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We simulatedplasmaenhanceathemicalvapourdeposition(CVD) of amorphousydrogenateatarbon(a-C:H) Ims on
c-Si substrataisingour new reactionratemodel. Dependencesf Im depositionrateandmassdensityonthe ux of atomic
hydrogenwere calculatedfor variousCHs; ux esandvariousion enegies. The calculatedcurves agreequalitatively with
experimentalresults. Film depositionrate, as a function of hydrogen ux, hasa maximum,which could be explainedby
(i) stabilizationof danglingbond(DB) concentratioron the surfaceand(ii) increasecdetchingat high hydrogen ux es. The
resultsof simulationandexperimentsdo notindicateary signi cant effect of ion enegy variationon hydrogencontentin the
Im. Detailedanalysisof calculateddependencesf sp®=sp? ratio and hydrogencontenton ion enegy hasrevealedsome
interestingfacts. First, themainmechanisnof sp® bondformationis adsorptiorof CHs onthesurface.Also, asexpectedthe
contentof sp® declinesat higherion enegiesdueto graphitization.
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1. Intr oduction

Diamond-like amorphouscarbon(DLC) thin Ims
have attracteda greatinterestduring 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. Some promising areasare biomedi-
cal coatings,thin Im transistors(TFT), and micro-
electromechanicalevices (MEMS). DLCs have very
high mechanicahardnesshigh elasticmodulus,low
surfaceroughnesshigh wearresistancelarge thermal
conductvity, chemicalinertnessandbiocompatibility

The structure and propertiesof a-C:H Ims de-
pend on depositiontechnique,parametersand sub-
strate[1,6-9], so it is very importantto understand
depositionprocessesSubplantatiormodelclaimsthat
tetrahedralbonding appearsas a result of high com-
pressie stres§2—4,10] or metastabléncrementn lo-
caldensity[1, 9], generatedby low enegy (50-300eV)
ion implantation. In CVD, sp® bondedphaseis also
formed by adsorptionof hydrocarbonradicalson the
surface[6,11-13].
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The contentof sp® alsoincreaseslueto preferen-
tial erosion(etching)of sp? siteswith hydrogen[7].
sp>-to-sp? transitionproceedsnostly via relaxationin
thermalspikes[1] and,slightly, throughchemicalsput-
tering[7].

Reactionrate equationmodels provide ability to
track Im compositionkineticsin time andreveal the
effect of experimentaparametersln the currentwork,
we simulateCVD of a-C:H Im usinga new kinetic
model.

2. Model

Among particlesinvolvedin a-C:H Im deposition,
we alsoincludeactivatedparticlesthathave adangling
bond (DB) andwe mark themwith asterisk(®), e.qg.
activatedSi atomhereafteris marked as Si°. We will
distinguishbetweentwo major typesof carbonatoms:
sp?- and sp-hybridized, or Cgpz and Cgp:, respec-
tively. Carbonatomsmay have DBs. Suchatomswill
bemarledas(:i‘|02 or CZ ;. Moreover, ary carbonatom
can make bondswith one, two, or even three hydro-
gen atomsat a time. Suchcarbonatomsare called
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Tablel. Typesof particlesi involvedin reactionsandtheir relative concentrations

(k)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Si Si*  Cgpe2 Czpz CopzH CgpzH™ CgpzHz  Cgpa C:p3 CopaH  CgpzH™ CgaHa CgaH2™ CgsHs  H
k k k k k k k k k k k k k k k
T R

mono-,di-, or trihydrogenatediespectiely. Therefore,
in caseof sp® bonding,we may have CspeH, CspaHa,
andCgpsHs. Note that sp?-bondedC atomscannotbe
trihydrogenated.Somemono- and dihydrogenatedC
atomshave DBs. To referto them,we will usenota-
tions CgpzH® and CgpsHo® in caseof sp* bonding,or
Cssz“ in caseof sp? bonding. Non-bondechydro-
genatomsin the Im aresimply marked asH. Parti-
cle typesarenumberedrom 1 to 15 (Table1). Rela-
tive particleconcentrationsci(k) (i=1,:::,15)in kth
monolayemwith respecto thetotal atomconcentration
in kth monolayerareusedthroughouthis work. A rel-
ative ux ij (s 1) of ith type particlesarriving to the
very surface,with respecto thetotal surfaceatomcon-
centratiomns (Ns = 2.7560'" cm 2si 1 in this work),
is obtainedasi; = |j=ng wherel; is anabsolute ux
(cmi ?si 1) of ith type particles. We considerthat the
only incident particlesare C* ions, CHz radicals,H
radicalsandH* ions. Theirrelative ux esaredenoted
asic+, iR, ino, andiy+ , respectiely. The Im is mod-
elled asa stackof monolayers.A relatve ux of ith
type particlesthatpenetrateasdeepaskth monolayer
is de ned by

