 )-centered p lan ar units. 

I t was found th a t for the alloy a-Co.6 Ho.4  alloy a t  T = 523 K, H  is bonded 

prim arily in  C(sp3)-centered tetrahedra for D < 0.6. This is consistent with 

the predictions of the FEM for bonds as described in  the previous section. For 

the general case of bonding all fifteen C(sp3 )-centered units are predicted to 

be present. Not all of the C(sp2)=C(sp2)-centered un its are predicted to be 

present.

A proposed 'two-dimensional' schem atic bonding network for the a- 

C0.6H0.4 alloy a t 523 K is presented in  Fig. 7.4. Here three types of atom s are 

shown: C(sp3), C(sp2), and H . The distribution of C(sp3)- and C(sp2)=C(sp2)- 

centered bonding units in  the  network is close to th a t predicted by the  FEM 

and corresponds to an sp3/sp2 ratio equal to 2.02 and a  carbon atom  average 

coordination num ber of N c = 3.67. As predicted by the FEM, th ere  are 

essentially no aromatic or graphitic six-fold rings composed of C(sp2) atoms 

present in  the network. There is evidence for some clustering of th e  C(sp2) 

atom s bu t phase separation into distinct CCsp2) and C(sp3) regions does not 

occur. Instead , the C(sp2) atoms appear in  an am orphous mixed diamond- 

graphitic phase. H  atoms are  be bonded predom inantly to C(sp3) atom s in  the 

netw ork. The netw ork show n here is  term inated  a t its  boundaries by 

dangling bonds which in  a  film  would be bonded to o ther C and H atom s.
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Fig. 7.4. A proposed schematic bonding network for the  a-Co.6Ho.4 alloy a t 
523 K  is presented. Three types of atom s are shown: C(sp3), CCsp2), and H. 
The distribution of C(sp3)- and CCsp2 )=C(sp2 )-centered bonding units in  th is 
network is  dose to th a t predicted for th is alloy and corresponds to an  sp3/sp2 
ratio  equal to 2.02 and  a  carbon atom  average coordination num ber N c of 
3.67.

T he to ta l p ro b ab ilities fo r C (sp3 )-H, C (sp3 )-H2, C (sp3>H3 , 

C(sp2)=C(sp2)-H, and  C(sp2)=C(sp2)-H2 u n its  are calculated from  the 

corresponding probabilities P(i). For a  typical alloy deposited a t T = 523 K, it 

was found th a t C(sp3) atom s bonded to a  single H atom  are preferred over 

those bonded to either two or th ree H  atom s. As the film is annealed th is 

preference becomes stronger since H  atom s are first released from C(sp3)- 

centered u n its which contain more th a n  one H atom. I t was also found th a t
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82% of the C(sp3) atoms a re  bonded to a t least one H atom  in  an a-Co.sHo.4 

alloy a t T s  523 K. As th e  film  is annealed this num ber decreases, as 

expected.

7.3.4 P red iction s o f th e  FEM  for volum e fraction s an d  d en sities.

a-CxHi.g alloys have been modeled as composite m edia consisting of 

amorphous diamond-like (Pdia)> am orphous graphitic CPgraph)* amorphous 

polymeric (Ppolym ), olefinic CP0lef)> and am orphous mixed diamond-graphitic 

(Pd-g) components. The amorphous diamond-like component is defined here to 

be the CCsp3) u n it bonded to four o th er CCsp3) atom s. The am orphous 

graphitic component is defined to be the CCsp2 )=C(sp2) u n it bonded to four 

other C(8p2)=CCsp2) units, while the olefinic component is defined to be the 

CCsp2)=CCsp2) u n it bonded to four CCsp3) atom s. The amorphous polymeric 

component consists of all tetrahedral and p lanar units in  which at least one 

H atom  is bonded. The amorphous mixed diamond-graphitic Cd-g) component 

consists of CCsp3)- or CCsp2 )=C(sp2)-centered units containing both CCsp3) 

atoms and CCsp2)=C(sp2) un its Cwith the exception of the olefinic unit defined 

above).

The probabilities for C atom s being present in  each of the five 

amorphous components, i.e. P di«. P graph , Polef* Ppolym* and Pd-g* are shown as 

functions of D in  Fig. 7.5(a) for the a-Co.6 Ho.4 alloy a t T = 523 K and in  Fig. 

7.5Cb) for the hydrogen-free a-C alloy a tT  = 823 K.
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Fig. 7 .5 . The predicted probabilities P j for die five amorphous components are 
plotted as a  function of D = NTCCsp^J/NXC) for two alloys: (a) a-Co.eHo.4 a t T = 
523 K, and (b) a-C a t T = 823 K.
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For a-Co.6 Ho.4 a t T = 523 K  the most stable alloy is predicted to occur a t D = 

0.331, i.e. for sp3/sp2 = 2.02. For th is alloy the dom inant components are 

predicted to be polymeric an d  mixed d-g. The probability of d ie  polymeric 

component decreases w ith D up to about D = 0.7 and  then increases. This 

transition near D = 0.7 occurs as H atom s begin to become bonded to C(sp2) 

atoms. The predicted probability for the diamond-like component a t D = 0.331 

is about 9% while th e  olefinic and graphitic components have predicted 

probabilities of about 4% and  1%, respectively. For the  annealed a-C alloy 

shown in  Fig. 7.5(b) the mixed d-g component is s till dom inant w ith  the 

diamond-like component having the next highest probability. This alloy has a 

predicted sp3/sp2 ratio  of 0.85.

7.3J5 D iscussion  and com parisons w ith  previous w ork

I t has been shown th a t chemical ordering in  these alloys favors phase 

separation into graphitic regions containing only C(sp2) atoms and regions 

where only C(sp3) and  H atom s are present. E ssentially  no C(sp3)-C(sp2) 

bonds are predicted to be present for the case of CO.

W hen the effects of entropy are included in  th e  model, significant 

changes in  the bonding occur which involve the  elim ination of phase 

separation, an  increase in  the  sp3/sp2 ra tio , and  th e  appearance of a 

considerable am ount o f C (sp3)-C(sp2) bonding. The im portance of the 

configurational entropy in  determ ining th e  bonding in  these a-CxH  alloys 

is related firs t to the fact th a t the to tal energies of bonding of C(sp2) and 

CCsp3) atom s in  the netw ork are actually quite sim ilar and, second, to the fact 

th a t the enthalpy of m ixing Hm  per C atom  is low. The result is th a t the 

chemical ordering of carbon-carbon bonds in  the network is not as im portant
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as in  other alloy systems such as a-SixNyHz4 and a-SijCyH z9 where Si-N and 

Si-C bonds a re  strongly favored. Both of these facts contribute to  the 

increased relative im portance of entropy in  determ ining th e  actual bonding 

observed in  a-CxHi_x alloys.

The sp3/sp2 ratio in  the alloys is predicted to increase w ith increasing 

T and also w ith  increasing H  content. The increase w ith increasing H  content 

is due to the  removal of C(sp2)=C(sp2) bonds via the form ation of C(sp3)-H 

bonds. The increase in the sp3/sp2 ratio w ith  increasing T is  due to th e  effects 

of entropy w hich work against the appearance of the energetically-favored 

bonds between CCsp2) atom s. The predicted increase of th e  sp3/sp2 ratio  w ith 

increasing H  content is consistent w ith experim ental resu lts obtained from 

NMR135 and ir  absorption136 studies.

The sp3/sp2 ratio is often obtained from ir  absorption studies136*137 on 

a-C^Hi-x films. The predictions of the FEM indicate th a t th is procedure may 

not be reliable since, for th e  four typical alloys with sp3/sp2 ratios between 

0.85 and 2.02 studied here, no C(sp2)-H bonds are in  fac t predicted to be 

present. The presence of a  significant num ber of CCsp2)-!! and also CCsp1)-!! 

bonds in  a-CxHi_x alloy film s is likely to be an  indication th a t the film s are 

not in  an 'equilibrium ' s ta te , i.e. the s ta te  of m inim um  free energy as 

assum ed by th e  FEM in  w hich CCsp3)-!! bonds are strongly  preferred. In 

particular, th e  proposal by Jacob and M oeller138 th a t all CCsp3) atom s are 

hydrogenated while th e  sam e is tru e  for only 1/3 o f CCsp2) atom s is 

questionable. The prediction of the FEM for an  a-Co.6 Ho.4 alloy a t 523 K  is 

th a t 82% of th e  CCsp3) and 0% of the CCsp2) atoms are actually hydrogenated 

under equilibrium  bonding conditions.

