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Abstract. A phenomenological kinetic model is proposed for describing the production of a thin film
containing two components, A and B, by chemical and physical vapor deposition. The film was created
by the “site-to-site” deposition of components A and B. The equations for the densities of components A
and B in the surface layers were formed, and analytical and numerical solutions were obtained. The model
includes the probabilities of different elementary processes for the interaction of gas phase components
(molecules, radicals, atoms and ions) with those of A and B on the film surface. The deposition and
erosion rates, the surface and volume densities of components A and B and the relative volume of micro-
cavities inside the film were calculated as a function of the probabilities for the elementary processes of
gas (plasma)-surface interactions. The experimental characteristics of a-Si: H thin films prepared by SiH4
plasma deposition and those of carbon nitride thin films deposited from r.f. — magnetron sputtering and
ion beam-assisted processes are compared with model calculations.

PACS. 81.15.Aa Theory and models of film growth — 81.15.Gh Chemical vapor deposition (including

plasma-enhanced CVD, MOCVD, etc.) — 82.20.Wt Computational modeling; simulation

1 Introduction

Recently, a considerable amount of research has been fo-
cused on the use of chemical vapor deposition (CVD) and
physical vapor deposition (PVD) for the production of
thin films consisting of two chemical components (for ex-
ample, Si-H, Si-N, C-H, C-N, Si—C, oxides, metals and
others). Many of the characteristics of thin films have been
identified experimentally, and their dependence on vari-
ous parameters (gas composition, pressure, gas and sub-
strate temperatures, discharge current, power, ion energy)
has been established. Theoretical kinetic models have also
been developed (see, for example, works [1-12]). These
models are usually quite specific and describe particular
experiments and situations mainly for growth of films con-
taining one component. Most of them have been created
for detailed investigation of diamond film growth [3-10].
The kinetic of growth of a-Si:H [1,2] and SiO2 [11,12] thin
films has also been studied. The investigations were car-
ried out mainly by the Monte Carlo method [1,2,4-6,8,9].
The phenomenological model with using of balance equa-
tions for monolayers of C atoms was proposed in [7], for
sputtering of C atoms under ion irradiation of a diamond
film.

Here, we conduct a theoretical study of the production
of a thin film containing two chemical components: A and
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B. The proposed below model describes the deposition and
film growth in a phenomenological manner, with simplifi-
cations and do not take into account the detailed effects of
surface atomic structure and film morphology. Neverthe-
less, such kinetic model of binary deposition can, in our
opinion, describe some important macro-characteristics of
film growth, such as deposition rate and chemical com-
position of the film. The model includes the probabilities
for the elementary processes of gas (plasma)-surface inter-
actions and can provide qualitative and semi-quantitative
interpretations of some experiments.

2 The main assumptions and peculiarities
of model

We use the following simplifications and assumptions.

1. We suppose that the film is divided in atomic “lay-
ers”. The average interatomic distance within the film
determines the average layer thickness.

2. Every layer consists of an array of sites. These sites
can be empty or occupied by atom A or B.

3. In the layers of the growing film, the sites can be
“opened” or “closed”, which means that they have or
do not have contact with gas phase. The “opened” sites
are the sites on film surface.

4. The chemically active site on film surface is the
deposited atom with one or more dangling bonds.
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The deposition on such site of a new atom, arrived
from gas phase, leads to “cover” the lower atom (that
is, inserting this atom in film) and film growth (see
Fig. 1).

5. The other (“lateral”) dangling bonds of chemically ac-
tive sites can also create the chemical bonds but only
between atoms in the same layer.

6. We will investigate the average density on film sur-
face (per unit of surface square) of chemically active
“opened” sites in the different layers. The model is one-
dimensional and the position of sites-atoms in layer can
be only determined by the deep location of this layer
in the film.

7. Surface diffusion of chemically active adsorbed species
(atoms, molecules, radical, ions) will be neglected.

8. The deposition will be described in terms of elementary
surface chemical reactions, which determine the atomic
densities on film surface. The time evolution of these
densities will be described by the ordinary differential
rate equations.

