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ABSTRACT of re-development [3]. Both target voltage and ellipsometric

o Lo Lo target substrate monitoring methods have their relative ad-
A combination of real-timén situ target voltage monitoring vantages, but in tandem the time to develop and optimize

and ellipsometric techniques are used to streamline process i . .
. o our different coating materials has been reduced by more
development of reactively sputtered thin films, as well a

: . . ; o han an order of magnitude. Even changes in film chemistry
provide a simple means of insuring transferability from re-

. : -and structure induced by ion bombardment of the growing
search to production scale processes. Using low-energy I can in some instances be evaluateditu

assisted growth conditions, TiN, CrN, 8¢ and AIN films
have been rgactlvely sputtered from metall_lq-targets. An OB\ PERIMENTAL METHODS
timal operating environment for the deposition of stoichio-
metric compound coatings was very rapidly determined fronfo examine the effectiveness of these two monitoring/con-
analysis of the state of the target, and thin film stoichiometryrol techniques, several well characterized transition metal
and properties optimized using real-timesitu ellipsometry  nitride thin films, namely: TiN, CN, CrN, and AIN, were
during growth. This combination of techniques resulted in @aeposited on Si(100) wafers to simplify x-ray analysis. To
more than ten-fold reduction in process development timehetter illustrate the physical and mechanical properties that
and a monitoring/control system is being developed so thesan be achieved using these combined process development
same techniques can be used to first scale-up and then moaitd monitoring techniques, a number of Cr-N based films of
tor/control processes in both research and production sydiffering architectures were also deposited onto M2 tool steel,
tems. To demonstrate the quality of the coating that can E2100 bearing steel, and 2024 aluminum alloy coupons. While
produced using this process design approach, an array thfe present study involves only metal nitride thin films, the
single and multi-layer Cr-N coatings with microhardnessprocesses of target poisoning and gettering of the reactive
> 2000 Hk and critical loads > 6 kg have been deposited apecies, by both film and chamber, are common to all reac-
low temperatures (< 200°C) on three model substrates; Atve processes and hence, the results of this work are appli-
tool steel, 52100 stainless steel, and 2024-aluminum. Theable to a very wide range of reactive sputtering processes.
pin-on-disk wear performance of these Cr-N based films was
exceptional, with no measurable wear in severe dry slidingll of the metal-nitride thin films were deposited using a
wear over sliding distances of more than 9000 m against ¥6” diameter cylindrical system pumped with a 1000 I/s
WC ball, even for Cr-N films on 2024Al under a 4 N load. turbomolecular pump, equipped with two 180 mm (6 in) diam.
Using this approach wear-resistant metal-nitride architecturambalanced magnetron sputtering cathodes, a sample inser-
have beerefficiently developed for use on several tempera-ion load-lock, a mass flow controlled gas handling system,
ture-sensitive and more compliant substrate materials.  and a 44-wavelengtim situ ellipsometer. In this work, only
one of the system’s two face-to-face targets was used in con-
INTRODUCTION junction with a UHV compatible Helmholtz coil to provide a

. . variable level of ion-bombardment during film growth. The
Control and scale up of reactive sputtering processes has lo

been recognized as one of the most significant barriers to the d-lock inserted samples were mounted on an electrically
9 X 9 . "isolated, DC biased holder at a distance of about 140 mm in

S . .
A : ront of the target. To permit the substrate ion current to be
[1],[2]- In recent years, scientists and engineers have become _. . . . " :
; . . . . easily varied, a electromagnetic coil was positioned just be-
increasingly interested in understanding the processes occylts

. . -hind the substrate holder, co-axially with the magnetron. A

ring both at the target and at the substrate during reactive .
. . . . rotatable shutter was placed about 5 mm in front of the sub-
sputtering as a means of improving process control. This paper L .
. . - . i Strate to prevent contamination during the target warm-up. A
examines two techniques for increasing the efficiency of pro- N " . L
schematic diagram of the deposition system is shown in Fig-

cess development using a smaller research sized sputterlnr%l. The magnetic field interactions between the two-cath-

system, while still insuring that these same processes can § . : .
; . : . . . ode magnet arrays and the Helmholtz coil have been investi-
readily scaled-up into industrial processes with a minimum
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gated using finite element modeling techniques, and are re-
ported in detail elsewhere [4].

