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Co-sputtering is appealing because of its ability to create 
a range of thin film 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 find 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-flow 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. Effective modeling can provide insight into 
the requirements for process stability. Part 1 of this article addressed 
the development of the detailed equations for the static reactive 
co-sputtering model [1]. This article, Part 2, will relate model 
and experimental results and outline requirements for successful 
process implementation. 

Introduction
The co-sputtering model was defined and developed in Part 

1 of this article [1]. The complete set of model equations was 
developed, in a single pass form, with no recursion required for 
their solution. Co-sputtering by dual magnetron sputtering (DMS) 
was explained for context, with some perspective on requirements 
of the power and process control systems. Key insights are that 
regulation of power to each of the magnetrons, and regulation of 
their reactive sputtering working points, is required for successful 
implementation of co-sputtering in a DMS system.

The co-sputtering model is based on the diagram shown in 

Figure 1. With several distinct fluxes calculated, the model is 
complex, and maybe impossible to understand by simple intuition. 
Fortunately, solution of a specific model by a spreadsheet is 
straightforward. Model results for a Ti:Al:O2 system will be 
presented. Then, results of some experiments with a Ti:Al:O2 system 
will be shown. The empirical character of the process O2 flow versus 
partial pressure curves was consistent with model predictions. 

Modeling
The system modeled was Ti and Al, with O2 as the reactive gas, 
yielding nominal compounds TiO2 and Al2O3 at the extremes and 
TiAlxOy in the middle. The expected range of possible indexes of 
refraction is approximately 1.66 (Al2O3) to 2.4 (TiO2). Parameters 
used for the model calculations, with references and comments 
where appropriate, are listed in Table 1. Sticking coefficients were 
all assumed to be unity, as has been customary in several papers 
on modeling reactive sputtering and co-sputtering [2-4]. Although 
there has been work done on sticking coefficients for chemisorption 
[5], coefficients relevant to this co-sputtering model are not readily 
available so they need to be estimated or inferred. Surprisingly, 
unity sticking coefficients work amazingly well for modelling O2 
systems; N2 can be a different story, beyond the scope of this article. 
The reactive gas was assumed to be all molecular, as discussed 
earlier. The model was configured to provide graphs of rate versus 
flow, flow versus pressure, composition versus pressure, and rate 
versus pressure. 

Table 1. Reactive co-sputtering model parameters.

Figure 2 shows the rate versus flow curve corresponding to the 
parameters in Table 1. Even though there are two targets with two 
metals, there is only a single s-curve, similar to the classic s-curve 
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Figure 1. Reactive co-sputtering model diagram.

Parameter Symbol Value Comments

Ti sputtering yield SM1 0.5 [4]

TiO2 sputtering yield SC1 0.017 [4]

Al sputtering yield SM2 0.8 [6]

Al2O3 sputtering yield SC2 0.025 [5]

Sticking coefficients (all) αxy 1 [2-4]

Ti target area At1 0.068 m2 Estimated

Al target area At2 0.068 m2 Estimated

Chamber area As 1.46 m2 Estimated

Ti target current density J1 294 A/m2 1 kW, 500 V

Al target current density J2 367 A/m2 1 kW, 400 V

Pumping speed Sp 465 l/sec Measured

Gas n/a O2 Known

Temperature T 300 K Estimated
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for reactive sputtering with one target material. This suggests that 
the process could behave similarly to a standard reactive sputtering 
process, and shows that simple flow 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 flow has three possible 
values of O2 partial pressure. 

Figure 2. Model calculation of rate versus oxygen flow, with parameters from Table 1.

Figure 3 shows the flow versus pressure curve corresponding to 
Figure 2. The transition region is the portion of the curve between 
the local maximum of flow 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. The transition region 
could also be described as the portion of the curve where the 
derivative of flow with respect to partial pressure is negative.

Figure 3. Model calculation of oxygen flow versus oxygen partial pressure, with parameters from Table 1.

Figure 4 shows the Ti fraction of the metal atoms in the film 
as a function of O2 partial pressure, calculated as the fraction of 
the chamber surfaces which is covered with either Ti or TiO2. 
This fraction would correlate to index of refraction. It is a strong 
function of partial pressure in the transition region, and is relatively 
constant in the poisoned region, corresponding to O2 partial 
pressures greater than about 0.08 mTorr.

continued on page 40

 Figure 4. Model calculation of film composition (fraction of metal that is Ti) versus oxygen partial pressure, 
with parameters from Table 1.

Figure 5 shows the rate in arbitrary units (A.U.). This is actually 
calculated as the rate at which metal atoms are removed from the 
two targets, including the metal in the compound sputtered from 
the targets. Rate decreases strongly with pressure in the transition 
region. However, rate continues to decrease significantly with 
pressure in the poisoned region, where composition is relatively 
constant. This suggests the desirability of partial pressure control for 
stabilization of the deposition rate.

Figure 5. Model calculation of rate versus oxygen partial pressure, with parameters from Table 1.