For hydrogen-free a-C alloys, the FEM  predicts th a t the sp3/sp2 ratio  

should reach a  lim iting value of one above about 1000 K. This in teresting and
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surprising result can serve as a  possible explanation of the sim ultaneous 

deposition139 of both graphite and diamond a t the high tem peratures, T > 700 

°C, currently used for diamond chemical vapor deposition. The net deposition 

of a diamond film  could then  resu lt from  the preferential etching of the 

graphitic carbon by hydrogen.

When the d istribution of bonds in  te trahedral C(sp3)-centered and 

planar C(sp2>=C(sp2)-centered bonding un its is considered, it  is predicted 

th a t the C(sp2)=C(sp2) units will appear predom inantly in  mixed diamond- 

graphitic units in  typical a-CzH i.z alloys. Such bonding u n its can be 

responsible for the high observed hardness in  a-CxH i-x films.

In an a-Co.6 Ho.4 alloy a t T = 523 K it  is predicted th a t there will be 

twice as many C-H units as C-H2 un its and about five tim es as m any C-H2 

units as C-H3 un its. Inelastic neutron scattering stud ies140 have found 

approximately equal num bers of C-H and  C-H2 un its while ir  absorption 

studies typically find evidence for more C-H than  C-H2 u n its137. The fraction 

of C(sp3) and C(sp2) atom s which are  hydrogenated, i.e. bonded to any 

hydrogen, is predicted to be 82% and 0 %, respectively, in  this a-Co.6 Ho.4 

alloy. Typical experim ental results from NMR studies140 are th a t 57% of the 

CXsp3) and 20% of th e  CCsp2) atom s are  hydrogenated in  alloys w ith  H 

contents of 32-35 at%. The assum ption m ade in  the FEM th a t up to three H 

atoms can bond to each C(sp3), as expressed in  Eqn. (7.4), may therefore be 

an  overestimation.

The distribution of C(sp3) and C(sp2) atoms in  th e  alloys among the 

possible amorphous components, i.e. diamond-like, graphitic, mixed diamond- 

graphitic, olefinic, and polymeric, has been obtained from the predictions of 

the FEM. For the four typical alloys studied, there is a  nearly constant 

olefinic component, a  polymeric component, and a  significant mixed diamond-
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graphitic com ponent. I t is im portant to em phasize th a t, for T > 0 K, 

essentially no tru e  graphitic component is predicted to be present. Instead, 

the (Xsp2) atoms are predicted to be present either in  isolated olefinic pairs or 

in  a non-aromatic mixed sp3-sp2 diamond-graphitic (d-g) phase. The mixed d- 

g phase corresponds to the type of bonding between C(sp3) and CCsp2) atoms 

which would occur in  the interfaces between diam ond-like and graphitic 

regions. These predictions a re  consistent w ith  recen t Monte C arlo 

calculations141*142 which indicate th a t few of the rings in  an  a-C alloy consist 

of pure sp2 carbon and instead  th a t most contain both C(sp2) and C(sp3) 

atoms and are not flat. Also, the polymeric phase is predicted to be composed 

of essentially only C(sp3) atoms in  typical a-CzH i.z alloys.

The existence of predom inantly hydrogen-free, te trahed ral sp3 a-C 

alloys143*144*145 cannot be predicted by the FEM due to the  fundam ental 

assum ption of the FEM th a t alloys achieve the sta te of lowest Gibbs free 

energy consistent w ith  being amorphous. If such te trahed ral a-C alloys do 

exist, they  are likely to be m etastable with highly-strained C(sp3)-C(sp3 )4 

units. These highly-strained sp3 un its will relax  to sp2 bonding upon 

annealing, as predicted by Kelires141 for the i-C* structure. To achieve highly- 

tetrahedral bonding in  hydrogen-free films, it  thus seems clear th a t strongly 

non-equilibrium growth conditions m ust be used.
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7.4 a-CxNyHz alloys

a-CxNyHz alloys are  even m ore com plicated s tru c tu ra lly  and 

chemically than a-CxHi-x alloys due to the fact th a t both C and N  atoms can 

in  principle exist in  three different sta tes of hybridization in th e ir bonding to 

other C and N atoms. The situation is also complicated due to the fact th a t 

the N atom  has an  unshared pair, i.e. lone pair', o f electrons th a t can create 

resonance effects when the N(sp3) atom  is bonded through a  single bond to a  

CCsp2) atom; see Fig. 7.6. The N atom  has also the ability, due to the lone 

p air', to participate in  hydrogen bonding, i.e. N -H -N .  In  the case of 

resonance, the lone pair' of electrons of the N atom  can be localized or 

delocalized, i.e. the lone pair1 oscillates between th e  N atom and the <7 bond 

creating a  7t bond.

I _
C - C = C - N

H
C

Fig. 7.6. Resonance structures of a  N(sp3) atom bonded through a  single bond 
to a  CCsp2) atom.

The electronic structu re  of a  N atom is: l s 22s22pz12py12pz1. An 

example of how the lone pair1 of N can affect molecular structure can be seen 

in  NH3 . In  ammonia, the N atom resembles the C atom  of m ethane. N is sp3 

bu t has only three unpaired electrons th a t occupy three of the sp3 orbitals. 

Overlap of each of these orbitals w ith the  s orbitals of three H atom s results 

in  NH3 . The fourth 'sp3' orbital of N contains the lone pair of electrons and is 

a  region of high electron density. This region can act as a  source of electrons
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for electron-seeking atom s and molecules. The th ree bonds and th e  lone pair 

are approxim ately tetrahedrally-arranged around the N atom . The molecule 

has th e  structure of a  trigonal pyramid. The three N-H bonds point toward 

three corners of th e  tetrahedron. There is no atom a t the fourth com er and so 

the molecule is shaped like a  shallow pyramid. The H-N-H bond angle, 

107.3°, is slightly less th an  the tetrahedral value 109.5° because of lone pair 

repulsion. The carbon-nitrogen and nitrogen-nitrogen bonding in  molecules 

and in  solids occurs v ia covalent <T and K molecular orbitals (MO's), with the 

G  MO's formed from  sp 3-, sp2-, or sp1 -hybridized orbitals on sp 3, sp2 , or sp 1 

carbon or nitogen atom s, respectively. N(sp3), NCsp2), and NXsp1) atoms will 

be te trahedrally  (four-fold), trigonally (three-fold), and linearly  (two-fold) 

coordinated, respectively.

To characterize a-CxN yHz alloys structurally, the overall composition 

of the  alloy, i.e. th e  concentrations or atomic fractions of C(sp3), C(sp2), 

Ctep1), N(sp3), N(sp2), NCsp1) and H atom s, m ust firs t be specified. The SRO 

is often characterized by giving the ratio  rg  = sp 3/sp2 of C(sp3) to C(sp2) 

atom s, the ratio r*j = sp3 /sp2 of N(sp3) to Ntep2) atoms, the fractions of H 

atom s bonded to C(sp3), C(sp2), N(sp3) and N(sp2) atoms, and the average 

coordination Nc and  N jj of all the C and N atoms, respectively, in  the alloy.

Atomic stru c tu re  investigations of a-C^N yHz films are  reported by 

Franceschini et. a l. 52 v ia electron energy loss spectroscopy (EELS) of plasm a- 

deposited films from  m ixtures of NH3/CH4  and N 2/CH4 . It was found th a t the 

sp2 fraction increases w ith  increasing fraction of NH 3 and N2 in  the feed 

gases.

Wood et. a l. 96 also studied the effect of changing the N/C ratio  in the 

feed gas on the electrical, m echanical and optical properties of a-CxN yH z 

films. They reported th a t more than  2 at.%  N incorporation was accompanied
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by a  reduction in  the  am ount o f H  in  the film which apparently altered the  

structure of the film  and made i t  more graphitic-like in its  mechanical and 

electrical properties.

Jones and  S tew art110 deduced from th e ir  m easurem ents th a t 

substitutional n-type doping of a-C:H films by nitrogen is possible. K a u fm a n  

et. a l.26 performed further research on the structure of a-CxNyHz films by IR 

and Ram an analysis. They concluded th a t N is incorporated into the sp 2 

domains of the a-C:H films. G rill and P ate l140 found a  decreasing H content 

and increasing N content of th e  film w ith rising nitrogen p artia l pressure. 

Amir and K alish90 and Han and  Feldm an37 observed th a t N  incorporation 

affects both the electrical and optical properies of a-CxNyHz films.

Schwan e t. a l.88 found from  IR m easurem ents th a t H bonds 

preferentially to N in  a-CzNyHz film s. They also found growth of graphitic 

clusters due to lower H content w ith increasing N in  the films.

7.4.1 FEM for bonds

The possible bonds p resen t and the corresponding bond lengths and 

bond energies are listed  in Table 7.4. As for the case of a-CxH i-x, the FEM 

will allow different energies for single bonds involving C and N atoms in  

different states of hybridization. The bond lengths listed in  Table 7.4 are the 

average of values for several different organic molecules102.
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Table 7.4. Bonds, average bond lengths, and average bond energies used in  

the FEM for a-CxNyHz alloys. The most im portant bonds are in  bold face (See 

also Table 7.1).

