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ABSTRACT

Reactive sputtering when two reactive gases are used pres
special problems.  Both reactive gases affect the plas
conditions, which means that both affect common feedba
control signals such as the cathode voltage and optical e
sion signals.  Two reactive gases require that unique sig
for each reactive gas be acquired and that control of each o
reactive gases is done separately.  Modeling has confirm
that the way to control the process when two reactive gase
present is to produce two individual single-valued para
eters.  For this process, the single-valued parameters for
partial pressures of the reactive gases can be supplied fro
mass spectrometer or from an optical emission spectrom
(looking at individual gas lines).  The reactive sputtering 
titanium in a combined oxygen/nitrogen atmosphere us
partial pressure control of each reactive gas is shown.
combination where one of the gases is controlled in par
pressure mode and the other in a flow mode can lead
unstable operating conditions.  To gain stability of the proc
when two reactive gases are used requires that the pa
pressure of each gas be controlled individually.

INTRODUCTION

Reactive sputtering is now commonly used to deposit co
pound materials formed from the reaction between the sp
tered target material and a reactive gas.  Closed-loop con
of the reactive gas offers the advantage of high deposi
rates and controlled compositions.  Recently there has b
interest in reactive sputtering using one target material a
two reactive gases [1-5].  However, as has been shown by B
and co-workers [6-8], reactive sputtering with two reacti
gases is a more complex problem than sputtering with 
reactive gas.  They have shown that when mass flow con
of the reactive gases is used, one gas may trap the target i
poisoned mode, and the only way to get out of this problem
to shut down both gases and start over.  Martin and co-work
[9-12] have also studied two-gas reactive sputtering, and t
have also observed the trapping effects that Berg and 
workers reported.  Martin and Rousselot [9-10] also repor
instability regions for two-gas reactive sputtering, and Mar
and co-workers [11-12] have shown that pulsing of one of 
gases provides the ability to deposit films with a wider ran
of compositions.
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More recently, Berg et al. [13] have modeled two-gas react
sputtering using combinations of flow and partial pressu
control of each gas.  Their work shows that there can be sev
processing points for a certain partial pressure when a com
nation of flow control is used for one of the gases and par
pressure control is used for the other gas as is shown in Fig
1.  However when partial pressure control is used for each g
there is only one processing point for each combination of 
partial pressures as is shown in Figure 2.

Figure 1:  Results from the two-gas reactive sputtering Be
et al. model [13] showing a sudden change in the rate when
of the two reactive gases is controlled in the flow mode.

In this paper, we experimentally verify that partial pressu
control of each reactive gas is necessary to obtain proc
stability when two gases are used during reactive sputteri
Previously, work on two-gas reactive sputtering of AlN

x
O

y

was reported [2] in which it was shown that a combination
flow and partial pressure control can lead to trapping of t
target in the poisoned mode.  Partial pressure control of e
gas avoided this problem.  For studying two-gas react
sputtering, there is an issue with AlN

x
O

y
.  The AlO

y
 system

shows a distinct hysteresis curve, but AlN
x
 does not.  The

partial pressure controlled hysteresis curve for AlN
x
 is essen-

tially a flat line, and it does not exhibit the characteristic 
shaped curve.  For this study, the TiN

x
O

y
 system was chosen

because both components (TiN
x
 and TiO

y
) have recognizable

S-shaped hysteresis curves.
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Figure 2:  Results from the two-gas reactive sputtering B
et al. model [13] showing no sudden changes in the rate w
the partial pressure of both gases is controlled.

