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Highly transparent and stoichiometric boron nitrid&N) films were deposited on both electrodes
(anode and cathogleof a radio-frequency parallel-plate plasma reactor by the glow discharge
decomposition of two gas mixtures:iBs—H,—NH; and BHg—N,. The chemical, optical, and
structural properties of the films, as well as their stability under long exposition to humid
atmosphere, were analyzed by x-ray photoelectron, infrared, and Raman spectroscopies; scanning
and transmission electron microscopies; and optical transmittance spectrophotometry. It was found
that the BN films grown on the anode using theHB-H,—NH; mixture were smooth, dense,
adhered well to substrates, and had a textured hexagonal structure with the basal planes
perpendicular to the film surface. These films were chemically stable to moisture, even after an
exposition period of two years. In contrast, the films grown on the anode from,the-Bl, mixture

showed tensile stress failure and were very unstable in the presence of moisture. However, the films
grown on the cathode from ,Blg—H,—NH; gases suffered from compressive stress failure on
exposure to air; whereas withbBg—N, gases, adherent and stable cathodic BN films were obtained
with the same crystallographic texture as anodic films prepared from AHg-Bl,—NH; mixture.

These results are discussed in terms of the origin of film stress,the effects of ion bombardment on
the growing films, and the surface chemical effects of hydrogen atoms present in the gas discharge.
© 1998 American Vacuum Socieffs0734-210(198)02302-]

[. INTRODUCTION and bias sputtering,because the ion bombardment during
I _ film growth is considered an essential condition for obtaining
Thin films of boron nitride(BN) have recently attracted a c-BN. Nevertheless, the high compressive stress caused by
lot of interest due to the combination of properties offered by‘on bombardment generally leads to poor adhesion and often
this nonoxide ceramic material, such as low density, opticatl0 delamination of the film& However, uniform high-purity
transparency, hardness, chemical inertness, high electrical r& ncubic BN coatings on ir.regularly éhaped surfaces can be

SIStIVIty', and high the_rmal conductivity.BN h_as several obtained with CVD methods. Several gas sources have been
crystalline structures similar to the structures in carbon. Cu-

bic BN (c-BN), analogous to diamond, is extremely hard andused’ the most common being BGNH,, BR,-NH;, and

more stable than diamond at high temperatéreexagonal BoHg—NH.® Borazine (BNsHe) and organometallic precur-
BN (h-BN) has a layered structure similar to graphite, but is>0rs have also been employed. Thermal CVD of BN is usu-

a transparent, very refractory corrosion-resistant materiaq‘”ﬁ{ p;]e-rforn}ed- "_"t prfocess;ng temperatures of abcr)]utl 1000hc,
with good dielectric propertiesin addition, disordered tur- Which is a limiting factor for many uses. Nevertheless, the
bostratic modifications dfi-BN, which range from perfectly OWer temperatures involved in plasma-enhanced CVD

oriented h-BN to completely disordered amorphous BN (PECVD) processes, typically, in the 200300 °C range, al-
(a-BN), are commonly found in BN films. low a great variety of substrates used in the semiconductor

BN coatings have been successfully used in high-"’}nd metallurgical ipdustries to be BN coated. With capaci-
temperature crucibles, masks for x-ray lithography, heatiVely coupled radio-frequencyrf) discharges, by far the
sinks, and sodium barriers in microelectrorficiewer ap- ~ Most widely used plasma source for low-pressure materials
plications of BN films include their use in microelectronic Processing, noncubic BN films are usually obtairid?
devices, not only as passivation layers but also as activBECVD films with some fraction of the-BN phase have
dielectric layers, as well as wear and corrosion-protective been obtained using higher-density plasma sources such as
coatings for cutting tools and optical windofs. magnetic-field-enhanced rf glow dischard&sinductively

