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We simulatedplasmaenhancedchemicalvapourdeposition(CVD) of amorphoushydrogenatedcarbon(a-C:H) �lms on
c-Si substrateusingour new reactionratemodel.Dependencesof �lm depositionrateandmassdensityon the�ux of atomic
hydrogenwerecalculatedfor variousCH3 �ux esandvariousion energies. The calculatedcurvesagreequalitatively with
experimentalresults. Film depositionrate,as a function of hydrogen�ux, hasa maximum,which could be explainedby
(i) stabilizationof danglingbond(DB) concentrationon the surfaceand(ii) increasedetchingat high hydrogen�ux es. The
resultsof simulationandexperimentsdo not indicateany signi�cant effect of ion energy variationon hydrogencontentin the
�lm. Detailedanalysisof calculateddependencesof sp3=sp2 ratio andhydrogencontenton ion energy hasrevealedsome
interestingfacts.First, themainmechanismof sp3 bondformationis adsorptionof CH3 on thesurface.Also, asexpected,the
contentof sp3 declinesathigherion energiesdueto graphitization.
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1. Intr oduction

Diamond-like amorphouscarbon(DLC) thin �lms
have attracteda great interestduring the last decade
[1–5]. Their superbpropertiesmadethem desirable
materialsin technologicaland industrial applications
such as protective coatingsfor cutting, drilling, and
grinding tools, car parts,magneticstoragedisks, op-
tical windows. Somepromising areasare biomedi-
cal coatings,thin �lm transistors(TFT), and micro-
electromechanicaldevices (MEMS). DLCs have very
high mechanicalhardness,high elasticmodulus,low
surfaceroughness,high wearresistance,large thermal
conductivity, chemicalinertness,andbiocompatibility.

The structure and propertiesof a-C:H �lms de-
pend on depositiontechnique,parameters,and sub-
strate[1,6–9], so it is very important to understand
depositionprocesses.Subplantationmodelclaimsthat
tetrahedralbondingappearsas a result of high com-
pressive stress[2–4,10] or metastableincrementin lo-
caldensity[1,9], generatedby low energy (50–300eV)
ion implantation. In CVD, sp3 bondedphaseis also
formed by adsorptionof hydrocarbonradicalson the
surface[6,11–13].

The contentof sp3 also increasesdue to preferen-
tial erosion(etching)of sp2 siteswith hydrogen[7].
sp3-to-sp2 transitionproceedsmostlyvia relaxationin
thermalspikes[1] and,slightly, throughchemicalsput-
tering[7].

Reactionrate equationmodels provide ability to
track �lm compositionkinetics in time andreveal the
effectof experimentalparameters.In thecurrentwork,
we simulateCVD of a-C:H �lm using a new kinetic
model.

2. Model

Amongparticlesinvolved in a-C:H �lm deposition,
wealsoincludeactivatedparticlesthathaveadangling
bond (DB) and we mark them with asterisk(¤), e.g.
activatedSi atomhereafteris marked asSi¤. We will
distinguishbetweentwo major typesof carbonatoms:
sp2- and sp3-hybridized, or Csp2 and Csp3 , respec-
tively. Carbonatomsmayhave DBs. Suchatomswill
bemarkedasC¤

sp2 or C¤
sp3 . Moreover, any carbonatom

can make bondswith one, two, or even threehydro-
gen atomsat a time. Suchcarbonatomsare called
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Table1. Typesof particlesi involvedin reactionsandtheir relativeconcentrationsc( k )
i .

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Si Si* Csp 2 C¤
sp 2 Csp 2 H Csp 2 H¤ Csp 2 H2 Csp 3 C¤

sp 3 Csp 3 H Csp 3 H¤ Csp 3 H2 Csp 3 H2
¤ Csp 3 H3 H

c( k )
1 c( k )

2 c( k )
3 c( k )

4 c( k )
5 c( k )

6 c( k )
7 c( k )

8 c( k )
9 c( k )

10 c( k )
11 c( k )

12 c( k )
13 c( k )

14 c( k )
15

mono-,di-, or trihydrogenated,respectively. Therefore,
in caseof sp3 bonding,we may have Csp3 H, Csp3 H2,
andCsp3 H3. Note thatsp2-bondedC atomscannotbe
trihydrogenated.Somemono- and dihydrogenatedC
atomshave DBs. To refer to them,we will usenota-
tions Csp3 H¤ andCsp3 H2

¤ in caseof sp3 bonding,or
Csp2 H¤ in caseof sp2 bonding. Non-bondedhydro-
genatomsin the �lm aresimply marked asH. Parti-
cle typesarenumberedfrom 1 to 15 (Table1). Rela-
tive particleconcentrationsc(k)

i (i = 1,: : :, 15) in kth
monolayerwith respectto thetotal atomconcentration
in kth monolayerareusedthroughoutthiswork. A rel-
ative �ux i i (s¡ 1) of i th type particlesarriving to the
verysurface,with respectto thetotalsurfaceatomcon-
centrationnS (nS = 2.75¢1015 cm¡ 2s¡ 1 in this work),
is obtainedasi i = I i =nS whereI i is anabsolute�ux
(cm¡ 2s¡ 1) of i th type particles. We considerthat the
only incident particlesare C+ ions, CH3 radicals,H
radicals,andH+ ions.Their relative �ux esaredenoted
asi C+ , i R , i H0, andi H+ , respectively. The�lm is mod-
elled asa stackof monolayers.A relative �ux of i th
typeparticlesthatpenetratesasdeepaskth monolayer
is de�ned by

i (k)
i = i i

·
©

µ
kd ¡ Rp

¢ Rp

¶
¡ ©

µ
(k ¡ 1)d ¡ Rp

¢ Rp

¶¸
; (1)

where i (k)
i standsfor i (k)