Experiments
Data were generated in a medium sized, open-volume, general 
purpose cylindrical vacuum chamber (about 0.75 m diameter x 
0.45 m deep) with a generous number of flanges, of different sizes, 
style and orientation. The chamber was equipped with two 0.15 m 
Kurt Lesker Torus 10 balanced-field magnetrons. Distribution of 
the reactive gas was achieved using simple diffusers. The chamber 
was turbo-molecular pumped to base pressures below 5x10-6 Torr 
prior to deposition runs. Aluminum and titanium targets were 
sputtered in a DMS configuration using a pulsed-dc power supply 
system capable of independently regulating power delivered to 
each magnetron. Reactive gas partial pressure was controlled by 
an IRESS gas control system, developed by Reactive Sputtering 
Incorporated (RSI). An Inficon Transpector® residual gas analyzer 
(RGA) was used to measure the relative partial pressures of the 
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reactive gas and the argon also used for sputtering. Total pressure 
is measured by a capacitance manometer. The inlet of the reactive 
gas to the chamber was accomplished with a fast piezoelectric valve 
mounted close to the chamber, and controlled by the IRESS. A 
simple manifold was used to distribute the gas inside the chamber 
to the two magnetrons and the sample being coated. A sample 
holder capable of holding eight 76 mm by 25 mm glass microscope 
slides was mounted at 45 degrees to the normal of each magnetron 
surface. The sample holder incorporated a shutter, to allow the 
process to run prior to deposition. It also included the ability to 
change samples under vacuum, allowing eight distinct deposition 
experiments per chamber pump cycle.

Film thicknesses were measured on glass substrates using a 
profilometer and an ellipsometer. Index of refraction was also 
measured with the same ellipsometer. Deposition system parameters 
are listed in Table 2.

Table 2. Experimental deposition system parameters.

Transparent films with indexes of refraction from about 1.7 to 
2.3 were deposited in the course of the experimental campaign, 
indicating a wide range of compositions. 

Oxygen flow versus oxygen partial pressure data were taken 
at a number of power balance points between the Al and the Ti 
targets. The total power was kept at 2000 watts. Results are shown 
in Figure 6. These curves are similar in character to the curve in 
Figure 3, which was generated by the model. In particular, they 
are monotonic in the transition region, as described earlier in the 
section on modeling. This allowed use of partial pressure regulation 
to maintain operation at a fixed transition region set point at all 
of the power balances investigated experimentally. In fact, partial 
pressure regulation was used to maintain operation at every point 
on the curves, representing about 100 experimental data points.

 The rate and composition experiments were time intensive, and 
machine time was limited. Consequently, experiments were chosen 
to show the existence of sensitivity of both rate and composition 
(index of refraction) to the partial pressure of oxygen. Figure 7 
and Figure 8 show experimental results with both targets in power 

control mode. The data points plotted correspond to 7 process runs. 
The Ti target was operated at 1333 W and the Al target was operated 
at 667 W for a total of 2000 W. Partial pressure was measured with 
the RGA and regulated by the IRESS system. In Figure 7, the rate 
shows a significant sensitivity to partial pressure, while Figure 8 
shows that the index of refraction is relatively insensitive to the 
same change in partial pressure. This could be consistent with 
operation in or close to the poisoned region. 

Figure 7. Experimental deposition rate versus oxygen partial pressure data (Ti 1333 Watts, Al 667 Watts).

Figure 8. Experimental index of refraction versus oxygen partial pressure data (Ti 1333 Watts, Al 667 Watts).

Figure 9 and Figure 10 show experimental results with both 
the Ti and the Al targets operated at 1000 W, for a total of 2000 
W. The data points plotted in these figures represent results from 
seven samples. Figure 9 shows that rate is relatively insensitive 
to the change in partial pressure from about 0.17 to 0.28 mTorr, 
although the rate changes slightly, while Figure 10 shows that index 
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Parameter Value Comments

Ar flow 50 sccm

Ar pressure ≈1.5 mTorr

Substrate angle 45 deg To Ti and Al target surface 
normals

Ti target to Al target 
angle

90 deg Angle between surface normals

Ti target to sample 
distance

0.254 m

Al target to sample 
distance

0.185 m

Pulse frequency 50 kHz

Duty cycle 50 %

Figure 6. Experimental flow versus pressure curves for a range of power balances between the Al and Ti targets.
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is sensitive to the same change in pressure. This suggests that the 
partial pressure is in a range where composition and rate are both 
changing, which could be the transition region.

Figure 9. Experimental deposition rate versus oxygen partial pressure data (Ti 1000 Watts, Al 1000 Watts

Figure 10. Experimental index of refraction versus oxygen partial pressure data (Ti 1000 Watts, Al 1000 Watts).

These experiments show the existence of sensitivity of both rate 
and composition (index) to partial pressure. They also support the 
notion that partial pressure regulation and independent power 
regulation are required in order to gain control over rate and 
composition (index) in pulsed reactive co-sputtering processes.

Conclusions/Summary
Mid-frequency dual magnetron co-sputtering can be used to 
produce optical thin films with customized index of refraction. 
Modeling has been used to gain insight into the process. Films 
with indexes from about 1.7 to 2.3 have been deposited using Ti 
and Al targets, with O2 for the reactive gas. Refractive indexes in 
this range are useful for optical coatings. Existence of sensitivity 
of both rate and composition (index) to partial pressure has been 
demonstrated experimentally. Pulsed current source power supplies 
can provide independent power regulation for each magnetron. 
Reactive gas partial pressure controllers can enable stable operation 
in the transition region, and stabilization of rate and index. Both 
are enabling technologies for DMS reactive co-sputtering. Key 
insights are that regulation of power to each of the magnetrons, and 
regulation of their reactive sputtering working points, is required 
for successful implementation of co-sputtering in a DMS system. 
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