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The diamond phase formation mechanisms are analysed by a new phenomenological model of deposition of diamond-like
carbon (DLC) films on Si(001) substrate. Experimental observations that make base for this model are reviewed briefly. Only the
main processes, such as adsorption of carbon atoms on the surface, formation of SiC, diamond, and graphite sites, are assumed to
take place. Compressive stress, induced by ion subplantation, is regarded as a main factor causing the transformation of graphite
to diamond. Relationship between stress and ion energy is given by Davis’ formula. According to this model, dependences of
film deposition rate versus time and dependences of film composition versus film thickness are calculated that are in agreement
with experimental ones. Also, the ratio of sp3/sp2 volume fractions as a function of substrate bias voltage was calculated.
Modelling of experimental curves show that under conditions of sputter deposition of DLC films there are at least two diamond
phase formation mechanisms: (i) on the surface during carbon adsorption, and (ii) in the bulk of film by subplantation induced
graphite transition to lonsdaleite (hexagonal diamond).
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1. Introduction

Ion beam deposition (IBD) is widely used technique
to grow hydrogen free carbon films having diamond-
like properties. Ion bombardment is the main cause of
stress [1, 2] so it is absolutely necessary to achieve the
nucleation and growth of tetrahedral amorphous carbon
(ta-C) films. High compressive stresses induced by ion
bombardment and high temperature in thermal spikes
represent conditions for the formation of sp3 C–Cbonds
[3–5]. The thermal spike is a highly disrupted, very
hot and small region of nanometre dimensions or a line
(ion trajectory inside the target), which evolves during
the slowing down process of the incident ion, when the
excess energy of the ion is converted to thermal en-
ergy of target atoms. The density, sp3 fraction, com-
pressive stress, and electrical resistivity were found to
depend strongly on the ion energy and pass through
a maximum at bombarding ion energies ranging from
50 to 240 eV [1, 6]. Within this energy window, the
roughness of DLC surfaces is decreased significantly,

compared to surfaces produced below critical impinge-
ment energy of approximately 50 eV when the growth
of graphitic clusters is promoted on the surface [7].
On the contrary, the use of high-energy (10–15 keV)
ions affects drastically the film structure and causes
film growth enhanced as mixture of graphitic struc-
ture.

Lifshitz [8, 9], Robertson [10], and Davis [11] pro-
posed models of ta-C film growth based on subplan-
tation mechanism. In Davis’ model, the compressive
stress is estimated assuming stress production due to
subplantation of atoms with incident ion flux j and
stress release due to thermally activated relaxation pro-
cesses during the thermal spike

σ ∝ Y

1− ν
·

E
1/2
i

R/j + ρ(Ei/ER)5/3
. (1)

The compressive film stress in Davis’ formula (1) is
given where Ei is incident ion energy, ER is the en-
ergy of rearrangements in thermal spike, Y is Young’s

© Lithuanian Physical Society, 2004
© Lithuanian Academy of Sciences, 2004 ISSN 1648-8504



382 A. Galdikas and A. Ibenskas / Lithuanian J. Phys. 44, 381–388 (2004)

modulus, ν is the Poisson ratio, R is the growth rate,
j is a relative flux of bombarding ions, and ρ is a con-
stant.

The model predicts maximum stress at bombarding
ion energies E = 20 eV if R/j = 1, ER = 3 eV, and
ρ = 0.016. At higher energies (E > 200 eV) the model
predicts strong stress reduction.

These models give a good agreement with experi-
mental points considering ta-C film characteristic pa-
rameters on bombarding ion energies. However, ki-
netic modelling of time dependences of surface and
bulk composition provides more detailed information
about diamond phase formation mechanisms because
reaction rate constants are obtained.

In our previous work [3] the growth kinetics of
ta-C films on Si by magnetron sputtering was consid-
ered experimentally and theoretically. The experimen-
tal kinetics of deposition rates for different bias volt-
ages is plotted in Fig. 1. The curves have character-
istic minimum and maximum at initial stages of de-
position and remain almost constant at later stages.
The integrated deposition rate on bias voltage is shown
in Fig. 2. The curve is not monotonous with re-
spect to the bias. The sp3/sp2 C–C bonds ratio de-
pendence on bias presented in Fig. 3 is like a mir-
ror reflection of the Fig. 2 curve. In order to anal-
yse experimental data, a kinetic model was proposed,
which agreed qualitatively and quantitatively with ex-
perimental points of film growth kinetics. Neverthe-
less, this model involved a significant number of un-
known phenomenological coefficients. In this work,
after revising the previous model, we proposed a new
model with significantly reduced number of coeffi-
cients. The model takes into account only the main
processes: formation of the diamond phase on the sur-
face by adsorption and in the bulk – by a compressive
stress.