EXPERIMENTAL CONDITIONS

Two-gas reactive sputtering experiments were carried ou
a medium-sized, open-volume, cylindrical vacuum chamb
(0.75 m diameter x 0.45 m deep) using a 15-cm Kurt Les
Torus 10 balanced-field magnetron.  Prior to test depositio
the chamber was turbo-molecular pumped to base press
below 1.33x10-4 Pa (< 1.0x10-6 Torr).  The titanium target was
sputtered using an Advanced Energy“ Pinnacle™ Plus puls
DC power supply operating at a frequency of 100 kHz an
reverse time of 2.0 µsec (80% duty factor).  The target powe
was 1.0 kW, and the argon sputtering pressure was 0.47
(3.5 mTorr).  The reactive gas partial pressure was contro
with an Advanced Energy® IRESS partial pressure contro
system utilizing a differentially pumped Inficon Transpecto®

2 mass spectrometer for sensing the partial pressures o
reactive gases.  Up to four gases can be monitored simu
neously during the reactive process and signals provide
indicate their level.  Uniform distribution of reactive gase
was achieved using simple diffusers.

Individual hysteresis curves were generated for the titaniu
nitrogen and the titanium-oxygen systems.  For the two-
reactive sputtering experiments, the admission of the reac
gases into the chamber was controlled in one of two ways.  
first way was to set a fixed flow of one reactive gas while t
partial pressure of the second gas was varied over a rang
partial pressures.  The second way was to control the pa
pressure of each reactive gas individually, and within t
method there were two variations.  The first was to vary 
partial pressures of both reactive gases as a ratio of 
another, and the second way was to fix the partial pressur
one gas while the partial pressure of the second gas was va
erg
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RESULTS AND DISCUSSION

As a reference point, reactive sputtering hysteresis cur
were generated for the titanium-nitrogen and titanium-ox
gen systems.  These two hysteresis curves are shown in Fi
3.  The TiO

x
 system takes a higher reactive gas flow than do

the TiN
x
 system before the start of the formation of th

compound on the edges of the racetrack region of the tar
The TiO

x
 system also has a much larger change in flow fro

the metallic state to the fully poisoned target state of ab
4 sccm compared to a change of about 0.5 sccm for the T

x

system.

Figure 3:  Reactive sputtering hysteresis curves for the t
nium-nitrogen and titanium-oxygen systems.

The hysteresis curve for the TiN
x
 system is a very tight curve

with the increasing and decreasing partial pressure cur
sitting virtually right on top of each other.  In contrast for a
hysteresis curves generated so far for the TiO

x
 system, there is

a separation of the decreasing partial pressure curve from
increasing partial pressure curve.  The exact reason for 
separation is not fully understood at this time.  In some cas
it has been observed from the mass spectrometer trace fo
run that water vapor outgassing occurred.  This water va
cracked in the plasma supplying atomic oxygen, which wo
react readily with the titanium and reduce the amount 
molecular oxygen flowing into the system needed to maint
the partial pressure.  However in other cases, there wa
indication of water vapor outgassing during the run.  T
separation of the increasing oxygen partial pressure cu
from the decreasing one still occurred, but the amount
separation was decreased.  This separation issue needs fu
investigation.

Combined Partial Pressure and Flow Control of the
Two Reactive Gases
The Berg model [13] predicts that in certain situations wh
one gas is in flow control and the other in partial pressu
control that there can be several processing points for a g
99
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combination of the flow and partial pressure.  To verify th
prediction of the model, experiments were run with on
reactive gas under partial pressure control and the other un
mass flow control.  For the case where the oxygen flow was
and the nitrogen partial pressure was varied, three differ
oxygen flows of 5, 7, and 9 sccm were chosen, which repres
points at low, medium, and high flows on the titanium-oxyge
hysteresis curve.  Once the oxygen flow was set, varying 
nitrogen partial pressure generated a nitrogen hysteresis cu
At the low flow, the effect of the constant oxygen flow was t
suppress the nitrogen flow needed to reach a given nitrog
partial pressure.  The shape of the nitrogen flow/part
pressure curve is similar to the one shown in Figure 3.  As 
nitrogen partial pressure was increased, there was a ste
increase in the oxygen partial pressure.  However, no abr
changes in the oxygen partial pressure occurred.

When the oxygen flow was increased to 7 sccm and t
nitrogen partial pressure was varied, the nitrogen flow w
suppressed even more compared to the 5-sccm situat
Oxygen is the dominant gas in this two-gas reactive sputter
situation, and it is consumed at a higher rate than the nitrog
This difference in consumption of the two gases is due to t
difference in free energy of formation of each of the com
pounds and to the difference in sputtering rates for the tw
materials.