The last assumptions and approaches have been used in
the one-dimensional model [2], which described the ki-
netic of diamond deposition. Some from above-mentioned
assumptions have also been used in other works, mainly
for modelling of kinetics of diamond film growth. For ex-
ample, the absence of surface diffusion has been adopted
in [8,9], where the growth of diamond film was investi-
gated by Monte Carlo method.

3 The model for film growth with two types
of atoms having dangling bonds

In the common case, every deposited component A and
B potentially has the dangling bond. Here, we will inves-
tigate this case. We will calculate the densities N and
NE of components A and B respectively in the open site
of layer with number “n” on the film surface. Number-
ing begins with the substrate, so that n = 0 and surface
density Ng. Here, the equations for the description of time
evolution of Ny, N and N2 can be formed as linear equa-
tions and written as:

dN
= (R RN (o)
dN{ AA | pAB\ A | pA
(s
dNEB
L - —<PIBB +PIBA)N13 + Py’ No (1c)
dN2 AA AB\ aTA AA ATA BA N B
dt = _(Pn +Pn >Nn +P7‘L—1Nn—1 +Pn_1Nn_1
forn >2 (1d)
dNB BB |, pBA\nB , pBB \B AB prA
dt __(Pn + P, )Nn + PN+ PN

forn > 2. (le)

Here, t is time; POA and PF are the probabilities per unit
of time (in s™1) for the chemical absorption of A and B
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species by the substrate; P¥are the probabilities (in s~1)
of chemical adsorption of gas component j (j = A, B) at
the surface film site occupied by component ¢ (i = A, B).
As a result of this adsorption, the chemical bond -7 is cre-
ated and the deposited component j appears on the open
site in layer n+1. Below, the probabilities P per unit of
time are connected with often used dimensionless proba-
bilities I" in one collision by ratio P = I' X Z, where Z
(in s71) is the collision frequency of gas phase component
with surface chemical site. Note that equations (1a), (1b),
(1c) are the simplest for describing the time evolution of
chemically active sites on the substrate and the first layer.
Here we will not investigate the peculiarities of this evolu-
tion (growth of areas, nucleation and coalescence of active
sites [13]).

It is also important to note that the gas phase com-
ponents A and B are not usually “pure” atoms of A and
B. They might be gas phase molecular radicals or ions,
which contain the A or B atom (ion) and are provided
by plasma chemical gas phase reactions. The new surface
chemical bond is usually created by the collision of these
radicals with surface A or B atoms.

Thus, we have described deposition in a discrete form
using the discrete equations (1). However, the continuous
analogy of equations (1) will be used to obtain the an-
alytical solution of our task. To obtain this solution, we
decompose the values P, \ /N . in Taylor series:

O(PNy)

on
An = =£1,

1% % ~ P Nt .
Pn+An n+AnNPnNn+ An4---

i=A,B;j=AB. (2
Inserting (2) in (1), we obtain the equations in the partial

derivatives:
ON;  O(PMN)  O(PPANDE)

ot on on
— PAENA 4+ pRAND, (3a)
ONE __O(PFENE)  O(PAENS)
ot on on
+ PPN —pPAND. (3b)

We will adopt the assumption that P¥ = P¥ (i = A, B;
j = A, B) and will find the solution of equations (3) as

where C' is a constant. After summing (3a), (3b) and us-
ing (4), we obtain
ONA ONA
ot~ e on
n

(5)
where

1
Pioy = 7 |[PM + PAE £ C(PBE 4 PPA) | (6
aon =15 | P+ P+ + (6)
The analytical solution of equation (5) gives the number
ny for the boundary layer of the film, which increases dur-
ing deposition, as well as the deposition rate Jg., and
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thickness L g, of the film

ny = Pdepta Jdep = lPdepa (7)
where 74¢p is the total deposition time; [ is the thickness
of one layer. This is the task parameter.

The coefficient C' in (4), (6) can also be calculated
from (3) for the quasi stationary conditions and with using
the correlation Y, (N2 + NB) = const. = N§ (N is the
total density of active sites on film surface):

Lﬁlm = lpdepTdep;

PBA
~ PBA { pAB’

:@, 04 +08 =1.

c (8)

The values ©4 and OF are the relative densities of
atoms A and B on film surface or the surface covering of
species A and B, respectively. If we use (8), the deposition
probability (6) can be written as

Pyep = P04 + (PPB 4+ 2PP4) 65, (9)
Besides the deposition rate (9) and relative surface den-

sities (8), the relative volume densities V4 and V& of
species A and B can also be obtained. We have:

PAA QA 4 PBA@B

(PBB 4 PBA)@B
Pdep ' .