The discharge was operated in a current control mode usin \

a 5 kW DC power supply, and an independent DC supply to
bias the substrates during film growth. The state of the target
during growth was monitored using an X-Y recorder to record
the change in the target voltage Y\as a function of the
nitrogen flow (P, .). In a separate experiment reported else-
where, a flat plasma probe was used to determine the ion
flux density onto the substrate surface [5]. During film growth
partial pressures of the reactive and background gases could
be separately monitored using a dedicatesitu quadrapole
mass spectrometer.

Target

Ellipsometer

Prior to initiating film growth, the chamber was pumped down

to a base pressure of less than 5XTorr. The Si(100) sub- Figure 1. Schematic diagram of the geometric arrangements
strates were prepared by sequential cleaning in trichloroetfinside the deposition chamber.

ylene, acetone, and methanol, after which they were dried in

a N, flow. Metal substrate coupons were solvent cleaned and

plasma etched prior to film growth. Ar etching was found toThe resulting coating thicknesses were evaluated using a
be more effective than Mtching in removing surface impu- Dektak profilometer. The X-ray diffraction analysis of coat-
rities, while maintaining low substrate temperaturesng phase and orientation was performed using Crallia-
(<200 °C). Etching conditions were as follows: Ar pressurdgion and a Rigaku diffractometer in a Bragg-Bretano geom-
of 30 mTorr, bias voltage of -1200 V, and duration of 10 mingetry. The stoichiometry of selected Ti-N and Cr-N samples
The deposition cycle began by increasing the Ar flow until avas determined by Rutheford Backscattering Spectroscopy
pressure of 3.0 mTorr was achieved. The discharge was i§RBS) with a 2 MeV incident He+ ion beam. The surfaces of
nited in pure Ar, with the substrate protected by the shutteg number of the films have been studied using scanning elec-
and the N flow was gradually increased to the desired levelfron microscopy (SEM) and the structure of a select group
All film growth experiments were carried out in constantwas analyzed using transmission electron microscopy (TEM),
current mode, using either a 6 A or 4 A discharge currerfor brevity these results are not presented here. For samples
depending on the source material used. For each set of éa metallic substrates, the microhardness and critical adhe-
periments the change in the target voltage Was recorded sion load were measured. More detailed studies of the Cr-N
as a functiond , using an X-Y recorder. Once the desiredbased films in various monolithic and multi-layered forms
level of target nitridization has been determined, the flowhave been presented previously [6].

only to the desired level and monitored for fluctuations or

significant deviations using the X-Y recorder. EXPERIMENTAL RESULTS AND DISCUSSION

. . . . With the advent of more stable switching power supplies,
A range of bias voltages was investigated, but in general gp PP

. . onitoring the target voltage versus the reactive gas flow in
substrate blgs Of. -20 \{was fou.nd tq be near optimum, for.a@urrent controlled reactive sputtering provides a great deal
of the materials investigated. Likewise, while a range of dif-

more information regarding the state of target surface. lllus-

. Srated in Figure 2, is the variation in the target voltage versus
for the purpose of this study the current through the m""gﬁitrogen flow for a pure Ti-target. This variation in target

netic coil was set at 5 A. After the nitrogen flow was set, th% rrent is well correlated with changes in the resulting film

sh.utt'er was op.ened and depo§|t|on allowgd 0 proceed for & mposition, with near stoichiometric TiN being deposited
min if using Si-wafers, or until a 2 um film thickness Was ;i the peak voltage

achieved for Cr-N based films on engineering substrates.
During deposition, the substrate temperature increased from
room temperature to a maximum of approximately 150°C,
as measured by a chromel-alumel thermocouple mounted ad-
jacent to the substrate.
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Figure 2. Target voltages vs. nitrogen flow rate for a reace ” 63
tively sputtered Ti-target and a 6A discharge current. B 5 R

Discharge Off

From this we can postulate that the peak in target voltage
corresponds more directly to the formation of stoichiometric 54 L. —
TiN on the target surface, which is only approximately re- M 5 91
produced in the film composition, especially in the case where L
ion-assisted growth generated variations in sticking coeffi-
cients and preferential re-sputtering rates are well documented 15 . t : L . ! .
[7]. Thus, while useful in identifying an approximate reac- 0 5 10 15 20
tive gas flow rate at which near-stoichiometric films are pro-
duced and providing a reproducible tool for monitoring the
“poisoning” state of the target during growth, this method

alone is insufficient for real-time prediction of film stoichi- Elgure 3. Ellipsometrically determined Psi values as a func-

ometry. To this end a more direct indicator of the substrat%?nneOf time, where the N2 flow is increased stepwise as over

chemistry is required.

