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Abstract:  The presence of a second reactive gas in the magnetron sputtering 

chamber makes the process much more complicated, and the process control much more 

difficult than in the case of a single reactive gas. Macroscopic models have been 

developed in order to explain the complex phenomena and to provide support for the 

process control. These models are able to explain the nonlinearities of the process and 

the strong coupling between the control channels. 

This paper introduces a model created with the intention to of gaining a good grasp 

of the process, especially regarding the conditions necessary to obtain the required 

stoichiometry of the film deposited on the substrate. For this purpose, we modelled the 

formation of the desired ternary compound both directly from the available particle 

fluxes and from intermediary compounds. The surface of the substrate is divided into 

eight dynamically variable regions, covered by different compounds, each exposed to 

the streams of five types of particles. 

We present the analytical model and provide simulation results in order to 

demonstrate its capability toof describeing the nonlinear phenomena, which that 

characterisze the two-gas sputtering process. 

 

Keywords: DC magnetron sputtering, thin film deposition, reactive sputtering, 

macroscopic modelling. 

1. Introduction 

DC magnetron sputtering and thin film deposition have been studied for 

decades and several attempts have been made for to modellling different aspects 

of these processes. 
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There exist several works dedicated to the study of the reactive DC 

magnetron sputtering process, which basically consists of sputtering particles 

from the surface of a metallic target, in the presence of reactive gases. The 

sputtering effect is produced by Ar+ ions accelerated by a DC electric field. 

A successful approach for to macroscopic modeling was provided by Berg et 

al. [1], [2], which is based on the equilibrium equations of the reactive gas and 

metal particles on the target and substrate surfaces. This model has been 

successful in explaining the strong nonlinearity and hysteresis effects observed 

in the process, and is simple enough to be used for process control. 

Since then, a number of extensions of this idea have been formulated, to 

handle the cases wheren compound targets or more reactive gases are being 

used ([2], [11], [12], [13], [14]). Dynamic versions of these models have been 

formulated for control purposes ([7], [8], [9], [10], [15]).  

In the presence of two reactive gases, the simplified modelling approach 

generally used is to consider, instead of the complex crystallization phenomena, 

only binary compounds 1MG  and 2MG  (ex. 21 TiOMG  , TiNMG 2 ), the 

participating average metal and gas quantities reflecting the stoichiometry of the 

real process. 

This paper attempts to provide a more detailed macroscopic model of the 

thin film growth process by highlighting its intermediary phases. Thus, we 

assumed that the surface of the substrate consisted of areas covered by metal 

atoms ( M ), areas covered by reactive gas atoms ( 1G  and 2G ), areas covered by 

binary metal-gas compounds ( 1MG  and 2MG ) and by ternary 21GMG  

compounds (Fig. 1). The coverage fractions represented by these areas are 

changing vary due to the incident particle fluxes and due to the bonds formed 

between the particles adsorbed to the surface of the substrate. 

To some extent, the process is can be thought of as if different coloureds of 

paints were applied on to a surface, using atomizers.  

Regarding the phenomena on the surface of the target, it is assumed that the 

Ar+ ion flux can sputter both metal atoms (ex. Ti) and molecules formed from 

this metal and the atoms of the reactive gases (ex. N, O). We used a single layer 

approach, i.e. removingal of an oxide or nitride molecule results in to leaves 

behind a metallic surface. 

The target fractions covered by different compounds are denoted by ti , i.e. 

tM - the metallic fraction of the target surface; 

1tMG , 2tMG - the fractions of the target surface „poisoned” by 1MG  and 

2MG  binary compounds 

Formation of ternary compounds was not taken into account on the surface 

of the target. 
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In the case of the substrate, the fractions covered by different compounds 

were denoted by si , where  21212121 ,,,,,,, GMGMGMGMGMGGGMi ppaaaa , 

i.e. 

sM - the metallic fraction of the substrate surface; 

21GsMG - the fraction covered by the ternary compound 21GMG ; 

asMG1 , asMG2 - the fractions covered by the „active” binary compounds 

1MG  and 2MG  (formed on the surface of the substrate from incident atomic 

components, ready available to react with 2G  or 1G  respectively, considered as  

intermediateas intermediate phases of the 21GMG  crystal growth); 

psMG1 , psMG2 - the fractions covered by the „passive” binary compounds 

1MG  and 2MG  (resulted fromby sputtering of the same compounds from the 

surface of the target, expected to segregate on the grain boundary); 

asG1 , asG2 - the fractions covered by the „active” gas atoms 1G  and 2G  

(formed from incident gas atoms, ready to participate in the crystal growth, 

forming directly 21GMG , or „active” 1MG  and 2MG  compounds). 