2. Model

In accordance with the conclusions of the previ-
ous model [3] the main processes taking place during
growth of the ta-C film by magnetron sputter deposi-
tion are the following:

(1) adsorption of carbon atoms;

(2) formation of SiC and sp2, sp3 bonded carbon sites
on the surface;

(3) formation of sp3 bonded carbon sites in the bulk of
the film.

Fig. 1. The experimental kinetics of deposition rates for different
bias voltages [4].

Fig. 2. The dependence of the film deposition rate on the bias
voltage [4].

According to these considerations, there are only
four types of different particles taking part in growing
film: Si, SiC, sp2 and sp3 bonded C atoms. Their rel-
ative concentrations in Kth monolayer are c

(K)
1 , c(K)

2 ,
c
(K)
3 , and c

(K)
4 , respectively.

Single C atoms arriving on the surface also con-
tribute to film growth but they are incorporated into SiC,
sp2 or sp3 sites after adsorption.

The formation of chemical compounds is described
by rate equations. We assume that, according to reac-
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Fig. 3. The dependence of the ratio of sp3 and sp2 bonded carbon
volume fractions on the substrate bias voltage [4].

tion Si+C→SiC, Si atoms can form SiC links, but
only on the surface. The time variation of concentration
of atoms bonded in SiC sites on the surface (K = 1) is
expressed as (

dc(1)2

dt

)
SiC

= R
(1)
1 c

(1)
1 iC, (2)

where R(1)
1 is the reaction rate constant, and iC is a rel-

ative flux of carbon atoms arriving to the surface.
Rupture of SiC links is a negligible process not in-

cluded in the model.
The sp3 bonded carbon sites can be formed on the

surface (K = 1) as well as in the bulk of the film
(K > 1), but in different ways and with different rate
constants. In deeper layers high local stresses arise and
temperature increases in spikes due to ion bombard-
ment, resulting in graphite transformation to diamond
(lonsdaleite) [12]. This process is described by the rate
equation (

dc(K)
4

dt

)
sp3

= z(K)c
(K)
3 i0, (3)

where z(K) is the reaction rate constant. It has Gaus-
sian dependence on depth and involves Davis’ formula
(see Eq. (1); Davis’ formula estimates the compres-

sive stress in a film induced by ion beam bombard-
ment),

z(K) = z0 exp
[
−1

2

(
d·K −Rp

∆Rp

)2]
, (4)

z0 =B
(E/Ecrit)

1/2

(iC/i0) + 0.016ρ(E/E0)5/3
, (5)

where i0 is a relative flux of arriving to the surface
bombarding ions, d is a mean monolayer thickness,
K is the number of the monolayer, Rp is the ion
(Ar+) penetration depth, ∆Rp is a width of the ion
damaged region around Rp, E is a bombarding ion
energy, Ecrit is a threshold energy for ion implanta-
tion, E0 is a displacement energy, ρ is a material-
dependent parameter, and B is a coefficient of propor-
tionality.

The quantity iC/i0 refers to the ratio of deposit-
ing flux to bombarding ion flux. According to Davis’
model, deposition rate VA should be used instead of iC.

As mentioned above, the formation of sp3 bonded
carbon sites also takes place on the surface. This means
that SiC sites are covered with diamond. This process
is defined in the following way:(

dc(1)4

dt

)
sp3

= r2c
(1)
2 i4C, (6)

where r2 is the reaction rate constant, and iC is raised
to the power of four with respect to the mass action law,
since four C atoms are required for every C atom already
located on the surface, to form all of the four possible
σ bonds.

The sp2 bonded carbon is formed only on the surface
covering SiC and sp3 sites with graphite. It is specified
by the rate equation(

dc(1)3

dt

)
sp2

= r
(1)
3 c

(1)
2 i4C + r

(1)
1 c

(1)
4 i4C, (7)

where r
(1)
3 and r

(1)
1 are the reaction rate constants for

the growth of graphitic phase on the SiC sites and on
the diamond sites, respectively. The quantity i4C is used
again because every C atom in the graphitic phase also
makes four (three σ and one π) bonds with four other C
atoms.

The bombarding ion energies and temperatures con-
sidered here are not sufficient for graphitization of
formed diamond in the bulk of film, so this process is
not included.
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Table 1. Parameters used in calculations. The values of reaction rate
constants are chosen taking into account the best fit of experimental

points using the previous model [3].