P dep

VA

(10)
It is interesting to note that the relative surface densi-
ties (8) differ from the volume densities V4, VB and are
determined only by the probabilities PAZ, PB4 (unlike
VA, VB which also depend on P44, PBB) The reason
for this is that the surface densities are determined by
the densities on all open sites while volume densities are
determined by the densities inside the film (that is, the
densities of the closed sites).

4 Description of film erosion

The simplest case of binary deposition and thin film pro-
duction has been investigated in Section 3. However, the
real situation can be more complex.

First, the growing film surface can be occupied by
“pasgsive” species M (molecules), which do not form chem-
ical bonds with species A or B. Indeed, physical (but not
chemical) absorption of species M can take place.

Second, the film surface can be bombarded by energetic
particles (usually ions), which causes the desorption of
M species (film-surface cleaning) and breaks the bonds
A-A, A-B, B-B on the upper film layers (film erosion).

In this section, we examine the influence on film growth
and erosion of bombarding by energetic ions.

In the framework of our model, the some parts
(ANA/dt) p, (ANB/dt) p must be added to the right
side of equations (1d), (le) to describe film erosion. To
solve equations (1) with these additional parts we used
the approximation (2) and obtained the coupled system of
equations in the partial derivatives. The solution of these
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equations gives the deposition rate Jgep, which can be cal-
culated from (7) with new probability of deposition chiz))
(instead of Pyep, see (9)):

chi; _ (PAA . DAA + PAB . DAB) QA

The surface coverings for species A, B here are the follow-
ing

PAB + DAB
= pEAy pAA
In (11), (12), the values D% are the probabilities (in s~1)
of breaking of the chemical bonds i-j (i = A, B; j = A, B)
by energetic particles (ions). They depend not only on the
energy and flux of bombarding ions, but they also depend
on the probabilities of R¥ to “open” the species j on the
lower layer after breaking of i-j bond and escaping of “¢”
atom. The values D% can be presented as

o8 o4, et+ef=1 (12

DY = DJRY i=AB;j=AB (13)

where Déj (in s71) depends on the energy and flux of
bombarding ions and the type of chemical bond i-j. The
dimensionless probabilities R* are

(PAA _ D64ARAA)@A
(PAA _ D{ARAAYQA  (PBA _ DDARBA)QB’
RAP =1 - RA4 (14a)

RAA _

(PBB _ DOBBRBB)@B
(PBBE — DBBRBB)QB + (PAB — DngRAB)@A’
RBA =1 - RPB, (14b)

RBB _

Thus, in the common case, we have 6 non-linear equa-
tions (12-14) to obtain 6 values 64, 68, RA4 RAB RBA
RBB and calculate the deposition rate. The relative vol-
ume densities V4 and VB are as follows:

VA - (PAA _ D(1)4ARAA _ DéBRAB)@A + PBA@B
- P ’
dep
(15a)
VB - (PBB _ DéBBRBB _ DéBARBA)QB + PAB@A
- pWy ’
dep
(15b)

Note that besides the calculation of the deposition rate,
the sputter-erosion rate Je.,s of the prepared film can
also be determined when the film is bombarded by the
energetic particles (ions). It can be calculated from equa-
tions (7), (11), (12) without probabilities P%:

Jeros = —1[ (D4, + DAB) 0% + (DEE + DEL,) 67 ].

Eeros Eeros €eros Eeros
(16)

The surface coverings for species A, B here are as follows:

DAB . g iy
B A A B
e~ = ﬁ@ ; ) + 0" = 1; Dlejms = DéjerosR;ijlm'

eros

(17)
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Fig. 1. Scheme showing site-by-site deposition and film growth
with two components. (a) Both deposited atoms have dangling
bonds; (b) the deposited component B (H atom) has not dan-
gling bond.