 

 

Figure 1: Particle fluxes in the sputtering chamber and coverage fractions on  

the target and substrate surfaces 

The deposition of metal atoms on the metallic fraction does not influence the 

sM  fraction. In the same manner, deposition of iG  on sGia  does not change 

sGia , deposition of iMG  on sMGip  does not change sMGip . A reaction, which 

yields iMG  on the sMGia  fraction (using M  and iG  deposited on the same 

fraction), does not modify sMGia , and a reaction which yields 21GMG  on the 
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21GsMG  fraction (using M , 1G  and 2G  deposited on 21GsMG ), does not modify 

21GsMG . 

In this paper we assumed that different compounds are formed only on the 

surface of the substrate, and the formation of compounds in the plasma was 

neglecteddisregarded. We considered that the reactive gases reach the surface of 

the substrate in atomic form, after dissociation of the gas molecules in the 

plasma, in front of the substrate. These atoms were regarded as „active” and 

ready available to contribute to the crystal growth. We considered that the 1MG  

and 2MG  molecules sputtered from the target, reach the substrate in the same 

form, without dissociation. 

We assumed that the condensation surface is composed of the surface of the 

substrate and the surface fraction of the vacuum chamber situated in the range 

of the sputtered particles. 

The surface of the chamber is present in the model as a getter pump with 

adsorption efficiencies 1g  and 2g  (1), corresponding to 1G  and 2G .  

 
moleculesgasincidentNr

moleculesgasadsorbedofNr
g

__
2,1   (1) 

The following notation has been used in the article: 

 

MGin  - number of metal atoms in the molecule formed with the gas iG  (ex. 

11 MGn  in 2TiO , 12 MGn  in TiN ); 

GiMn  - number of gas atoms in a binary molecule (ex. 21 MGn  in 2TiO , 

12 MGn  in TiN ); 

GiGin  - number of gas atoms in a gas molecule; 

21GMGn  – number of metal atoms in the 21GMG  compound (ex. 121 GMGn  

in the NTiO2  molecule); in this model, it has been assumed that 

2121 MGMGGMG nnn  ; 

yx, - number of 1G  and 2G  atoms in the 21GMG  compound; 











K

J
ekB 2338.1 - the Boltzmann constant; 











kmol
eN A

1
26023.6 - the Avogadro constant; 

 Cee 196.1   - the electron charge; 











kmolK

J
R 8310  - the universal gas constant; 
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1GM  - mass of the `1G  gas molecule ( 2O ); 

2GM  - mass of the 2G  gas molecule ( 2N ); 

MN  - the surface density of the metal atoms (Ti ); 

T  - the absolute temperature; 

V  - the volume of the vacuum chamber; 

tA  - the target area; 

cA  - the condensation area; 

sA  - the substrate area; 

gA  - the getter area; 

1GS  - the pumping speed of the reactive gas 1G  ( 2O ); 

2GS  - the pumping speed of the reactive gas 2G  ( 2N ); 

M  - sputtering efficiency of the metal (number of Ti  atoms sputtered by an 

incident Ar  ion); 

MGi  - sputtering efficiency of the iMG  compound; 

tGi  - sticking coefficient of the iG  reactive gas atom to the surface of the 

target; 

gGi - the gettering efficiency of the iG  reactive gas atom; 

 

sα - the matrix of sticking coefficients on the surface of the substrate (the 

sij  element of this matrix is the sticking coefficient of a particle type i  to the 

area type j of the substrate- see Table 1); 

 MpMGpMGaGaGaMGaMGGMG cccccccc 21212121sc  - the elements of 

the sc  matrix represent the per unit area (the number of covered metal atoms) of 

the compounds corresponding to the subscripts. 

