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Co-sputtering is appealing because of its ability to create 
a range of thin ilm material properties not otherwise 

achievable. It is highly advantageous to understand the properties 
of a representative reactive co-sputtering process operating 
in the transition mode between the metallic state (with only a 
small fraction covered with compound) and the poisoned state 
(approaching unity coverage with compound) of the target. In 
particular, insight into the requirements for control of deposition 
rate and composition is particularly important for successful 
process implementation. 

A static model can be used to ind the equilibrium characteristics 
of the process, and to understand transfer characteristics impacting 
rate, stability and composition. When reactive co-sputtering 
processes are operated in the naturally unstable transition region, 
where the slope of the reactive gas pressure-versus-low curve 
reverses, they must be stabilized with output feedback. Published 
data can be used to construct a model of a representative reactive 
co-sputtering process. Efective modeling can provide insight into 
the requirements for process stability. Part 1 of this article addresses 
the development of the detailed equations for the static reactive co-
sputtering model. Part 2 will relate model and experimental results 
and outline requirements for successful process implementation. 

Introduction
I joined the vacuum coating industry in June of 1995, now twenty 
years ago. To my mind, I was joining a power supply company. 
My expectation was to contribute my power electronics skills and 
develop some interesting new technology. Soon I was introduced 
to the process applications of our power supplies. My irst project 
was a pulsed power supply for dual magnetron sputtering (DMS). 
It was exciting because it could enable co-sputtering with a DMS 
arrangement; in principle, even in the transition region. My odyssey 
was beyond power electronics to a deep understanding of sputtering 
processes. One of my tools of choice was to be modelling. And one 
of my goals was to understand more about co-sputtering. In Part 
1 of this article, I cover the details of a static co-sputtering process 
model.

It is possible to conigure a sputtering system such that two 
diferent target materials are sputtered, with the power to each of 
the targets controlled independently, as shown in Figure 1. his is 
referred to as co-sputtering. When co-sputtering is performed in 
the presence of a reactive gas, it is called reactive co-sputtering. he 
motivation is creation of controlled mixtures of materials in the 
ilm deposited by the process. Reactive co-sputtering is appealing 
because it can deposit ilms otherwise unrealizable. It allows, for 
example, the creation of ilms with customized or graded indexes 
of refraction. For example, Al

2
O

3
 can be deposited with a refractive 

index of about 1.6 and TiO
2
 can be deposited with a refractive index 

of about 2.4. If a co-sputtering arrangement is conigured with one 
Al target and one Ti target, the ratio of Ti to Al can be controlled 
by controlling the power to each of the magnetrons. herefore, 

in principle, it is possible to “dial” the refractive index anywhere 
between 1.6 and 2.4. 

Figure 1. Pulsed dual magnetron reactive co-sputtering arrangement.

Co-sputtering of two diferent materials is typically accomplished 
with ion beam sputtering or the use of RF or DC supplies to deliver 
power to sputtering targets in diode or magnetron conigurations 
[1, 2]. he development of pulsed supplies which can reliably 
regulate the power delivered to each magnetron is a key enabling 
technology for reactive co-sputtering in a conventional dual 
magnetron sputtering (DMS) arrangement. Pulsed supplies 
inherently ofer more lexibility in control of the process. hey 
provide the capability of independently regulating the power 
delivered to each magnetron. his has some advantages for existing 
processes, and enables the implementation of new processes. 
Independent regulation enables the creation of controlled mixtures 
of materials in the ilm when dissimilar materials are used for the 
magnetron targets. his would allow the creation of ilms with 
customized or graded indexes of refraction. 

A square wave voltage source supply has been disclosed by Mark 
[3]. Pulsed voltage source supplies typically demonstrate slow 
current rise and high peak currents into an arc. Consequently, they 
have had limited commercial acceptance for high power industrial 
DMS applications. Further work focused on the development of 
pulsed current source supplies [4-6], with commercial availability 
of high power pulsed current source supplies at the 120 kW level 
beginning in early 1998. he irst commercial 200 kW unit was 
shipped in early 2000 [7]. Similar supplies at the 20 kW level were 
available in 1996 [8]. 

Co-sputtering has typically been reported on a small scale. 
A constant concern is scaling to large substrates, with sizes 
appropriate for architectural and automotive glass, as well as large 
web coaters. Results for large scale inline coaters, using DC power 
supplies, were reported in 1991 [9-11]. Several issues of scaling, 
such as uniformity and ilm quality, were addressed. 

