Hard boron—suboxide-based films deposited in a sputter-sourced,
high-density plasma deposition system
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Boron—suboxide-based thin films have been deposited on Si in an electron cyclotron resonance
microwave plasma using a radio frequendy magnetron as a source of boron. Variations of the
oxygen fraction in the deposition ambient and of the rf bias applied to the substrate were related to
film tribology. The best films have hardnesses~628 GPa and moduli of-240 GPa and were
deposited in oxygen fractions.1% at substrate temperatures350 °C. The films contain 4%—

15% O and~15% C, with carbon originating from the sputter target. They are amorphous and have
surface roughnesses 6f0.2 nm. Boron—oxide films may form a self-generating lubricating layer of
B(OH); in ambient atmosphere. Compositional depth profiling of these films reveals an
oxygen-enriched surface of 10 nm thickness. Initial nanoscratch test results indicate that these
films fail at high critical loads and have low friction coefficients relative to other hard coatings.
© 1997 American Vacuum Socief$s0734-210(097)03005-4

[. INTRODUCTION ways. First, an evaporative source is characterized by ther-
mal neutrals with energies 0.2 eV, while sputtered neutrals
Abrasion resistant hard coatings find numerous technicaiave much higher energies1—10 eV. This decreases the
applications and attract considerable research interest. Thgobability of B ionization between the source and the sub-
material properties required for a hard coating depend on thetrate and, thus, the contribution of B ions to the depositing
application envisioned, although hardness, modulus, and rétux. Second, some small fraction of the high-energy
sistance to scratching are clearly important parameters. Bg—~500 eV) ions impacting the sputter target may be neutral-
ron, boron nitride, and boron carbide are generally hard, antted and reflected from the sputter target surface, resulting in
also well investigated. Boron suboxides@® x>1," are less  a flux of high-energy neutrals away from the target. Depend-
widely known but merit attention on several grounds. Bad-ing on the mean-free path in the deposition ambient and the
zian has reported high-temperature/high-pressure synthesibamber geometry, some of these high-energy neutrals may
of bulk B,,0 capable of scratching diamoxiti11} faces? In  reach the substrate with substantial energies. Third, with
addition, the boron surface can oxidize tgB and react electronegative gases such as oxygen, negative ions formed
with ambient water vapor to form (BH);, a layered com- at the target surface can be accelerated back into the plasma
pound which can function as a lubricanThus, boron sub- volume, resulting in high-energy negative ions. These also
oxide potentially forms an attractive tribological system con-may reach the substrate, depending on the deposition condi-
sisting of a hard coating together with an integral lubricationtions. Although these fluxes may be small, their high ener-
layer. gies may make them important. lons are also accelerated
Thin films of boron suboxide are poorly investigated atacross the sheath separating the substrate from the plasma,
present. Boron—suboxide films have been previously depodut their energy is given approximately by the plasma poten-
ited in an effusion-cell-sourced electron cyclotron resonancéal, ~15V for a low-pressure ECR discharge, and is sub-
(ECR) microwave plasma deposition systérithese initial ~ Stantially less than that of the reflected neutral and negative
efforts resulted in films of hardnesd,~30 GPa and modu- ions.
lus, E~300 GPa. An evaporative source is not ideal for
scale-up, and, in additioq, a ngmber of fundamental Proces§ ExpERIMENT
parameter/structure relationships were not addressed in this
early work. Adopting a sputter source may also complicate the film
This article describes new results obtained on a sputtelcomposition. High-density boron targets 50% theoretical
sourced System_ Adopt|ng a Sputter source Changes the ené#enSity are difficult to fabricate because of the hlgh meltlng
getic particle bombardment of the growing film in severaltemperature of elemental B. Such targets have recently been
fabricated but remain expensive. The boron sputter target

aCurrent address: PlasmaQuest, Inc., Richardson, Texas 75081; ElectroritS€d in this_ Wor!‘(K_u_rt Lesker, “f‘C)! was~45% dense, and
mail: cdoughty@plasmagquest.com thus, contains significant porosity. X-ray photoelectron spec-
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troscopy (XPS) analysis indicated that the target used here 0 0123450 10 20 300
contained~12% O and~30% C, even following a 10 min DEPOSITIONOFRACTION %)  APPLIED BIAS

sputter clean with 1.5 kV Af ions, and after use in the depo-

sition system for a total time of 10 h. Although the target Fic. 2. Hardness and modulus as a function of oxygen fraction in the depo-
is nominally 99.9% pure, this refers to starting materials, andgition ambient with no applied bigeft), and as a function of applied bias
includes only metallic impurities. The target was hot pressed? 0% O (right.