There is a major difference between the 5- and 7-scc
situations.  When the nitrogen partial pressure reached a va
of 0.16 Pa (1.2 mTorr) for the 7-sccm-oxygen flow condition
a cusp in the nitrogen flow-partial pressure curve occurred
shown in Figure 4.  Concurrent with the drop in nitrogen flo
at the cusp, there was a sharp increase in the oxygen pa
pressure, as is shown in Figure 5, for the mass spectrom
trace for the run.

Figure 4:  The nitrogen flow/partial pressure plot for th
reactive sputtering of TiN

x
O

y
 with a fixed oxygen flow of 7.0

sccm.  The effect of the fixed oxygen flow is to suppress t
nitrogen flow for a given nitrogen partial pressure (see Figu
3) and to cause an abrupt change in the operating conditi
at a nitrogen partial pressure of about 0.16 Pa (1.2 mTorr
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e
e
der

 set
ent
ent
n

the
rve.
o
en

ial
the
ady
upt

he
as
ion.
ing
en.
he
-
o

m
lue
,

 as
w
rtial
eter

Figure 5:  Mass spectrometer trace for the 7-sccm fix
oxygen flow and varying nitrogen partial pressure run sho
ing the sudden increase of the oxygen partial pressure w
it stayed for the remainder of the run.

When the nitrogen partial pressure was reduced back to
starting value, the flow of nitrogen decreased linearly, a
there was no S-shaped curve.  However during the reduc
of the nitrogen partial pressure, there was no reduction in
oxygen partial pressure from the high value that it reache
the point of the cusp in increasing nitrogen flow-parti
pressure curve.  The combination of the oxygen flow and 
nitrogen partial pressure fully poisoned the target, but up
reduction of the nitrogen partial pressure the oxygen flow w
sufficient to trap the target in a poisoned mode and to keep
oxygen partial pressure high.

For the case where the oxygen flow was 9.0 sccm, 
combination of the oxygen flow and the initial nitrogen parti
pressure was sufficient to cause immediate poisoning of
target.  The oxygen partial pressure quickly jumped to a h
value even though the nitrogen partial pressure was low.

When the nitrogen flow was fixed and the oxygen part
pressure was varied, there were no discontinuities in 
oxygen partial pressure curves as the nitrogen flow w
increased.  Figure 6 shows the results with fixed nitrog
flows as the oxygen partial pressure was varied.  The effec
the nitrogen was to suppress the oxygen flow for a giv
oxygen partial pressure, but the shape of the oxygen flo
partial pressure curve was not changed compared to the 
titanium/oxygen hysteresis curve.
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Figure 6:  TiN
x
O

y
 hysteresis.  Oxygen flow as a function of th

oxygen partial pressure for different fixed nitrogen flow
Only the increasing partial pressure portion of the oxyg
curve is shown.

Partial Pressure Control of Both Gases—One Partial
Pressure Fixed, the Second Varying
Berg’s model [13] predicts that the only way to have contin
ity over the whole three-dimensional control surface wh
reactive sputtering with two reactive gases is to control 
partial pressure of each gas.  To verify this part of the mo
two partial pressure conditions were evaluated—the fi
where one partial pressure was constant while the sec
partial pressure was varied and, the second, where both p
pressures were varied.

In the first part, the nitrogen partial pressure was set at 0
0.33, and 0.44 Pa (0.029, 0.044, and 0.059 mTorr), and t
values represent partial pressures around the peak o
nitrogen flow for the titanium/nitrogen reactive sputterin
system.  The oxygen partial pressure was varied betw
0.012 and 0.24 Pa (0.09 to 1.8 mTorr).  This upper par
pressure was chosen because it is well beyond the point w
the target is fully poisoned, and any further increase in 
oxygen partial pressure leads to a linear increase in the f