Table 1: Interpretation of subscript i of the sij  sticking coefficient 

Row number (i) 1 2 3 4 5 

Particle type 
1MG  2MG  1G  2G  M  
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Table 2: Interpretation of subscript j of the sij  sticking coefficient 

Column 

number (j) 
1 2 3 4 5 6 7 8 

Substrate 

fraction 
21GsMG

 

asMG1

 

asMG2

 

asG1  asG2  psMG1

 

psMG2

 

sM  

 

The block diagram shown in Fig. 2 presents the main tasks performed by the 

model introduced in this paper. 

 

 

Figure 2: The main components of the two-reactive-gas sputtering model 

2. Particle flux densities and the dynamics of the target coverage 

The dynamics of the areas covered by different compounds on both the 

surface of the target and of the substrate is determined by the incident fluxes of 

particles, by the fluxes of particles removed via sputtering, and by the complex 

phenomena on these surfaces. These include the formation of chemical 

compounds, the crystal growth, and the segregation of some compounds on the 

grain boundary and the migration of particles. 

On the surface of the target, the sputtering effect is produced by the incident 

flux of Ar  ions, while the fluxes of reactive gases result in chemical reactions, 
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i.e. target poisoning. It was assumed that metal atoms are sputtered from the 

surface of the target, and metal-gas compounds can be sputtered as well. 

On the surface of the substrate, the sputtered particles produce incident 

fluxes, which participate in the process of thin film formation, along with the 

reactive gas fluxes resulting from the atmosphere created in the chamber. 

The flux density J of the sputtering Ar  ions is calculated from the 

discharge current I, neglecting the secondary electron emission and the ion 

current of the reactive gases, according to (2). 

 
teA

I
J   (2) 

The atomic flux densities GiaF  of the reactive gases are calculated using 

results of the kinetic gas theory: 

 

GiB

GiGiGi
Gia

TMk

pn
F

2
 , (3) 

where 1i  for oxygen and 2i  for nitrogen. 

On the substrate, the sMGiF  flux densities of the iMG  particles sputtered 

from the target are calculated using equation (4), assuming that these are 

uniformly distributed on the condensation area cA . 

 
c

t
tMGiMGisMGi

A

A
JF ***   (4) 

The same approach stands for the sMF  flux density of the metal atoms 

sputtered from the target 

  
c

t
tMGtMGM

c

t
tMMsM

A

A
J

A

A
JF *1***** 21    (5) 

In the case of the target, it is assumed that the iG  gas atoms adhere only to 

the metallic fraction tM  of the surface, forming MGi  compounds (poisoning 

the target). 

The number of MGi  molecules formed on the unit area of the target in a 

second (the rate of increment of the tMGiN  surface density of MGi  molecules) is 

 







 



i
tMGitGiGia

GiM

GiGi
tMGi F

n

n
N  1 . (6) 

The number of MGi  molecules removed by sputtering from the unit area of 

the target (the rate of decrement of tMGiN ) is 
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 tMGiGistMGi JAN  . (7) 

From the equilibrium of these processes, it results   tMGitMGi NN  , i.e. 

 tMGiMGi
i

tMGitGiGia
GiM

GiGi JF
n

n
 








1 . (8) 

Usually, MMGi   , i.e. the sputtering yield of the metal atoms is much 

bigger than that of the iMG  compounds. 

The dynamics of the covered fraction tMGi  is described by the equations 

 

 




































t

t

tMGitMGitMGi

tMGiMGi
i

tMGi
GiM

GiatGi

M

MGip

tMGi

dtt

J
n

F

N

c

0

0

1












. (9) 

3. Macroscopic modelling of the thin film deposition process 

During the thin film deposition process, different fractions of the substrate 

surface are covered by atoms provided by the incident gas fluxes, by particles 

sputtered from the surface of the target and by different compounds formed 

during the crystal growth. 