Band

(X-Y)

Bond

length

d(X-Y)

(nm)

Bond

energy

E(X-Y)

(eV)

Bond

(X-Y)

Bond

length

d(X-Y)

(nm)

Bond

energy

E(X-Y)

(eV)

C(sp3)-N(sp3) 0.1471 342 N(sp3 )-N(sp3) 0.1454 1.65

C(sp2)-N(sp3) 0.1416 341 ^ s p S m s p 3) 0.1420 1.71

C(sp1 )-N(sp3) 0.1350 3.46 N(sp2)-N(sp2) 0.1401 1.75

CCspSl-Wsp*) 0.1465 34 4 N(sp2 )=N(sp2) 0.1240 4.35

C(sp2)-N(sp2) 0.1344 3^49 N (spl)sN (sp1) 0 .1 1 0 0 9.80

C (sp2)-N (sp2) 0.1277 6.18 N (sp3)-H 0.1015 445

C(sp1)=N (sp1) 0.1160 9.02 N (sp2)-H 0.1023 442

The im portant C(sp3>N(sp3) bond energy was determ ined by averaging 

the different bond energies calculated from the heats of form ation of various 

organic molecules th a t contain th is bond. The em pirical rela tion  of 

Teram oto147, i.e. E  «= d '1-6, where E is the bond energy and d is the bond 

length, has been used here along w ith the values of E[C(sp3 )-N(sp3)] = 3.02 

eV and d[C(sp3)-N(sp3)] = 0.1471 nm  to determ ine the energies of the four 

other carbon-nitrogen single bonds. The C(sp3>N(sp3) bond energy can also 

be estim ated from the predicted cohesive energies for P-C3N 4 (-226.15 Ry/cell) 

and f)-Si3N4 (-207.25 Ry/cell) by Cohen et. a l.148>34 w ith  N in  a  p lanar 

configuration and from E(Si-N) = 3.45 eV, i.e. E[C(sp3 )-N(sp3)] = 3.45x(- 

226.15/-207.25). In  th is way it  is estim ated th a t E[C(sp3 )-N(sp3)l = 3.77 eV.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



177

We believe, though, th a t the value of 3.77 eV is too large to represent the 

actual bond energy of tetrahedral C(sp3)-N(sp3) bonds since the NCsp3) atoms 

in  this case are not tetrahedral but planar, i.e. th e  NCsp3) atom  is located a t 

the center of an  equilateral triangle w ith the th ree  atom s bonded to the 

NCsp3) to be located a t the corners of the  triangle. B ut 3.77 eV may be valid 

for this bond in  C3N4 if  i t  exists.

The bond energy E[N(sp3)-H] = 4.05 eV h as been calculated from the 

heat of form ation of NH3 . The energies E of th e  o ther N-H bonds are 

determ ined149 using, E «  d '1. The E[N(sp3 )-N(sp3)l = 1.65 eV value was 

calculated from the heat of formation of N2 H4 102 and the re st of nitrogen- 

nitrogen single bond energies were calculated from  the relation E °c d '1-6, 

along w ith the values of E[C(sp3)-N(sp3)l = 1.65 eV and d[N(sp3 )-N(sp3)] = 

0.1454 nm. The unsaturated carbon-nitrogen bonds were calculated from the 

heats of form ation of organic molecules containing the  bonds. We adopted the 

value of 6.18 eV for the CCsp2 )=NC8p2) bond as w as suggested by Bedford et. 

aL150 as a  more accurate value th a n  the value of 6.37 eV suggested by 

Pauling151.

The ratios r c = sp3/sp2 of CCsp3) to C(sp2) atom s and r N = sp3/sp2 of 

NCsp3) to N(sp2) atoms are used to characterize the  SRO in  a-CxNyHz alloys. 

Here two param eters D i and D2 will also be used to specify the fraction of 

unsaturated C(sp2) and NCsp2) atoms in  the alloys. D i is defined the same 

way as D for a-CxHi.x alloys, while D 2 is defined to  be equal to the ratio of 

NCsp2) atom s w ith unsaturated  double bonds to th e  to tal num ber NCN) of 

nitrogen atoms in  the alloy. Thus, D2 is given by:

D2 = N[N(sp2 )]/NCN). C7.5)
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From th is expression i t  can also be seen th a t D2 can vary from 0 to 1, i.e. from 

pure NCsp3) to pure NCsp2). Note th a t the sp3/sp2 ratio r c  can be expressed as 

a  function of D i by rc  = Cl - DiVDi while rx  = Cl - D2VD2 .

In sig h t in to  w hich bonds a re  favored by CO can be obtained by 

exam ining the Q  of the  possible reactions involving the bonds. Some of the 

BRE which are possible in  a-CxN yHz alloys along w ith the 12 for these 

reactions are listed in  Table 7.5. All reactions, as w ritten, are exothermic (12 

> 0) and so are favored by CO to proceed in  the forward direction.

I t can be seen from Table 7.5 th a t the tendency for CO is in  general quite 

strong in  these alloys since 112 |/kfiT »  l  for a ll the reactions listed, using a 

typical deposition tem perature of 523 K. The lim it of CO in the network 

corresponds to 6 m  -  Hm , i-e. T = 0 K, which considers only the enthalpy and 

so favors the strongest set of bonds, h i the lim it of CO the reaction equations 

listed in  Table 7.5 m ay interpreted as follows:

The f irs t bond reaction  (1) describes th e  conversion of pairs 

C(sp1)=C(sp1) and C(sp3)-C(sp3) bonds into pairs of C(sp2)=C(sp2) bonds. The 

interaction param eter for th is BRE is quit large, 2.34 eV. I t follows therefore 

th a t carbon-carbon trip le bonds are not likely to exist in  these alloys. I t can 

also be seen from reactions (2) and (3) th a t N(sp3>N(sp3) and N(sp2)=N(sp2) 

bonds a re  no t favored by CO. The C(sp1)=C(sp1), N(sp3)*N(sp3) and 

N(sp2)=N(8p2) bonds have therefore been excluded from  th e  FEM. 

N fsp^sN fsp1) bonds have also been excluded from the model as they can not 

be p art of the network, i.e. th is bond corresponds to a  N 2 molecule.
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Table 7.5. Bond reaction  equations and  the  corresponding in teraction  

param eters Q  in a-C^NyHz alloys.

Bond Reaction Equations &

________________________________________________________________(eV)

1) C (spl)sC (spl) + 6C(sp3>N(sp3) + 2C(sp1)-N(sp3) +

C(sp3>C(sp3)<-> 2C (sp2)= asp2) + 8C(sp2)-N(8p3) +2.34

2) C(sp3>C(sp3) + N(sp3)-N(sp3) <-» 2C(sp3)-N(sp3) +0.78

3) C(sp2)=C(sp2) + N(sp2 )=N(sp2) <-> 2C(sp2)=N(sp2) +1.29

4a) C(sp3>N(sp3) + C(sp3)-H «-»  C(sp3)-C(sp3) + N (sp3)-H  + 0.33

4b) C(sp2)-N(sp2) + C(sp2)-H 4-> C(sp2)-C(sp2) + N (sp2>H  + 0.09

5) 3C(sp3)-N(sp3) + C(sp1)= N (sp 1) + C (sp3)-C(sp1) +

3C(sp3)-C(sp3) 2C(8p2)=N(sp2) + 4C(sp3)-C(sp2) +

2C(sp3)-N(sp2) +0.45

6) C (sp1)= N (sp 1) + C(sp3>C(sp1) + 7(Xsp3)-C(sp3) >

C(sp2)=N(sp2) + C(sp2 )=C(sp2) + 6C(sp3)-C(sp2) + C(sp3)-N(sp2) +0.42

7) C(sp2)=C(8p2) + 3C(sp3)-N(sp3) + 2C(sp3)-C(8p2) <->

C(sp2)=N(sp2) + C(sp3)-N(sp2) + 4C(sp3)-C(sp3) +0.48

8) C (spl)=C (spl) + C(sp3)-C(sp1) + 3CXsp3)-N(sp3) <-»

C(sp1)=N(8p1) + 4C(sp 3)-C(sp3) +2.49

9) C(sp3)-C(sp3) + C(sp3)-N(sp3) + C(sp3)-H <->

N (sp3)-H  + 2C(sp2)-C(sp2) + C(sp2)=C(sp2) +0.43

Exam ination of reaction (4a) indicates th a t C (sp3)-C(sp3) and N(sp3>H 

bonds are favored by CO over the C(sp3)-N(sp3) and C(sp3)-H bonds, i.e. tha t 

H  is preferentially bonded to N(sp3) ra th e r th an  to  C(sp3). Reaction (4b) 

shows th a t N(sp2)-H bonds are favored over the C (sp2)-H bonds. The next
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th ree  reactions (5-7) indicate th a t CCsp^NCsp2) bonds are energetically 

favored over th e  C(sp3 )-N(sp3)f C (sp1)=N(sp1), and  N(sp2 )=N(sp2) bonds. 