Excellent reports on the preparation of BN films by low- coupled rf discharges, and electron cyclotron resonance
pressure physical vapor depositid@vVD) and chemical va- plasmas?®
por deposition(CVD) processes can be found in the recent Owing to the complexity of the PECVD processes, the
literature?=*%7 Most successful methods for the preparationproperties of the films are strongly dependent on the particu-
of films containing some amount ¢fBN are based on ion- lar deposition system and the gas chemistry used. Therefore,
assisted PVD techniques, such as ion-assisted evapdratiothe optimized conditions found in a given system cannot

generally be extrapolated to another. Further, in capacitive rf
3Electronic mail: jandujar@electra.fae.ub.es discharges, the location of substrates on the grounded elec-
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trode (anode or on the powered electrodeathodé greatly ~ T4BLE I. Deposition conditions for the Bls—H,—NH; gas system.
affects the structure and properties of deposited films, since;,

. . . Substrate position: Anode Cathode
as a result of the negative self-bias voltage developed in the
cathode, the impact energy of ions striking the cathode could T power density (W/crf): 0.25-0.5 0.3-05
be up to several hundreds of eV higher than when striking ©2S Pressuré®a: 30, 60 20-60
h d f | . lity hvd d B,Hg(1% in H,) flow (sccm: 50, 60, 100 50, 60
the anode. In act, optoelectronic quality hydrogenated amor- \, o, (scem: 25.5 25,5
phous silicon films are obtained in anodic conditions under p_H,/NH, flow ratio: 0.2, 04 0.1-0.4
soft ion bombardment, whereas the growth of diamondlike Deposition ratgnm/min): 0.6-1.4 2-6

amorphous carbon films requires cathodic conditions undet
high ion bombardment. Although BN films have been depos-
ited on substrates placed on both grounded and powered
electrodes, to our knowledge no systematic study of the efwas adjusted by a throttle valve and measured by an absolute
fect of the substrate electrode has been reported. In additiofapacitance manometer. Several kinds of substrdteed
despite the work done in characterizing the properties of BNsilica, Corning 7059 glass, crystalline silicon polished on one
films, relatively few reports deal with their stability when and both sides, and NiCr-coated siligamere used in order
aging and exposed to atmosphere. Several stability studié® perform the different film analyses. Before deposition, the
have been reported for BN films obtained by thermalsubstrates were cleaned with acetone and methanol, blown
CVD,-Zput there is a lack of similar studies for PECVD dry with nitrogen, and heated at 300°C in vacuum
BN films. Stability is crucial in determining the suitability of (10~* Pa) for several hours,
a thin-film material for application as a protective coating. ~ For this study, more than 30 rf discharges were run. The
The present study investigates the preparation, propertiedeposition conditions corresponding to each gas chemistry
and stability of PECVD BN films obtained on both elec- and substrate positioitathode or anodeare listed in Tables
trodes(anode and cathodl®f a parallel-plate rf reactor by | and Il. The range of deposition parameters explored was
glow discharge decomposition of two different gas mixtures:Chosen to obtain transparent films of nearly stoichiometric
B,He—H,—NH; and BHg—N,. This deposition technique is composition. All the films were grown at a 300 °C substrate
used worldwide in the semiconductor industry and the abové&mperature. The film thicknesses, measured by a stylus pro-
gases are commonly employed, in combination with silandilometer and optical transmittance, ranged from 100 to 2000
gas, for the preparation of silicon nitride and amorphoug’m.
silicon-based devices. Thus, the findings of this study could
also be of interest for the use of BN films in the fabrication
of semiconductor devices. The properties of the BN films
were analyzed by Fourier transform infraré@TIR) spec- Film surface morphology was studied using an Hitachi
troscopy, Raman spectroscopy, scanning electron micro2300 scanning electron microscope working at 15 kV accel-
copy (SEM), high-resolution transmission electron micros- eration voltage. Cross-sectional HRTEM and dark-fi&é)

B. Film characterization

copy (HRTEM), x-ray photoelectron spectroscogXPS), images as well as selected area diffracti®AD) patterns
and optical transmittance spectrophotometry in the visible-were recorded using a Philips CM 30 transmission electron
near-UV region. microscope operating at 300 kV.