The oxygen and nitrogen flows as a function of the oxyg
partial pressure are shown in Figure 7 for the three fix
nitrogen partial pressures.  There are several important po
from this plot.  The shape of the oxygen flow/partial press
curve does not change.  As the partial pressure of the nitro
is increased, the oxygen flow needed to achieve a given pa
pressure is reduced.  Oxygen is the dominant gas, and its
is reduced but not greatly.  Conversely as the partial pres
of the oxygen is increased, the nitrogen flow falls off rapid
even though its partial pressure is fixed, reaching an asy
totic value by the time that the oxygen curve is about half w
between the metallic state and the poisoned state.
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Figure 7:  TiN
x
O

y
 hysteresis for three-fixed nitrogen partia

pressures and varying oxygen partial pressures.  Plot sh
the oxygen and nitrogen flows as a function of the increas
oxygen partial pressure.

Varying Partial Pressure Control of Both Gases
Experiments were run when the partial pressure of the sec
gas was set as a percentage of the first reactive gas.  A ty
curve showing the nitrogen and oxygen flow/partial press
curves where the nitrogen partial pressure is 100% of 
oxygen partial pressure is shown in Figure 8.  The shape o
oxygen flow/partial pressure curve is preserved, and the f
is slightly reduced compared to when no nitrogen is prese

Figure 8:  TiN
x
O

y
 hysteresis curves (for increasing partia

pressure only) for equal partial pressures of nitrogen a
oxygen.  Even though the partial pressures are equal, oxy
dominates the reaction.

However, the nitrogen curve is a different situation.  There
a slight dip in the nitrogen curve as its partial pressure
increased, but overall the flow values are greatly reduc
compared to when no oxygen is present.  Oxygen rea
dominates this two-gas reactive sputtering situation.
101
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A series of flow/partial pressure curves for TiN
x
O

y
 generated

when the nitrogen partial pressure was 0, 25, 50, 75, and 10
of the oxygen partial pressure is shown in Figure 9.  T
overall effect of increasing the nitrogen partial pressure is
reduce the oxygen flow for a given oxygen partial pressu
Although not shown in this figure, all of the nitrogen flows ar
greatly reduced for a given nitrogen partial pressure compa
to when no oxygen is present.  In all cases, oxygen domina
the reaction when the nitrogen partial pressure is equal to
less than the oxygen partial pressure.

Figure 9:  TiN
x
O

y
 hysteresis curves where oxygen is th

predominant reactive gas.  This composite plot shows t
oxygen flow/partial pressure curves (for increasing oxyge
partial pressures only) when the nitrogen partial pressure i
25, 50, 75, and 100% of the oxygen partial pressure.

When nitrogen is the predominate partial pressure during 
two-gas reactive sputtering of TiN

x
O

y
, there is a similar set of

flow/partial pressure curves for the nitrogen partial pressu
as is shown in Figure 10.  However, the effect of oxygen as 
second gas is much stronger than what it was when nitrog
was a percentage of oxygen.  There is a large drop in 
nitrogen flow of about 4 sccm when the oxygen parti
pressure is 25% of the nitrogen partial pressure.  This res
should be compared to the result shown in Figure 9 wher
25% partial pressure addition of nitrogen leads to abou
1 sccm drop in oxygen flow.  In all cases investigated in th
work, oxygen is definitely the dominant reactive gas.
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Figure 10:  TiN
x
O

y
 hysteresis curves where nitrogen is th

major reactive gas.  This composite plot shows the nitrog
flow/partial pressure curves (for increasing nitrogen parti
pressures only) when the oxygen partial pressure is 0, 25,
75, and 100% of the nitrogen partial pressure.

CONCLUSIONS

Flow control of two-gas reactive sputtering is a more compl
control problem than reactive sputtering with a single reacti
gas.  In this paper we have verified the predictions of the Be
model for two-gas reactive sputtering. When one gas is flo
controlled and the other is partial pressure controlled, the
will be multiple processing points for the same flow/partia
pressure conditions.  However when both reactive gases 
partial pressure controlled, there are strong reasons to beli
that there is only one processing point for each combination
the two partial pressures.  Therefore we conclude that par
pressure control of both gases is required for successful sta
and reproducible two-gas reactive sputtering.
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