Parameter Value Parameter Value

Ep 35 r
(1)
10 0.4

E0 75 r20 0.9
Ecrit 18 r

(1)
30 0.0001

χ10 1 d 3
χ20 4 B 0.6
R

(1)
10 1 ρ 400

Taking all ta-C formationmechanisms and rate equa-
tions (2)–(7) into account, deposition rate is expressed
as

VA =R
(1)
1 c

(1)
1 iC + r

(1)
1 c

(1)
4 i4C + r2c

(1)
2 i4C

+ r
(1)
3 c

(1)
2 i4C + χ1c

(1)
3 i4C + χ2c

(1)
4 i4C, (8)

where χ1 and χ2 are the frequency probabilities χi,j =
αi,jii (s−1) of adsorption of carbon atoms on sp2 and
sp3 sites. Values of the other parameters are presented
in Table 1.

The following set of rate equations is obtained for the
surface (K = 1):

dc(1)1

dt
=−R

(1)
1 c

(1)
1 iC,

dc(1)2

dt
=R

(1)
1 c

(1)
1 iC − r2c

(1)
2 i4C − r

(1)
3 c

(1)
2 i4C,

dc(1)3

dt
= r

(1)
1 c

(1)
4 i4C + r

(1)
3 c

(1)
2 i4C,

dc(1)4

dt
= r2c

(1)
2 i4C − r

(1)
1 c

(1)
4 i4C.

(9)

Reaction rate equations for the deepermonolayers (K >
1) are

dc(k)1

dt
= VA

(
c
(k−1)
1 − c

(k)
1

)
,

dc(k)2

dt
= VA

(
c
(k−1)
2 − c

(k)
2

)
,

dc(k)3

dt
= VA

(
c
(k−1)
3 − c

(k)
3

)
− z(K)c

(k)
3 i0,

dc(k)4

dt
= VA

(
c
(k−1)
4 − c

(k)
4

)
+ z(K)c

(k)
3 i0.

(10)

Actually, reaction rate constants depend on bombard-
ing ion energy. Mathematical expressions of these de-

pendences are not unambiguously determined yet. We
define them as R = R0

√
E, where R0 is a constant,

and

χ1 =χ10

√
E,

χ2 =χ20

√
E,

r
(1)
1 = r

(1)
10

√
E,

r2 = r20
√
E,

r
(1)
3 = r

(1)
30

√
E,

R
(1)
1 =R

(1)
10

[
1− exp

(
− E

Ecrit

)]
.

(11)

3. Results and discussion

Calculations have been performed by numerical in-
tegration of Eqs. (9) and (10) with the following bound-
ary condition: the maximum thickness of the film is as-
sumed to be 300monolayers. If the film deposited is not
as thick as 300 monolayers then all of the rest monolay-
ers are designated as a part of a silicon wafer. In the
beginning of deposition process all monolayers consist
of silicon atoms only.

The time dependences of the deposition rate VA for
different substrate bias are plotted in Fig. 4. We note
here that time dependences of the deposition rate and
surface composition were calculated for several differ-
ent bias voltages. The bombarding ion energy is equal
to Ep − eVb, i. e. the sum of the average energy of the
plasma discharge and the energy acquired due to sub-
strate bias. Thus, varying Vb introduces changes to
bombarding ion energy. Also, this is the way to af-
fect z(k) and film composition since ion energy E is
included in the z(k) definition, see Eqs. (4) and (5).
Finally, this means that the deposition rate also de-
pends on the bias voltage, as it can be observed in
Fig. 4.

It is obvious that the calculated time dependences of
the deposition rate (Fig. 4) are qualitatively similar to
the experimental one (Fig. 1). At the beginning of the
process, the deposition rate is high, and it reaches the
maximum value very soon. Then the deposition rate de-
creases rapidly until the minimum value is passed. The
latter is followed by rise of the deposition rate again, and
a second maximum value is observed. The initial stage
of deposition ends when the deposition rate becomes
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Fig. 4. The calculated time dependences of deposition rate VA for a
ta-C film deposited with different bias voltages Vb assuming that all
reaction rate constants depend on bombarding ion energy (r.u., rel-

ative units).

nearly constant. The higher the negative substrate bias
voltage, the larger the maximum of the deposition rate.