Previous Page | Contents  | Zoom in | Zoom out | Front Cover | Search Issue | Next Page q
q
M

M
q

q
M

M
qM

Qmags
®THE WORLD’S NEWSSTAND

Previous Page | Contents  | Zoom in | Zoom out | Front Cover | Search Issue | Next Page q
q
M

M
q

q
M

M
qM

Qmags
®THE WORLD’S NEWSSTAND



Fall 2015 SVC Bulletin  | 29

he potential of reactive co-sputtering has motivated several 
workers to address process models. Early work modeling co-
sputtering processes focused on process voltage and current as 
model outputs [12]. he resulting model gave interesting results; 
however, the algorithms required for model computation were 
complex and challenging to implement. Almost ten years later, an 
extension of the Berg model was introduced which showed that the 
basic process curves look qualitatively like those for simple reactive 
sputtering [13]. Further work has reined the basic approach, 
efectively modelling equilibrium (static) process conditions [14].

A detailed investigation of co-sputtering, based on process 
modeling, has shown that more than one enabling technology is 
required. Pulsed dual-magnetron sputtering with independent 
regulation for each magnetron is the required base. However, a 
closer look shows that both the composition of the ilm and the 
deposition rate are in fact functions of the partial pressure of the 
reactive gas. his result indicates that partial pressure control is 
also required in order to achieve high quality ilms of consistent 
composition. Both independent regulation of power to each 
magnetron, and reactive gas partial pressure control, are required in 
order to set both the ilm composition (hence, index of refraction 
for an optical ilm) and deposition rate.

Approach
he notion of reactive co-sputtering is fundamentally simple. Two 
diferent target materials are sputtered in the presence of a single 
reactive gas, such as oxygen or nitrogen. If either target material 
is reactively sputtered alone the result is a binary compound, 
which may be a transparent dielectric ilm with a distinct index of 
refraction (the choice of target material and reactive gas to yield a 
transparent ilm is assumed here, since the index of refraction is 
relevant for optical ilms). hese two possible indexes represent the 
extremes. It seems plausible that an index between the two extremes 
could be obtained by varying the relative fraction of each target 
material. It may also seem that the relative fraction of the target 
materials in the deposited ilm could be varied by controlling the 
power to each target. A process model was used to explore these 
expectations, and the results were enlightening. Modeling indicated 
that not only deposition rate, but also relative composition of the 
ilm is a strong function of partial pressure, for realistic reactive 
gas partial pressures in the transition region. his implies the need 
for reactive gas partial pressure control to successfully deposit high 
quality ilms by reactive co-sputtering, particularly in the transition 
region.

he approach used was to irst model the process, and then 
to conirm model predictions by experiment. he model clearly 
showed that partial pressure control is required in order to stabilize 
partial pressure and composition of the reactive co-sputtering 
process. 

Modeling
he model developed here is based on the work of Moradi, et al.

[13]. his model is essentially an extension of the static Berg model 
[15]. he calculations are performed in a single pass; it can be 
implemented in a spreadsheet. he model shows that important 
process outputs such as deposition rate and ilm composition 
are single-valued functions of the reactive gas partial pressure. 
However, rate and composition may have multiple values with 

continued on page 30

respect to low in some process regions. 

Figure 2. Reactive co-sputtering model diagram.

he model is shown schematically in Figure 2. he lux of 
reactive gas molecules, F (molecules/(m2sec)), to the surfaces of 
Target 1 and Target 2 and the Chamber Surfaces is

where P is the pressure of the reactive gas (Pa), T is the reactive gas 
temperature (K), M is the mass of the reactive gas molecule (kg), 
and k

b
 (≈ 1.38 x 10-23 J/K) is the Boltzman constant. his equation 

for reactive gas lux assumes a Maxwellian velocity distribution for 
the reactive gas molecules. It is important to note that the model 

(1)

___________________
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is based on the molecular reactive gas, although atomic, ionized, 
excited, and meta-stable states may also present. he basic Berg 
model has been shown to efectively predict process behavior by 
utilizing the simpliication of considering only reactive gas [15]. 
Variables J

1
 (amp/m2) and J

2
 (amp/m2) are the sputtering ion current 

densities at the surfaces of Target 1 and Target 2 respectively. It is 
important to note that these are the only ion luxes in the model, 
even though there would be some natural ion lux from the plasma 
in the chamber to the chamber walls. he basic Berg model has 
been shown to efectively predict process behavior by utilizing the 
simpliication of considering only ion lux to the targets for the 
purpose of sputtering [15]. he fractions of Target 1 and Target 2 
covered by the reactive compound are represented by variables Θ