The optical transmittance of films deposited on fused
[I. EXPERIMENT silica and Corning 7059 substrates was measured by a Shi-

mazdu 2101 PC spectrometer in the 200—800 nm range. The

infrared properties were studied with a DA3 Bomem FTIR
The deposition system consists of a capacitively couple@pectrometer working within the 500—4000 chnwave

rf plasma reactor provided with a computer-controlled gasrumbers with a resolution of 4 cth FTIR transmittance

supply and vacuum systefiThe reactor chamber is a cy- spectra were measured under vacuum conditions using a pol-

lindrical stainless-steel vacuum vessel 30 cm in diametejshed on both side€L00) silicon wafer(50% transmittande

with two planar electrodes placed vertically and 4 cm apartas a reference. Micro-Raman measurements were performed

The substrate electrodd00 cnf in area can be externally in backscattering geometry with a Jobin Yvon T64000 triple-
heated and connected either to ground or to afl8.56

MHz) generator via an automatic matching network. The gas

A. Film preparation

mixtures used as source precursors wéag:diborane(di- TaBLE II. Deposition conditions for the Bi;—N, gas system.

luted to 1% of volume in hydrogemplus ammonia, andb)

diborane(diluted to 5% of volume in nitrogerplus nitrogen. Substrate position: Anode Cathode
These gases were admitted to the reaction chamber throughrf power density (Wicrd): 0.5 0.5

separate gas lines and their flows regulated by mass flow Gas pressuréPa: 10, 30 10
controllers. After being mixed in a gas-blender box, the re- B2Hs(5% in Ny flow (scem: 30 4-6, 20

acting gases flowed downstre_am alor_lg the intere!e(_:trode gap g;jbﬁ;?&ivmr'aﬁo: gxlo,z 3;215073_5“072
and were evacuated by pumping equipment consisting of tur- penosition rategnm/min: 3.6 6-9, 25

bomolecular, Roots, and rotary pumps. The total gas pressute
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Fic. 2. Surface XPS spectra ¢f) B 1s and(b) N 1s core levels of a BN
film obtained from the BHg—H,—NH; gas mixture.

strates, and were not scratched when abraded with stainless-

steel tweezer tips. Microhardness measurements performed

with a nanoindenter indicated values of around 15 GPa. The
mass density calculated from x-ray reflection measurements
was 1.95 g/crh The average surface roughness determined
with atomic force microscopy and real-time ellipsométry

was less than 1 nm. In contrast, SEM images of cathodic

%x3.8Kk 4518 1S5kY 1@om films reveal ridge-type buckling characteristic of high com-

pressive stresfFig. 1(b)]. These cathodic films were easily

Fic. 1. SEM images of BN films deposited onteSi substrates placed on scratched and often became translucent and flaked or delami-

(a) the anode(130 nm thick and (b) the cathodd110 nm thick, using the ~ Nated when exposed to atmosphere.

B,Hg—H,—NH; gas system. The chemical composition for both kinds of films was
near stoichiometric as analyzed by XPS, with B/N atomic
ratios between 1 and 1.1. Figure&2and Zb) show the

stage monochromator using the 488 nm line of an Ar laser ag;iface XPS spectra corresponding to the $(and N(1s)

the excitation wavelength. The incident power density on thggre |evels, respectively, for a film deposited on the anode.

surface sample was 4 mmz_ _ _ Similar spectra were obtained for cathodic films. The decon-

XPS analysis was carried out with a Perkin—Elmer PHly|ytion of the B16) signal gives two components: one in-

5500 spectrometer, using tie line Al (1486.6 eV as the  (anse at 190.5 e¥94% in areacorresponding to B linked to

x-ray source. The composition of the filnB/N atomic ra- N and another weaker at 191.9 eV ascribed to B—O bonds.