The deposition rate and time are given in relative
units because calculated dependences still need some
adjustment in order to make the model appropriate to
the real process of film deposition. This might be ob-
tained by variation of reaction rate constants. The curve
of the deposition rate is raised by increasing the co-
efficients χ20 and r20 (the formation of diamond sites
becomes faster) or reducing R

(1)
10 (the growth of SiC

sites becomes slower). The increase of the coefficient
r20 forces the minimum of the deposition rate to rise
and move left and the second maximum of the depo-
sition rate also to move left. The rearrangement re-
sults in decrease of difference between the maximum
and the minimum values of the deposition rate, and
the curve becomes flatter. The second maximum could
be obtained sharper by increasing the coefficient r(1)30 ,
whichmeans faster growth of the graphitic phase on SiC
sites.

We also calculated time dependences of surface com-
position. Since they are quite similar for different bias
voltages, only dependence for Vb = −80 V is plotted
here in Fig. 5.

Apparently, the film grows rapidly until major part
of the surface of a silicon wafer is covered with sili-
con carbide, as it is seen from Figs. 4 and 5(b). The
minimum value of the deposition rate is observed at ap-
proximately the samemoment as the maximum value of
SiC surface concentration due to low sticking of carbon

(a)

(b)

Fig. 5. The calculated time dependences of surface composition:
(a) after initial stage of the growth; (b) after the whole process of

deposition.

atoms to SiC, much lower than to Si. Assuming that SiC
improves the formation of sp3 sites, it is natural to sup-
pose that more carbon atoms on the surface are bonded
in sp3 sites than in sp2 sites at the initial stage of de-
position (Fig. 5(b)). Carbon atoms arriving on the sur-
face are adsorbedwell on sp3 sites, therefore, maximum
surface concentration of carbon atoms bonded in sp3

sites corresponds to the maximum value of the deposi-
tion rate (Figs. 4 and 5(b)). Sticking of carbon atoms
to diamond phase (sp3 sites) is explained by thermody-
namic considerations. Diamond phase is unstable un-
der usual conditions so it tends to a state of minimum
free energy by adsorbing new carbon atoms. At later
stages of the film growth, the whole surface is covered
with graphite (Fig. 5(a)) because sp2 sites are formed
on SiC as well as on sp3 sites. At this state the deposi-
tion rate is nearly constant because it depends only on
the coefficient of sticking of C atoms to graphite that is
constant.

The relation between the maximum of the depo-
sition rate (Fig. 4) and surface concentration of car-
bon atoms bonded in sp3 sites (Fig. 5(b)) allows one
to confirm that increase of ion energy improves the
formation of sp3 sites on the surface. For positive
bias voltage, the second maximum of the deposition
rate is very flat and appears later than for negative
bias voltage. This is in agreement with the exper-
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(a)

(b)

Fig. 6. The calculated dependences of film composition on depth
after a deposition period of 1000 time r.u.: (a) with bias voltage

Vb = +20 V; (b) with bias voltage Vb = −80 V.

imental observations (see Fig. 1) that low bombard-
ing ion energies (when Vb > 0) lead to the forma-
tion of smaller amounts of diamond and low deposi-
tion rate. The positive bias voltage also causes a longer
initial stage until the deposition rate reaches a steady
state.

The film composition after a deposition period of
1000 time r.u. (relative units) for different bias voltages
is plotted in Fig. 6.

In both cases (when deposited with Vb = +20 V

Fig. 7. The calculated dependence of the ratio sp3/sp2 of volume
fractions in deposited film after a deposition period of 1000 time
r.u. when the dependence of reaction rate constants on bombarding

ion energy is taken into account.

and Vb = −80 V), the film composition is dominated
by silicon in the deepest monolayers that are close to
the wafer. The traces of SiC, diamond and graphitic
phases are observed at a depth of about 200 r.u. With
decreasing the depth, the quantities of SiC, diamond
and graphitic phases increase. The concentration of
atoms bonded in SiC sites passes the maximum value
at a depth of approximately 160 r.u. and then decreases
rapidly enough. In addition, surface composition is
dominated by the graphitic phase (sp2 sites), and the di-
amond phase (sp3 sites) is located mainly in the bulk of
the film at a depth of 30–150 r.u. The reasons of such
a distribution are discussed above. The higher nega-
tive bias voltage applied, the greater is the concentra-
tion of carbon atoms bonded in sp3 sites, in agreement
with previous considerations and experimental obser-
vations.

The experimental sp3/sp2 volume ratio curve has
two maxima corresponding to Vb = −15 V and−50 V,
see Fig. 3. The second maximum is treated here with
greater attention, since the calculated dependence of the
sp3/sp2 ratio presented in Fig. 7 has also the maximum
corresponding to Vb = −50 V. The maximum is quite
planar and stretched to the region of higher bias volt-
ages. This maximum arises because of ion bombard-
ment induced compressive stresses in the growing film
which makes preferential bonding of sp3.

