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ABSTRACT More recently, Berg et al. [13] have modeled two-gas reactive

. . . sputtering using combinations of flow and partial pressure
Reactive sputtering when two reactive gases are used presents :

! . control of each gas. Their work shows thatthere can be several
special problems. Both reactive gases affect the plasma

conditions, which means that both affect common feedbadk occ>°Md points for a certain partial pressure when acom_b|-
nation of flow control is used for one of the gases and partial

control signals such as the cathode voltage and optical emis- . ? LT
) . . : . . ressure control is used for the other gas as is shown in Figure
sion signals. Two reactive gases require that unique signdJs : .
. . . However when partial pressure control is used for each gas,
for each reactive gas be acquired and that control of each of the . . . L
. : . ) ere is only one processing point for each combination of the
reactive gases is done separately. Modeling has confirme ] tial pressures as is shown in Eiqure 2
that the way to control the process when two reactive gases a8 P 9 '

present is to produce two individual single-valued paramBerg Model: Flow/Partial Pressure Combinations
eters. For this process, the single-valued parameters for the
partial pressures of the reactive gases can be supplied from a
mass spectrometer or from an optical emission spectrometer
(looking at individual gas lines). The reactive sputtering of
titanium in a combined oxygen/nitrogen atmosphere using
partial pressure control of each reactive gas is shown. A
combination where one of the gases is controlled in partial
pressure mode and the other in a flow mode can lead to
unstable operating conditions. To gain stability of the process
when two reactive gases are used requires that the partial

L & ]
ressure of each gas be controlled individually. O

P 9 y Q\d‘\ @9 Pressure Gas 2 (a.u.)
INTRODUCTION

Rate (a.u.)

$,

-/

Reactive sputtering is now commonly used to deposit CorT]figure 1: Results from the two-gas reactive sputtering Berg

pound materials fqrmed from the_ reaction between the SPULi al. model [13] showing a sudden change in the rate when one
tered target material and a reactive gas. Closed-loop contr

. ; .. Of the two reactive gases is controlled in the flow mode.
of the reactive gas offers the advantage of high deposition g

_rates an_d contrqlled comppsmon_s. Recently there ha_ts be?r?this paper, we experimentally verify that partial pressure
Interest in reactive sputtering using one target material ang, o) of each reactive gas is necessary to obtain process
two reactive gases [1-5]. Hoyvever, as h_as be_e nshown by_Be§%biIity when two gases are used during reactive sputtering.
and co-workers [6-8], reactive sputtering with two reactlveF,reviously work on two-gas reactive sputtering of AN

R . . 1 X
gaset_s IS a mo_lr_f] corr]nplex Eroble;rr? :har? sputterlr;lg with (; as reported [2] in which it was shown that a combination of
reactive gas. 1hey nave snown that when mass Tlow contrgt,,; an partial pressure control can lead to trapping of the

Ofthe reactive gases is used, one gas may trap the target m_{ ?get in the poisoned mode. Partial pressure control of each
poisoned mode, and the only way to get out of this problem |§

. as avoided this problem. For studying two-gas reactive
to shut down both gases and start over. Martin and co-worke, ﬁuttering there is an issue with ADN. The AlO system
’ X y'

[9-12] have also studied two-gas reactive sputtering, and theéﬁows a distinct hysteresis curve, but Athoes éot. The

haVE also ob?e(rjvelsl ﬂ:.e trag%ng effel.\cttsgtriz(i)t Blerg andtcgértial pressure controlled hysteresis curve for Aéssen-
xz':ate)irl?t;erzgiroens. for?vrvcl)n;;s reggt?\isoptgtt-erig; Z?](;e'\ﬁg:tie ally a flat line, and it does not exhibit the characteristic S-
' rEhaped curve. For this study, the J(D;lsystem was chosen

and co-workers [11-12] have shown that pulsing of one of thBecause both components (Tid TiO) have recognizable
gases provides the ability to deposit films with a wider rang%—shaped hysteresis curvesx v

of compositions.
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Berg Model: Partial Pressure Combinations RESULTS AND DISCUSSION