in a graphite crucible providing one source of carbon con-

tamination, and given the low density of the target, substan-

tial C and O might also be present on the surface of theosited in a 0.75 mTorr ambient consisting of 0% —5%i©®
grains making up the target. The films deposited from thesér. Total gas flow into the system was 6 sccm. The system
targets are composed primarily of B, O, and C. Boron carwas characterized by quandrupole mass spectrometry before
bide is also a hard materfaand might increase film hard- and after individual deposition runs and had a base pressure
ness. Films incorporating C are thus, imporant for both fun-of 2x 108 Torr. The partial pressure of oxygen containing
damental reasons, and because deposition of high qualigpecies £5x 10 ° Torr) was maintained at least three or-
films from low-cost/low-density targets has economic advanders of magnitude below the oxygen partial pressure due to

tages. the process gasX5x 10 ® Torr). Following deposition, the
The deposition system is illustrated schematically in Fig.films were cooled in vacuum to room temperature.
1, and is similar to the system used previousEhe chamber The temperature of the Si substrates was varied between

is a 25.4 cm cube. A coil electromagn@t68 turn, 30 cm 300 and 600 °C, but no systematic trend was observed. The
diam) generates a dipole magnetic field centered on the mifilms detailed below were obtained with no applied heating,
crowave entrance window, 2.45 GHz microwaves are inin which case the substrate temperature wa&f0 °C due to
jected parallel to the magnetic-field lines and are absorbed iheating from the plasma. Lower temperature deposition on a
a region several cm from the inner window surface. Thecooled sample stage may allow deposition of hard films on
microwave power and magnet coil current were held conpolymer substrates and will be investigated in the future.
stant at 1 kW and 200 A, respectively. Under typical depo- The hardnessH, and modulusk, were measured as a
sition conditions, Langmuir probe measurements indicatdéunction of indent depth between 20 and 100 nm by nanoin-
that the plasma has an ion densityl0''—10'/cm® and elec-  dentation(Nanoindenter ) using the method of Oliver and
tron temperature-5 eV in the microwave absorption region. Pharr’ The effect of varying the oxygen fraction during
Boron neutrals were supplied to the plasmad@ 3 in.  deposition(substrate floatingand of varying the substrate
diam radio frequencyrf) biased magnetron souré®ighty  bias (0% Q) onH andE measured at a depth of 20 nm are
MAK, U.S. Thin Film Productg which replaced the differ- shown in the left half of Fig. 2. The films divide broadly into
entially pumped chamber and effusion cell used previotisly.two types determined by the oxygen fraction during deposi-
The source was operated-atl50 W rf, resulting in a depo- tion. Films deposited at oxygen fractions2.5% are rela-
sition rate of 5 nm/min. Films were deposited to a thicknesdively soft (~5 GPa), while those deposited at lower oxygen
of 300 nm on Si(100 substrates introduced via a differen- fractions are much harder, approaching 30 GiPandE are
tially pumped load lock to a sample stage mounted at 45° t@onstant for oxygen fractions 1%.
both the microwave window and sputter source. The sample The effect of substrate bias is also shown in Fig. 2. The
stage could be independently rf biased and heated. The sububstrates were rf biased at 0—20 W, generating a dc bias on
strates were cleaned by exposure to an Ar plasma for 10 mithe sample stage of 0-35 V with respect to the grounded
and the source was presputtered for 5 min prior to beginninghamber. At higher biases, sputtering of the film is substan-
the deposition. tial and forVg>30 V, no net deposition occurs. A peakhh
Previous experience with an evaporative source indicatedndE occurs atvVg~20 V.
that the oxygen fraction in the deposition ambient was an The composition of the films was determined by XPS and
important process variable. In this study, microwave powerwas investigated as a function of depth by sputtering with a
magnet current, and total pressure were held constant, arid5 kV Ar* ion beam. All samples were presputtered for 10
both the oxygen fraction in the ambient and the applied bias to remove any surface contamination. The films consist
during deposition were systematically varied. Films were deprimarily of B, O, and C. The oxygen content is determined
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SPUTTER DEPTH (nm) shielding areas prone to sputtering with a quartz liner, as was
0 10 20 30 40 done for the series of samples in Fig. 2 deposited at varying
100 . . ' substrate bias. For these samples, the Fe content is
T <0.1 at. %, while the hardness remained high, confirming
o, 109 that Fe incorporation is not necessary for high hardness.
g : Application of these films as hard coatings requires that
<14 Bulk the films have good long-term stability. Boron films tend to
‘.W———‘ have high residual stress and may delaminate over a period
0.1 , . , , of days. Films previously deposited in the ECR system with
o 1 2 3 4 5 an evaporative source, however, show no changdé amdE
DEPOSITION OXYGEN FRAGTION (%) after ~18 months. The films are also insoluble in common

acids (HNQ, H,SO,, H3PO,, HF), alcohol, and water.
Fic. 3. Boron/oxygen stoichiometry at the surface and in the film bulk as a The structure and morphology of the films were investi-
function of deposition ambient, and for film deposited in 1% O, as a func-gated by transmission electron microscopi]EM) and
tion of depth.
atomic force microscopyAFM). The hardest films are ex-
tremely flat, with rms roughness-0.19 nm over a 5
. . ) ] X5 um? area as measured by AFM. Films deposited with
by the deposition conditions and depth in the film. The Calyoth the sputter source and the evaporative source used
. ) 0
bor%r? ontent 'Sf tr)elanvely constant atleéat_. /OI din Fi previously were also investigated by TEM. No significant
3 b t(;ratloof otrpn tofodxyge(?;_|n X )dlf pmf INF9. gifferences were observed. Both have an amorphous struc-
» bothras a function of geposition cond lofi om axﬁf ture evident in the bright-field image and are characterized
and as a function of deptftop axis for a film deposited in Tby diffuse diffraction rings at positions of 2.1, 3.5, and