1t

and Θ
2t

, respectively. hese are the so-called target area coverage 
fractions, which are dimensionless. he ion lux tends to reduce 
the target coverage fraction by sputtering the compound molecules 
away. In contrast, the reactive gas lux tends to increase the coverage 
fraction by forming more compound molecules on the surface. he 
sputtering yields are typically quite diferent for the compound and 
the target material, with the compound oten having a signiicantly 
lower sputtering yield. When everything is considered, there is 
a unique equilibrium condition for the coverage fractions of the 
two targets where the rate of compound formation equals the rate 
at which the compound is sputtered away from the surface of the 
target. he equations for coverage fractions are the result of equating 
compound formation and compound sputtering rates at the target 
surfaces. he coverage fraction for Target 1 is
       

where κ is the number of atoms in the reactive gas molecule, α
t1

 is 
the sticking coeicient (probability) of the reactive gas molecules 
to the bare target material, n

M1
 is the number of gas atoms in the 

compound formed by the reaction between the reactive gas and the 
material of Target 1, S

C1
 (molecules/ion) is the sputtering yield of the 

compound consisting of the reactive gas and the material of Target 
1, and q

e
 (≈ 1.6 x 10-19 C) is the elemental charge. Similarly, the 

coverage fraction for Target 2 is
  

where α
t2

is the sticking coeicient (probability) of the reactive gas 
molecules to the bare material of Target 2, n

M2
 is the number of gas 

atoms in the compound formed by the reaction between the reactive 
gas and the material of Target 2, and S

C2
 (molecules/ion) is the 

sputtering yield of the compound consisting of the reactive gas and 
the material of Target 2. Equations 2 and 3 are developed following 
the same logic as the Berg model for reactive sputtering [15]. he 
chamber surfaces are conceptually divided into two sections. he 
irst section is impacted by F

M1
 (atoms/(m2sec)), the sputtered metal 

lux from Target 1, and F
C1

 (molecules/(m2sec)), the compound 

molecule lux from Target 1, and the reactive gas molecule lux, F. 

F
M1

 is
  

where S
M1

 (atoms/ion) is the sputtering yield of Target 1, A
t1

 (m2) is 
the sputtering area of Target 1, and A

s
 (m2) is the efective chamber 

surface area. Similarly, F
C1

 is. 
  
  

he fraction of the Chamber Surfaces occupied by Metal 1 and 
Metal 1 reactive compound is designated by y. he fraction of y
occupied by Metal 1 reactive compound is represented by Θ

1s
. he 

second section of the Chamber Surfaces, occupied by Metal 2 and 
Metal 2 reactive compound, is impacted by F

M2
, the metal lux from 

Target 2 and F
C2

, the compound molecule lux from Target 2. F
M2

 is 
   

where S
M2

 (atoms/ion) is the sputtering yield of Target 2 and A
t2

 (m2)
is the sputtering area of Target 2. F

C2
 is    

his section is represented by (1-y) and the fraction of it covered 
by reactive compound is denoted by Θ

2s
. Assuming unity sticking 

coeicients for metal atoms and compound molecules on the 
chamber surfaces, y is 

  

where β
1
 is the number of metal atoms in the compound formed 

by the reactive gas and Target Material 1 and β
2
 is the number of 

metal atoms in the compound formed by the reactive gas and Target 
Material 2. his equation says that y is the ratio of Metal 1 lux to 
total (Metal 1 plus Metal 2) metal lux to the chamber surfaces. Now, 
since y is a fraction of the surface

he notion of a compound molecule lux was introduced as an 
efective simpliication to the model [15], it approximates the 
physics of the process. he model calculates a unique equilibrium 
for y, Θ

1s
, and Θ

2s
 based on F, F

M1
, F

C1
, F

M2
, and F

C2
. he chamber 

surface coverage fractions are computed by equating the formation 
and deposition rates of reactive compound to the rate of covering 
of compound by the metal lux. Fractions y and (1-y) are treated as 
being independent of one another. Θ

