
Optimization studies on magnetic field geometry for planar magnetron 
sputtering targets 

G. Mohan Rao and S. Mohan 
Instrumentation andServices Unit, Indian Institute of Science, Bangalore 560012, India 

 

The present study deals with the design aspects of planar magnetron sputtering targets. A 
permanent ring magnet with modified pole piece geometry has been used for maximum ionization 
efficiency. The efficiency of electron containment on the target surface has been evaluated in 
terms of current at the electrically isolated substrates. The details of the relation between the 
magnetic field strength and field geometry on the ionization currents and operating pressure have 
been discussed. The best among the designs studied, when operated at a pressure of 8 x 10- Torr 
resulted in a deposition rate of about 2000 A/min at a current density of 4 mA/cm2. The substrate 
temperature rise was about 20 "C under these conditions. The design details of the magnetrons, 
experimentation for evaluating the electron containment have been discussed in this article. 

1. INTRODUCTION 

One of the major problems in normal direct current (dc) 
sputtering is the low deposition rate which leads to longer 
times of deposition and hence higher probability of conta- 
mination during deposition. This process also results in high 
substrateheating, as most of the input power is not efficient- 
ly utilized. It was shown that only 5% of the incident ion 
energy is passed onto the secondary electrons.' Also, high 
pressure sputtering results in scattering of the sputtered 
atoms back into the target. One of the efficient methods of 
increasing the ionization at low pressures is by utilizing the 
magnetic field in conjunction with the electric field. Though 
the method has been in vogue for a long time in low pressure 
measurement, in the form of cold cathode ionization gauge, 
its potential in sputtering application has been realized rath- 
er late. Chapin2 used this principle in the design of a practi- 
cal magnetron sputtering cathode. Even after 20 years, this 
technique is being continuously refined for maximum target 
utilization, high deposition rates and coating uniformity. 
The theory and practical aspects of magnetrons has been 
reviewed e~tensively.~-' 

The basic problem that one has to address in the develop- 
ment of a magnetron is the optimization of the magnetic field 
geometry on the target surface, as it decides the ionization 
efficiency and target utilization. Different magnet configu- 
rations have been used in this endeavor. A ring magnet with 
a central pole piece is the conventionally used magnetron 
design. Waits' discussed the advantages of a magnetron 
with n number of ring magnets in increasing the uniformity 
of erosion. But its use in practice has been limited, may be 
due to practical difficulties in the fabrication. Rastogi et aL8 
used U-shaped permanent magnets outside the vacuum 
chamber. This resulted in a decrease in magnetic field on the 
target surface and hence it could not be operated at low pres- 
sures. Spencer et aL9 studied different configurations and 
found that a pole piece extended onto the target surface was 
good in achieving optimum efficiency. But this resulted in 
contamination in the deposited films due to the erosion of 

the pole piece material. Window and Savvides" discussed 
an unbalanced magnetron that resulted in ion bombardment 
of the substrates. Since one of the major objectives of the 
magnetron sputtering has been lowering the substrate heat- 
ing, its use for deposition on temperature sensitive substrates 
like plastics is rather doubtful. 

If optimum efficiency, both in terms of high deposition 
rates and low substrate heating is to be achieved, the magnet- 
ic lines of force should be parallel to the target to the maxi- 
mum extent possible and the field strength should be suffi- 
ciently high on the target surface, to cause trapping of 
electrons. In this article we discuss the optimization studies 
of the magnetic field geometry in terms of current-voltage 
characteristics, substrate heating effects etc. The field pat- 
tern with optimum characteristics has been utilized in the 
development of a planar magnetron cathode and its perfor- 
mance has been studied in terms of deposition rates and sub- 
strate temperature. We attempted to eliminate complexity in 
the design for achieving maximum utilization of magnetron. 

II. EXPERIMENTAL TECHNIQUES AND DESIGN 
ASPECTS OF MAGNETRON 

The main consideration in the present study has been to 
design a magnetron which has high current efficiency, high 
erosion area and low substrate heating. Copper which has 
good sputtering yield has been chosen as the target material 
for evaluating the magnetron target. 

In a magnetron design, magnetic field geometry on the 
target is an important aspect. The positioning of magnets 
plays a major role, as it decides the uniformity of the magnet- 
ic field on the target and hence uniformity of the deposition. 
In this study, barium ferrite magnets have been used. The 
magnetron has been designed in such a way that the magnets 
are kept under the target plate and are always water cooled 



along with the target. 
A circular target of 110 mm diam has been selected in this 

study. A ring magnet with 54 mm 0.d. and 25 mm i.d. and 10 
mm thick has been chosen. Since ferrite is a hard material, 
machining to the required size is a major problem. Hence, a 
magnet in the regular product range of the manufacturer has 
been chosen and magnetized to its saturation value. It is well 
known that the magnetic lines of force start and terminate at 
the pole pieces. Hence by changing the pole piece geometry, 
the configuration of the lines of force can be controlled. The 
simplest configuration that achieves this aim is the extension 
of pole piece such that the lines of force are stretched on the 
target surface. In this study, a ring magnet with four differ- 
ent possible extensions of pole piece design have been stud- 
ied. Fig. 1 shows these geometries along with the resulting 
magnetic field strength. It represents the parallel component 
of the magnetic field measured on the target surface using a 
Gauss meter. 