C+ , i (k)
H0 , or i (k)

H+ . Here, k is
a monolayernumber(startingwith the surface, k =
1,: : :, nsl, wherensl is a numberof monolayers),d ¼
3 Å is a meanmonolayerthickness,Rp is an aver-
age penetrationdepth of i th type particle (Å), ¢ Rp

is a standarddeviation (Å). ©(x; Rp; ¢ Rp) is a cu-
mulative function of normal (Gaussian)distribution.
We also introducea total hydrogen�ux incident to
the surfaceanda total hydrogen�ux penetratinginto
the kth monolayer, respectively, i H = i H0 + i H+ and
i (k)
H = i (k)

H0 + i (k)
H+ .

2.1.Graphite-to-diamondtransitiondueto ion
bombardmentinducedstressin subsurfaceregion

This phenomenonis well coveredby many papers
[1–4,10,14]. We assumethat the pressureis low
enoughsothat ionsaremonoenergeticandtheir mean

energy E is proportionalto the bias voltageVb, i. e.
E = Ep ¡ eVb whereEp is a meanion energy in
plasma,Ep ¼ 15 eV [6]. We consideronly CH3

+

ionsbecausetheircontribution to �lm depositionis the
most important. The majority of CH3

+ ions with en-
ergy above » 40 eV decayinto separateatomson im-
pactwith thesurface[1] sowe take into accountonly
surfacebombardmentby C+ ionswith energy E.

Graphitetransformationto diamondin subsurface
regioncanbede�ned by modi�ed Davis [3] formula

z0 = B

µ
E

Ecrit

¶ 1=2

µ
V
i C+

¶
+ 0:016½

µ
E
E0

¶ 5=3
; (2)

whereB is a constant,V is �lm depositionrate, i C+

is C+ ion relative �ux, ½is a materialdependentpa-
rameterof order1 (unity), Ecrit is a thresholdenergy
for implantation(32 eV), E0 is C atomdisplacement
energy (» 3 eV). Weassumethatonly inactivatedparti-
clescanparticipatein thestructuraltransitionbecause
theirconcentrationis muchhigherthenthatof activated
particles. The following changesin carbonatomhy-
bridizationmayoccur:

1. sp2 bondedcarbonatomsbecomesp3 bondedcar-
bonatoms,Csp2 ! Csp3 . Theconcentrationof sp2

bondedcarbonatomsdecreases,and the concen-
trationof sp3 bondedcarbonatomsincreasesas

µ
dc(k)

i

dt

¶

sp2
= ¡ z(k)c(k)

i ;
µ dc(k)

j

dt

¶

sp3
= z(k)c(k)

i ;

(3)
wherei = 3 (correspondsto particletypeCsp2 ) and
j = 8 (correspondsto particletypeCsp3 ). Hydro-
genatedcarbonatomscanalsochangetheir bond-
ing type;

2. Csp2 H ! Csp3 H, a process,which is describedby
rate equationssimilar to Eq. (3) but with i = 5
andj = 10 referringto particle typesCsp2 H and
Csp3 H;

3. Csp2 H2 ! Csp3 H2, consequentlyequationssimilar
to Eq. (3) areusedagain,with i = 7 (Csp2 H2) and
j = 12 (Csp3 H2).



A. Ibenskasetal. / LithuanianJ. Phys.47, 175–184(2007) 177

Here z(k) = z0i (k)
C+ is a frequency probability (s¡ 1)

that thebondingof carbonatomin kth monolayerwill
changefrom sp2 to sp3.

2.2.Diamond-to-graphitetransformation
(graphitization)in thebulk of the�lm

Uponirradiationwith highenergy ions,a largefrac-
tion of ion energy is dissipatedasphonons(heat)at a
small volumeor along ion trajectory, which is called
thermal spike. Due to high temperatureat thermal
spikes,atomsdiffusebackto thesurface,anddiamond
phaserelaxesto stablegraphitephase[1,3]. Therefore,
sp3 contentin the �lm decreasesandsp2 contentin-
creases.If we take into accountthatsomeC atomsin
the�lm arebondedto H atoms,thengraphitizationcan
bedepictedby following plainequations:

(i) Csp3 ! Csp2 ,

(ii) Csp3 H ! Csp2 H,

(iii) Csp3 H2 ! Csp2 H2.

Wewill useonegeneralform of equationsfor graphiti-
zation:

µ
dc(k)

i

dt

¶

sp3
= ¡ z(k)

2 c(k)
i ;

µ dc(k)
j

dt

¶

sp2
= z(k)

2 c(k)
i ;

(4)

z02 = ¸ ¢0:016½
µ

E
E0

¶ 5=3

; (5)

where z02 is a quantity relatedto relaxationrate, ¸
is a materialdependentmodelling parameter, z(k)

2 =
z02i (k)

C+ is a frequency probability that carbonatomin
kth monolayer, eitherbondedor notbondedto H atom,
will changeits hybridizationfrom sp3 to sp2.

Indicesi andj in Eq.(4) differ for thethreetypesof
graphitization:

(i) i = 8 (Csp3 ), j = 3 (Csp2 ),

(ii) i = 10 (Csp3 H), j = 5 (Csp2 H),

(iii) i = 12 (Csp3 H2), j = 7 (Csp2 H2).