Bond reaction  (8 ) indicates th a t CCsp^sNCsp1) bonds a re  preferred 

energetically to  C(sp1)=C(sp1). Reaction (9) shows that C(sp3 )-N(sp3) are 

elim inated, i.e. N(sp3) atom s are etched from th e  film by form ing NH3 

molecules and a t  the same time C(sp2 )=C(sp2) bonds are formed. A schematic 

representation of bond rearrangm ent process in  the  network described by 

Eqn. 9 is shown in  Fig. 7.7

Fig. 7.7. A schem atic representation showing the etching of N(sp3) atoms.

Considering the results stated  above, the FEM  for these alloys can be 

simplified by only considering bonds between C(sp3), CCsp2), NCsp3), NCsp2), 

and H atoms, i.e. we elim inate CCsp1) and NCsp1) atom s and H 2 molecules. In 

addition, we consider th a t the lone pair1 of electrons is localized on an N atom 

and there are no resonance effects as illustrated in  Fig. 7.6. This is justified if  

consider the following BRE for this resonance:

H

HH

C(sp2 )=C(sp2) + 2C(sp2 )-C(sp3) + C(sp2 )-N(sp3) + 2N(sp3)-H 

CCsp^NCsp2) + 2C(sp3MXsp3) + C(sp2 >C(sp3) + 2N(sp2 )-H, (7.6)
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w ith interaction param eter SI = -0.29 eV, i.e. is  favored tow ard the left side. 

Thus the localization of the lone pair1 in the N atom  is energetically favored. 

Since SI is quite large it  is expected th a t the changes in bond energies when 

N+fsp2) and C*(sp3) atom s involved will not affect the sign of Q . This is 

argum ent is also supported from experimental evidence th a t the resonance is 

not energetically favored.

We also assum e th a t th e re  is no hydrogen bonding and th a t all 

available bonds are satisfied, i.e. there are no d a n g l in g  bonds. The in itial 

assum ption not to consider hydrogen bonding in  the model is justified from 

the fact th a t hydrogen bond a re  very weak compared to the  other bonds. 

Thus, even if  we consider hydrogen bonding in  the model it  is unlikely th a t 

the predicted bond concentrations will change significantly.

6m  is a function of the tem perature T, the alloy composition x, y z, 

and the param eters D i and D2 • S jj is given by k g ln r  where T is given 

approximately by T [CCsp3 )j r[C (sp 2 )j T[N(sp 3 )| T[N(sp2)]. TtCXsp3)], TlCCsp2)], 

r[N(sp3)], and V [Nfsp2)] refer to the  num ber of possible configurations of 

CCsp3)-, C(sp2K N(sp3K N(sp2)-centered units, respectively.

7 .4 2  P redictions o f th e FEM.

Gm has been minimized for several alloy compositions, tem peratures, 

and as a  function of the param eters D 1 and D2 . The unknown bond 

concentrations N(X-Y) m ust satisfy the following system of constraint 

equations:
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(a) N[C(sp3)-H] + 2N[C(sp3)-C(sp3)] + 4N[C(sp2)=C(sp2)] +

+ N[C(sp2)-H] +2N[C(sp2MXsp2)] + 2N[C(sp3)-C(sp2)] +

+ N[C(sp3)-N(sp3)] + N[C(sp2)-N(sp3)] + N[C(sp3)-N(sp2)] +

+ N[C(ap2>-N(sp2)] +2N[C(sp2)=N(sp2)] = 4N(C)

(b) N[N(sp3)-H] + N[N(sp2)-H] + 2N[C(sp2)=N(sp2)] +

+ N[C(sp2)-N(sp2)] + N[C(sp3)-N(sp2)] +

+ N[C(sp2>N(sp3)] + N[C(sp3)-N(sp3)] = 3N(N)

(c) N[C(sp3)-H] + N[C(sp2)-H] + N[N(sp3)-H] + N[N(sp2)-H] = N(H)

(d) 2N[C(sp2)=C(sp2)] + N[C(sp2)=N(sp2)] = DiN(C) (7.7)

(e) N[C(sp2)=N(sp2)] = D2N(N)

(f) N[N(sp2)-H] + N[C(sp2)-N(sp2)] + N[C(sp3)-N(sp2)] =

= N[C(sp2)=N(sp2 J

(g) 2N[C(sp2)-C(sp2)] + N[C(sp2>C(sp3)] + N[C(sp2)-N(sp3)] +

+ N[C(sp2)-N(sp2)] + N[C(sp2>-H] =:

= 4N[C(sp2 )=C(sp2)] + 2N[C(sp2)=N(ap2j

Equations 7.7(a-c) express the conservation of atom s and of bonds in  the 

alloy. Eqns. 7.7(d) and  7.7(e) are taken  from the definitions of D i and D2, 

respectively, presented in  the previous section. Eqns. 7.7(f) and 7.7(g) are 

connected w ith the specific bonding structure of N(sp2) and C(sp2) atoms. 

Eqn. 7.7(f) indicates th a t any N(sp2) atom  which is bonded through a  double
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bond to a  C(sp2) atom  m ust also be bonded v ia a  single bond to a  C(sp3 ), 

CCsp2), or H atom . In  a  sim ilar way, Eqn. 7.7(g) indicates th a t any CCsp2) 

atom bonded through a  double bond to a  CCsp2) o r NCsp2) atom  m ust also be 

bonded via single bonds to CCsp3), CCsp2), N(sp3), NCsp2) or H atoms.

There are two more conditions th a t help to minimize th e  formation of 

CH4  and  NH3 molecules which can be not p a rt o f the network. Eqn. 7.7(h) 

states th a t a  CCsp3) atom , on average, can only bond to up to a  maximum of 

three H  atoms w hile Eqn. 7.7(i) sta tes th a t a  NCsp3) atom, on average, can 

only bonded to up to a  maximum of two H atoms:

(h) N[C(sp3)-H] < 3{2N[C(sp3 )-C(sp3)] + N[C(sp3>C(sp2)] +

+ NtCCspS^NCsp3)] + N [C(sp 3 )-N(sp2)]}

(7.7)

(i) N[N(sp3)-H] < 2{N[C(sp3 )-N(sp3)] + N[C(sp2 )-N(sp3)J

Gm is first m inimized for th e  case of CO, i.e. Gm -  Hm> for an alloy of 

fixed composition, by varying the param eters D i and D2 from zero to one. The 

predicted norm alized bond fractions NCX-WNCC) vary  linearly as a  function 

of D i for an  a-Co.69No.068Ho.242 alloy a t T = 0  K; see Fig. 7.8. T his 

composition corresponds to the alloy film  in  Table 4.7 deposited with R = 

N2/C2H2 = 100. The value of D2  = 0.1 ±0.05 used  here corresponds to th e  

predicted minimum value of Hm- For fixed D2 = 0.1, the m in im u m  of Hm is 

predicted to occur for D i = Dimin  -  0.945 ±  0.005; see Fig 7.9.
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C ^ C fs p 2)
4.0 1.5 0.67

1.5 -

N fim i
m

0.5 -

» C o.MNo.o6. Ho ^ - T = O K
C(sp3hC(sp3) 
a

"a C(sp)-C(sp)

NtspO-H CfspV*

Fig. 7.8. The norm alized bond concentrations for the a-Co.69No.068Ho.242 alloy 
a t T = 0 K are shown as functions of Dx for fixed D 2 -  0.1.

