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Abstract—The mechanism and the crystallography of the growth of cubic boron nitride (c-BN) films
deposited oq100-oriented silicon substrates by radio-frequency bias sputtering have been studied by means
of cross-sectional high-resolution transmission electron microscopy. Particular attention has been paid to the
atomic structure of graphitic (ponded) BN and grain boundaries in the c-BN films. The ¢-BN films grow

in the sequence of amorphous boron nitride (a-BN), turbostratic boron nitride (t-BN) and c-BN layers, similar
to previous results. The $fponded BN material consists of small regions, 1-5 nm thick, forming in a layered
manner parallel to the substrate surface. Each region consists of parallel lamellae in both the hexagonal and
rhombohedral (h-BN and r-BN, respectively)_configurations. Three orientation relationships between h-BN
and r-BN phases were determined: OR-1: 1@} n[[2110],.5n, (0001),50J[(0001) y; OR-2: [2110];.
el[2110],-6n, (0110).on|(0111)..on; OR-3: [2110].on|[2110]gn, (0110)sa|(0112). . The r-BN crystallites

within the sp-bonded BN grow preferentially in such a way that the @14,//(0111), gy plane is almost
parallel to the grain boundary. Twinning about both the basal planes and th&{Qlplanes is common

within r-BN phase. The ¢c-BN crystallites adjacent to the graphitic BN layer are highly twinned, the {111}

en twin planes being parallel to the basal planes of thebemded BN. The c-BN phase nucleates on the
oriented graphitic BN layer in a semicoherent manner and obeys specific orientation relationships with the
hexagonal and rhombohedral phases, namely:

OR-l: [2110}.en[[110L.an OR-ll: [2110}.g0[[110)c.an
(0111), pn|[(111). e (interface plane) (012), g |(112)c pn (interface plane)
(0001)-BNE||(111)C-BN (0001)-BNE||(111)C-BN

They are related by a rotation of 1B&bout their common axis, [000&k[111]c.an

[2110], g0
(0112), gy
(0001), gy,

[110]c.en
(001}
(111)cen

In the mainly c-BN region of the films, twins are present about more than one of the sets of {1, Jil&nes.

The intrinsic microstructure of the c-BN films and the crystallography between the cubic and graphitic BN
phases show that the structure of cubic boron nitride is directly related to the structure of the precursor
phases. The atomic structure of an interface depends on the orientation relationship between adjacent c-BN
grains and the boundary inclination. The grain boundaries consist of twin boundaries when two adjacent
grains are oriented close to the [118) zone axis and the boundary plane is parallel to the {111]close-

packed planes of both grains. However, a thin layer, 1-2 nm, ®bepded BN forms between the c-BN
grains when the boundary plane inclines a few degrees from the {1}I3lanes of the adjacent grairs.

2000 Acta Metallurgica Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION extensive, covering many different aspects of c-BN

Cubic boron nitride (c-BN) thin films are of interestthin film deposition such as microstructure [1-10],
because of their excellent physical, chemical angf"eSs and strain fields [11-13], effect of ion bombard-
mechanical properties. Thus the available literature f8ent [14, 15], crystallographic texture [16-19], sub-
strate effects [20, 21], surface morphology [22],
growth mechanisms (momentum transfer model
* On leave from the I.P. Bardin Iron and Steel Industry{14,15,23], compressive stress model [11], subplant-