2.3.Activationof Siatomson thesurfaceand
adsorptionof CH3 onactivatedSiatoms

We assumegrowth on Si surfaceis carriedlargely
by

1. Si activationby ion bombardment[15], Si ! Si¤.
Concentrationof inactivatedSi atomsdecreases,

and the concentrationof activated Si atoms in-
creasesasfollowing:

µ
dc(1)

1

dt

¶

Si
= ¡ G1c(1)

1 i C+ ;

µ
dc(1)

2

dt

¶

Si¤
= G1c(1)

1 i C+ ; (6)

whereG1 is a frequency probabilityof activation,
dependenton incidention energy.

2. Adsorption of hydrocarbons(CH3) on activated
Si atomswith adsorptionprobability kR , Si¤ +
CH3 ! Si–CH3. Concentrationof activated Si
atoms(Si¤) decreasesandtheconcentrationof sp3

bondedtrihydrogenatedcarbonatoms(Csp3 H3) in-
creases,aswell astheconcentrationof H atomson
thesurface:

µ
dc(1)

2

dt

¶

Si¤
= ¡ kRc(1)

2 i R ;

µ
dc(1)

14

dt

¶

sp3H3

= kRc(1)
2 i R : (7)

Moreover, we assumethat C atom of adsorbed
CH3 radicalcoversthe primary, activatedC atom
on thesurface,andthethreeH atomsof adsorbed
CH3 cover any other threesurfaceatoms. Thus,
the concentrationof every type surfaceparticles
decreasesby

µ
dc(1)

15

dt

¶

H
= 3kRc(1)

2 i R ; (8)

µ
dc(1)

i

dt

¶

i
= ¡ 3kRc(1)

2 i Rc(1)
i (i = 1; : : : ; 15) :

2.4.Abstractionof H atomsfromthesurfaceandthe
bulk by incomingH atomsandH+ ions

In orderto describethisprocess,weintroduceanab-
stractioncoeffcient, wHH . IncidentH radicalsabstract
surfaceandbulk H atomsthat arebondedto sp2 and
sp3 sitesCsp2 H, Csp2 H2, Csp3 H, Csp3 H2, andCsp3 H3

[1,5–8]. Theconcentrationof activatedcarbonatoms,
C¤

sp2 , Csp2 H¤, C¤
sp3 , Csp3 H¤, andCsp3 H2

¤, increases.

(1) (�lm)–C sp2 H + H ! (�lm)–C ¤
sp2 + H2 ,

(2) (�lm)–C sp2 H2 + H ! (�lm)–C sp2 H¤ + H2 ,

(3) (�lm)–C sp3 H + H ! (�lm)–C ¤
sp3 + H2 ,

(4) (�lm)–C sp3 H2 + H ! (�lm)–C sp3 H¤ + H2 ,
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(5) (�lm)–C sp3 H3 + H ! (�lm)–C sp3 H2
¤ + H2 ,

wherea particlebondedto any unspeci�edparticlein
thebulk of the�lm is markedas`(�lm)–particle'. The
variationof atomconcentrationsis estimatedas

µ dc(1)
j

dt

¶

j
= ¡ wHH c(k)

j i (k)
H ;

µ dc(1)
j

dt

¶

j
= wHH c(k)

j i (k)
H ; (9)

where j and i are conjugate indices, j = 5, 7, 10,
12,14 (correspondto particlesCsp2 H, Csp2 H2, Csp3 H,
Csp3 H2, Csp3 H3), andi = 4,6,9,11,13(particlesC¤

sp2 ,
Csp2 H¤, C¤

sp3 , Csp3 H¤, Csp3 H2
¤); e.g., j = 7 andi = 6,

k = 1,: : :, nsl. Thetotal H concentrationin kth mono-
layerdecreases:

µ
dc(1)

15

dt

¶

H
= ¡ wHH

¡
c(k)

5 + c(k)
7 + c(k)

10 + c(k)
12 + c(k)

14
¢
i (k)
H :

(10)

2.5.CH3 adsorptiononactivatedcarbonatoms

CH3 radicalscaneasilyadsorbon activatedcarbon
atomsthat have a danglingbond[6,8,11,12], i. e. on
C¤

sp2 , Csp2 H¤, C¤
sp3 , Csp3 H¤, andCsp3 H2

¤:

(1) (surface)– C¤
sp2 + CH3 ! (surface)– Csp2 – CH3 ,

(2) (surface)– Csp2 H¤ + CH3 ! (surface)– Csp2 H –
CH3 ,

(3) (surface)– C¤
sp3 + CH3 ! (surface)– Csp3 – CH3 ,

(4) (surface)– Csp3 H¤ + CH3 ! (surface)– Csp3 H –
CH3 ,

(5) (surface)– Csp3 H2
¤ + CH3 ! (surface)– Csp3 H2

– CH3 .

The concentrationof activated carbon atoms de-
creases,ascanbeeseenin equation

µ
dc(1)

i

dt

¶

i
= ¡ kR i Rc(1)

i = ¡ K Rc(1)
i ; (11)

wherei = 4, 6, 9, 11, 13, or particlesC¤
sp2 , Csp2 H¤,

C¤
sp3 , Csp3 H¤, Csp3 H2

¤, respectively, kR is a sticking
probabilityof CH3, K R is afrequency probability(s¡ 1)
of CH3 adsorption.The concentrationof sp3 bonded,
trihydrogenatedcarbonatomsandtheconcentrationof
H atomson thesurfaceincrease,seeEq. (12). C atom
of adsorbedCH3 radicalcoversthesurfaceC atom,and
threeH atomsof CH3 radicalcover threeothersurface

atomsthatcanbeof any type.Thisprocessis described
by Eq.(13) in thesamemannerasadsorptiononSi¤.