Deposition Time (min)

Spectroscopic ellipsometry has proven to be very successtf i .
in semiconductor and optical film applications, where is com:lIJLe sensitivity of the measured optical parameters 1o sub-

monly used to provide accurate real-time film thickness datatrate temperature from 20 to 300°C and increasing surface

necessary for phase-locked epitaxy. Ellipsometry is also Vetryughness_ for films up to 10 pm t.hlc.k ha§ been found to be
very small in comparison to the variations induced by changes

sensitive to changes in surface chemistry, and it is this aspe T . .
of ellipsometric analysis that is exploited in the real-time'" the N, flow rates (|.e.' f|Im'chem|stry) and energetl_c par
analysis Ti-N optical constants during film growth. As illus- ticle bom'bardmer'lt QUrlng film glrowth. I was possible in
trated in Figure 3, large variations in the optical paramete(f‘r’lse of T”,\I to optimize not_only film chem_lstry, but a's‘? the
(W) are observed as a function of film chemistry, which Wassubstrate lon current density and eneirggitu by analysis

varied as a function of time in this experiment. The nitroger‘?f an optically determined resistivity. It has been demon-

flow was increased in a stepwise fashion over time, such th {rated previgusly th.at'd'ense, stoichiom_etrig films have the
at each nitrogen level the film thickness increased producin We.St elgctrlcal reS|st|y|ty, and .thus. usmgsrgu spectro-
an optically opaque layer. During the initial stages of film copic ellipsometry to first optimize film chemistry and then

growth at eackb , level, the optical signal detected is that of Minimize the optically determined resistivity of the films
the new layer superimposed on the previous one. Once Opﬂyrmg film growth it was possible to fully optimize the growth
process within a single coating tun

cally opaque th& value for a given wavelength and compo-

sition are constant. As the nitrogen content of the film in-I by first using t tvolt SOW moni
creases the spread Wf values measured as a function of " Summary, by firstusing target voltage versysow moni-

wavelength increases dramatically. This is indicative of th%ﬁ”rﬁ o detel;mldne trtlle pga k tvzlt.age, ':hte StOIC.h |0metryt of
point at which stoichiometric films are produced on the sub- € I'ms can be directly adjusted In rea-ime using spectro-