1s
 is 
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Similarly, Θ
2s

 is 

Equations 10 and 11 are developed using logic similar to the Berg 
model for reactive sputtering [15]. he inal step is to calculate 
the input reactive gas low. A continuity equation relates input 
reactive gas low to the cumulative consumption mechanisms in the 
process. hese include getter pumping at Target 1, Target 2, and the 
Chamber Surfaces in addition to the reactive gas removed by the 
system pump. It is assumed that reactive gas molecules impinging 
on uncovered fractions of the targets or chamber surfaces will 
react with a probability equal to the relevant sticking coeicient, 
therefore, it is not necessary to consider stoichiometry of the 
resulting compound to compute gas consumption by gettering. 
It is important to note that the stoichiometry of the compounds 
is considered in computation of the target and chamber surfaces 
coverage fractions. he gettering at Target 1, Q

1t
 (molecules/sec), is

  
 .

he gettering at Target 2, Q
2t

 (molecules/sec), is

he gettering at y, Q
1s

 (molecules/sec), is
  
  
  

he gettering at (1-y), Q
2s

 (molecules/sec) is

he pumping by the system pump, Q
p
 (molecules/sec) is

where S
p
 (liter/sec) is the pumping speed of the system. he total 

low of gas to all of the consumers, Q
in

 (molecules/sec), is

his total gas low relationship accounts for all of the oxygen 
consumed in the process, but assumes that it is all molecular, even 
though the actual process may have atomic oxygen as well. he Berg 
model has been shown to predict the behavior of reactive sputtering 
processes by making the simpliication of assuming that all reactive 
gas is in molecular form [15]. he total lux of metal atoms from the 
two targets to the chamber surfaces is

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

continued on page 32
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Making Magnetron Sputtering Work: 
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continued from page 31

where R is the total lux of metal atoms to the chamber surfaces, 
including metal incorporated in the luxes of compounds 1 and 2 
from the targets to the chamber surfaces, in (molecules/(m2sec)). 
he total lux of metal atoms to the chamber surfaces will be taken 
as the rate of the process for the model output. he rate will be 
normalized such that the maximum rate is unity for presentation of 
the modeling results on the graphs.

he system modeled was Ti and Al, with O
2
 as the reactive gas, 

yielding nominal compounds TiO
2
 and Al

2
O

3
 at the extremes and 

TiAl
x
O

y
 in the middle. he expected range of possible indexes 

is approximately 1.66 (Al
2
O

3
) to 2.4 (TiO

2
). Parameters used for 

the model calculations, with references and comments where 
appropriate, are based on published data, to be covered in more 
detail in Part 2 of this article. his model requires an efective 
sticking coeicient. Although there has been work done on sticking 
coeicients for chemisorption [17], coeicients relevant to the 
Berg model are not readily available. Sticking coeicients were all 
assumed to be unity, which has been common in several papers on 
modeling reactive sputtering, resulting in realistic model results in 
a variety of cases. he reactive gas was assumed to be all molecular, 
as discussed earlier. he model was conigured to provide graphs of 
rate versus low, low versus pressure, composition versus pressure, 
and rate versus pressure. 

Figure 3 shows an example rate versus low curve. Even though 
there are two targets with two metals, there is only a single s-curve, 
similar to the classic s-curve for reactive sputtering with one target 
material. his suggests that the process could behave similarly to 
a standard reactive sputtering process, and shows that simple low 
control will not allow access to the part of the process space with 
a positive slope, since there are places on the curve where a single 
value of low has three possible values of O

2
 partial pressure.

Figure 3. Example model calculation of rate versus oxygen low.

Figure 4 shows the example low versus pressure curve which 
accompanies Figure 3. he transition region is the portion of the 
curve between the local maximum of low which occurs at about 
0.01 mTorr to local minimum which occurs at about 0.09 mTorr. 
Flow decreases monotonically with pressure in this portion of the 
curve, suggesting the application of partial pressure control. he 
transition region could also be described as the portion of the 
curve where the derivative of low with respect to partial pressure is 
negative.

Figure 4. Example model calculation of oxygen low versus oxygen partial pressure.

Conclusions/Summary
Dual magnetron reactive co-sputtering can be used to produce 
optical thin ilms with a customized index of refraction. Modeling 
has been used to gain insight into process characteristics. Key results 
show that regulation of power to each target and partial pressure 
regulation are required in order to gain control over both ilm 
composition and deposition rate. Transition mode reactive co-
sputtering at industrial scale is enabled by partial pressure control 
and pulsed DMS power supplies with independent regulation of 
power to each magnetron. 
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