0.15 " r "  r  1 t i - n 1 t  "  r  ' 1 _ i -  1  ' 1 1 1 i t  1 1
1 ' (mini T=5l23 K) aC  ' N _H  .

o- —o — e - o -  -o  _  ^  ow 0068   ~~o— -e -  e-

D =6.945Imfn

Gy (rmn, T =0 K)
« 0.05

- Gy (min, T = 523 K)
“  -0.05 -TSy (T = 523 K) A

Fig. 7.9. The GM(min, T) per C atom  of a-C0.69No.068H0.242 vs- H i at: (a) T 
= 0 K, where GMOnin, 0 K) = HMfaiin, 0 K) and D 2min = 0.1 ±0.05, and (b) 
T = 523 K for D2  = 0.8 ±  0.05. The separate contributions H u  and -TS\i to 
Gm are also shown a t T = 523 K.
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The normalized bond concentrations NCX-YYNCC) and N(X-Y)/N(N) for 

the a-Co.69N0.068H 0.242 alloy predicted by the FEM a t T = 0 K for fixed Di -  

0.945 and D2 = 0.1 are also given in  Table 7.6. Thus, i t  is predicted by the 

FEM th a t a t T = 0 K  almost all C atoms are in  sp2 hybridization while almost 

all N  atoms are in  sp3 hybridization. I t is also predicted th a t there is a  phase 

separation of the C atoms w ith  different hybridizations and a  tendency for 

graphitization of th e  CCsp2) component of the  film. Thus two carbon phases 

are predicted a t T  = 0 K; a  phase in w hich C atom s are  in  the sp3 

hybridization, w ith C(sp3)-C(sp3) and C(sp3)-H bonds present, and a  phase in  

which the carbon atom s have the  sp2 hybridization, w ith C(sp2)=C(sp2) and 

C(sp2)-C(sp2) bonds present; see Fig. 7.10. The concentration of C(sp2)-C(sp2) 

bonds is  predicted to be approxim ately tw ice th e  concentration of 

C(sp2)=C(sp2) bonds. The C(sp3) atoms are predicted to be bonded to three H 

atoms, i.e. C(sp3)-H units are present.

The predicted concentration of C(sp3)-N(sp3) bond is zero while all 

nitrogen atoms, independent of hybridization, are bonded to CCsp2) atoms. It 

is also predicted th a t C(sp2 )-N(sp3)-H2 u n its  a re  p resen t w hile a  few 

CCsp2 )=N(sp2 )-H u n its also appear. H is preferen tially  bonded to NCsp3) 

ra th er than  to CCsp3). These resu lts predicted by the FEM are very sensitive 

to the adopted values of the bond energies listed  in  Table 7.4. A change of 1% 

in  some of the bond energies can change the predictions of the FEM results 

for the  case of CO. This difficulty can be overcome by including the entropy in 

the 6m-
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Table 7.6. The equilibrium normalized bond concentrations for an a-C0.e9N0.068H0.242 alloy predicted by the FEM 

(a) at T = 0 K for fixed D i = 0.945 and D2 = 0.1 and (b) a t T = 523 K for Di = 0.59 and D2 = 0.8. The im portant bonds 

are in bold face.

Bonds

*OII T = 523 K
N(X-Y)

N[C(sp3U
MX-Y)

N[C(sp2)l
N(X-Y)

N[N(sp3)l
N(X-Y)

N[N(sp2H
NfX-Y)

N [ C ( s p 3 »

N(X-Y)
N[C(sp2)l

N(X-Y)
N I N ( s p 3 »

N(X-Y)
NlN(sp2)]

C(sp3)-H aooo 0.683
C(sp2>H 0.000 0.054

C(sp»)-C(sp») 0.500 1.080
C<«P»K!(«P*> 0.000 0.000 1.024 0.712
C(ap*)aC(n>*) 0.405 (X442
CtaD^-Cfro2) 01052 0.561
C(«p8>.N(«p») 0.000 0.000 0.022 0.455
C(«p*)-N(«i»a) 0.094 0.000 0.022 0.655
C(sp^)-N(flp2) 0.000 0.000 0.010 0.050

C(»n*).N(»ii») 0.002 0.200 0.124 0.021
C(«ps )-N («p2) 0.011 1.01 0.134 0.006

N(«p3)-H 1.006 1.080
N(«p2)-H 0.81 0.025

i
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The minimum value G ^ m in , 0 K) per C atom  for a  chemically-ordered 

alloy of composition a-Co.6oNo.o68Ho.242 is achieved a t P imm = 0.945 ± 0.005 

for D gmin =0.1 w ith an  absolute value th a t is  very sm all, approximately 0.08 

eV; see Fig. 7.9. This prediction indicates th a t the effects of entropy can be 

expected to play a  very significant role in  determ ining the structure and 

bonding of these alloys a t higher T. G^f, H ^ , and TS^f are also presented in

Fig. 7.9 as functions of D i for D2 =0.8 a t T = 523 K. Now the minimum value 

corresponding to GjyiCnrin, 523 K) for th e  a-C0 .6 0N 0.068H 0 .2 4 2  alloy is 

predicted to occur a t P imm = 0.59 a t T = 523 K  instead  of a t 0.945 for the 

same alloy a t T = 0 K. The importance of the entropy in  d e te r m i n in g  the bond 

distribution in th i«  alloy can be seen clearly.

W hen entropy effects are  included, th e  m inim um  value of Gm 

corresponds to D i = 0.59 ± 0.01 and D2 = 0.8 ±  0.05, i. e. C(sp2) atoms are 

converted to CCsp3) while N(sp3) atoms are converted to N(sp2). All kinds of 

bonds a re  predicted to be presen t, as expected. The predicted  bond 

concentrations for th e  a-C0.69N 0.068H 0.242 alloy, including entropy effects, a t 

T = 523 K for D2 = 0.8 are presented in  Fig. 7.11. The norm alized bond 

concentrations N(X-YyN(C(sp3), N(X-YyN(C(sp2), N(X-YyN(N(sp3), and N(X- 

YVN(N(sp2) for the a-C0.69N0.068H 0.242 alloy predicted by the FEM a t T = 523 

K for D i = 0.59 and D 2 = 0.8 are also given in  Table 7.6. Only bonds w ith 

norm alized concentrations greater than  0.002 are shown.
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O Catom

PREDICTIONS OF THE FEM

N atom #  Hatom

Most important anils 
aiT = 0 K.

Most important units
atT = 523 K

> = • -

Fig. 7.10. The im portant bonding units predicted in the case of CO (T = 0 K) 
and in  the case in  which entropy is included (T = 523 K).
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C(sp3/C(sp2)
1.6 4 1.5 0.67 0.25 0

C(sp3)-C(sp3)

Cfsp3̂  C(sp3)-C(sp2)

i— |— i— i— i— |— i— i— i— i— i— i— i— |— i— i— r

1.4

1.2

NgtYIi
m

0.8

0.6 C(sp2)+I

0.4

0.2

0

Di C(sp2)=N(sp2)

-Is. i i i iTNi—i i J
“ S  ,  N(spS-H

Fig. 7.11. The predictions of the FEM  for the equilibrium  norm alized bond 
concentrations N(X-Y)/N(C) for an a-Oo.69No.068Ho.242 alloy a t T = 523 K are 
shown as functions of D i for D2 = 0 .8 .

The differences from the case of CO are the appearance of C(sp3)- 

C(sp2) bonds an d  th a t the  bond concentrations are  no longer linearly  

dependent on D i. Thus, the FEM predicts th a t entropy causes the elim ination 

of phase separation, as also predicted for the case of a-CzHi-z alloys7. It is 

also predicted th a t graphitization is elim inated, i.e. the concentration of 

C(sp2 )-C(sp2) bonds is now almost equal the concentration of C(sp2 )=C(sp2) 

bonds. C(sp3) atom s are now bonded to one H atom and to two C(sp3) atoms. 

The concentration of C(sp3)-N(sp3) bonds is no longer zero bu t still is very 

low. The low norm alized concentration of C(sp3)-N(sp3) bonds p er N(sp3) 

atom, approximately 0.4, suggests th a t formation of C3N4 is not favored even 

when entropy is included. C(sp2)=N(sp3 >H2 and C(sp2 )=N(sp2)-H units are
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converted to CCsp2)=N(sp2MXsp2) bonding units; see Fig. 7.10. H is still 

preferentially bonded to NCsp3). As predicted by th e  FEM, m ost of the H is 

bonded to CCsp3) atoms even though NCsp3)-H bonds are also p resen t w ith 

[NCsp3)-H]/NCN) = 0.04; see Table 7.6. The ratio of NCsp3)-H bonds to NCsp3) 

atoms, i.e. CNCsp3)-HyNCsp3) is predicted to be equal to 1.9 CTable 7.7). Thus, 

entropy plays an  im portant role in  determ ining th e  bonding in  these alloys, 

since it completely changes the bonding structure of a-CxNyHz alloys.

Table 7.7. Predictions of the FEM for the N(sp3 )-HZNCsp3) ratio  and the rc  

and rtf  ratios a t T = 523 K  for three different alloys w ith increasing N content 

prepared by PECVD.

a t% C at%  N a t % H N(N(sp3H D

NCNCsp3))
rC = 

ccspayccsp2) NCspSyNCsp2)

60.0 2.0 38.0 1.32 1.22  ±  0 .0 2 0.25 ±  0.02

69.0 5.0 26.0 1.74 0 .7 9  ±  0 .0 1 0.25 ±  0.02

69.0 6.8 24.2 1.98 0.69 ±  0.01 0.25 ±  0.02

The FEM has also been applied to the th ree alloys w ith  different 

compositions listed in  Table 7.7 prepared horn m ixtures of N2 and  C2H2 a t T 

= 250 °C, P  = 0.15 Torr, and Prf = 10 W CTable 3.2). These film s were 

deposited w ith the following reactant ratios E  = N2/C2H2 : 0.67, 40 and 100. 