As a reference point, reactive sputtering hysteresis curves
were generated for the titanium-nitrogen and titanium-oxy-
gen systems. These two hysteresis curves are shown in Figure
3. The TiQ system takes a higher reactive gas flow than does
the TiN system before the start of the formation of the
compound on the edges of the racetrack region of the target.
The TiQ, system also has a much larger change in flow from
the metallic state to the fully poisoned target state of about
4 sccm compared to a change of about 0.5 sccm for the TiN

system.
TiN, and TiO, Hysteresis Curves
10
YA\
)
Q
“ 8 / AN
Figure 2: Results from the two-gas reactive sputtering Ber| % 7 /’ e \\
et al. model [13] showing no sudden changes in the rate whei 5 / / I N
the partial pressure of both gases is controlled. g /’/ g T
5 S / —:':;:;Docrnu:q_
Z 4 Ui — 02PPI g |
EXPERIMENTAL CONDITIONS ) . | OkER e
; ; ; ; d 0.0 0.5 1.0 1.5
Two-gas reactive sputtering experiments were carried out in N, and O, Partial Pressures, mTorr

a medium-sized, open-volume, cylindrical vacuum chambe¥
(0.75 m diameter x 0.45 m deep) using a 15-cm Kurt Leskgtiq e 3. Reactive sputtering hysteresis curves for the tita-
Torus 10 balanced-field magnetron. Prior to test depos't'onﬁ’ium—nitrogen and titanium-oxygen systems.

the chamber was turbo-molecular pumped to base pressures
below 1.33x18Pa (< 1.0x16 Torr). The titanium target was
sputtered using an Advanced Energy“ Pinnacle™ Plus pulseq-he h
DC power supply operating at a frequency of 100 kHz and Rith t
reverse time of 2.Qsec (80% duty factor). The target power
was 1.0 kW, and the argon sputtering pressure was 0.47
(3.5 mTorr). The reactive gas partial pressure was controll

ysteresis curve for the Tillystem is a very tight curve

he increasing and decreasing partial pressure curves

sitting virtually right on top of each other. In contrast for all
teresis curves generated so far for the $yStem, there is

h g d i | separation of the decreasing partial pressure curve from the
with an Advanced EnergylRESS partial pressure control i, easing partial pressure curve. The exact reason for this

system utilizing a differentially pumped Inficon Transpetior go 4 ration is not fully understood at this time. In some cases,
2 mass spectrometer for sensing the partial pressures of §g s heen observed from the mass spectrometer trace for the

neously during the reactive process and signals provided Qacked in the plasma supplying atomic ox&/gen, which would
indicate their level. Uniform distribution of reactive gaseSia,ct readily with the titanium and reduce the amount of
was achieved using simple diffusers. molecular oxygen flowing into the system needed to maintain

the partial pressure. However in other cases, there was no

Individual hysteresis curves were generated for the titaniu”]hdication of water vapor outgassing during the run. The
nitrogen and the titanium-oxygen systems. For the tWo-08g, 4 ation of the increasing oxygen partial pressure curve
reactive sputtering experiments, the admission of the reactiveym the decreasing one still occurred, but the amount of

gases into the chamber was controlled in one of two ways. Th@, 4 ation was decreased. This separation issue needs further
first way was to set a fixed flow of one reactive gas while th‘?nvestigation

partial pressure of the second gas was varied over a range of

partial pressures. The second way was to control the partiélombined Partial Pressure and Elow Control of the
pressure of each reactive gas individually, and within thiﬁ-WO Reactive Gases

method there were two variations. The first was to vary thyq gerg model [13] predicts that in certain situations when

partial pressures of both reactive gases as a ratio of 0gee gasis in flow control and the other in partial pressure

another, and the second way was to fix the partial pressure Qb that there can be several processing points for a given
one gas while the partial pressure of the second gas was varied.
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Mass Spectrometer Trace for TiN,O, Deposition
with O, Flow Fixed at 7 sccm

combination of the flow and partial pressure. To verify the
prediction of the model, experiments were run with one

reactive gas under partial pressure control and the other unc T i
I TP Ougen - |22etn)

mass flow control. For the case where the oxygen flowwas s|: i Elaim j:*“'

and the nitrogen partial pressure was varied, three differe fue - ares e

oxygen flows of 5, 7, and 9 sccm were chosen, which represe
points at low, medium, and high flows on the titanium-oxyger
hysteresis curve. Once the oxygen flow was set, varying tf| ..
nitrogen partial pressure generated a nitrogen hysteresis cur| - r
At the low flow, the effect of the constant oxygen flow was to| -« s

suppress the nitrogen flow needed to reach a given nitroge e = y ; o
partial pressure. The shape of the nitrogen flow/parties '

pressure curve is similar to the one shown in Figure 3. As tr]g ure 5: Mass spectrometer trace for the 7-scem fixed
nitrogen partial pressure was increased, there was a stea(()jI Lgen fl.ow and varying nitrogen partial pressure run show-

increase in the oxygen partial pressure. However, no abru . .
: : ng the sudden increase of the oxygen partial pressure where
changes in the oxygen partial pressure occurred. . .
it stayed for the remainder of the run.