In model I the pole piece is extended with an iron disc such 
that the pole pieces are at the same level. Also a central 
protrusion of the iron disc acts as a central pole piece. The 
resulting field pattern shows intense field at a point above the 
target and then drops gradually towards the edge. In model 
11, the ring magnet has been tried without any extension of 
pole piece and the result is that the intensity of the field is less 
but is more parallel to the cathode surface. In case of model 
111, the extended pole piece is such that the lines of force are 
stretched more parallel to the cathode surface and the inten- 
sity is relatively higher than in model I1 but less than that of 
model I. In model IV, the field pattern is similar to that in 
model I and the intensity is also high. 

These designs of magnetrons have been evaluated by 
studying their relative current-voltage characteristics and 
currents at the electrically isolated substrate holder. The 
cathode assembly has been fixed in a homemade sputtering 
system” with an ultimate vacuum of 1 X 10 - Torr. High 
purity argon (5N) has been fed into the system through a 
manually controlled needle valve. The pressure monitoring 
has been carried out using a Pirani Penning gauge combina- 
tion, calibrated against argon gas using a Mcleod gauge. A 
continuously variable power supply ( 1 kV and 6 A) has been 
used in studying the current-voltage characteristics. The 
voltage and current have been measured to an accuracy of 1 
V and 10 mA, respectively. The substrate holder has been 
designed in such a way that it can be grounded or floated as 
the requirement may be. The substrate current has been 
measured with respect to ground, through a current meter to 
an accuracy of 1 mA. The substrate temperature has been 
measured using a chromel-alumel thermocouple pasted to 
the glass substrate using a high conducting silver paste. 

111. PERFORMANCE STUDIES OF THE MAGNETRON 
The efficiency of the magnetron is evaluated in terms of 

rates of deposition, operating pressure and the substrate 
temperature, with major consideration being maximum uti- 
lization of the target. The performance of different magne- 

tron designs shown in Fig. 1 has been assessed by studying 
their current-voltage characteristics at different argon pres- 
sures. From Fig. 1 it can be seen that the magnetic field 
uniformity is better in models I1 and 111, whereas, field 
strength is higher in the case of models I and IV. The effect of 
this is seen in the current-voltage characteristics shown in 
Fig. 2. The currents achieved in models I and IV are compar- 
atively higher for any cathode potential. This is more clearly 
seen at higher cathode potentials. Model I1 has the lowest 
current efficiency. It was observed during this study that 
models I and IV can be operated even at a pressure as low as 
4 X 10 Torr, where as, the lowest operating pressure is 
5.5 X 10- and 7.5 x 10 - Torr, respectively, for models I11 
and 11. The important conclusion that can be drawn by this 
observation is that the lowest operating pressure and the 
currents are influenced by the magnetic field strength. High- 
er field strength results in lower operating pressures and 
higher currents. Since models I and IV, models I1 and I11 
have similarities in terms of field strength and field unifor- 
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FIG. 1 .  Different modifications of pole piece geometry and the resulting field 
distribution on the target. 



1000 - L M o d e l  I I I  

a 
E 
I - Mode 

W 

I 

V 

400- 
t- a 

200 

2 600 
W 
111 
111 
3 
0 

- 

- 

- 

Base pressure 8 x Torr 

Sputtering pressure 1 x Torr 

Inter electrode distance-6 cm 

200 280 360 440 

CATHODE POTENTIAL ( v o l t s  1 

FIG. 2. Current-voltage characteristics of magnetrons shown in Fig. 

mity, further comparison has been restricted between mod- 
els I and I11 only. 

The erosion zone is representative of the uniformity of 
magnetic field on the target surface. Thus, for example, the 
model I11 showed a race track with an external diameter of 
90 mm and internal diameter of 30 mm, whereas, in the case 
of model I, it is 85 and 50 mm, respectively. This is in accor- 
dance with the field uniformity on these targets. Maximum 
erosion takes place on the race track region where the mag- 
netic field is more parallel. Thus, it can be said that higher 
magnetic field uniformity is required for achieving uniform 
erosion of the target. 