The sign “~” on the right-hand side of (16) means that
the film thickness decreases by erosion. The values DO ros

n (16), (17) depend on the flux and energy of ions bom-
barding the film and causing erosion. However, the values
Rﬁlm depend on the history of film production, that is on

each one of the probabilities P¥, Déj during deposition.

5 The model for film growth with H atoms

The modeling of this case is of particular interest be-
cause it is associated with the much-researched a-Si:H,
a-C:H films. The absence of a dangling bond for the de-
posited surface H atoms gives rise to certain peculiari-
ties in the subsequent deposition and film growth stages,
which must be taken into consideration when modeling.
Here, we will mark in B the H atom, which has not a dan-
gling bond if it is deposited on film surface. Such B atom
cannot be directly covered by another atom by creating a
bond with B. It can occur only if the atom from the gas
phase creates the chemical bond with the earlier deposited
A atom from the neighboring site of upper layer m > n.
Schematically, this is shown in Figure 1b. Beside this pe-
culiarity, the deposited B atom on film surface can also
be eliminated by chemical reaction (for example, such as
(B)g + (BA)s — (Bz2)g + (A)s).

The above discussed peculiarities of the deposition
must be taken into account in the balance equations for
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surface densities N and N2. As a result, the non-linear
parts, describing the inserting of the B atom inside the
film, appear in these equations. The simplest modified
(compared with Egs. (1)) equations for N2 and NP in
the open sites of layers n > 2 can be written as

dN
dtn — pAANA | (PAA n PAB)N;:X
NA S IAA N7 B B—
+ 5% > PHANE + PEEND (18a)
i=1
dN,? AB pTA LAA nTA B— n7B
—= = PN - Z PUAANA _ pB-ND,
i=n+1

(18b)
Here, PJ;;‘A is the probability for the process of covering

the B atom in site of layer “n” by the A atom in neighbor-
ing site of the upper layers “”. In this case, the “lateral”
chemical bond A—A is created, with previously deposited
A atoms from the same layer “;”. Note, that the sum-
mary, provided in equation (18), takes into consideration
the processes for covering the B atom by the A atom,
with the creating of a chemical bond with the previously
deposited A atoms in sites of all upper neighboring layers.
It is assumed in (18), that the flux of B component to film
surface is small as compare with flux of A component and
that the probabilities P44, PAB and PB~ are not depen-
dent on the layer number ‘ n”. To decrease the number of
model parameters, it will also assumed that the probabil-
ities Pil;:‘A have only two values, namely those for layers
i,m = i+1 and i,n # i + 1. For example, Effl = pAa
and P44 = gPA4 for n # i + 1, § < 1. The low value of
[ for n # i+ 1 is physically well grounded. In fact, in the
case n = i+1 we have a direct collision of the bombarding
gas phase atom A with the B atom in site of layer “n”

The energy that is released on the creation of the cheml—
cal bond between the bombarding atom and the previously
deposited A atom from the site of neighboring layer “n+1”
is easily dissipated through interaction with this B atom.
It promotes stabilization and the creation of a “lateral”
chemical bond. However, in the case of n # i + 1, the
empty site (void) is found in layer “n”, and, as a result,
the dissipation of energy, stabilization and the creation of
a chemical bond is considerably hindered. The real 3 value
is not known but can be determined by comparing kinetic
calculations and experiments (see Sect. 6 below).

System (18) is, unlike equations (1), non-linear and nu-
merical calculation is required for its solutions. However,
an approximate analytical solution can be found if the rel-
ative volume density of B atoms is small. For this typical
case, we can obtain the following simple expressions:

Py, ~ PA404;, 04 ~ 7]33_
dep ~ 3 PAB +PB
PAB
B
O~ pimrpe 19

Note that non-linear equations (18) of our model can also
describe the production of micro-cavities inside the film.
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In fact, the non-linear parts P/AANANE /N{ | are the rates
describing the covering of the atom B in layer “/” by
atom A in the upper layer “n”. In such cases, if n > i+ 2,
the empty sites (i.e. the space that is not occupied by
any other A or B atom) is created over the B atom. The
“length” of this cavity is I x (n— 1 —1) (see Fig. 1b). Note,
that similar mechanism for incorporating of H atoms in-
side of film and creating of micro-cavities had been in-
vestigated in [2,8], where the Monte Carlo method had
been used for simulation of chemical vapor deposition and
production of a-Si-H film [2] and diamond [8].