tio) was calculated from the ratio between the total area ofrpe N(1s) signal shows a main peak at 398 €97% in

the XPS signals corresponding to the BfJand N(1s) core  4req characteristic of B-N bonding, and a small component

levels using the sensitivity factors of the instrument. Thisgt 399 7 ev possibly related to N—H bonds. After 2 min of

calculation was performed from signals measured withouf.jon etching of the film surface, no carbon signal was de-
any argon etching of the film surface in order to avoid theigcted and the oxygen content was less than 4%. The film

effect of a greater sputtering yield of N atoms than of B composition was homogeneous through the whole thickness
atoms? The C(1s) core level of adsorbed hydrocarbon at 45 revealed by XPS depth profile analysis.

285 eV was used as an energy calibration. XPS spectra of

B1(s), N1(s), C(1s), and O(k) were also recorded after 2. Optical and structural characterization
sputtering the film surface with 3 kV argon ions.

Films were highly transparent in the visible—near-Uv
range as shown in Fig.(8), where the optical transmittance

lll. RESULTS spectrum of a BN film and of a fused silica substrate are
A. B,Hg—H,—NH; gas mixture plotted together. The refractive index measurezd by ellipsom-
N N etry at a wavelength of 350 nm was around 1*8The ab-
?h Dgzo)fl’t’on rate, morphology, and composition of sorption coefficientg, in the near-UV region as a function
e ilms

of incident photon energl is shown in Fig. 8b). An optical
With this gas system, transparent BN films were obtainedand-gap energy of 5.6 eV was calculated from xhaxis

on the anode at a deposition rate of about 1 nm/min, and oimtercept of the linear part of the plotE)? versusE [Fig.

the cathode at a rate in the range of 2—6 nm/min. Figure B(c)], corresponding to a direct allowed transition.

shows SEM images of BN films deposited on each electrode. The FTIR spectra of the BN films grown anSi wafers

Anodic films were smootliFig. 1(a)], adhered well to sub- (Fig. 4 showed two main absorption bands: one at around

J. Vac. Sci. Technol. A, Vol. 16, No. 2, Mar/Apr 1998



581 Andu jar, Bertran, and Polo: Plasma-enhanced chemical vapor deposition 581

4
3100 B-N stretching y -9}
2 80 £
[0)] ! N‘—" 6F
g 60 3r o
g 40 ,.’_? =3t B-H
5 20 (@) 5 2} RVANW/ R
S \ ! ! b 2400 2600 3400 3500
- 0 o
200 400 600 800 C, B-N bending

Wavelength (nm) 31

(c) 0 /\ DY/

5 (b) &+ 9 B-H N-H
- h - A 1 al
= { § 700 1000 1300 1600 2500 3000 3500
g =81 Wavenumber (cm-1)
wl10F & -
,C-’ .:' o 3} Fic. 5. Infrared absorption spectra of BN films grown on the cathiedéd
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E (eV) E (eV) deposited on the anode and on the cathode, which were cal

culated from the FTIR transmittance spectra and the film
Fic. 3. (a) Optical transmittance spectrum of a 200 nm thick BN fikolid thicknesses. It can be seen that the absorption band of the
line) and of a fused silica substratgashed ling (b) Absorption coefficient ~ B—N stretching mode is more intense for cathodic samples,
« as a function of photon energy. (c) Determination of optical gap energy whereas that of the B—N bending mode is more intense for
from the plot of @E)* vs E. anodic films. As the optical properties btBN are aniso-
tropic, the ratio of the heights of the BN stretching and bend-
ing peaks depend on the orientation of the BN basal planes
against the substrate surface and, under optical normal inci-
dence, becomes minimal when theaxis is parallel to the
ubstrate plane. Therefore, this could indicate a preference in
) ) X afexture of the anodic films over the cathodic ones. In fact, IR
phase of B_N,.and are the only excited modes in transmittanCyge ction spectra performed with polarized light at several
at normal incidence. The peak around 1380 Emlways ex- _incidence angles revealed the presence of the LO component

hibi_ted a shoulder on_the_ high wave-number side, which ig;c o stretching mode and the absence of the LO component
attributed to the contribution of two-phonon procesSes of the bending mode. This indicated that the principailxis

addition, the spectra showed a weak absorption band for the |\ s\ planes lay within the plane parallel to the film sur-