While studying the current-voltage characteristics of the 
magnetron, currents at the substrate holder have also been 
measured. During sputtering in an argon atmosphere, the 
current at the substrate holder which is grounded through a 
current meter comprises negative ions and electrons. The 
negative ions in such a discharge are due to the oxygen in the 
water vapor present in the system. l 2  Since all the measure- 
ments have been done under identical conditions, the contri- 
bution due to this factor can be taken as constant and hence 
the variation in the substrate current can be considered as to 
be due to electrons only. Thus this current can be used as a 
measure of the number of electrons that escaped the magnet- 
ic field. In other words, this current is an indication of the 
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FIG. 3. Substrate currents and cathode current as a function of cathode 
potential for models 111 and I. 

efficiency of electron containment by the magnetron cath- 
ode. These electrons are mainly responsible for the heating 
of the substrate. Figure 3 shows the current at the substrate 
holder, plotted as a function of the cathode potentials and 
cathode current, for models I and 111. It can be seen that in 
the case of model I, the substrate currents are rather high, 
indicating inefficient electron trapping by the magnetic field. 
The effect of this escaped electrons is seen in the substrate 
temperature rise during sputtering. In the case of model 111, 
the substrate temperature rise was about 20 "C when operat- 
ed at a current of 350 mA, where as, it was about 45 "C in the 
case of model I, for same current. Another important effect 
of this nonuniform magnetic field is in the reduction of cath- 
ode currents at higher cathode potentials. It was observed 
that for model I, the cathode current reduced drastically 
after reaching a certain maximum cathode potential, where 
as, no such effect was observed in model 111. A similar obser- 
vation was made by Spencer et a1.13 and Nyaiesh.I4 Though, 
they explained in different ways, the effect was attributed to 
the escape of fast electrons, which was manifested in the 
substrate currents as shown in Fig. 3. 

From these results it can be concluded that the magnetic 
field strength is responsible for the low operating pressures 
and uniformity of the field is responsible for efficient trap- 
ping of electrons and uniform erosion of the target. Consid- 
ering these aspects, it is obvious that, the magnetron with 
magnet geometry as shown in model I is having maximum 
current efficiency, where as, the one with model I11 is having 
maximum uniformity in erosion and also efficient trapping 
of electrons. The deposition uniformity and other aspects 
have been studied for this model. 
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FIG. 4. Schematic of the assembly of planar magnetron target. 

A schematic view of the magnetron cathode assembly of 
model I11 is shown in Fig. 4. The ferrite ring magnet is 
backed by an iron plate which is painted with an anticorro- 
sive paint to prevent corrosion. The magnet has been fixed to 
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FIG. 5. Current-voltage characteristics of magnetron as compared 
to normal dc sputtering cathode. 

the back of the target plate using an adhesive. Water at a 
temperature of 18 "C and a flow rate of 1.75 omin is circu- 
lated for cooling the target. The target has been provided 
with necessary electrical insulation using PTFE. 

Figure 5 shows the current-voltage characteristics of this 
magnetron and normal dc sputtering cathode at different 
pressures. In normal sputtering, the operating pressures are 
high and the resulting cathode currents are low even at high 
cathode potential. Even at a pressure of 4 X 10 - ' Torr to 
achieve a current of 90 mA (corresponding to a current den- 
sity af 1 mA/cm2), the cathode potential is around 1500 V. 
Same current has been achieved in the magnetron cathode at 
a potential of 210 V, more significantly at a lower operating 
pressure. 

The cathode potentials for achieving the current densities 
at a given pressure are comparable with those reported ear- 
lier. Holland and Samuel'' studied the performance of a 
planar magnetron and achieved currentsof 250 mA (current 
density of 5.7 mA/cm2) with a cathode potential of 360 and 
290 V at argon pressures of 5 and 20 mTorr respectively. In 
the present study, the voltage to achieve same current den- 
sity at same pressures is 360 and 280 V, respectively. The 
cathode potentials for breakdown at low pressures are high, 
because of high system impedence and less number of gas 
molecules. Also, the currents at breakdown are high, be- 
cause at low pressures the discharge is sustained only at 
higher current densities. The magnetron discharge is unsta- 
ble when operated at low pressures and low currents. 

The main advantage of magnetron lies in achieving high 
deposition rates with low substrate heating. The rates of de- 
position as a function of the current density and the resulting 
temperature rise on the substrate is shown in Fig. 6. The 
temperature rise on the substrate is about 40 "C even at a 
current density of 4.5 mA/cm2 which corresponds to a depo- 
sition rate of more than 2000 A/min, at a distance of 60 mm 
from the target, at a pressure of 8 x 10 ~ Torr. In normal dc 
sputtering, the substrate temperature increases by a few 
hundred degrees even at high operating pressures of the or- 
der of 5 X 10W2 Torr. At this pressure, the substrate tem- 
perature was observed to rise to 450 "C when the cathode 
current density was as low as 1 mA/cm2. For this current, 
the corresponding temperature rise in magnetron sputtering 
is only 15 "C. 

IV. CONCLUSIONS 
This study gave insight into the importance of the magnet- 

ic field strength and uniformity of field lines on the target 
surface. It was shown that the intensity of magnetic field 
strength determines the lowest operating pressure, as well as, 
the current efficiency. The field lines distribution gives an 
indication of the uniformity of erosion and it also decides the 
efficiency of electron trapping. Lower electron trapping effi- 
ciency was found to cause rise in substrate temperature. Also 
the escape of electrons from the target surface towards the 
substrate leads to reduction in cathode currents at higher 
cathode potentials. 
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