The predictions of th e  FEM a t T = 523 K  for these alloys, i.e. 

a-Co.6No.02Ho.38. a-Co.e9No.O6Ho.26. and a-Co.69No.068Ho.242> are  presented 

in  Table 7.7.

The predictions presented in  Table 7.7 for the sp3/sp2 ratios rc  and r^  

when compared w ith the previously-predicted carbon sp 3/sp2 ratio  Csee Table
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7.3) for the a-CxHy alloys show th a t incorporation of N into the films is 

predicted to promote the CCsp2) hybridization.

The predicted  sp3/sp2 ra tio s rc  and in  along w ith the average 

coordinations N c  and Nn  for C and N atoms, respectively, for the a-

Co.69No.068Ho.242 alloy are given as functions of T in  Table 7.8. Keeping in  

m ind th a t the H  content in  the film is kept constant as T is increased, the sp3 

bonding of both C and N atom s is predicted to increase w ith increasing T. rc  

sa tu ra tes a t approxim ately 0.85 w hile r tf  sa tu ra tes a t 0.43 a t T —1000 K. 

Meanwhile the coordinations of Nc and Nn  also increase.

The predictions of the FEM depend strongly on the choosen value for 

th e  C(sp3)-N(sp3) bond energy. If, as follows from Cohen's calculations,34*148 

E(C(sp3)-N(sp3)) ~  3.77 eV152 is adopted instead of the value of 3.02 eV, then 

the FEM predicts th a t alm ost all NCsp3) atoms are bonded to CCsp3) atoms, as 

also predicted by Cohen e t a l.2*3-42*148. In  th is case CCsp3)-H are favored over 

NCsp3)-!! bonds. We believe, though, th a t the value of 3.77 eV is too large to 

represent the actual bond energy of tetrahedral CCsp3)-NCsp3) bonds. Instead, 

th e  3.02 eV value on the  average approaches the  actual bond energy of 

CCsp3>NCsp3) bonds in  covalent network alloys such as a-CxNyHz.
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Table 7.8. Predictions of th e  FEM for the m ost stable sp3/sp2 ratios of C and 

N atoms, and the average C and N coordinations Nc, N n, respectively, for the

&-C0.69No.068Hq.242 alloy a t  different T.

T

(K)

rC =

c(sp3yc(sp2) N(sp3yN(sp2)

NC Nn

0 0.05 ±  0.001 9.00 ±  0.80 3.05 2.90

73 0.11 ±  0.002 0.33 ±  0.03 3.10 2.25

173 0.25 ±  0.004 0.15 ±  0.01 3.20 2.13

273 0.39 ±  0.006 0.11 ±  0.01 3.28 2.10

473 0.61 ±  0.01 0.33 ±  0.03 3.38 2.25

523 0.69 ±  0.01 0.25 ±  0.02 3.41 2.20

673 0.72 ±  0.01 0.25 ±  0.02 3.42 2.20

873 0.82 ±  0.01 0.33 ±  0.03 3.45 2.25

1073 0.85 ±  0.01 0.43 ±  0.04 3.46 2.30

A proposed 'two-dimensional' schem atic bonding network for the a- 

C0.69N0.O68H0.242 alloy a t 523 K  is presented in  Fig. 7.12. Here five types of 

atoms are shown: C(sp3 ), C(sp2), N(sp3), N(sp2),and H. The distribution of 

bonds in  th is network is dose to th a t predicted by the FEM for th is alloy 

(Table 7.6) and  corresponds to rc  = C(sp3yC(sp2) and r*j = N(sp3 VN(sp2)

ratios equal to 0.69 and 0.25, respectively. As predicted N(sp3) atom s are 

bonded to 2 H  atoms form ing network term inating un its and NCsp2 ) atoms 

are bonded through single or double bonds to C(sp2) atoms. C(sp3) atom s are 

bonded to a t least an H atom.
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o H

O  Qsp3) 

O  C(sp2)

N(sp ) 

N(sp2)

C(sp3VC(sp2) = 0.69 

N(spJ)/N(sp2) = 0.25

Fig. 7.12. A proposed schematic bonding network for the a - C o .6 9 N o .O 6 8 H o .2 4 2  

alloy a t 523 K is presented. Five types of atom s are shown: C(sp^), C(sp2), 
N(sp3), N(sp2),and H. The distribution of bonds in  th is netw ork is dose to 
th a t predicted for th is  alloy and corresponds to C (sp3yC(sp2) and 
N(sp3yN(sp2) ratios equal to 0.69 and 0.25, respectively.
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7.4.3 C om parison w ith  experim ent.

The predictions of the  FEM have been presented in  th e  previous 

section.rt was found th a t N(sp3)-H bonds are actually favored over C(sp3 )-H. 

This can also be seen from the shift of C-H(s) modes to N-H(s) mode observed 

in  th e  IR spectra in  Fig. 4. 11  as th e  N content in  the film is  increasing. 

R obertson108 and h is coworkers also found th a t the  in tensify  of the N-H 

modes a t 3140-3350 cm*1 increases rapidly with N content.

Even though the  model predicts th a t in  general N-H bonds are slightly 

favored over C-H bonds, i.e. N-H/N = 0.396 and C-H/C = 0.312 from  Table 7.6, 

in  agreem ent w ith experim ental resu lts of J . Schwan et. a l.88, i t  does not 

predict as high a  concentration of N-H as is found by our IR resu lts. We find 

N-H/N = 2  too far from  0.4. This disagreem ent m ay be due to the  fact th a t 

the concentration of N-H is over-estim ated from the IR spectra of a-CxNyHz 

alloy, since the C-H(s) and N-H(s) bands overlap or may be due to the fact 

th a t equilibrium  is not achieved for these bonds. The FEM predicts though 

th a t N(sp3)-HZN(sp3) = 2.

I t is predicted by the FEM th a t sp 3/sp2 for C atoms decreases w ith 

increase of N content (Table 7.7). This is in  agreem ent w ith our IR spectra 

w hich show an  increase of the peak near 1600 cm*1, w hich is m ainly 

attribu ted  to C(sp2 )=C(sp2) and C(sp2 )=N(sp2) bonds, and a  decrease of the 

energy band gap153 when the N content in  the alloys increases. This also 

agrees w ith Franceschini et. a l.27*52 who found th a t the CCsp2) and NCsp2) 

fractions increase as N is incorporated into the films. I t  can also be seen from 

Table 7.7 th a t th e  predicted NCsp2 ) hybridization rem ains essentially  

constant as the N content of the film  increases. This behavior m ay be 

attributed, however, to the error of ±0.05 in  the determ ination of D2 .
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For th e  alloys considered in  Table 7.7, the FEM predicts th a t the 

concentration of C-H bonds decreases and the concentration of N-H bonds 

increases w ith  increase of N content, in  agreem ent w ith our experim ental 

results presented in  Tables 4.3 and 4.5. I t  is also predicted th a t the ratio 

N(C(sp2)-C(sp2  ))/N(C<8p2 )=C(sp2)) increases toward 2 as N content in  the film 

increases, leading tow ard film graphitization153. It was found th a t essentially 

no C(sp3)-N(8p3) bonds are present.

7.5 C onclusions.

The free energy model previously developed for the prediction of the 

bonding in  amorphous Si-based alloys has been extended here to amorphous 

carbon alloys, i.e . a-C zH i.z , containing C atom s w ith sp3 and  sp2 

hybridization and H atom s. C atoms w ith sp 1 hybridization and H 2 molecules 

have not been included in  the model.

Predictions have been made for the bonds present in  these alloys for 

the case of chemical ordering a tT  = O K . A t T  = OK phase separation into 

separate CCsp3) and CCsp2) regions is predicted. At higher T phase separation 

is  elim inated due to  entropy effects. Hydrogen is predicted to bond 

preferentially to CCsp3) atom s for a ll T. The sp3/sp2 ratio  is predicted to 

increase w ith  increasing H content, as observed experim entally, and also 

w ith increasing T due to entropy effects.

Predictions have also been m ade for the d istribution of bonds in  

tetrahedral CCsp3)- and  p lanar CCsp2 )=CCsp2)-centered units. I t  is found th a t 

essentially no arom atic or graphitic structures are present in  typical alloys. 

The distribution of H  atom s in  C-H, C-H2 , and C-H3 bonding units has been 

predicted, as have the fractions of hydrogenated CCsp3) and CCsp2) atoms.
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The a-CxH i-x alloys have been proposed to consist of five amorphous 

components: diamond-like, graphitic, polymeric, olefinic, and mixed diamond- 

graphitic (d-g). I t is predicted th a t the polymeric and mixed d-g components 

dom inate in  typical as-deposited PECVD alloy film s and th a t the mixed d-g 

component dom inates in  hydrogen-free a-C films.