The aim is the deposition of 21GMG , and an optimal process control has to 

enassure atomic fluxes corresponding to the stoichiometry of this compound. 

The model introduced in this paper considers the continuous emergence and 

disappearance of areas covered by ppaaaa MGMGMGMGGGM 212121 ,,,,,,  and 

21GMG , on each of the sM , 21GsMG , asMG1 , asMG2 , psMG1 , psMG2 , asG1  

and asG2  fractions. Thus, the „local” processes taking place on each of the 

fractions contribute to the global evolution of the different fractions. 

 

Let us use the following notation: 
j
siN  - the surface density of the molecules of type i, emerging on the fraction 

sj  of the substrate, and thus contributing to the decrease of the fraction sj  and 

to the increase of the fraction si ; 

siF  - the flux density of the particles type i on the substrate (the same for 

every fraction); 
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j
siR  - the surface density of the molecules type i, emerging on the fraction 

sj  of the substrate by reaction between different incident particles or by 

reaction between incident particles and the molecules type j . 

Thus, the time derivative of j
siN  results: 

 
j
sisi

j
si RFN    (10) 

Due to these emerging molecules, the corresponding surface fraction is 

subject to transition to other types of fractions, characteriszed by the rate of 

growth j
si  (i.e. time derivative of the surface fraction type i emerging on the 

surface type j): 

 













jiif

jiifN
N

c j
si

M

i
j

si

0


  (11) 

The weighted sum (12) of the rates of growth of fractions type i yields the 

time derivative of si . 

 
j

j
sisjsi    (12) 

The evolution of the substrate surface fractions is found by integration (13), 

subject to the condition  
i

si 1 . 

  












 
i

si

t

t

sisisi dtt 1

0

0    (13) 

The number of particles available for the formation of different compounds 

depends on the incident fluxes and on the sticking coefficients. 

It is assumed that the ternary compound 21GMG  is formed from incident 

atoms and “active” binary molecules present on the surface, or directly from 

incident atoms to the extent of their availability in quantities corresponding to 

the required stoichiometry yxGMG 21 . 

The particles in excess of this ternary stoichiometry form binary compounds, 

and the atoms still in excess of the possible binary stoichiometries are deposited 

as atomic layers. 

In order to illustrate this reasoning, the relation (10) is detailed below (Eqs. 

(14), (15), (16), (17) and (18)) for the case of the fraction 21GsMG . In the 

general notation j
siN  , we use the particular 21GMGj   upper index. Thus, for 
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example, in the case of the molecules type aMG1  emerging on 21GsMG , the 

lower index becomes aMGi 1 , and the surface density is denoted by 21
1
GMG
asMGN . 

 

If 
x

F
F asG

sM
1

3151    and 
y

F
F asG

sM
2

4151    

 
















sMasG
GMG

asG

sMasG
GMG

asG

sM
GMG
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FyFN

FxFN

FN

51241
21

2

51131
21

1

51
21
21













 (14) 

Else if 
y

F
F

x

F asG
sM

asG 2
4151

1
31    
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GMG
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F
FN

x

F
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2

1
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21
2

1
31
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 (15) 

Else if sM
asGasG F

y

F

x

F
51

2
41

1
31    

 






















y

F
FN

F
x

F
y
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x
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N

asG
sM

GMG
sM

asGasG
GMG
asMG
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2
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131241
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1
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21
21
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 (16) 

Else if 
x

F
F

y

F asG
sM

asG 1
3151

2
41    
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Else if sM
asGasG F

x

F

y

F
51

1
31
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 (18) 

The steady state of the reactive gas quantities inside the sputtering chamber 

means relates to the equilibrium between the reactive gas admission, evacuation 

by pumping, release from and adsorption to different surfaces. 

The dynamics of the partial pressures is related to the dynamics of the 

masses by means of the ideal gas law (19). 

 

 

















t

t

GiGiGi

Gi
GiA

Gi

dtptpp

m
MVN

RT
p

0

0




, (19) 

where Gim  is the time derivative of the mass of iG  (Eq. (24)). 

The inlet mass flow of each gas is controlled and is denoted by inGiq . 