. 1 1.
o ©“kdi R, _©“(ki Ddi Ry . gy
P ¢CR, ¢ R, !
whereii(k) standsfor i(c'ﬁ), if{ko), or il(ikf. Here, k is

a monolayernumber (starting with the surface,k =
1,:::,ng, whereng is a numberof monolayers)d va
3 A is a meanmonolayerthickness,R;, is an aver
age penetrationdepth of ith type particle (&), ¢ Rp
is a standarddeviation (A). ©(x; Rp; ¢ Rp) is a cu-
mulative function of normal (Gaussian)distribution.
We also introduce a total hydrogen ux incident to
the surfaceanda total hydrogen ux penetratingnto
the kth monolayey respectiely, iy = iqo+ iy+ and
i =069 +i09.

2.1.Graphite-to-diamondransitiondueto ion
bombadmentinducedstressin subsurfaceegion

This phenomenons well coveredby mary papers
[1-4,10,14]. We assumethat the pressureis low
enoughsothations aremonoenegetic andtheir mean

enegy E is proportionalto the bias voltage Vy, i. e.
E = Epi eW whereEp is a meanion enegy in
plasma,E, ¥4 15 eV [6]. We consideronly CHz*
ionsbecauséheir contributionto Im depositions the
mostimportant. The majority of CHz* ions with en-
ergy above » 40 eV decayinto separateatomson im-
pactwith the surface[1] sowe take into accountonly
surfacebombardmenby C* ionswith enegy E.
Graphitetransformationto diamondin subsurlce
region canbede ned by modi ed Davis [3] formula
Ko 1=2
2= By
+ 0:016/2 —
lc+ Eo
whereB is a constantV is Im depositionrate,ic+
is C* ion relative ux, Y:is a materialdependenpa-
rameterof orderl (unity), E¢it is athresholdenegy
for implantation(32 eV), Ep is C atomdisplacement
enegy (» 3 eV). We assumehatonly inactivatedparti-
clescanparticipatein the structuraltransitionbecause
theirconcentrations muchhigherthenthatof activated
particles. The following changesn carbonatom hy-
bridizationmayoccur:

ez (@

1. sp? bondedcarbonatomsbecomesp® bondedcar
bonatomsCge ! Cgps. Theconcentratiorof sp?
bondedcarbonatomsdecreasesand the concen-
trationof sp® bondedcarbonatomsincreasesis

oo 1
dt sp?

(1

= 2000 ; Pagtl 2090 .

dt sp?

(3)

wherei = 3 (correspond#o particletypeCg2) and

j = 8 (correspondso particletype Cqp3). Hydro-

genatectarbonatomscanalsochangeheir bond-
ing type;

2. CgeH!  CgpsH, aprocesswhichis describedy
rate equationssimilar to Eq. (3) but with i = 5
andj = 10 referringto particletypesCg,H and
Csps H;

3. CgpeHz ! Cgp3H2, consequentlgquationsimilar
to Eq. (3) areusedagain, with i = 7 (Cg2Hz) and
j = 12(CgpsHy).
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Herez(¥) = Zol( ) is a frequeny probability (s' 1)
thatthe bondlngof carbonatomin kth monolayemwill
changefrom sp? to sp®.

2.2.Diamond-to-gaphitetransformation
(graphitization)in the bulk of the Im

Uponirradiationwith high enegy ions,alargefrac-
tion of ion enepy is dissipatedasphonongheat)at a
small volume or alongion trajectory which is called
thermal spike. Due to high temperatureat thermal
spikes,atomsdiffusebackto the surface,anddiamond
phaserelaxesto stablegraphitephasd1, 3]. Therefore,
sp® contentin the Im decreaseandsp? contentin-
creaseslIf we take into accountthat someC atomsin
the Im arebondedo H atomsthengraphitizationcan
be depictedby following plain equations:

() Cspz ! Cgpe,
(i) CspsH! Cgp2H,
(iii) CgpsHz! CgpoHa.

We will useonegeneraform of equationgor graphiti-
zation:

Moo Mg 0T
dg™ " _ . (K . dg MONCE
dt 226G =2
sp3 dt Sp?
(4)
N5=3
Zgp = , ¢0:016/2 — : (5)
Eo

where zp, is a quantity relatedto relaxationrate, ,

is a materialdependentnodelling parameterz( ) =

zozléf is afrequeny probability that carbonatomin

kth monolayereitherbondedor notbondedo H atom,
will changéits hybridizationfrom sp® to sp?.

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

@i i= 8(Csp3):j = 3(Csp2)a
(i) 1= 10(CspzH),j = 5(CgpeH),
(iii) 1= 12(CspsH2),j = 7 (CspzH2).