N—H stretching vibration (3435 cnl), whereas absorptions face but was randomly orientéd

relat_ed to B—H bonds (,2538 crf) could r_]ardly be seen. , From the integrated absorption intensity corresponding to

Figure 5 shows the infrared absorption spectra of f|lmsN_H and B—H stretching mode&ig. 5 and using calibra-
tion constants reported for these moéd®%, an atomic con-
tent of hydrogen, mostly bonded to nitrogen, of about 7% for
films grown on the anode and between 5% and 15% for films
grown in the cathode, depending on deposition conditions,
was calculated.

The Raman spectra of the films exhibited the high-
frequency E,q vibration mode characteristic oh-BN.2*
Some differences in both positidiw) and at full width at
half maximum(FWHM) of the peak were observed between
anodic and cathodic films. Typical values for anodic films
were 1373 cm? (w) and 60 cm?! (FWHM), whereas they

1380 cm?, corresponding to the in-plane stretching B—N
vibration mode E,,), and another at 780 cm correspond-
ing to the out-of-plane bending B—N modéy,).?* These
TO vibrational modes are characteristic of the hexagon

120

-
o
o

Transmittance (%)
o
o

[2)]
o
T

anode were 1368 cm! and 40 cm?! for cathodic ones. These re-
sults were independent of the kind of substrate used, as

. ) BN T | cathode shown in Fig. 6. According to the study by Nemanich
40 300 1600 2400 3200 4000 et al,? our films are thought to have a nanocrystalline struc-
Wavenumber (cm-1) ture with crystallite sizes of around 3 and 5 nm for anodic

and cathodic films, respectively.

Fic. 4. FTIR transmittance spectra of BN films deposited on the afibtie . The nanocry_Sta”mIty and the p.referred texture of the
nm thick and the cathod€220 nm thick, using the BHe—H,~NH; gas f!lms were conflrm_ed by cross-sectional and SAD observa-
mixture. tions. A textured microstructure was observed throughout the
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Fic. 6. Raman spectra of BN films grown on several substrég€orning
glass,(b) silicon, (c) WC—Co, and(d) Ni—Cr-coated silicon.

whole thickness of the BN films grown on the anode, show-
ing h-BN lattice fringes aligned nearly perpendicular to the
substrate with an interplanar distance of about 0.35Rig.

7). The SAD pattern showed two bright arcs, indexed as
(002 reflections ofh-BN, along with continuous rings cor-
responding to(100) and (110) h-BN reflections. The pre-
ferred orientation is corroborated in the DF image of Fig.
8(a), where bright areas denote the texture8N nanocrys- F!G. 8. TEM dark-field images of film shown i_n Fig. 7. Bright areas in each
tallites contributing ta(002) reflection. Such contrast is not g'iciffsf:;?lvsfﬂﬁggf. h-BN planes(a) perpendicular antb) parallel to the
observed in the DF image of Fig(l8, obtained from the

dark part of the(002 h-BN ring. On the contrary, cross-
sectional HRTEM analysis of films grown on the cathode
showed a layered microstructuiewhich was composed of
an initial a-BN layer next to the substrate followed by a  The stability of the films after long-time exposition to
h-BN textured layer with itsc axis parallel to the substrate humid atmosphere was monitored by FTIR analysis. Ca-
surface, and anothér-BN layer oriented at random. thodic films degenerated with aging, which led to a slight
reduction of the B—N bands in the IR spectra along with the
appearance of absorption peaks at 2854, 2925, and
2956 cm ! related to C—H groups(Fig. 9). In addition, their
optical transmittance decreasgBig. 10a)] and the XPS
analysis confirmed a large increase of carbon at@mpsto