µ
dc(1)

14

dt

¶

sp3 H3

= CR ;
µ

dc(1)
15

dt

¶

H
= 3CR ; (12)

CR = K R
X

j =4 ;6;9;11;13

c(1)
j ;

µ
dc(1)

m

dt

¶

m
= ¡ 3CRc(1)

m (m = 1: : : 15) : (13)

2.6.Re-saturationof DBsby incomingH atomsand
H+ ionson thesurfaceandin thebulk

Incoming neutral H atoms and H+ ions usually
stick to carbonatomsthat have danglingbonds[1,6–
9,12,16], e.g. C¤

sp2 , Csp2 H¤, C¤
sp3 , Csp3 H¤, and

Csp3 H2
¤. Thesesurfaceparticlesaredeactivatedand

converted into Csp2 H, Csp2 H2, Csp3 H, Csp3 H2, and
Csp3 H3, respectively. This processoccursbothon the
surfaceandin thebulk of the�lm:

(1) (�lm)–C ¤
sp2 + H ! (�lm)–C sp2 H ,

(2) (�lm)–C sp2 H¤ + H ! (�lm)–C sp2 H2 ,

(3) (�lm)–C ¤
sp3 + H ! (�lm)–C sp3 H ,

(4) (�lm)–C sp3 H¤ + H ! (�lm)–C sp3 H2 ,

(5) (�lm)–C sp3 H2
¤ + H ! (�lm)–C sp3 H3 .

Reactionrateequationsfor H adsorptionon dangling
bondswith adsorptionprobabilitykH arethefollowing:
µ

dc(k)
i

dt

¶

i
= ¡ kHc(k)

i i (k)
H ;

µ
dc(k)

J

dt

¶

j
= ¡ kHc(k)

i i (k)
H ;

(14)
µ

dc(1)
15

dt

¶

H
=

X

i

kHc(1)
i i H ;

µ
dc(1)

m

dt

¶

m
= ¡

X

i

kHc(1)
i i Hc(1)

m ; (15)

wherei and j areconjugate indices,i = 4, 6, 9, 11,
13 (activated particlesC¤

sp2 , Csp2 H¤, C¤
sp3 , Csp3 H¤,

Csp3 H2
¤, respectively),andj = 5,7,10,12,14(Csp2 H,

Csp2 H2, Csp3 H, Csp3 H2, Csp3 H3), m = 1,: : :, 15. Inci-
dentH atomsmake bondswith activatedcarbonatoms
on the surface,andH concentrationincreases.How-
ever, incident H atomsdo not cover theseparticular
carbonatoms.Instead,they cover thenearbyparticles.
This leadsto decreasein surfaceconcentrationof all
particles,seeEq.(15).
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2.7.Relaxationof activatedparticles

Relaxationof activatedparticlestakesplaceon the
surfaceandin thebulk of the �lm. Activatedparticles
C¤

sp2 , Csp2 H¤, C¤
sp3 , Csp3 H¤, and Csp3 H2

¤ can make
bondswith otheractivatedparticlesandbecomeCsp2 ,
Csp2 H, Csp3 , Csp3 H, or Csp3 H2 [5, 7,8], respectively:

(1) (�lm)–C ¤
sp2 ! (�lm)–C sp2 ,

(2) (�lm)–C sp2 H¤ ! (�lm)–C sp2 H ,

(3) (�lm)–C ¤
sp3 ! (�lm)–C sp3 ,

(4) (�lm)–C sp3 H¤ ! (�lm)–C sp3 H ,

(5) (�lm)–C sp3 H2
¤ ! (�lm)–C sp3 H2 .

Relaxationis describedby reactionrateequations

µ
dc(k)

i

dt

¶

i
= ¡ F c(k)

i ;
µ dc(k)

j

dt

¶

j
= F c(k)

i ; (16)

wherei and j areconjugate indices,i = 4, 6, 9, 11,
13 (C¤

sp2 , Csp2 H¤, C¤
sp3 , Csp3 H¤, and Csp3 H2

¤, re-
spectively), and j = 3, 5, 8, 10, 12 (Csp2 , Csp2 H,
Csp3 , Csp3 H, andCsp3 H2), F is a relaxationcoef�cient
(s¡ 1). Relaxingcarbonatomsmay also changetheir
hybridizationfrom sp3 to sp2:

(1) (�lm)–C ¤
sp3 ! (�lm)–C sp2 ,

(2) (�lm)–C sp3 H¤ ! (�lm)–C sp2 H .

Rateequationsfor relaxationwith changeof hybridiza-
tion have exactly the sameform asEq. (16) but with
coef�cient F2 insteadof F , andi = 9 or 11 (C¤

sp3 or
Csp3 H¤, respectively), j = 3 or 5 (Csp2 or Csp2 H, re-
spectively).

2.8.H atomdisplacementin thebulk of the�lm

Hydrogenatombindingenergy of afew eV in a-C:H
�lms is muchlower thanfor carbonatoms,soincident
C+ andH+ ionscaneasilydisplaceH atomsfrom C–
H bonds.DisplacedH atomscanrecombinewith each
otherto form H2 molecules,andthesedesorbfrom the
�lm [1,9]. Weassumethatall displacedH atomsleave
the�lm.