The numerical solution of equations (18) (with addi-
tional non-linear parts describing the covering of A atoms)
has been obtained for different values of probabilities and
0 parameter values. We typically solved 3001 equations,
describing the time evolution for density Ny of empty sites
on the substrate and densities N;:‘,Nf , in 1500 opened
layers. The thickness of a film with 1500 deposited layers
ranges from 220 to 250 nm. Films with a thickness from
200 to 400 nm are those usually created and experimen-
tally investigated in the laboratory of Barcelona Univer-
sity. Some of our results from the numerical calculations
are discussed below in Section 6.

6 Application of the model to experimental
results

Here we will compare some calculations, made in the
framework of our model, with the experimental re-
sults [13-15].

In [14], the dependence on substrate temperature was
obtained for the deposition rate. Note that we will com-
pare the calculated and experimental results only for con-
ditions of small discharge power (Wy;s = 1-5 W) and gas
pressure (p < 30 Pa). This enables us to avoid, in our
opinion, the influence on the deposition rate and struc-
tural film properties of molecular clusters and dust nano-
particles, which are appeared with an increase in discharge
power and gas pressure.

The probabilities P44, PABand PB~ in (18), (19) are
determined by fluxes @(SiH3z) and $(H) of radicals SiHs
and H to film surface:

PAY = PSS = 55,0(SiH3);  PAP = PO = 06,0(H);
PB= = P = 651®(SiH3) + o0 d(H). (20)

Here, o (in cm?) is the cross-section of the chemically ac-
tive site on film surface; d,, ., (53i and 5}} are the “stick-
ing” coefficients. According to [16], the sticking coefficient
d, is independent on T,. However, the other coefficients
depend on T and this is, in our opinion, the main rea-
son for the dependence on T, of ©5' and, consequently,
the deposition rate Jge, (see (7), (19)). We use the values
0.28 [16] or 0.15 [17] for &, and accept for §5' and S¥ the
Arrhenius dependence on T5:

651 = exp(—E5 /kTy);

o = exp(—EYN/kTy).  (21)
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Fig. 2. Deposition rate of a-Si:H films (in arbitrary units)
as a function of substrate temperature Ts at fixed pressure
p = 3 Pa. Points: experiment in [14], line: model calculation.

The comparison of calculations and experimental data
from [14] shows that for case d, = 0.28 the best fitting cor-
responds to 8. ~ 0.07; E5'/k ~ 740 K and E /k ~ 1900 K.
For case 0, = 0.15, the fitting value d. ~ 0.16. The exper-
imental and calculated results are given in Figure 2. We
have not calculated the gas density of radicals SiHs, which
determine the absolute value of deposition rate (it is spe-
cial separate task). That is why the values in Figure 2 are
given in arbitrary units.

Besides the deposition rate, we have compared the
theoretical and experimental absolute values of hydro-
gen content V' and the micro-cavity fraction V. These
data were measured in [13] for fixed substrate temperature
T, = 573 K and different gas pressures and discharge pow-
ers. The experimental values VH and Veov for p < 20 Pa
and low power Wy;s < 5 W were ~3% and ~1.2% re-
spectively for a film thickness of 390 nm (~2600 layers).
Our numerical calculations for VH and V¢ resulted 2.9%
and 1.5% respectively when 8 ~ 1073. The calculated
VH value decreased smoothly while the V¢ value in-
creased smoothly with thickness (n). Thus, we have ob-
tained agreement between our calculations and absolute
measurements [13] of VH and V¢ if accept 8 ~ 1073.
Of course, the calculated values VH and V°® depend on
parameter 0 and grow with the increase of (.