3. Film stability

T LI — Foeee, |
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Fic. 9. Evolution of the FTIR transmittance spectrum of a 600 nm thick
Fic. 7. Cross-sectional HRTEM image and SAD pattern of a 190 nm thickcathodic BN film, deposited on silicon from the,H&—H,—NH; mixture,
BN film grown on the anode using theB—H,—NH; mixture. after ten months of air exposition.
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Fic. 10. Evolution of the optical transmittance of BN films of the
B,Hg—H,—NH; gas system deposite@) on the cathode andb) on the
anode. The film spectra were taken as depodisetid line) and after two
years of air expositioridashed ling

(b) x3.B8Kk 4496 15SkV 19om

15%) in the degraded films with no significant changes in the

relative percentages of B, N, and O contents. Fic. 11. SEM images of BN films deposited on silicon substrates pléged
In Contrast, the BN films grown on the anode were chemi®n the anodeé67§ nm thick and(b) on the cathod€675 nm thick from the

cally and physically very stable and showed identical infra-S2s~N2 gas mixture.

red and optical transmittance spedtfag. 10b)], even after

i iod I tw . . .
aging periods as fong as iwo years bon signal was observed in the XPS spectra performed after

2 min surface Ar-ion etching; the oxygen atomic concentra-

B. B,He—N, gas mixture tion was less than 2%.
1. Deposition rate, morphology, and composition of
the BN films 2. Optical and structural characterization
BN films were first deposited using the diboraf®s in The films were as highly transparent in the visible—

nitrogen mixture without further N dilution. On the anode, near-UV range as the films obtained from thg4g-H,—NH,
white and hazy films, easily scratched with a blade, grew at anixture. However, the absorption edge was slightly shifted
rate of 6 nm/min. A typical SEM image of these films, to larger wavelengths, resulting in optical band-gap energies
shown in Fig. 11a), reveals a mosaic morphology indicative around 4.9 eV. The main features of the FTIR spe(fig.
of high tensile stress. In contrast, well-adhered, unscratchetl?) were the absorptions related to the B—N modes along
films were obtained on the cathode at a growth rate of 2%ith a weaker band corresponding to the N—H stretching
nm/min. These films were brown in color and had B/N mode. The anodic films spectra showed additional bands at
atomic ratios of 1.5 measured by XPS. Adding nitrogen toaround 920 and 2520 cm, ascribed to B—H bending and
achieve relative BHg/N, flow percentages in the 0.7%—1% stretching modes, respectively, which could barely be seen in
range, transparent and near-stoichiometric (€.BEN the cathodic films spectra. The infrared absorption spectrum
<1.1) films were deposited on the cathode at a rate betweesf a film grown on the cathode is shown in Fig. 13. The
6 and 9 nm/min. The surface of these cathodic films wasbsorption band of the B—N stretching mode is wider and its
smooth, as the SEM image of Fig. (bl shows. intensity lower than the absorption band of the anodic films
Surface XPS analysis of the stoichiometric BN films per-prepared from the Blg—H,—NH; mixture. In addition, the
formed without Ar-ion etching showed that the main contri-B—N bending absorption band is slightly shifted at lower
bution to the N(X%) peak corresponded to nitrogen linked to wavelengths. The estimated hydrogen atomic content, mostly
boron at a binding energy of 398.1 eV. In addition, a weaklinked to N atoms, was around 10%.
contribution possibly from N—H bonds appeared at 399.9 The same textured polycrystallifeBN structure found
eV. Boron was mainly bonded to nitrogen at a binding en-in the anodic films using the Blg—H,—NH; mixture was
ergy of 190.6 eV, but the B(§) peak also showed a weak confirmed by cross-sectional TEM analysis of cathodic films
contribution at 192.2 eV ascribed to B—O bonding. No car-prepared from BHg—N, gases. SAD patterngFig. 14a)]
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Fic. 12. FTIR transmittance spectra of BN films obtained from thd3 N,

gas system and deposited on the an@#5 nm thick and on the cathode
(575 nm thick.

showed two arcs indexed &02) reflection ofh-BN, along
with continuous rings ascribed @00 and(001) reflections

of h-BN. DF images obtained using the beams diffracted
towards the bright arcs and towards the dark part of @02
h-BN ring, are shown in Figs. 18) and 14c), respectively,

corroborating that the axis was in the plane parallel to the
film surface.