2.3.Activationof Siatomson the surfaceand
adsorptionof CH3 on activatedSiatoms

We assumegronth on Si surfaceis carriedlargely
by

1. Siactivationby ion bombardmenf15], Si! Si°.

Concentratiornof inactivated Si atomsdecreases,

and the concentrationof activated Si atomsin-
creasessfollowing:

dc(l) T .
A
dC(l) T 1).
dt S-n = Glcg' ) I C+ ; (6)
|

whereG; is afrequeng probability of activation,
dependenbnincidention enengy.

2. Adsorption of hydrocarbons(CHz) on actvated
Si atomswith adsorptionprobability kg, Si* +
CHs ! Si—CH;. Concentrationof activated Si
atoms(Si®) decreaseandthe concentratiorof sp®
bondedrihydrogenatedarbonatoms(Cg;s Hz) in-
creasesaswell astheconcentratiorof H atomson

thesurface:
M 1)
=ik iR;
at o i KRG IR
dc(l)ﬂ ,
— = krCy iR : (7)
sp3Ha

Moreover, we assumethat C atom of adsorbed
CHjs radicalcoversthe primary, activatedC atom
on the surface,andthethreeH atomsof adsorbed
CHs cover ary otherthreesurfaceatoms. Thus,
the concentrationof every type surface particles

decreaseby
Ho,@f
dc .
o, = i ®)
H
Ho @l
—djt = 3ch(21)|Rc(1) (i=1;:::;15):
[

2.4.Abstractionof H atomsfromthe surfaceandthe
bulk by incomingH atomsandH* ions

In orderto describehis processye introduceanab-
stractioncoefcient, wyy . IncidentH radicalsabstract
surfaceandbulk H atomsthat are bondedto sp? and
sp® sitesCqpzH, CpzH2, CopsH, CopaHa2, and CqpaHs
[1,5-8]. Theconcentratiorof actvatedcarbonatoms,
C? sp?” Csp2H", CZ sp3+ Csp? H", andCgysHo", increases.
(1) (Im)-CgeH+H! (Im)-C gpz +Hs,

(2) (IM)-CgeHa+H! (Im)-Cgp2H" +Hz,
) (Im)-CgzsH+H! (Im)-C3 o2 TH2,
(4) (Im)-CgpeHa+H! (Im)-CgpsH" + Hz,
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(5) (IM)-C gsHz +H! (IM)=C gpsHo" + Ha

wherea particlebondedto ary unspeci edpatrticlein
thebulk of the Im is markedas ( Im)—particle’. The
variationof atomconcentrationss estimatedas

[VIREAR |
Gt o, 000
dt
Mg T
] — (k) (k) .
—— = WHHG iy’ ; 9)
dt
wherej andi are conjugate indices,j = 5, 7, 10,

12,14 (correspondo particlesCgp2H, Cgp2Hz, CopzH,

CspeHz, CspsH3), andi = 4,6, 9, 11 l3(partlcless(3S 2,

CsszD, C:pg,, CspaH Csp3H2 );e.qg.,j = 7andi = 6

k = 1,:::,ng. Thetotal H concentrationn kth mono-

layerdecreases:

@1 .
d;}f ] = | WHH I0(5")+ c(7k)+ c(l‘f))+ C(1k2)+ c(l'fl) |(k)

(10)

2.5.CHs adsorptionon activatedcarbonatoms

CHs radicalscaneasilyadsorbon activatedcarbon
atomsthat have a danglingbond[6,8,11,12],i.e. on
C? Cspz H®, C2 Csps H", andCSps Hy™:

sz ’ Sp3 1

(1) (surface)-C: o2 T CHz! (surface)-Cgp2 —CHs,

(2) (surface)- CgpeH" + CH3 ! (surface)— CgpeH —
CHgs,

(3) (surface)-C: s T CHz! (surface)-Cgps —CHs,

(4) (surface)- CgpsH™ + CH3 ! (surface)— CgpeH —

CHgs,

(5) (surface)-
—CHjs.

CspsH2" + CH3 ! (surface)— CgpsHy

The concentrationof activated carbon atoms de-
creasesascanbeeseernin equation

H dci(l) T
dt

wherei = 4, 6,9, 11, 13, or partlclesCS 2, Cop2H",

Csp3, Csp3H Csps H,", respectiely, kg is a sticking
probabilityof CHs, K  is afrequeng probability(s' 1)

of CHz adsorption.The concentratiorof sp® bonded,
trihydrogenatedarbonatomsandthe concentratiorof
H atomson the surfaceincreaseseeEq. (12). C atom
of adsorbedCHj; radicalcoversthesurfaceC atom,and

threeH atomsof CHs radicalcover threeothersurface

= kR'RC( )= KRCi(l); (11)

atomsthatcanbeof ary type. Thisprocesss described
by Eqg.(13)in thesamemannerasadsorptiomn Si°.