(1) (�lm)–C sp2 H ! (�lm)–C ¤
sp2 ,

(2) (�lm)–C sp2 H2 ! (�lm)–C sp2 H¤ ,

(3) (�lm)–C sp3 H ! (�lm)–C ¤
sp3 ,

(4) (�lm)–C sp3 H2 ! (�lm)–C sp3 H¤ ,

(5) (�lm)–C sp3 H3 ! (�lm)–C sp3 H2
¤ .

We mark the frequency probability (s¡ 1) of H dis-
placementin kth monolayerby C+ ion as G(k)

H1 , and

H displacementby H+ ion as G(k)
H2 . Thesedisplace-

mentcoef�cients are found with the SRIM (Stopping
andRangeof Ions in Matter) software [17]. The to-
tal frequency probabilityof H displacement,eitherby
C+ or H+ , is G(k)

H = G(k)
H1 i (k)

C+ + G(k)
H2 i (k)

H+ . Theactiva-
tion of carbonatomsdueto brokenC–Hbondsandthe
decreasein H concentrationcanbeestimatedby equa-
tions

µ dc(k)
j

dt

¶

j
= ¡ G(k)

H c(k)
j ;

µ
dc(k)

i

dt

¶

i
= G(k)

H c(k)
j ;

(17)
µ

dc(k)
15

dt

¶

H
= ¡ G(k)

H

¡
c(k)

5 + c(k)
7 + c(k)

10 + c(k)
12 + c(k)

14
¢

;

(18)
wherej andi areconjugateindices,seeSec.2.4; k =
2,: : :, nsl.

2.9.Physicalsputteringof H atomson thesurface

Hydrogenatomsaresputteredfrom the surfaceby
C+ andH+ ions. Sputteringyields YC+ ;H andYH+ ;H
canbecalculatedwith SRIM. The total sputteringco-
ef�cient (s¡ 1) wouldbeYH = i C+ YC+ ;H + i H+ YH+ ;H .
As aresultof sputtering,H concentrationonthesurface
decreases,andsomecarbonatomsareactivated.

(1) (surface)– Csp2 H ! (surface)– C¤
sp2 ,

(2) (surface)– Csp2 H2 ! (surface)– Csp2 H¤ ,

(3) (surface)– Csp3 H ! (surface)– C¤
sp3 ,

(4) (surface)– Csp3 H2 ! (surface)– Csp3 H¤ ,

(5) (surface)– Csp3 H3 ! (surface)– Csp3 H2
¤ .

The reactionrate equationsfor above processesare
these:
µ

dc(1)
15

dt

¶

H
= ¡ YH

¡
c(1)

5 + c(1)
7 + c(1)

10 + c(1)
12 + c(1)

14
¢

;

(19)
µ dc(1)

j

dt

¶

j
= ¡ YHc(1)

j ;
µ

dc(1)
i

dt

¶

i
= YHc(1)

j ; (20)

wherej andi areconjugateindices,seeSection2.4.

2.10.Physicalsputteringof C atomson thesurface

We take that all carbonatomsof any statecan be
sputteredby carbonions from thesurface. Their con-
centrationon thesurfacedecreasesas

µ dc(1)
j

dt

¶

j
= ¡ Y0c(1)

j ; (21)
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whereY0 = i C+ YC+ ;C is a coef�cient (s¡ 1) of C sput-
teringwith C+ ions,YC+ ;C is a sputteringyield found
with SRIM for different ion energies, j = 3,: : :, 14
(correspondsto particlesCsp2 , C¤

sp2 , Csp2 H, Csp2 H¤,
Csp2 H2, Csp3 , C¤

sp3 , Csp3 H, Csp3 H¤, Csp3 H2, Csp3 H2
¤,

Csp3 H3, respectively). H concentrationon thesurface
alsodecreasesbecausesomecarbonatomson thesur-
facearebondedto H atomsandthey aresputteredto-
gether,

µ
dc(1)

15

dt

¶

H
= ¡ Y0

µ X

j =5 ;6;10;11

c(1)
j

+ 2
X

j =7 ;12;13

c(1)
j + 3c(1)

14

¶
: (22)

2.11.Non-equilibriuminsertionof atomsinto bulk of
the�lm (k > 1)

Our modelstatesthatH atomsandionsareinserted
into bulk of the�lm whenthey addto danglingbonds.
H atomsin thebulk of the�lm canbeabstractedby in-
cidentH atomsor displacedby incidentions(Secs.2.4
and2.8). Variationof concentrationof i th type parti-
clesin kth monolayerdueto H insertionandremoval
is givenby expressions

µ
dc(k)

i

dt

¶

i
= A (k)

1 c(k+1)
i + B (k)

1 c(k¡ 1)
i

¡
¡
A (k)

2 + B (k)
2

¢
c(k)

i ; (23)

A (k)
1 =

nX

L = k+1

A (L ) ; A (k)
2 =

nX

L = k

A (L ) ; (24)

B (k)
1 =

nX

L = k

CR ; B (k)
2 =

nX

L = k+1

CR ; (25)

A (L ) = kH i (L )
H

X

j =4 ;6;9;11;13

c(L )
j ;

CR =
¡
wHH i (L )

H + G(L )
H

¢ X

j =5 ;7;10;12;14

c(L )
j : (26)

2.12.Depositionandsputteringrate

Film depositionrateVA , etchingrateVS, andthenet
depositionrateV arepresentedasEqs.(27)–(29).