The sp3/sp2 volume ratio is quite large at the be-
ginning of the calculated curve in Fig. 7 and decreases
with increasing Vb. This increase in the sp3/sp2 ratio is
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because of nucleation of the diamond phase on the sur-
face and corresponds with the first maximum that is ob-
served in the experimental sp3/sp2 ratio curve at−20V
(Fig. 3). Unfortunately, at present we are not able to
obtain quantitative fit of the first maximum. Proba-
bly the dependences of reaction rates on the ion energy
(Eq. (11)) are more complex.

The magnitude of the sp3/sp2 ratio is governed by
the parameter B. With increasing B, the curve rises up
and the maximum value moves slightly to the region of
the higher bias voltages. Higher values of ρ decrease
the maximum value of the sp3/sp2 ratio and drag it to
the region of lower bias voltages. Here ρ is of the order
of 102 compared to 1 in Davis’ model [11].

For positive bias voltage, all the calculated depen-
dences of the sp3/sp2 ratio in Fig. 7 approach each
other, and the ratio of sp3/sp2 volume fractions does
not depend on parameters B and ρ.

4. Conclusions

1. There are two main processes contributing to for-
mation of the diamond phase in the film: (i) growth
of sp3 bonded carbon sites on the surface; (ii) trans-
formation of sp2 bonded carbon to sp3 bonded car-
bon in the bulk of the film, i. e. transformation of
the graphitic phase to the lonsdaleite phase.

2. The deposition rate rises with increasing bias volt-
age as a result of ion energy dependent reaction rate
constants χ2, r2, and R

(1)
1 .

3. The minimum value of the film deposition rate is
observed at approximately the same moment as
maximum surface concentration of SiC links due
to low coefficient of adsorption of carbon atoms on
SiC phase. The maximum value of the deposition
rate corresponds to the maximum surface concen-
tration of sp3 bonded carbon atoms because sp3

bonded carbon highly adsorbs single carbon atoms
in order to minimize the Gibbs free energy.

4. The calculated dependences of the ratio of sp3/sp2
volume fractions on bias voltage qualitatively fit the
experimental dependence. The calculated curve
rises up with the value of parameter B. By in-
creasing parameter ρ, the calculated curve is low-
ered, and the maximum value of the sp3/sp2 ratio
is shifted to the region of lower bias voltages.
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Santrauka
Nagrinėti deimanto fazės susidarymo būdai bei pateiktas dei-

manto tipo anglies dangų nusodinimo ant kristalinio silicio padėklo
fenomenologinis modelis. Trumpai apžvelgti eksperimentiniai ty-
rimai, kuriais pagrįstas šis modelis. Įvertinti svarbiausi dangos nu-
sodinimo vyksmai: anglies atomų įgertis, SiC kristalitų bei sp2
ir sp3 hibridizacijos anglies kristalitų susidarymas. Pagrindiniu
veiksniu, lemiančiu grafito virtimą deimantu dangos tūryje, laikomi
gniuždantys įtempiai, kuriuos sukelia joninis apšaudymas. Įtem-
pius su jonų energija sieja Davis’o formulė. Remiantis tokiu mo-
deliu, apskaičiuotos dangos storėjimo spartos priklausomybės nuo
laiko, kurios kokybiškai gerai sutampa su analogiškomis eksperi-
mentinėmis kreivėmis. Taip pat rastos dangos sudėties (paviršiuje)

priklausomybės nuo laiko, dangos sudėties (tūryje) priklausomybės
nuo gylio ir sp3/sp2 santykio priklausomybės nuo padėklo prieš-
įtampio. Tų kreivių palyginimas su storėjimo spartos kreive bei su
eksperimentų rezultatais leidžia daryti išvadą, kad deimanto fazė
dangoje susidaro dviem būdais: 1) vykstant anglies atomų įger-
čiai paviršiuje, 2) grafitui virstant deimantu dangos tūryje. Paste-
bėta, kad danga storėja lėčiausiai, kai SiC kiekis paviršiuje yra di-
džiausias, kadangi C atomai blogai įgeriami ant SiC. Deimanto fazė
gerai įgeria C atomus, todel dangos storėjimo spartos ir sp3 ry-
šių koncentracijos maksimumai stebimi maždaug tuo pačiu metu.
Apskaičiuota sp3/sp2 santykio priklausomybė nuo padėklo prieš-
įtampio turi maksimumą ties −(50–60) V, kaip ir eksperimentinė
kreivė.