f [ORl
dC(114) dc15
= Cr; = 3CRr; 12
dt sp3H3 R dt H R ( )
X
Cr=KRr Cj(l) ;
j=4:6;9;11;13
VIR
dcm
ot LT 3CrcY)  (m=1:::15): (13)
m

2.6.Re-satuation of DBsbyincomingH atomsand
H* ionsonthesurfaceandin the bulk

Incoming neutral H atoms and H* ions usually
stick to carbonatomsthat have danglingbonds[1, 6—
9,12,16], e.g. Cg 021 Csp2H", Cg o Csp3H", and
Cops H>". Thesesurface partlclesare deactvatedand
convertedinto CgpeH, CgpoHa, CgpsH, CgpsHz, and
Csp3Hs, respectiely. This processoccursbothon the
surfaceandin thebulk of the Im:

(1) (Im)-C gpz +H! (Im)-CgpH,

(2) (IMm)—-CgpeH*+H! (Im)-Cgp2Hy,

(3) (Im)-C?2 e TH! (Im)-CgpH,

(4) (Im)-CgzH*+H! (Im)-CgpH>,

(5) (IM)-CgpiHx"+H! (Im)-CgpH3.
Reactionrate equationsfor H adsorptionon dangling
bondswith adsorptiorprobabilitka arethefollowing:

oo (k) 1
dc 000 dC EAROHOR

dt | | H » dt J | H
(14)

dcg.15) ﬂ = x kH C(l) | H

dt 4 : !
Ho @

dc X .

i =i keclinc®; (19)
m i

wherei andj areconjugateindices,i = 4, 6, 9, 11,

13 (activated particles C:pz, Cop2H", C:p3, CopeH",
CspsH2", respectiely),andj = 5,7,10,12,14(Cgp2H,
Cspz Hy, Csps H, Csps H», Cspa H3), m=1,:::15. Inci-
dentH atomsmake bondswith activatedcarbonatoms
on the surface,andH concentratiorincreases.How-
ever, incidentH atomsdo not cover theseparticular
carbonatoms.Insteadthey coverthe nearbyparticles.
This leadsto decreasen surfaceconcentratiorof all
particles seekq. (15).
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2.7.Relaxationof activatedparticles

Relaxationof activatedparticlestakes placeon the
surfaceandin thebulk of the Im. Activatedparticles
C:pz, Cs_pz H", Cgpg, _Csps H", qnd CspzH2" canmale
bondswith otheractivatedparticlesandbecomeCy,

Cspz H, Csps, Csp3H, or Csps H» [5,7,8], respectiely:
(1) (Im)-Cge! (IM-Cgp,

(2) (IM)=CgpeH ! (IM)-C e H,

(3) (IM-CZps! (IM)-Cgp,

(4) (Im)—CgpzH* ! (IM)-C gpsH,

() (IM)=CgpHx" ! (Im)—C gpeHo .
Relaxationis describedy reactionrateequations

HoL) T Mg T
dCi( ) = FC.(k) ) dc
dat Tt

wherei andj areconjugateindices,i = 4, 6, 9, 11,
13 (Cs 2, szH Cs 3, Csps Hn, and Cspa qu, re-
spectvely) andj = 3 5, 8, 10, 12 (Cgpz, Cgp2H,
Csp3s CopzH, andC pst) F is arelaxationcoefcient
(s Y. Relaxmgcarbonatomsmay also changetheir
hybridizationfrom sp® to sp:

(1) (IM)-CZ ! (IM)~C g,
(2) (IM)—C gH ! (IM)—C geH .

Rateequationgor relaxationwith changeof hybridiza-
tion have exactly the sameform as Eq. (16) but with
coefcient F; insteadof F, andi = 9 or 11 (Cg oe Of
CspzH, respectiely), j = 3 or5 (Cgpz OF Cssz re-
spectvely).

=FcY;  (16)

2.8.H atomdisplacemenin thebulk of the Im

Hydrogenatombindingenegy of afew eVin a-C:H
Ims is muchlower thanfor carbonatoms,soincident
C* andH™" ionscaneasilydisplaceH atomsfrom C—
H bonds.DisplacedH atomscanrecombinewith each
otherto form H, moleculesandthesedesorbfrom the
Im [1,9]. We assumehatall displacedH atomsleave
the Im.

(1) (IM)-CgeH! (Im)-C2.,
(2) (Im)=CgpeHa ! (IM)—C goH®
(3) (IM)-CgH! (Im)-C2

(4) (IM)=C gsHz ! (IM)—C gsH"

(5) (IM)-C gpHz ! (IM)—C gsHy® .