The pumping mass flow is proportional to the partial pressure of the gas 

 GiGipGi pSq   (20) 

The gases are adsorbed to the walls of the chamber (getter effect), deposited 

on the target (poisoning effect) and on the substrate (thin film growth). 

The mass flow of the gettered gas is given by the equation 

 ggGi
GiGi

Gia
GigGi A

n

F
Mq  . (21) 
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The mass flow of the gas adsorbed to the metallic fraction of the target 

surface is 

 













 

j
tjttGi

GiGi

Gia
GitGi A

n

F
Mq  1 . (22) 

The mass flow of the gas adsorbed to different fractions of the substrate is 

 
j

sjsijs
GiGi

Gia
GisGi A

n

F
Mq  . (23) 

Thus, 

 sGitGigGipGiinGiGi qqqqqm  . (24) 

Given the input quantities provided by the controller (i.e. the discharge 

current and the inlet gas flows), and the dynamic model of the sputtering 

process (Eqs. (9) to (13) and Eqs. (19) to (24) corresponding to the relationships 

shown in Fig. 2), it becomes possible to determine the evolution in time of the 

areas covered by different compounds both on the target and on the substrate. It 

is also possible to determine the evolution of the partial pressures. 

4. Simulation results 

In order to demonstrate that the model is able to describe the nonlinear 

behaviour of the sputtering system, we present simulation results based on 

hypothetical model parameters. Figures 3 to 7 show the Matlab Simulink 

simulation results for the following parameters: 

-The sputtered metal is Ti  ( 219 11062.1 mN M  ); 

- 1G  is oxygen ( 2O , 211 GGn , kgM G
27

1 1012.53  ); 

- 2G  is nitrogen ( 2N , 222 GGn , kgM G
27

2 1048.46  ); 

-Binary compounds: TiNTiO ,2  ( 11 MGn , 12 MGn , 21 MGn , 12 MGn ); 

-Ternary compound: NTiO2  ( 1,2,121  yxn GMG ); 

- KT 300 ; 

- 331080 mV  ; 

- 221084.0 mAt
 , 222.0 mAc  , 222.0 mAs  , 23.0 mAg  ; 

- smSG  7
1 1092 , smSG  7

2 109.72 ; 

- 5M , 2.01 MG , 1.02 MG ; 

- 11 tG , 12 tG , 01 gG , 02 gG ; 



74 A. Kelemen, D. Biró, A.-Zs. Fekete, L. Jakab-Farkas, R. R. Madarász 

 

  

 

 

-  12311234sc . 

The elements of the sc  matrix represent the per unit area (the number of 

covered metal atoms) of the compounds corresponding to the subscripts. 

 

Figure 3: Evolution of the substrate fractions in the case of the admission of a single gas 

( 2G ), with a periodic variation of its flow rate (uppermost diagram) 

           , , , , , , ,   
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Figure 4: The dynamic hysteresis cycle of the target fraction covered by the 2MG  

( TiN ) compound, in the case of the admission of a single gas ( 2G ), with a flow rate 

variation period of s10  

 

Figure 5: The dynamic hysteresis cycle of the 2G  gas pressure, in the case of the 

admission of a single gas ( 2N ), with a flow rate variation period of s10  
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Figure 6: The admission of 1G  ( 2O ) has a strong influence on the partial pressure of 

2G  ( 2N ) 

 

Figure 7: The influence of a small (  sccm16.0 ) 1G  ( 2O ) gas flow step on the 

trajectory described in the 22 GinG pq   space ( 2N  flow rate and partial pressure) 
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5. Conclusions 

The dynamic model introduced in this paper has been developed to describe 

the essential macroscopic phenomena that accompany the DC magnetron 

sputtering and thin film deposition process in the presence of two or more 

reactive gases. 

We defined state variables of the model, which are directly related to the 

stoichiometry of the compounds formed on the surface of the substrate. These 

state variables offer an insight into the satisfaction of the conditions required for 

the growth of crystals with the required stoichiometry. 

In order to prepare the stoichiometry control of the deposition process, our 

next target is the identification of the model parameters and the practical 

validation of the model. 
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