3. Film stability

) i ) Fic. 14. SAD patterra) and dark-field images of a BN film grown on the
Cathodic films from the BHg—N, mixture were very cathode using the Bis—N, mixture showing thé002 h-BN planes perpen-

stable and their infrared and optical transmittance spectrgicular(b) and parallel(c) to the Si substrate surface.
remained unchanged after several months of being exposed

to atmosphere. On the contrary, the films obtained on the

anode quickly became degraded, as comparison between théesence of several absorption peaks in the 900—1208 cm
infrared spectra taken the same day of deposition and aftéegion. In addition, XPS analysis indicated a loss of nitrogen
15 days of air exposure show¢lig. 15. The intensities of atoms (B/N=1.6) and the incorporation of oxyge0%)

B-N bands were strongly lowered, the B—H stretching bandnd carbon atomé&l8%). SEM images revealed the growth
disappeared, and a wide absorption band related to O—H

groups was developed in the 3000—3500 éregion. After
eight months of air exposure, the FTIR spectra showed the
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Fic. 15. Evolution of the FTIR transmittance of an unstable 700 nm thick
Fic. 13. Infrared absorption spectra of stable and adherent BN films deposBN film grown on the anode using the,iB;—N, gas system. The spectra

ited on the cathode from JBlg—N, gases(dashed ling and on the anode were measured as depositgidshed lingand after air exposition periods of
using the BHg—H,—NH; gas mixture(solid line). 15 days(dotted ling and eight monthgsolid line).
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ing film can have either beneficial or detrimental conse-
quences on the film quality. The beneficial effects include
the increased surface mobility of adsorbed radical reactive
species, which helps to grow a dense material, the reduction
of tensile stress produced by chemical or microstructural ef-
fects, and the removal of adsorbed contaminants and loosely
adherent species from the film surface. However, intensive
ion bombardment can damage the growing film by introduc-
. o ing excessive compressive strains, breaking bonds, creating
T T defects, sputtering off radicals, and incorporating impurities.
The comparison of the properties and the deposition rate
(b) ' ' of BN films obtained on the anode from the two gas mixtures
used suggests that different growth mechanisms occur de-
pending on the precursor gases. For tbelB-H,—NH; mix-
ture, the reaction of diborane and ammonia causes the for-
mation of intermediate gas-phase compounds such as
borazine (BN3Hg), which leads to polymeric (BN§, and
(BNH),, precursor specie8. When N, is used instead of
NHj, the BN film formation may occur through the direct

I 1 1 reaction of N atoms and BHadicals that stick to the grow-
0 300 600 900_1 1200 ing surface. The liberation of hydrogen linked to these radi-
Raman shift (cm ') cals along with their probably high sticking coefficient could

account for the observed tensile stress, and thus, the presence

Fic. 16. (8 SEM image of the surface of an anodic unstable BN film of cavities and voids in the anodic films. High internal po-

obtained from BHg—N,—gasesib) Micro-Raman spectrum of the crystals . . _ .
observed on the surface of unstable films and identified as ammonium bora{gSIty with unsaturated B—N bonds favors the hydmlySIS of

hydrates(peaks at 520 and 960 cthcorrespond to the silicon substrate BN by moisture and could explain the degradation of films
through the formation of ammonium borate hydrate crystals,

as previously reported for unstable thermal CVD BN
of crystallites of about 10m on the surface of the degraded films.*%2° Nevertheless, when the films are deposited on the
films [Fig. 16@)]. These crystals were analyzed by Ramancathode using the Bi;—N, mixture, the tensile stress and
[Fig. 16b)] and identified as ammonium borate hydrates. the low surface mobility of adsorbed species might be coun-

teracted by the beneficial effects of ion bombardment, favor-
IV. DISCUSSION ing the growth of dense, adherent, and stable films. On the