We mark the frequeng probability (s' 1) of H dis-
placementn kth monolayerby C* ion as G(Hkl), and

H displacemenby H* ion as G(sz). Thesedisplace-
mentcoefcients arefound with the SRIM (Stopping
and Rangeof lons in Matter) software [17]. The to-
tal frequeng probability of H displacementeitherby
C* orH*,is G = Gﬂ?iﬁ? + G&kz)i,(ﬁ. Theactva-
tion of carbonatomsdueto broken C—H bondsandthe
decreasén H concentratiorcanbe estimatedy equa-
tions

VPSR | Mmoo T
g " o glogl. 99T s,
dt HT o dt b
(17)
H el K0, k), K, (K,
d%[s H:iGHCs+C7+Clo+C1+C14v

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

2.9.Physicalsputteringof H atomson the surface

Hydrogenatomsare sputteredrom the surfaceby
C" andH" ions. Sputteringyields Yc+ .y andYy+ .4
canbe calculatedwith SRIM. The total sputteringco-
efcient (s 1) wouldbeYy = ics Yer .y + in+ Yo -
As aresultof sputteringH concentratiomnthesurface
decreasegndsomecarbonatomsareactvated.

(1) (surface)-CgeH'! (surface)- C"pz :

(2) (surface)-CgpeHa ! (surface)- CgpeH® |

(3) (surface)-CgpsH ! (surface)- Csp3 :

(4) (surface)-CgpsHo ! (surface)-CgpsH?

(5) (surface)-CgpsHz ! (surface)— CgpaHo" .

The reactionrate equationsfor abore processesare
these:

dc(l)ﬂ
e e e e
(19)
Mg T My T
i . ) G _ A .
= iYyo”; —=— =Yyc: (20
dt J | H i dt i H i ( )

wherej andi areconjugateindices,seeSection2.4.
2.10.Physicalsputteringof C atomson thesurface

We take that all carbonatomsof ary statecan be
sputteredby carbonions from the surface. Their con-
centrationon the surfacedecreaseas

H g T

= =Yg (21)

i
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whereYo = ic+ Yc+ ¢ is acoefcient (s 1) of C sput-
teringwith C* ions, Y+ .c is a sputteringyield found
with SRIM for differention enegies,j = 3,:::,14
(correspondso particlesCgpe, Cgpz, Csp2H, Csp2H®,
CspzH2, Cps, C;‘pg, Csp3H, CpsH®, CgpaHa, CopaHo",
Csp3Hs, respectiely). H concentratioron the surface
alsodecreasebecausesomecarbonatomson the sur
facearebondedto H atomsandthey aresputteredo-

gether

o @f H
g’ _ " X o
at i Yo i
H j=5:6:10;11
X
+2 ¢+ 3] :(22)
j=7;12;13

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

Our modelstateghatH atomsandionsareinserted
into bulk of the Im whenthey addto danglingbonds.
H atomsin thebulk of the Im canbeabstractedby in-
cidentH atomsor displacedoy incidentions(Secs2.4
and?2.8). Variationof concentratiorof ith type parti-
clesin kth monolayerdueto H insertionandremoval
is givenby expressions

M0 T
dc .
d|t | — Ag_k)ci(k+1) + B;(Lk)ci(kl 1)
i
i ¢
A B, @
X
AL AL AL =T AL (24
L=k+1 L=k
X X0
k k
BiY=" CriBY= = GCri (25
L=k L=k+1
X
AlL) = kHi(L) B :
j=4:6;9;11;13
i ¢
Cr= IW|-||-|i|(_|L) + G|(_|L) CJ'(L) : (26)
j=5,7;10;12;14

2.12.Depositionand sputteringrate

Film depositiorrateVa, etchingrateVs, andthenet
depositiorrateV arepresente@sEqs.(27)—(29).

X
Va = dkgircy’ + (4krir + Knin) gV

j=4:6;9;11;13
+ AP (27)
i X
Vs = IW|_||_|i|_| + Yy Cj(l) + Bgl)
j=5,7;10;12;14
W @, @ 1 4 D
+ YO CI + YO C5 + C6 + 2C7 + Clo
i=3
¢
+ o) + 2 + 20 + 3] (28)
V=Vpi Vs: (29)

The nal setis composedf n, ¢ng reactionrate

equationsof the form dci(k)zdt = :::, for all particle
typesi = 1,:::,np (np = 15)in every monolayerk =
1,:::,ng. They areobtainedsimply by addingthecon-
tribution of all processeslescribedby Egs. (2)—(29).
Note that all setsof equationdor the bulk of the Im
(k> 1) will bethesamgdifferenceappear®nlyin val-
uesof coefcients), soin factwe have only two forms
of equationsets onefor thesurface(k = 1) andonefor
thebulk (k > 1). Thesen, ing rateequationsresolved
all togetherby computerusingary kind of numerical
integrationalgorithm,e.g. Euler's or Runge—Kitta.