VA = 4kR i Rc(1)
2 + (4kR i R + kH i H)

X

j =4 ;6;9;11;13

c(1)
j

+ A (1)
2 ; (27)

VS =
¡
wHH i H + YH

¢ X

j =5 ;7;10;12;14

c(1)
j + B (1)

2

+ Y0

14X

i =3

c(1)
i + Y0

¡
c(1)

5 + c(1)
6 + 2c(1)

7 + c(1)
10

+ c(1)
11 + 2c(1)

12 + 2c(1)
13 + 3c(1)

14
¢

; (28)

V = VA ¡ VS : (29)

The �nal set is composedof np ¢nsl reactionrate

equationsof the form dc(k)
i =dt = : : :, for all particle

typesi = 1,: : :, np (np = 15) in every monolayerk =
1,: : :, nsl. They areobtainedsimplyby addingthecon-
tribution of all processesdescribedby Eqs. (2)–(29).
Note that all setsof equationsfor the bulk of the �lm
(k > 1)will bethesame(differenceappearsonly in val-
uesof coef�cients), so in factwe have only two forms
of equationsets: onefor thesurface(k = 1) andonefor
thebulk (k > 1). Thesenp¢nsl rateequationsaresolved
all togetherby computerusingany kind of numerical
integrationalgorithm,e.g. Euler'sor Runge–Kutta.

2.13.Massdensityof the�lm

We cancalculate�lm density½(g=cm3) asanaver-
agedensityof all monolayersusing�nal depthpro�les
of particleconcentrations:

½=
1
n

nX

k=1

½(k) =
1
n

nX

k=1

m(k)

V (k)

=
1
n

nX

k=1

15P

i =1
c(k)

i M i

15P

i =1

c(k)
i M i

½i

; (30)

where½(k) , V (k) (V (k) = const), andm(k) aretheden-
sity, volume,andmass,respectively, of thekth mono-
layer, ½i andM i aremassdensityandatomicmassof
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Fig. 1. Calculateda-C:H �lm density versusH �ux. Inset:
refractive index of a-C:H �lm depositedfrom various acety-

lene/ hydrogenandhexane/ hydrogenmixtures[19].

i th typespecies,respectively, n is a numberof mono-
layers.

3. Resultsand discussion

Film growth wassimulatedfor 1000s with a time
step of 0.1 s at 300 K. The numberof monolayers
nsl wassetto 150–200.Relative �ux i C+ of C+ ions
was�x edat 0.1 s¡ 1 (2.75¢1014 cm¡ 2s¡ 1), andthe ra-
tio I H=IH+ of hydrogenradical-to-ion�ux es was al-
waysequalto 9. Valuesof somereactionratecoef�-
cientsthat do not dependon ion energy arepresented
in Table 2. Fractionsi (k)

C+ , i (k)
H+ , and i (k)

H0 of incident
C+ ions,H+ ions,andH atomsthatpenetrateinto the
�lm andremainin thekth monolayerarecalculatedac-
cordingto Eq.(1). PenetrationdepthsRpC+ andRpH+

andstandarddeviations¢ RpC+ and¢ RpH+ of inci-
dentC+ andH+ ions,respectively, werecalculatedfor
every particularion energy usingSRIM 2003software
[17]. RpH0 and¢ RpH0 (Table2) do not dependon ion

energy. Coef�cients G(k)
1H and G(k)

2H for displacement
of H atomsin kth monolayerwith incident C+ and
H+ ionsdependon ion energy. They werefoundfrom
depthdistributionof H vacancies(H vacancies=ion=Å)
with SRIM. We assumethatmolecularion completely
breaksinto atomicionsuponimpactwith surface.Ion
energyhereafteris equivalentto energyperC ion com-
monlyusedin experimentalplots.

3.1.Densityof the�lm

Film depositionrateanddensitywerecalculatedus-
ing Eqs.(29) and(30) asfunctionsof H �ux for vari-
ousconstantincident ion energies(Figs. 1,2). Very
low H �ux leadsto insigni�cant �lm growth [6], so

Fig. 2. Calculateddepositionrateof a-C:H�lm versusH �ux den-
sity. Inset: depositionrate as a function of H contentin acety-

lene/ hydrogenandhexane/ hydrogengasmixtures[19].

Fig. 3. Experimental(points)[1] andcalculated(lines)H content
versusion energy for variousH �ux densities.

�lm densityremainscloseto thedensityof siliconsub-
strate(2.33g=cm3). At high H �ux es,�lm densityde-
creasesto » 1.5 g=cm3 (Fig. 1) dueto high H content
[6] (Fig. 3).

WhenH �ux is lower than5¢1014 cm¡ 2s¡ 1, ion en-
ergy can barely have any effect on �lm density, too
(Fig. 1). With increasingH �ux, �lm densityremains
the highestfor ion energiesof 100 and400 eV, while
experimentaldependences[18] have a maximum at
biasvoltageof 200or 400V (80or 160eV=C ion), and
Davis' modelpredictsthepeakof sp3 phaseformation
at 100eV. Intersectionsof energy dependencesof �lm
densitywith eachother indicatea combinedeffect of
several factors,mostly graphite-to-diamondtransition
andgraphitization.Wealsofoundthat�lm densityver-
susH �ux curve declinesmorerapidly in caseof high
CH3 �ux (5¢1015–1016 cm¡ 2s¡ 1), which bringsmore
hydrogento the�lm.

Film densityversusH �ux functionsin Fig. 1 agree
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Table2. Varioussimulationparametersindependentof incidention energy.