In [15], the amorphous carbon nitride (a-CN) thin film
was prepared in a hybrid plasma-based deposition process
that allows nitrogen ion bombardment to be controlled in-
dependently, by combining r.f.-magnetron sputtering of a
graphite target with simultaneous nitrogen-ion-beam as-
sistance from a capacitively coupled r.f. ion source. The
films were deposited on silicon substrates at 0.3 Pa of to-
tal pressure, using Ar and Ny gas flows of 3 and 1 sccm,
respectively. The energy of bombarding nitrogen ions was
increased from 140 to 800 eV. The deposition rate and
relative densities of C and N species on the surface and
inside of the films were measured. In addition, the sputter-
erosion rate of a-CN films due to bombardment by a
12 kV Art ion beam was also measured. The experimental
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Fig. 3. Experimental values [15] (white squares) and model
calculation (lines) of deposition rate (a) and sputter-erosion
rate by 500 nA, 12 kV, Art ion beam of CN film (b) as a
function of nitrogen ion beam energy during deposition.

results and calculations of the model are given in Figures 3
and 4, which show satisfactory agreement. Of course, to
obtain this agreement, the probabilities P¥, Df, D¢, .
must be chosen by fitting. It was assumed that the film
surface would be cleaned by energetic ions during the de-
position and erosion. This assumption is justified because
the cleaning of a film surface by energetic ions takes place

during deposition and erosion.

We also assumed the thickness of one monolayer to
be 0.15 nm. The ion energy E, here, is in eV. The de-
pendencies on nitrogen ion energy FE;,, for probabilities
D{ have been described by function E}:> This function is
proportional to ion energy flux at the film surface.

The obtained by fitting values DS, . ~ 0.83 s71 and
D§C, . ~ 2.28 DYC  permit to estimate the efficiency of

sputtering 523 and 523 due to breaking of N-C and C-C
chemical bonds by 12 keV argon ions. It can be done by
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Fig. 4. Experimental values [15] (white squares) and model
calculation (lines) of nitrogen to carbon surface atomic ratio
(a) and nitrogen to carbon volume ratio (b) as a function of
nitrogen ion beam energy during deposition.

using the relationships

g - n
D(ZJjeros = o—atom(sjg,,._i_@(ArJr); @(ArJr) — éI(AI‘ )

(22)
where o4tom (in cm2) is the average cross-section of one
atom (C or N) on film surface; @(Ar™) (in em=2s71) is
the flux of Art ions to film surface; I(Art) (in A) is
the ion current; e = 1.6 x 107'% C is the elementary
charge; S =~ 1.6 x 1073 cm? is the area of film surface,
bombarded by Ar™" ions in the experiment [15]. Accept-
ing atom ~ 1?2 = 2.25x107 1% ¢m? and use the obtained
values DYoo, DGS,., we find from (22) 3G, ~ 1.89;
52& ~ 4.31. For comparison, the literature data for 523_
are 1.5; 2.0 and 3.75 for Ar™ ion energy 2; 4 and 10 keV
respectively [18].

7 Conclusion

A phenomenological kinetic model has been proposed for
description of thin film production by deposition of two
components, A and B. Although the initial hypothesis of
the model do not allow to determine the atomic location
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or the crystalline order or bond type of the components
A and B, it allows us to calculate the some measurable
macro-characteristics of film: deposition and erosion rates,
relative densities of components A and B on the surface
and in the volume of the film and also the relative value
of volume of micro-cavities. The model takes into consid-
eration the various processes of gas (plasma)-surface in-
teraction, and the probabilities for the elementary actions
of these processes. The probabilities depend on the ener-
gies and fluxes of different gas phase components at the
film surface, as well as on film (substrate) temperature,
sticking coefficients and the probabilities of breaking the
chemical or physical bonds on the film surface.

It is clear that every case of deposition and thin film
production has its own peculiarities that determine the
mechanism of deposition and the incorporation of compo-
nents A and B into the film. Most commonly, it requires
the detailed analysis of specific surface chemical reactions
and the need to determine, first, the relationships between
these reactions, second, the fluxes to the surface of the var-
ious atoms, ions, radicals and, third, the probabilities P*
presented in our kinetic model.

Nevertheless, the model proposed here for the anal-
ysis of deposition and film growth, based on a study of
the balance equations (non-linear in special cases) is, in
our opinion, useful for interpretation of some experimental
data. In the future, we plan to carry out the comparison
with our new experiments.

This study was partially supported by a PIV 2001 grant
from the Government of Catalonia and the CICYT of Spain
(projects MAT 2002-04263-C04 and MAT 2003-02997).
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