2.13.Massdensityof the Im

We cancalculateIm density¥s(g=cm?®) asanaver-
agedensityof all monolayersising nal depthpro les
of particleconcentrations:

11X " 1 X mk
= = ) = =
e =0 W
k=1 k=1
P5
1 Ci(k)Mi
i=1
=— (30)
Ny B M,
i=1 1/?

whereA9) v ) (v (K = const), andm®) aretheden-
sity, volume,andmass respectiely, of the kth mono-
layer, Y2 andM; aremassdensityandatomic massof
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Fig. 1. Calculateda-C:H Im density versusH ux. Inset:

refractve index of a-C:H Im depositedfrom various acety-
lene/ hydrogenandhexane/ hydrogenmixtures[19].

ith type speciesrespectiely, n is a numberof mono-
layers.

3. Resultsand discussion

Film growth was simulatedfor 1000s with a time
stepof 0.1 s at 300 K. The numberof monolayers
ng wassetto 150-200.Relative ux ic+ of C* ions
was x edat0.1s ! (2.75110'* cmi 2§ 1), andthera-
tio Iy=ly+ of hydrogenradical-to-ion ux eswas al-
waysequalto 9. Valuesof somereactionrate coef-
cientsthatdo not dependon ion enegy are presented
in Table 2. Fractionsi g() iﬂﬁ), andiﬂ% of incident
C* ions,H"* ions,andH atomsthat penetraténto the
Im andremainin thekth monolayemrecalculatechc-
cordingto Eq. (1). PenetratiomlepthsR ,c+ andR
and standarddeviations ¢ R+ and¢ R+ of inci-
dentC* andH* ions,respectiely, werecalculatedor
every particularion enegy usingSRIM 2003software
[17]. Rpno and¢ Rpo (Table2) do notdependonion

enegy. Coefcients G(llg and G(Z'L) for displacement
of H atomsin kth monolayerwith incident C* and
H* ionsdependonion enegy. They werefoundfrom
depthdistribution of H vacancieH vacanciesion=A)
with SRIM. We assumeéhat molecularion completely
breaksinto atomicions uponimpactwith surface.lon
enepgy hereafteis equivalentto enegy per C ion com-
monly usedin experimentabplots.

3.1.Densityof the Im

Film depositiorrateanddensitywerecalculatecdus-
ing Egs.(29) and(30) asfunctionsof H ux for vari-
ousconstantincidention enegies (Figs. 1,2). Very
low H ux leadsto insigni cant Im growth [6], sO
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Fig. 2. Calculateddepositiorrateof a-C:H Im versusH ux den-
sity. Inset: depositionrate as a function of H contentin acety-
lene/ hydrogenandhexane/ hydrogengasmixtures[19].
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Fig. 3. Experimentalpoints)[1] andcalculated(lines)H content
versusion enegy for variousH ux densities.

Im densityremainscloseto thedensityof silicon sub-
strate(2.33g=cm®). At highH uxes, Im densityde-
creasedo » 1.5 g=cm? (Fig. 1) dueto high H content
[6] (Fig. 3).

WhenH ux is lowerthan5¢ 0 cmi 2si 1, ion en-
ergy can barely have ary effect on Im density too
(Fig. 1). With increasingH ux, Im densityremains
the highestfor ion enegiesof 100and400 eV, while
experimentaldependence§l8] have a maximum at
biasvoltageof 2000r 400V (800r 160eV=Cion),and
Davis' modelpredictsthe peakof sp® phaseformation
at100eV. Intersection®of enegy dependencesf Im
densitywith eachotherindicatea combinedeffect of
seseral factors,mostly graphite-to-diamondransition
andgraphitization We alsofoundthat Im densityver-
susH ux curwve declinesmorerapidly in caseof high
CHz ux (5¢10*-10'® cmi ?si 1), which bringsmore
hydrogento the Im.

Film densityversusH ux functionsin Fig. 1 agree
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Table2. Varioussimulationparameterindependenof incidention enegy.

B Y s kR kH WHH

Fi(s?)

F2(§Y) Rpuo(A) ¢Rpo(R)

01 08 3 1 10% 06

0.01

0.01 6.0 3.0

qualitatively with experimentaldependencef refrac-
tive index n; on additionalhydrogencontentin depo-
sition gasmixture Cy in Fig. 1 inset[19]. Thisis ex-
pectedbecauseCy is proportionalto H ux, andrela-
tion betweem,; andmassdensityof a-C:His con rmed
by mary authord1, 6,19].