B ½ ¸ kR kH wHH F1 (s¡ 1) F2 (s¡ 1) RpH 0 (Å) ¢ RpH 0 (Å)

0.1 0.8 3 1 10¡ 4 0.6 0.01 0.01 6.0 3.0

qualitatively with experimentaldependenceof refrac-
tive index nr on additionalhydrogencontentin depo-
sition gasmixtureCH in Fig. 1 inset[19]. This is ex-
pectedbecauseCH is proportionalto H �ux, andrela-
tionbetweennr andmassdensityof a-C:Hiscon�rmed
by many authors[1,6,19].

3.2.Depositionrateof a-C:H �lm

Depositionratestronglydependson ion energy via
erosion. The lower the ion energy the higher the de-
positionrateis (Fig. 2). Also, low energy ionsdo not
penetrateas deepin the �lm so the maximumof ion
energy losspro�le is closerto the surface. This leads
to creationof moreDBs on the surfaceandenhanced
hydrocarbonadsorption.Depositionratestronglyde-
pendson CH3 �ux (not shown here). However, upon
low (< 1014 cm¡ 2s¡ 1) H �ux es, �lm growth is slow
even if CH3 �ux is intensebecausesurfaceDBs are
saturatedby CH3 too rapidly. Thus,both H andCH3
�ux esover1015 cm¡ 2s¡ 1 arerecommended.

Interestingly, depositionratevariesnonmonotonous-
ly, passinga maximum at a certain H �ux density
that decreaseswith ion energy (Fig. 2). In caseof
lowerenergies,140,100,and60eV, nodepositionrate
peaksareobservedup to 1016 cm¡ 2s¡ 1, probablythey
emergeatH �ux eshigherthan1016 cm¡ 2s¡ 1.

As mentionedabove, decline in depositionrate at
high H �ux es (» 1016 cm¡ 2s¡ 1, Fig. 2) can be as-
sociatedwith a slowdown of CH3 adsorption. The
latter greatly affects the sp3 content,H content,and
massdensityof the �lm: (i) thesp3 contentdecreases
(Fig. 4) becausehydrocarbonadsorptionis oneof the
main mechanismsfor creationof sp3 bonds[13]; (ii)
H contentincreasesuntil saturation(Fig. 3); (iii) �lm
densitydecreasesuntil thesteadystatevalue(Fig. 1).

In contrastto our results,experimentallymeasured
rate of direct ion beamdeposition(DIBD) by Grigo-
nis et al. [19] declinesin entire rangeof H content
in the gas mixture (inset in Fig. 2). The mismatch
mayappeardueto fact thatwe have excludedetching
andsputteringwith hydrogenfrom our model. On the
other hand,we have modelledCVD, which employs
lower ion �ux es than DIBD. Schwarz-Selingeret al.
[6] have foundexperimentallyand,later, by modelling
thatsteadystatedepositionrateof a-C:Hincreaseswith
increasingH �ux density(Fig.5). Thisoutcomeis con-

Fig.4. Experimental(points)[1] andcalculated(lines)sp3 fraction
versusincidention energy.

Fig. 5. a-C:H �lm depositionrate versusatomic hydrogen�ux
to the surface,with effective sticking coef�cients: 1 is a calcu-
latedcurve(thiswork),2 marksexperimentalpointsandtheoretical

curve [6].

sistentwith our resultsthoughexperimentalvaluesare
oneorderof magnitudesmaller. Effective stickingco-
ef�cients on the right axis in Fig. 5 were calculated
using �lm depositionrate V and CH3 �ux: kCH3 ¼
V=ICH3 . It seemsthattherising partof our deposition
ratecurve in Fig. 2 matchesthatof Schwarz-Selinger,
while the decreasingpart correspondsto �ndings of
Grigonisetal.

Let us analysehow H �ux affects �lm deposition
rate if ion bombardmentand relaxationof DBs are
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neglected.WhenCH3 �ux densityis constant,deposi-
tion ratedependson etchingrateandsteadystatecon-
centrationof surfaceDBs becausehydrocarbonradi-
cals, which are main depositedspecies,are adsorbed
mostlyonDBs.

1. In caseof low H �ux, incidentH atomsabstract
few surface-bondedH atomsandcreatefew DBs,
in comparisonwith CH3 adsorptionrate, so the
steadystateconcentrationof surfaceDBs is low.
Consequently, �lm deposition(i. e. CH3 adsorp-
tion) rateis low, too.

2. DB creation speedsup with increasingH �ux.
Although adsorptionof H atomsand CH3 radi-
cals on the surfaceis then greatly enhanced,the
steadystateconcentrationof surfaceDBs slowly
increaseswith H �ux densityand�lm deposition
rateincreasesaswell.

3. After H �ux far surpassesCH3 �ux, CH3 adsorp-
tion effect on surfaceconcentrationof H andDBs
becomesinsigni�cant. The steadystatesurface
concentrationof H atomsis thendirectly propor-
tionaltoH adsorptionrate,andDB surfaceconcen-
trationis proportionalto abstractionrateof surface
bondedH by incomingH. In otherwords,thecon-
centrationratio of H atoms=DBs on the surface
is approximatelyequal to the ratio of H adsorp-
tion/ abstractionrates.DB concentrationcDB de-
pendsonly on H adsorptionandabstractionprob-
abilities kH and wHH (s¡ 1), respectively, cDB »
wHH =(wHH + kH).