The predictions of the FEM have been found to be generally consistent 

w ith th e  observed bonding in  PECVD a-CxHi.z alloy films deposited a t T > 

150 °C, thus indicating th a t the PECVD process can lead to the  deposition of 

film s in  which the bonding is dose to a  sta te of equilibrium.

Predictions have been made by the FEM for the bonds present in  a- 

CxNyHz alloys. CCsp1 )= NCsp1) bonds are not favored by the FEM. They are 

in stead  converted to CCsp2 )=N(sp2) bonds which m ay be contribute to d ie 

1600 cm-1 band observed in  IR spectra. The observation of CCsp 1)=NCsp1) 

bonds in  the IR spectra of these films shows th a t equilibrium  is not achieved 

for these bonds. The FEM  predicts th a t NCsp3)-H bonds are  favored over 

CCsp3)-!! bonds, in  agreem ent with our experim ental results.

W hen only enthalpy is considered, phase separation for the carbon 

atom s into C(sp3) and CCsp2) regions is predicted. A ll th e  NCsp3) atom s 

p resen t are predicted to be bonded to CCsp2) atoms. I t is also predicted th a t 

CCsp2 J-NCsp3 2 groups are  favored by CO. W hen the effects of entropy are 

included, phase separation  is elim inated. CCsp2) atom s a re  converted to 

CCsp3) w hile NCsp3) atom s are converted to NCsp2 ). The low predicted 

concentration of C C s p 3 ) - N C s p 3 )  bonds suggests th a t even w hen the entropy 

effects are  included these bonds are  not favored and, as a  result, the  

form ation of C3N4  is not favored in  a-CxNyHz alloys. Incorporation of N into 

the a llo y s enhances the sp2 hybridization of C atom s. Thus entropy plays a  

very im portant role in  the structure of these films.
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Chapter 8

Conclusions and Recom m endations for
Future Work

We have shown experimentally th a t using PECVD a-C*NyHz films can 

be synthesized from  mixtures of NH3 and C2 H2 and from m ixtures of N2 and 

C2H2 a t T = 250 °C, P = 0.15 Torr, and power density = 0.22 W/cm2. The 

addition of NH3 or N2 gases to th e  plasm a decreases the film growth rate. It 

was found th a t lim ited am ounts of N are incorporated into the films. The 

higher N content w as m easured for the film s deposited from m ixtures of N 2 

and C2H2 , up to 6.4 at.% N, ra th e r than  from  m ixtures of NH3 and C2 H2 

where up to 3.7 at.% N was incorporated. The am ount of N incorporated into 

the films does not increase linearly  w ith th e  increase of p artia l pressure of 

nitrogen present in  the gas phase. Under th e  deposition conditions used no 

evidence for the hypothetical m aterial C3N4  w as found.

From mass spectroscopic m easurem ents, under steady-state flowing 

conditions, we have developed a  qualitative model of the processes taking 

place in  the plasm a and a t the  surface of th e  growing film  th a t lead to the 

deposition of a-CxNyHz films. I t  is proposed th a t when NH3 is used as the 

source of nitrogen the -NHn radical replaces a  -CHn+i  group a t the surface of 

the film.

The structure and bonding in  the as-deposited and annealed film s  were 

studied by IR  spectroscopy. The IR  spectra of the  a-CxHy f ilm s  changes 

dram atically upon N incorporation. There is  evidence th a t there are C and N 

atom s in  sp hybridizations present in  the film s in  the form of C = N  bonds. H 

atoms are preferentially bonded to N atoms w here most of the N atoms are in
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sp3 hybridization. From the IR  spectra of the annealed film s  a t tem peratures 

up to 650 °C, we found evidence of hydrogen bonding (-N-H—N). Long 

exposure of these films in  the open a ir  resulted in  some oxygen incorporation 

into the films.

We have undertaken an  experim ental determ ination of the optical 

constants (n, k, Ei, £2 ) for the as-grown a-CxNyHz film s as a  function of the 

ratio R  of the reactant gases. The index of refraction n  for the films deposited 

from NH3/C2H2 is approxim ately 1.9 for R  = 0 and 1.8 for R  varying from 1/3 

to 1.0 for all wavelengths in  the UV-visible region. The same decrease of n  

w ith R  is found for the films deposited from N2/D2H 2 . n  is reduced from 1.8 to 

1.7 as R  is increased from  0.5 to 100. As the reactan t ratio R  increases, Eopt 

and E04 also decrease. The decrease of the Eopt is attributed  to the increase of 

CXsp2) atoms and due to th e  extension of the band ta ils into the gap.

The free energy model (FEM) for predicting th e  bonding in  amorphous 

covalent alloys has been developed fu rth er and applied to amorphous alloys 

based on silicon and on carbon. The FEM has been shown to provide a  useful 

model for predicting the atomic bonding which is favored thermodynamically 

and the resulting bond fractions in  these amorphous covalent network alloys. 

Specifically, the model w as applied here to a-SixC yHz, a-SixNyHz with 

defects, a-SixGeyHz, a-SixGeyHz w ith  defects, a-SixGeyOz, a-CxHy, and a- 

CxNyHz alloys. For the a-CxHy alloys we have included C atoms w ith both sp3 

and sp2 hybridizations while for the a-CxNyHz alloys we have included sp3 

and sp2 hybridizations of both C and  N atoms, th u s allowing unsaturated 

C=C and C=N bonds to be present in  th e  model. Once the composition of an 

alloy is given and the bond energies between nearest-neighbor atoms are 

known, the bond fractions are predicted by m in im i z in g  the Gibbs free energy 

of mixing G m -
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The model has also been extended to predict how the bonds are 

distributed among th e  fundam ental structural units, i.e., the C-, Si-, and Ge- 

centered te trah ed ra  for the case of a-SixCyHz, a-Si^GeyHz, and a-SixGeyOz 

alloys, and  the  te tra h ed ra l C(sp3)- and  p lan ar C(sp2 )=C(sp2)-centered 

stru ctu ra l units for the  case of a-CxHy alloys. I t h a s  been proven th a t the 

probabilities P(i) for the structu ral un its can be obtained from a  random 

distribution of th e  predicted bonds among the possible tetrahedra or planar 

units. Detailed predictions have been presented for the bond fractions and for 

the tetrahedron or planar units.

I t has also been dem onstrated th a t entropy plays an im portant role in 

a-CxHy and a-CxNyHz alloys for predicting the thermodynamically-favored 

bonds. The predictions of the FEM for these alloys are compared w ith our 

experim ental resu lts for the case of a-CxNyHz alloys as well as w ith results of 

other researchers for all the alloys studied. The predictions are in  general 

agreem ent w ith m ost experim ental resu lts  even though there are  some 

discrepancies which may resu lt from the uncertainty in  the bond energies for 

the calculation of Hm  and from the overestim ation of the entropy. In  order to 

overcome th is, it  is  suggested th a t in  fu ture versions of the FEM i t  may be 

necessary to allow some bond energies to be composition-dependent so they 

can vary  in  a  range of energies depending different environm ents of the 

bonds. Another reason is th a t the entropy of mining is an  overestim ation of 

the tru e  entropy. This is a  resu lt of an  overestim ation of the num ber of 

distinct bonding configurations. I t is suggested th a t a  correction factor has to 

be included into th e  calculation of the d istinct bonding configurations that 

w ill account the double-counting of some of the  possible distinct bonding 

configurations. A nother point is th a t some of the alloys studied are not in a 

s ta te  of the therm odynam ic equilibrium , in  contrast to the fundam ental
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assum ption of the FEM th a t the alloys achieve the state of low est Gibbs free 

energy consistent w ith being amorphous.

The experim ental resu lts obtained so fa r for a-CxN yH z suggest th a t 

more work needs to be done in  order to try  to increase the nitrogen content of 

the films or to prevent film  etching to ob tain  the desired stuctu re  of C3N4 . 

Another se t of experiments can be done focusing on how the variation  of the 

other deposition param eters, i.e. to ta l p ressu re, tem perature, and  power 

density, can affect the film  composition as well as the structu re and optical 

properties. A systematic study can also be carried out of the effect of He or Ar 

in  the  plasm a during deposition since H e or A r can cause additional 

activation of nitrogen. Perhaps non-equilibrium  techniques can be employed 

to produce C3N4 .