3.2.Depositionrateof a-C:H Im

Depositionrate stronglydependsn ion enegy via
erosion. The lower the ion enegy the higherthe de-
positionrateis (Fig. 2). Also, low enepgy ions do not
penetrateas deepin the Im sothe maximumof ion
enegy losspro le is closerto the surface. This leads
to creationof more DBs on the surfaceand enhanced
hydrocarbonadsorption. Depositionrate strongly de-
pendson CH3 ux (not shavn here). However, upon
low (< 10" cmi 25 1) H uxes, Im growth is slow
even if CHs ux is intensebecausesurface DBs are
saturatedoy CHs too rapidly. Thus,bothH and CHj3
ux esover 10'° cm' 2si 1 arerecommended.

Interestinglydepositiorratevariesnonmonotonous-
ly, passinga maximumat a certainH ux density
that decreasewvith ion enegy (Fig. 2). In caseof
lower enegies,140,100,and60 eV, no depositiorrate
peaksareobsenedupto 10 cmi 2s 1, probablythey
emegeatH ux eshigherthan10'® cmi 2s 1,

As mentionedabore, declinein depositionrate at
high H uxes (»10'® cmi 2s' 1, Fig. 2) can be as-
sociatedwith a slowdown of CH3z adsorption. The
latter greatly affects the sp® content,H content,and
massdensityof the Im: (i) the sp® contentdecreases
(Fig. 4) becausédiydrocarbonadsorptionis one of the
main mechanismgor creationof sp® bonds[13]; (ii)
H contentincreasesuntil saturation(Fig. 3); (ii) Im
densitydecreaseantil the steadystatevalue(Fig. 1).

In contrastto our results,experimentallymeasured
rate of direction beamdeposition(DIBD) by Grigo-
nis et al. [19] declinesin entire rangeof H content
in the gas mixture (insetin Fig. 2). The mismatch
may appeardueto factthatwe have excludedetching
andsputteringwith hydrogenfrom our model. On the
other hand, we have modelledCVD, which employs
lower ion ux esthan DIBD. Schwarz-Selingeret al.
[6] have foundexperimentallyand,later, by modelling
thatsteadystatedepositiorrateof a-C:Hincreasesvith
increasingH ux density(Fig.5). Thisoutcomds con-

Fig. 4. Experimentalpoints)[1] andcalculatedlines)sp® fraction
versusincidention enepy.

Fig. 5. a-C:H Im depositionrate versusatomic hydrogen ux

to the surface, with effective sticking coefcients: 1 is a calcu-

latedcurve (thiswork), 2 marksexperimentapointsandtheoretical
cune[6].

sistentwith our resultsthoughexperimentalaluesare
oneorderof magnitudesmaller Effective sticking co-
efcients on the right axis in Fig. 5 were calculated
using Im depositionrate V. and CHz ux: Kkcnh, %
V=lcH,. It seemghattherising partof our deposition
ratecune in Fig. 2 matcheghatof Schwarz-Selinger
while the decreasingpart corresponddo ndings of
Grigonisetal.

Let us analysehow H ux affects Im deposition
rate if ion bombardmentand relaxationof DBs are
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neglected.WhenCHs ux densityis constantdeposi-
tion ratedepend®n etchingrateandsteadystatecon-
centrationof surface DBs becauséiydrocarbonradi-
cals, which are main depositedspeciesare adsorbed
mostlyon DBs.

1. In caseof low H ux, incidentH atomsabstract
few surface-bondedH atomsandcreatefew DBs,
in comparisonwith CH3z adsorptionrate, so the
steadystateconcentratiorof surface DBs is low.
Consequently Im deposition(i. e. CHz adsorp-
tion) rateis low, too.

2. DB creation speedsup with increasingH ux.
Although adsorptionof H atomsand CH3 radi-
cals on the surfaceis then greatly enhancedthe
steadystateconcentratiorof surface DBs slowly
increasesvith H ux densityand Im deposition
rateincreaseaswell.

3. After H ux farsurpasse€Hsz ux, CHjz adsorp-
tion effect on surfaceconcentratiorof H andDBs
becomesinsigni cant. The steadystate surface
concentratiorof H atomsis thendirectly propor
tionalto H adsorptiorrate,andDB surfaceconcen-
trationis proportionalo abstractiorrateof suriace
bondedH by incomingH. In otherwords,the con-
centrationratio of H atoms=DBs on the surface
is approximatelyequalto the ratio of H adsorp-
tion/ abstractiorrates. DB concentratiorcpg de-
pendsonly on H adsorptionandabstractiomprob-
abilities ky andwpy (' 1), respectiely, cpg »
Wiin =(Whn + Kn).

4. Upon further enhancedd ux es,cpg concentra-
tion becomemearly constantbecausehe rate of
surfaceDB creationapproachesteof DB recom-
bination. However, Im depositionrate declines
becausetchingbecomesrucialathighH ux es.