The above results indicated that PECVD BN films showcontrary, the damaging effect of ion bombardment through

different properties and stability behavior depending on th&Xcessive compressive stress is reflected in the deposition of

gas precursors used and the choice of anode or cathode fgRthodic films from the BHg—H,—~NH; mixture.
the substrate position. In particular, it has been found that ©One of the main findings of this study is that adherent,
some deposition conditions lead to adherent, textbr@&N hard, and stable BN films are obtained with-8N structure

films that are very stable upon exposure to air; whereas othd¥nere thec axis is parallel to the substrate surface, which
conditions give rise to excessive stress in the films, eithefliffers from the usuah-BN structure observed in CVD films
tensile or compressive, which often results in catastrophi®vhere thec axis is perpendicular to the substrate plaféis
failure and degradation of the films when exposed to atmopreferrech-BN texture for the films deposited on the cathode
sphere. These results will now be discussed in detail, exant!sing BHs—N, gases can be explained as a result of the

ining the origin of film stress and the effects of ion bombard-increasing biaxial compressive stress in the films induced by
ment on the growing films. ion bombardment? It should be noted that the formation of

Intrinsic stress in thin films can arise from chemical, mi- an intermediatér-BN layer with the same texturing is con-
crostructural, and particle bombardment effé€t€hemical  sidered an essential condition for the nucleation ofafi&N
reactions taking place beneath the growth surface can prcphase7. Nevertheless, as for the films deposited on the anode
mote compressive stress if they add material to the filnfrom B;Hg—H,—NH; gases, the preferred-BN texture is
structure, whereas those that remove material produce tensigghieved under soft ion bombardment conditions, since the
stress. Energetic particle bombardment of the growing filmenergy of incident ions should be only a few tenths of eV,
surface creates compressive stress by transfer of momentuime same as the plasma potential. One possible reason for this
to surface atoms, forcing the atoms into closer proximity. Asmight be due to surface chemical changes caused by H atoms
stated earlier, ion bombardment affects more the growth opresent in the hydrogen-rich,Bg—H,—NHj; discharge, such
cathodic films than of anodic ones, due to the negative selfas the increased surface mobility of adsorbed species or a
bias voltage developed at the powered electr@dearound  selective chemical etching, which favor tteBN growth
—200V in our experimenjs lon bombardment on a grow- with the ¢ axis parallel to the substrate surface. As a matter

Intensity (a.u.)
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whereas without the presence of hydrogen the films grewsg t5yga, v. Yamada, T. Fuijii, and T. Yoshida, J. Vac. Sci. Technol. A

with the ¢ axis at a normal angle to the substrété&inally,

13, 2483(1995.

the present authors recently reported the successful growth ofD. L. Mediin, T. A. Friedman, P. B. Mirkarimi, M. J. Mills, and K. F.

high-quality polycrystalline continuous diamond films by
hot-filament CVD onto these texturddBN films,* which

McCarty, J. Appl. Phys76, 295(1994.
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25, V. Nguyen, T. Nguyen, H. Treichel, and O. Spindler, J. Electrochem.
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opens up the possibility of growing multilayered structures Soc.141, 1633(1994.
for mechanical coatings and electronic applications based oA™E. H. A. Dekempeneer, J. Meneve, S. Kuypers, and J. Smeets, Surf. Coat.

the diamond—BN system.

V. CONCLUSIONS
For a given PECVD system, the properties of BN films
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are strongly dependent on both the gas chemistry used and(1995.
the choice of anode or cathode for the substrate electrode?T. Ichiki, T. Momose, and T. Yoshida, J. Appl. Phy&5, 1330(1994.

Further, the feasibility of obtaining hard and transparent

h-BN films with a prefered texture in a low-temperature
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and high stability of these textured BN films make them
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