strate surface. In the case of TiN, stoichiometric films coinSCOPIC ellipsometry to fine tune the, Now to achieve the
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maximum spread it of a given range of wavelengths. This viding rapid optimization of TiN, CN, and CrN films; thus
combination of methods has proven to be very reproducibldicating that this two-step approach is applicable for both
both in terms of indicating the near optimal target voltageubic and hexagonal phases. However, not all compound
peak position for Ti-targets of differing size, and achievingmetal-nitride thin films of technological interest in wear ap-
reproducible film stoichiometry among films with identical plications are conductive, and as such optically opaque at
optical parameters and growth conditions. If one or more afinimal thicknesses. Thus, analysis of AIN film growth us-
the growth parameters, such as total pressure or target curg these two techniques was undertaken. AIN is both highly
rent are changed, achieving the corregtfldw and other insulating and optically transparent, when stoichiometric, and
parameters required to achieve dense stoichiometric filmis was expected that this would strongly influence both the
takes only a few minutes, as the analysis can be done emeasured target voltage characteristics and the resulting op-
tirely in situin two straightforward steps.To demonstrate thetical properties of the films. A typical Ws. ® , for a pure
applicability of this two-step approach, films were producedAl-target sputtered in a mixed Ar;Mlischarge is shown in
by reactively sputtering a pure Cr-target in a mixed Ar-N Figure 5. The very small plateau region of the curve most
discharge. A typical Vvs. ®, , curve is shown in Figure 4. closely corresponds to the point at which AIN was formed;
The Cr-N curve, unlike the Ti-N curve of Figure 2, has twohowever, the history of the target is important and this pla-
distinct peaks. X-ray analysis of the films deposited undeteau region is less distinct on a newly cleaned target. Deter-
N, flow rates corresponding to the two peaks in Figure 4mination of the optimal gas flow based on target voltage
showed that the peaks correlated tgNCiormation for the ~ monitoring alone could not be assured withexisituX-ray
lower N, peak and CrN for the higher,NHowever, as in the phase analysis. The ellipsometric analysis is also greatly com-
case of TiN, RBS results proved both)Crand CrN films plicated by the fact that in optically transparent materials the
deposited at these target voltage maximums to be slightlyariation i andA are strongly dependent on the film thick-
substoichiometric. This indicated that the voltage peak reness and wavelength selected. A film growth experiment simi-
lates more directly to the target state than to the actual fildar that of TiN in Figure 3, but instead going from stoichio-
composition. In hindsight, it is likely that the Ni phase, metric AIN to substoichiometric AIN+AI films, results in a
while more exacting in stoichiometry than,l8y could also  very complicated periodically varying pattern, an example
be isolated using these techniques. Usgingtu ellipsometry  of which is shown in Figure 6. Clearly, both the amplitude
it was again possible to achieve reproducible films composiand period of thel andA oscillations vary as a function of
tions, and this was utilized in the low temperature growth ohitrogen content, but a quantitative assessment of this is not
multi-layer CtN/CrN films for use a wear-resistant thin films. yet been established. It is not practical for AIN film growth
Both monolithic CrN and multi-layered @F/CrN thin fims  to slowly increase the Nlow as was done for TiN; this dif-
on M2 tool steel and 2024-Al showed no measurable wediculty stems from the fact that mixed AIN + Al phase films
after more than 9000m of dry sliding contact against a W@re very strongly absorbing. Thus, thin transparent AIN lay-
wear surface, during pin-on-disk testing [4]. ers deposited on top of these very absorbing AIN+N layers
are difficult to detect and nearly impossible to analyze. By
reversing the process and first depositing a transparent pure
AIN film produced from a fully poisoned film, and slowly
- - , decreasing the Nflow, yielded a much more useful result.
] Shown in Figure 7, th& value at specific wavelength will
o begin to increase in the total amplitude of the oscillation and
e " then drop precipitously as soon as a mixed AIN +Al film is
CoN e ] deposited. Thus, while a bit more complicated to achieve
580 - e ’ \ Y . initially, it is possible to determine the growth conditions
I / P necessary to produce stoichiometric AIN with minimal tar-
wl /' | get poisoning entirelyn situ. With further analysis of opti-
/ cal constants vs. film chemistry it should be possible to
’ C L-ea 1 deconvolute the real-time data in order to develop a real-
sof [ Pg=lomTor time process control system.
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Figure 4. Target voltage vs.,ow for reactive sputtering of
a Cr-target.

This combination of techniques was very successful in pro-
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600

ellipsometry. Monitoring of the these processes, again using

this combined technique, has proven to be very successful in
providing reproducible film growth. Because the properties
measured by these techniques are fundamental to the film
550 structure/chemistry and the target/reactive gas combination,
and thus not strongly system dependant the scale-up of pro-
cesses from a research into production should be relatively
straightforward. Rotation of the substrates during growth does
— 900 1 not preclude the use of ellipsometric techniques, but some
S ,
by care is needed in insuring that a suitably flat surface can be
> reproducibly aligned with the source and detector at regular
% 450 | intervals. Since data acquisition takes only a few millisec-
> onds to complete, it is not necessary for the rotation of
@ workpiece to stop fully during the analysis. This combined
g technique shows great promise for improving both the effi-
- 400 | ciency with which reactive sputtering processes can be de-
veloped and scaled-up, and the accuracy with the which these
complex processes can be reproduced.
350 50 1 . .
404 4
300 . . . §
0 5 10 15 2 &) -
Nitrogen Flow (sccm) 5o (/ 1
20 d
Figure 5. Target voltage vs. nitrogen flow rate for reactive || =™ H |
sputtering of an Al-target. Pure AIN is observed beyond the 10 . . . Jero seem
plateau region at approximately 15 sccm. 0 10 20 30 40

Psi In degrees

Figure 6. A ten minute ellipsometric studyWfvs. photon
energy, for film growth under slowly decreasingfidw. The
film becomes substoichiometric at approx. 12 min.

CONCLUSIONS

In situoptimized growth of both highly conductive, optically
opaque films such as TiN, B, and CrN, as well as highly

Time in Minutes

Figure 7. Variation inb for single photon energy (i.e. wave-
length) with a stepwise decrease infldw from 16 sccm to
10 sccm in 1 sccm increments.
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insulating, transparent AIN has been achieved using a com-

bination of target voltage monitoring aimdsitu spectroscopic
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