3.3.sp’=sy? ratio

We deducedthe sp®=sp? ratio or the sp® content
from the nal Im composition. The sp® contentde-
creasedrom 88% at 40 eV down to 55% at 300 eV
while experimentalsp® contentdropsfrom 80 to 20%
in therangeof 100-30GV (Fig.4). It isknown thatde-
creasen sp® contentis causednainly by diamond-to-
graphitetransition(graphitizationinducedby highen-
emy ions. Experimentatiependencesf sp® bondfrac-
tion onion enegy have a maximumat 100eV [1, 14]
orat160eV [20]. Graphitetransitionto hexagonaldi-
amondwasalsoincludedin our modelbut only asmall
local maximumis visible in calculatedsp® curves at

100 eV (Fig. 4) insteadof dominatingpeakclaimed
by Davis. Moreover, in low-enegy rangewhereno

graphitizationis present,sp® contentdependson H

ux morethanat high ion enegies. This is anindi-

cationthat sp® bond formation occurspredominantly
by rapidhydrocarboradsorptioron the surfacebut not

viasp?! sp? transitionin thebulk, inducedby ion im-

plantation. Molecular dynamicsstudy performedby

Marks et al. [13] hasproved thatsp® bondformation
via adsorptionis also substantiain tetrahedralmor

phouscarbon(ta-C) growth. It seemghatat high en-
ergiesthe sp® contentalsoincreasesnainly dueto hy-

drocarboradsorptionandin the bulk it is reducedoy

graphitization.

The factthatnot only C—C sp® bondsbut C—H sp®
bondsaswell contributeto sp® curve in Fig. 4 maybe
worth noting. The sp® contentincreasesapidly with
increasingH ux becauseCH3 adsorptiongetsfaster
and more sp> bondsare formed; also, larger H con-
tentin the Im stabilizesmore sp® bonds. Saturation
of sp3=sf? ratio athighH ux could be explainedby
slovdown in sp® bondcreationandnot by graphitiza-
tion, whichmostlikely doesnotvary muchwith H ux.
This appliesto higherenepgy rangeof 200-400eV at
rst. Suchionsinduceintensegraphitizationand pro-
ducemoreDB, therelaxationof which leadsto forma-
tion of sp? C=C bonds. Experimental[1] andcalcu-
lateddependencesf H contenton incidention enegy
in Fig. 3 arequalitatvely similar. Notethation enegy
doesnot have mucheffect onthetotal H contentin the
Im butit obviously affectsH concentratioronthesur
face.

4. Conclusions

1. Thedependencef atomichydrogen ux ondepo-
sition ratehasa clearpeak,whichis in agreement
with experimentaresults.Depositionratedeclines
athighH ux esbecauselanglingbondconcentra-
tion doesnot increaseary more and etching be-
comescrucial.

2. C—C sp® bondsare createdmainly by hydrocar
bon adsorptionon the surface and not by stress
that originatesfrom ion bombardment.However,
sp® fractiondecreasesostlydueto graphitization
inducedby ion bombardment.

3. Thetotal H contentin the Im, in contrastto H
concentratioronthesurface,depend®nly slightly
onincidention enepy.
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4. Thesp=sp? ratioandmassdensityof the Im de-
pendon depositiorrate.
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a-C:H DANGU CHEMINIO NUSODINIMO IS GARU FAZESANT SiPADEKLO KINETIK OS
MODELIA VIMAS
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Santrauka

Siulomas naujasreakcipy greiciu lygciu modelis, apraSantis
a-C:H dangi chemin nusodinina i$ garu fazes (chemicalvapour
depositionCVD). Apskaktiuojamosdangosaugimogreicio ir dan-
gos tankio priklausomyles nuo vandenilioatoru srautoi pavir-
Siu, esanskirtingiemsCHjs radikali srautatankiamsr skirtingoms
jonu enegijoms, kokybiSkai sutampasu eksperiment rezultatais.
Manoma,kad dangosaugimogreicio priklausomyle nuo vande-
nilio srautoturi maksimuna del to, kad laisw rySiu koncentra-
cija, lemianti CHz adsorbcig, nustojadideti, o esdinimasstipreja.

Skaciavimu ir eksperiment rezultatairodo, kad vandeniliokie-

kis dangojebeveik nepriklausonuo jonu enegijos. ISanalizaus
apskatiuotassp®=sp® santykioir vandeniliokiekio priklausomy-
besnuojonu enegijos, esantskirtingiemsH srautamspadarytos
dvi svarbiosi$vados.Pirmiausiapagrindinissp® rysiu susidarymo
mechanizmagali buti angliazandenilu adsorbcijaant pavirSiaus,
o0 neitempiaidangoguryje (subplantacijosnechanizmas)Tai su-

tampasu kitu autoru modeliavimo rezultatais.Antra, pagrindinis
sp® rysiu suirimo mechanizmas- gra tizacija, vykstanti Silumi-

nesesmaikse kuriassukuriadang bombarduojantypnai.