F urther developments of the FEM for a-CxH]_z and a-CzNyHz alloys 

can include predictions for the existence o f H 2 molecules and  CCsp1) and 

NCsp1) atoms in  the network. I t may also be possible to address the question 

of w hether dangling bonds exist preferentially on C or N atom s for the case of 

a-CxNyHx alloys. In these alloys the FEM can fu rther be developed to include 

the fundam ental structural units, i.e. CCsp3)-, and NCsp3)-centered tetrahedra 

and CCsp2 )=CCsp2)- and CCsp2 )=N(sp2 )-centered p lanar un its, and to predict 

how the bonds are distributed among these un its.

O ther in teresting  alloy system s fo r fu tu re  study a re  CzCBN)i-z , 

SiICyNzHw, SixByHz, SizByNz, SixCyQz, an d  S i02:F . These alloys can be 

deposited using the current deposition system  and the FEM model can yield 

useful predictions for these alloys.
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Appendix 7A 

Bond Dissociation Energy and Contributing Bond Energy

The attractive interaction th a t hold the atoms of a  molecule o r solid 

together are  conventionally regarded as somewhat arb itrarily  divisible into 

separate attractions, one betw een each p a ir of ad jacent atom s. These 

attractions are known as chemical bonds. The energy required to cause 

homolytic fission of a  chemical bond, or the energy which is released when 

such a  bond is formed, is called the bond energy154.

It is recognized th a t the average bond energy for a  molecule containing 

more than  one bond is not the same as the energy required to free each atom 

sequentially from the molecule. For example, the total atom ization energy of 

CH4  divided by four gives an  'average bond energy1 for the C-H bond since 

there is no reason to suppose th a t these four bonds are not identical. On the 

other hand, the energy required to remove successively H atoms from CH4 

via the following steps,

CH4  CH3 + H, BDE = 4.54 eV

CH3 CH2 + H, BDE = 4.82 eV

CH2  *-> CH + H, BDE = 4.37 eV

CH <-» C + H, BDE = 3.51 eV

are bound to add up to  the sam e to ta l atom ization energy of CH4 , even 

though th e individual energies are  different. I t is custom ary to call the 

am ount of energy required to break a  given bond of a  molecule in to  two 

radical fragm ents as the Bond Dissociation Energy (BDE).

If a  molecule has more than  one bond, then a  distinction is necessary 

between th e BDE and th a t quan tity  of energy which th e  bond m ay be
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considered to contribute to the to tal atomization energy of th e  molecule. Since 

the la tte r can only be determ ined experimentally as an average bond energy 

when the bonds of the molecule are all alike, i t  seems more appropriate to  call 

th is energy the Contributing Bond Energy (CBE). If the molecule could be 

atom ized instan taneously  in to  separate atom s a t one sim ultaneous 

'explosion1, then the energy required to break each bond would be its CBE. 

For example, the  atom ization energy of w ater (gaseous) is  about 9.61 eV. 

Since the two O-H bonds in  the  molecule are considered equivalent, we 

conclude th a t each bond contributes an equal am ount, 4.8 eV, to the  

atom ization energy. This value, 4.8 eV, is therefore the CBE. On the other 

hand, the reaction H2 O -> H + OH, requires 5.17 eV, thus indicating th a t the 

rem aining O-H bond has a  BDE of only 9.61 - 5.17 = 4.44 eV.

For diatomic molecules there is no distinction between BDE and CBE. 

For molecules in  which all the chemical bonds are exactly the same kind, a  

CBE can be determ ined by dividing the to ta l experim ental atom ization 

energy by the num ber of bonds per molecule. For molecules containing unlike 

bonds i t  is necessary to assum e th a t the to ta l atom ization energy can be 

approximated by summing 'standard ' bond energies em pirically determ ined, 

usually as CBE. h i other words, the total atomization energy is the sum of all 

the individual CBE's. h i order to calculate the single CBE E [C(sp3 )-N(sp3)], 

for example from dimethylamine, C2H7N, we consider the following equation:

2C(g) + N(g) + 7H(g) -> C2H7N(g) AHf° = -36.07 eV.

h i the C2H7N molecule, there are six C(sp3)-H, one N(sp3)-H, and two C(sp3)- 

NXsp3) bonds. If we consider th a t E[C(sp3)-H] = 4.31 eV, estim ated from CH4
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(see Appendix 7B) and E[N(sp3 )-H] = 4.05 eV, estim ated from NH3 then 

E[C(sp3 )-N(sp3)] = (47.82 - 6x4.31 - 4.051/2 = 3.08 eV is the CBE for th is bond.

The possible bonds in  a-SijCyHz, a-SixNyHz, a-SixGeyHz, and  a-

SixGeyOz alloys and the corresponding single bond energies E(X-Y) used in  

the FEM are given in  Table 7A.1.

Table 7A.1. Atom and bond energies used in  the  FEM for a-SixCyHZt a- 

SizNyHz, a-SixGSeyHz, and a-SixGeyOz alloysa.

Atom (valence) Ho(eV) Bond E(X-YXeV) Bond E(X-YXeV)

Si (4) 4.68 Si-Si 2.34 Si-Ge 2.14

C (4) 7.40 Si-C 3.21 Ge-Ge 1.95

H (1) 2.27 C-C 3.70 Ge-C 2.74

N (3) 4.91 Si-H 3.34 Si-0 4.82

Ge (4) 3.90 C-H 4.31 Ge-O 3.66

O (2 ) 2.58 Si-N 3.45 Ge-H 3.00

N-H 4.05 O-H 4.81

aThe C and N atoms are in  sp3 hybridization.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



204

Appendix 7B 

Energies o f Bonds

Sanderson155 has recommended for th e  C(sp3)-C(8p3) bond in  organic 

molecules the value 3 .6 1  eV, which is lower th a n  the energy, 3 .7 0  eV, o f the 

corresponding covalent bond in  diamond. This value proposed by Sanderson 

m ay be more appropriate here since a-C alloys can contain a  considerable 

am ount of H and also a  distribution of bond lengths and angles. They m ay 

therefore be closer in  term s of bonding to hydrocarbon molecules th a n  to 

crystalline diam ond. Not so clear are th e  energies of o ther single bonds, 

including different combinations of C(sp2) and  CCsp1) atom s. The em pirical 

relation of Teramoto147, i.e. E «= d '1-6, w here E is the CBE and d is the bond 

length, has been used here along w ith th e  values of E[C(sp3 )-C(sp3)] = 3 .6 1  

eV and d[C(sp3 )-C(sp3)] = 0 .1 5 3 2  nm (see Table 7 .1 ) to determ ine the energies 

of the five other carbon-carbon single bonds from the corresponding average 

bond lengths d listed  in  Table 7 .1 .

For the C(sp3)-H bond the CBE h as been estim ated to be 1 /4  of th e  

to ta l bond energy149 of m ethane, CH4 , so th a t E[C(sp3)-H] = 4 .3 1  eV. The 

energies of th e  o ther C-H bonds are determ ined using the reciprocal 

dependence of the bond energy E  on the bond length, E  <* d '1, for the nonpolar 

covalent energy of a  heteronuclear bond155. The calculated values of these 

energies, using E[C(sp3 )-H] = 4 .3 1  eV and  d[C(sp3 )-H ] =  0 .1 0 8 7  n m , are also 

presented in  Table 7 .1 . The energy of the H -H  bond is the standard value149 

of 4 .5 2  eV.

For the energy of a C(sp2 )=C(sp2) double bond different molecules such 

as ethylene (C2H4) and benzene (CgHg) have been considered. Benzene has
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been chosen in this case since each carbon atom is bonded to two other carbon 

atoms. This is expected to more nearly  reflect the bonding in  a-CxHi_x alloys. 

The structure of C6 H 6 is shown schem atically in  Fig. 2.4. Here each C(sp2) 

atom  is viewed sim ply as form ing one C(sp2 )-C(sp2) single bond and one 

C(sp2 )=C(sp2) double bond w ith its  neighboring carbon atoms. This is an  

approximation to th e  tru e  resonant bonding occurring in  the CgHg molecule. 

The average value of the  carbon-carbon CBE E(C) for CgHg of 5.315 eV per C 

atom has been used155. This energy is set equal here to E[C(sp2 )-C(sp2)]/2 + 

E[C(sp2 )=C(sp2 )]/2 . Since the CBE of the C(sp2 )-C(sp2) single bond is 3.91 eV 

from Table 7.1, the double bond energy E[C(sp2)=C(sp2)] is therefore given by 

2(5.315)-3.91 = 6.72 eV.

The energy of th e  C(sp1^C (sp1) trip le bond has been estim ated in  a 

standard way from th e  heat of form ation149 AHf° = 2.35 eV of acetylene, C2H2 .

The to ta l bond energy of acetylene is taken  as a  sum of the energies of the 

triple bond and two CCsp1)-!! bonds. Using EfCCsp1)-®  = 4.45 eV from Table 

7.1, it  follows that E [C(sp1 >sC(sp1 )1 is approximately 8.13 eV.
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