4. Upon further enhancedH �ux es, cDB concentra-
tion becomesnearly constantbecausethe rate of
surfaceDB creationapproachesrateof DB recom-
bination. However, �lm depositionrate declines
becauseetchingbecomescrucialathighH �ux es.

3.3.sp3=sp2 ratio

We deducedthe sp3=sp2 ratio or the sp3 content
from the �nal �lm composition. The sp3 contentde-
creasesfrom 88% at 40 eV down to 55% at 300 eV
while experimentalsp3 contentdropsfrom 80 to 20%
in therangeof 100–300eV(Fig.4). It is known thatde-
creasein sp3 contentis causedmainly by diamond-to-
graphitetransition(graphitization)inducedby highen-
ergy ions.Experimentaldependencesof sp3 bondfrac-
tion on ion energy have a maximumat 100eV [1,14]
or at 160eV [20]. Graphitetransitionto hexagonaldi-
amondwasalsoincludedin ourmodelbut only asmall
local maximumis visible in calculatedsp3 curves at

100 eV (Fig. 4) insteadof dominatingpeakclaimed
by Davis. Moreover, in low-energy rangewhereno
graphitizationis present,sp3 contentdependson H
�ux more than at high ion energies. This is an indi-
cation that sp3 bond formationoccurspredominantly
by rapidhydrocarbonadsorptionon thesurfacebut not
via sp2! sp3 transitionin thebulk, inducedby ion im-
plantation. Molecular dynamicsstudy performedby
Marks et al. [13] hasproved that sp3 bondformation
via adsorptionis alsosubstantialin tetrahedralamor-
phouscarbon(ta-C) growth. It seemsthat at high en-
ergiesthesp3 contentalsoincreasesmainly dueto hy-
drocarbonadsorption,andin the bulk it is reducedby
graphitization.

The fact thatnot only C–Csp3 bondsbut C–H sp3

bondsaswell contributeto sp3 curve in Fig. 4 maybe
worth noting. The sp3 contentincreasesrapidly with
increasingH �ux becauseCH3 adsorptiongetsfaster,
and more sp3 bondsare formed; also, larger H con-
tent in the �lm stabilizesmoresp3 bonds. Saturation
of sp3=sp2 ratio at high H �ux could be explainedby
slowdown in sp3 bondcreationandnot by graphitiza-
tion,whichmostlikely doesnotvarymuchwith H �ux.
This appliesto higherenergy rangeof 200–400eV at
�rst. Suchions induceintensegraphitizationandpro-
ducemoreDB, therelaxationof which leadsto forma-
tion of sp2 C= C bonds. Experimental[1] andcalcu-
lateddependencesof H contenton incidention energy
in Fig. 3 arequalitatively similar. Notethat ion energy
doesnot have mucheffect on thetotal H contentin the
�lm but it obviouslyaffectsH concentrationonthesur-
face.

4. Conclusions

1. Thedependenceof atomichydrogen�ux ondepo-
sition ratehasa clearpeak,which is in agreement
with experimentalresults.Depositionratedeclines
athighH �ux esbecausedanglingbondconcentra-
tion doesnot increaseany more and etchingbe-
comescrucial.

2. C–C sp3 bondsare createdmainly by hydrocar-
bon adsorptionon the surface and not by stress
that originatesfrom ion bombardment.However,
sp3 fractiondecreasesmostlydueto graphitization
inducedby ion bombardment.

3. The total H contentin the �lm, in contrastto H
concentrationonthesurface,dependsonly slightly
on incidention energy.
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4. Thesp3=sp2 ratioandmassdensityof the�lm de-
pendondepositionrate.
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a-C:H DANG �U CHEMINIO NUSODINIMO IŠ GAR �U FAZ �ESANT Si PAD �EKLO KINETIK OS
MODELIA VIMAS
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Santrauka

Siūlomas naujasreakcij�u grei�ci �u lyg�ci �u modelis, aprašantis
a-C:H dang�u chemin�i nusodinim�a iš gar �u faz�es(chemicalvapour
deposition,CVD). Apskai�ciuojamosdangosaugimogrei�cio ir dan-
gos tankio priklausomyb�es nuo vandenilioatom�u srauto�i pavir-
ši �u, esantskirtingiemsCH3 radikal�u srautotankiamsir skirtingoms
jon �u energijoms,kokybiškai sutampasu eksperiment�u rezultatais.
Manoma,kad dangosaugimogrei�cio priklausomyb�e nuo vande-
nilio srautoturi maksimum�a d�el to, kad laisv �u ryši �u koncentra-
cija, lemiantiCH3 adsorbcij�a, nustojadid�eti, o �esdinimasstipr�eja.

Skai�ciavim �u ir eksperiment�u rezultatairodo, kad vandeniliokie-
kis dangojebeveik nepriklausonuo jon �u energijos. Išanalizavus
apskai�ciuotassp3=sp2 santykioir vandeniliokiekio priklausomy-
besnuo jon �u energijos, esantskirtingiemsH srautams,padarytos
dvi svarbiosišvados.Pirmiausia,pagrindinissp3 ryši �u susidarymo
mechanizmasgali būti angliavandenili�u adsorbcijaant paviršiaus,
o ne�itempiaidangostūryje (subplantacijosmechanizmas).Tai su-
tampasukit �u autori�u modeliavimo rezultatais.Antra, pagrindinis
sp3 ryši �u suirimo mechanizmas– gra�tizacija, vykstanti šilumi-
n�esesmail�ese,kuriassukuriadang�abombarduojantysjonai.