When the oxygen flow was increased to 7 sccm and the
hitrogen partial pressure was varied, the nitrogen ﬂO.W WaG%vhen the nitrogen partial pressure was reduced back to its
suppressed even more compared to the 5-sccm situatio

. . A . . SQ'arting value, the flow of nitrogen decreased linearly, and
Oxygen is the dominant gas in this two-gas reactive sputteri . .
ere was no S-shaped curve. However during the reduction

situation, and it is consumed at a higher rate than the nitrogen . : L
o . . . of the nitrogen partial pressure, there was no reduction in the
This difference in consumption of the two gases is due to the . . .
. . . oxygen partial pressure from the high value that it reached at
difference in free energy of formation of each of the com- . S . . .
. . . the point of the cusp in increasing nitrogen flow-partial
pounds and to the difference in sputtering rates for the tw -
. ressure curve. The combination of the oxygen flow and the
materials. : . :
nitrogen partial pressure fully poisoned the target, but upon
reduction of the nitrogen partial pressure the oxygen flow was
ufficient to trap the targetin a poisoned mode and to keep the

gﬁygen partial pressure high.

There is a major difference between the 5- and 7-scc
situations. When the nitrogen partial pressure reached a val
of 0.16 Pa (1.2 mTorr) for the 7-sccm-oxygen flow condition,

a cusp in the nitrogen flow-partial pressure curve occurred 3¢ the case where the oxygen flow was 9.0 sccm, the

shown in Figure 4. Concurrent with the drop in nitrogen fIOWcombination of the oxygen flow and the initial nitrogen partial

at the cusp, t_herE was a Is:harp w;crfeasE in the oxygen par z?lassure was sufficient to cause immediate poisoning of the

tpr;ecses:f;re%ﬁes rILSmS own in Figure 5, for the mass spectrome gFget. The oxygen partial pressure quickly jumped to a high
' value even though the nitrogen partial pressure was low.

TiN,O, Hysteresis: N, Flow vs. Partial Pressure

O, Fixed Flow =7 sccm When the nitrogen flow was fixed and the oxygen partial

pressure was varied, there were no discontinuities in the

5
i s - oxygen partial pressure curves as the nitrogen flow was
471 increased. Figure 6 shows the results with fixed nitrogen
§ i / Y\\ ﬁ,»”"w flows as the oxygen partial pressure was varied. The effect of
@3 1 e g\/ the nitrogen was to suppress the oxygen flow for a given
3 2 1 e oxygen partial pressure, but the shape of the oxygen flow/
; ! Lo ~-N2 PP Increasing partial pressure curve was not changed compared to the pure
1 L = NZ PP Decrons: titanium/oxygen hysteresis curve.
0 S S — et
0 0.5 1 1.5

N, Partial Pressure, mTorr

Figure 4: The nitrogen flow/partial pressure plot for the

reactive sputtering of TiMD, with a fixed oxygen flow of 7.0

sccm. The effect of the fixed oxygen flow is to suppress the
nitrogen flow for a given nitrogen partial pressure (see Figure
3) and to cause an abrupt change in the operating conditions
at a nitrogen partial pressure of about 0.16 Pa (1.2 mTorr).
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TiN,O, Hysteresis: O, Flow vs. Partial
Pressure with Fixed N, Flows

TiN,O, Hysteresis
N, and O, Flows vs O, Partial Pressure
Fixed N, Partial Pressures

. 1.0
O, Partial Pressure, mTorr
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Figure 6: TiINO hysteresis. Oxygen flow as a function oftheFIgure /- TINO, hy§tereS|s for threg—ﬂxed hitrogen partial
Xy pressures and varying oxygen partial pressures. Plot shows

oxygen partial pressure for different fixed nitrogen flows. . . . .
. : . ) the oxygen and nitrogen flows as a function of the increasing
Only the increasing partial pressure portion of the oxygen .
. oxygen partial pressure.
curve is shown.

Partial Pressure Control of Both Gases—One Partial Varyln_g Partial Pressure Control of BOth Gases
Experiments were run when the partial pressure of the second

Pressure Fixed, the Second Varying . : .
Berg’s model [13] predicts that the only way to have continy92s Was set. asa per.centage of the first reactive gas. Atypical
ity over the whole three-dimensional control surface whery Ve showing the nitrogen and oxygen flow/partial pressure
. X : . . curves where the nitrogen partial pressure is 100% of the
reactive sputtering with two reactive gases is to control thé

partial pressure of each gas. To verify this part of the model Y9N partial pressure is shown in Figure 8. The shape of the

: o .~ oxygen flow/partial pressure curve is preserved, and the flow
two partial pressure conditions were evaluated—the first, 7~ . .

: . is,slightly reduced compared to when no nitrogen is present.
where one partial pressure was constant while the second

partial pressure was varied and, the second, where both pariiat
pressures were varied.