0 e
B o ey Do o 04T . suggesing that both evaprate and sputere
P B films poses a similar local structural configuration. Softer

B(.OH)?’ st0|ch|orr_1etry. The bulk co_mpo_smon was deter- films (H<10 GPa) deposited using the evaporative source
mined by sputtering the film for 2 min with 1.5 keV Ar. In ; LT . . .
contain crystalline inclusions of~1 nm diam in an amor-

the bulk,x depends on the deposition conditions. For oxygen :
. : ; : phous matrix.
fractions <2.5%, x changes rapidly, although in this range The films deposited in this work apoear to be quite prom-
H andE are relatively constant. Hard films can be obtained. . ! eposited In this w PPe quite p
ising for a variety of tribological applications. A summary of

over a range of O stoichiometries and a wide process Winfh hanical " f th il d of oth teri
dow exists over which hard films can be deposited. € mechanical properties of these ims and of other materi-

A depth profile of a film deposited in 1% O is plotted in als utilized for similar applications is presented in Table I.

Fig. 3. The composition changes fronB,05 to ~BsO over Hard carbon (?I;(x~0:2) gnd CN,(XNO'ZS) films of inter-
a depth of<10 nm. Prior to depth profiling, the film was est for hard disk applicatiofsire included, as well as bulk

stored in ambient atmosphere for six weeks, hence, the suP°ron: diamond, and ;apphiré.The B.O films are charac-
face oxide is either self-passivating or oxidation proceedd€rized by relatively high hardness, however, this is only one

slowly. B(OH); generates spontaneously in the presence oJparameter which tends to indicate scratch and abrasion resis-
atmospheric moisture on a,8; surface and has been pro- tance. In general, a low modulus is also desirable as it allows

posed as a lubricating layer by Erdergiral® Such a self- the g.iven Igacl to be distributed over a widgr area. The com-
generating layer may be desirable in tribological applica-Pination HIO/E has been proposed as a figure of merit by
tions, provided the surface is also self-passivating and stabld Sui et al.™ The boron—suboxide films have a much lower
Adventitious carbon and CO species are evident at th&odulus than pure B, and a value léf/E?=0.38 GPa ex-
surface of all the films. These may be removed with a shorfe€ded only by diamond.
(10 9 sputter treatment at which point the films all contain Nanoindentation is an essentially static procedure. A more
~15at. % C due to C present in the sputter target. In thaealistic test of tribological performance involves translating
bulk, the carbon content and bonding are independent dhe sample while ramping the load on the diamond tip: a
depth, but do depend on the deposition conditions and oxyscratch test' By performing a low-load scan before and
gen content. In the softer, high oxygen content films, theafter the ramped load scratch, the resulting scratch may be
carbon is bound as CC, CO, and £@roughout the film profiled. From the lateral and normal forces, a friction coef-
bulk. This might be due to surface adsorption on a highlyficient (diamond tip on film may be defined, while the load
porous microstructure following exposure to the ambient. Inat which permanent damage to the film occurs defines a criti-
the harder films, the carbon is carbide bound. The large valkal load. The results of scratch tests are also summarized in
ues of H and the results of scratch tests presented belowable I. More complete results of nanoscratch tests as a func-
suggest that C incorporation results in films of higher hardtion of various process parameters will be published
ness, and that controlled manipulation of the C contenelsewheré?
should be investigated in the future. The scratch test results show that boron suboxide may
Fe was also incorporated in the films from sputtering ofoffer an important new tribological system. The friction co-
chamber fixtures during deposition, but can be eliminated bfficient is significantly lower than the other material shown
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TasLE |. Comparison of boron—suboxide-based hard films and other hard coatings and hard materials.

Critical
Hardness Modulus H3/E? Friction load
Material (GPa (GPa (GPa coefficient (mN)
Sputtered boron—suboxide 28 239 0.38 0.081 >65
film (By-g0)
Hard carbon film (Cl,)? 17 175 0.16 0.15 39
Carbon nitride film (CN9? 25 225 0.31 0.12 59
Diamond 100 1050 0.91
Bororf 35 470 0.19
Sapphiré 30 441 0.14

%Reference 8.
PReference 9.
‘Reference 4.
YReference 7.
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