TiN,O, Hysteresis
Equal N; and O, Partial Pressures

10.
SV

In the first part, the nitrogen partial pressure was set at 0.2p,
0.33, and 0.44 Pa (0.029, 0.044, and 0.059 mTorr), and thes
values represent partial pressures around the peak of
nitrogen flow for the titanium/nitrogen reactive sputtering
system. The oxygen partial pressure was varied betwe
0.012 and 0.24 Pa (0.09 to 1.8 mTorr). This upper partial
pressure was chosen because it is well beyond the point wher
the target is fully poisoned, and any further increase in th
oxygen partial pressure leads to a linear increase in the flo

FlowsPsc®
s o

Nfand O
~
¥

0.5 1.0 15
N, and O, Partial Prassures, mTorr

0.0 2.0

The oxygen and nitrogen flows as a function of the oxyge
partial pressure are shown in Figure 7 for the three fixed

nitrogen partial pressures. There are several important poirfégure 8: TiNO, hysteresis curves (for increasing partial
from this plot. The shape of the oxygen flow/partial pressur@ressure only) for equal partial pressures of nitrogen and
curve does not change. As the partial pressure of the nitrogéiygen. Even though the partial pressures are equal, oxygen
isincreased, the oxygen flow needed to achieve a given parti@minates the reaction.

pressure is reduced. Oxygen is the dominant gas, and its flow

is reduced but not greatly. Conversely as the partial pressure

of the oxygen is increased, the nitrogen flow falls off rapidlyHowever, the nitrogen curve is a different situation. There is
even though its partial pressure is fixed, reaching an asymg-slight dip in the nitrogen curve as its partial pressure is
totic value by the time that the oxygen curve is about half waipcreased, but overall the flow values are greatly reduced

between the metallic state and the poisoned state. compared to when no oxygen is present. Oxygen really
dominates this two-gas reactive sputtering situation.
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A series of_flow/partial_pressure curves for ]%Igenerated TiN,O, Hysteresis Composite
when the nitrogen partial pressure was 0, 25, 50, 75, and 100%
of the oxygen partial pressure is shown in Figure 9. Th
overall effect of increasing the nitrogen partial pressure is t
reduce the oxygen flow for a given oxygen partial pressuré
Although not shown in this figure, all of the nitrogen flows are
greatly reduced for a given nitrogen partial pressure comparg
to when no oxygen is present. In all cases, oxygen dominat
the reaction when the nitrogen partial pressure is equal to
less than the oxygen partial pressure.

(=)

N, Flows vs. Partial Pressures
O, Percentage of N, Partial Pressures

[--]

2O W

W

/ + N2:0225% N2
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TiN,Oy Hysteresis Composite
O, Flow vs. i
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Figure 10: TiNXOy hysteresis curves where nitrogen is the
major reactive gas. This composite plot shows the nitrogen
flow/partial pressure curves (for increasing nitrogen partial
pressures only) when the oxygen partial pressure is 0, 25, 50,
75, and 100% of the nitrogen partial pressure.

-
o

——100 % 02
~o- N2 26% 02
—- N2 50% 02
-+~ N2 75% 02
—~— N2 100% Q2

f f t ~ CONCLUSIONS

0.5 1.0 1.5 2.0 . Lo
0, Partial Pressure, mTorr Flow control of two-gas reactive sputtering is a more complex

control problem than reactive sputtering with a single reactive
Figure 9: Til\!Oy hysteresis curves where oxygen is thegas. In this paper we have verified the predictions of the Berg
predominant reactive gas. This composite plot shows th@odel for two-gas reactive sputtering. When one gas is flow
oxygen flow/partial pressure curves (for increasing oxygemontrolled and the other is partial pressure controlled, there
partial pressures only) when the nitrogen partial pressure is @jll be multiple processing points for the same flow/partial
25, 50, 75, and 100% of the oxygen partial pressure. pressure conditions. However when both reactive gases are
partial pressure controlled, there are strong reasons to believe
that there is only one processing point for each combination of
When nitrogen is the predominate partial pressure during tht@e two partial pressures. Therefore we conclude that partial
two-gas reactive sputtering of Txiy, there is a similar set of pressure control of both gases is required for successful stable
flow/partial pressure curves for the nitrogen partial pressurand reproducible two-gas reactive sputtering.
asis shown in Figure 10. However, the effect of oxygen as the
second gas is much stronger than what it was when nitroggfCKNOWLEDGMENTS
was a percentage of oxygen. There is a large drop m.thlene authors are indebted to Karen Peterson for running the
nitrogen flow of about 4 sccm when the oxygen partlak 0-0as reactive Sputtering experiments
pressure is 25% of the nitrogen partial pressure. This resutt > 9 P g exp '
should be compared to the result shown in Figure 9 where a
25% partial pressure addition of nitrogen leads to about a
1 sccm drop in oxygen flow. In all cases investigated in this
work, oxygen is definitely the dominant reactive gas.

0; Flow, sccm

o N & & o

o
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