Institute, 2nd Baumanskaya Street, 9/23, Moscow 10700 tion model [24—27], selective sputter model [28])
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and mechanical properties [9]. Both ion-assistedebated [12,17,18,36], little is known regarding the
physical vapor deposition (PVD) and chemical vapastructure of the graphitic (§goonded) BN layer. The
deposition (CVD) techniques have been used succesg?-bonded BN is highly disordered and is usually
fully in a large number of studies. A complete reviewdescribed as turbostratic BN [40], with hexagonal
of experimental results related to the deposition of sheets roughly parallel to each other but randomly
BN thin films was compiled by Hackenberger al. rotating about the layer normal. Thus, it is believed
[29] and recently supplemented by Yoshida [30, 31that the sp-bonded material is in the hexagonal con-
It has been shown that energetic ion bombardmefiguration although evidence for the presence of r-BN
[32—35] resulting in high compressive stresses of setas been recently observed [4, 10]. It is thus question-
eral GPa [11, 13] is needed for the deposition of cable whether h-BN is the dominant phase in the t-BN
BN films. It has been suggested that the stress indudager. The atomic structure of the grain boundaries in
the c-BN formation [11]. c-BN films typically grow the sp@-bonded BN has not been studied.
with a layered structure consisting of an amorphous The grain size of PVD c¢c-BN films is extremely
layer at the film/substrate interface, followed by prefsmall, 5-20 nm [7, 8], which is typical for nanocrys-
erentially oriented spbonded BN, and a final layer talline materials (NM). The structure of the grain
of ¢c-BN. This layered structure seems to be indeéboundaries, the volume fraction of which is extremely
pendent of the deposition process. large in NM, plays an important role in the micro-
Although previous research has been compreheseopic properties of a material. There is still disagree-
sive, a number of problems still remain unsolvedment concerning the structure of the grain boundaries
Whilst several c-BN deposition models are availablen c-BN films. For example, Ichikiet al [22]
[11,14,15,23-28], there are still disagreements cowbserved twin boundaries denot&8 types, whereas
cerning the mechanism and the crystallography of &houet al. [8] reported the h-BN phase at the bound-
BN nucleation and growth. McKenzie and co-workersries between c-BN crystallites. It is also speculated
[18, 36] suggested that the texture of the hexagontidat once the growth of cubic phase is initiated, the
boron nitride (h-BN) and c-BN layers arises becauseBN phase grows without further transformation
these textures minimize the thermodynamic (GibbgB, 30].
free energy for a given biaxial compressive stress In the present study, high-resolution transmission
field, whereas Cardinalet al. [12] and McCarty [17] electron microscopy (HRTEM) was used to reveal the
argued that the textures observed are not those tlwaystallography and the structural evolution of c-BN
minimize elastic strain energy. They suggested théitms synthesized using radio-frequency (RF) bias
the c-BN texture observed arises directly from theputtering. Particular attention has been paid to the
growth mechanism. Recently, Zeitlest al [13] structure of grain boundaries in the cubic and gra-
showed that the stress evolution is characterized Iphitic BN layers.
high tensile stress in the initial stage of BN film
growth, followed by a transition from tensile to com-
pressive stress, which is connected with formation of
the c-BN phase. Ballaét al. [19] found that c-BN
films were preferentially oriented with the [110] axis 2. EXPERIMENTAL PROCEDURE
normal to the substrate surface, but neither Kester
al. [3] nor Medlin et al. [5] reported a similar prefer-  ¢c-BN films were deposited oflL00)-oriented sili-
ential orientation of the c-BN. In contrast, the analysison wafers by RF bias sputtering [41] using a sintered
by Medlin and co-workers indicates that c-BN filmshexagonal BN target. Prior to deposition, the sub-
grow with [111] in-plane orientation, resulting in astrates were sputter cleaned by ionic etching in argon
crystallographic alignment between the basal planes a bias voltage of~90 V for 15 min. The para-
of the turbostratic boron nitride (t-BN) and the {111}meters of the deposition process and some film
planes of c-BN. A strong correlation between {0Q3} characteristics are shown in Table 1. Thin foils for
sy and {111} gy planes, and between {1013y and cross-sectional high-resolution TEM studies were
{111} .5\ planes (where r-BN indicates rhombohedraprepared by a standard technique involving mechan-
phase), has been shown by Yamada-Takanetira. ical grinding, followed by mechanical dimpling and
[10]. However, it is still unclear whether the r-BNion milling to perforation. The structure of the films
phase acts as a structural precursor or a preferrags examined in a Hitachi-9000NAR transmission
nucleation site for the c-BN phase. Medkt al. [5] electron microscope with a point resolution of 0.19
observed twinning about a single type of {111} planexm operating at 300 kV. HRTEM was performed by
within any individual c-BN crystallite, whereas intilting the film/substrate interface into an exact [13.0]
diamond films, twinning about more than one set afone-axis orientation. The simulation of HRTEM
the {111} planes within a grain has been reportedmages and interface modeling were computed with
[37-39]. The reason for this discrepancy is not clealacTempas and CrystalKit software packages, with
at present. spherical aberration coefficient of the objective lens
While the orientation dependence of elastic straif.85 mm, half-width of a Gaussian spread of focus
energy in the hexagonal BN layer has recently beatue to chromatic aberration 6.5 nm, semi-angle of
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Table 1. Sputtering regimes and coating characteristics

Target power  Bias voltage Deposition ) . c-BN grain
No. W) ) time (min) Sputtering gas Thickness (nm) Structure size (nm)
1 1000 —150 8 Ar >400 a-BN, t-BN, c-BN -
2 1000 —300 4 Ar 65 a-BN, t-BN, c-BN 5-12
3 2000 —300 3 Ar 115 a-BN, t-BN, c-BN 2-12
4 1000 —400 8 Ar 65 a-BN, t-BN -

2 a-, t- and c-BN indicate amorphous, turbostratic and cubic BN, respectively.
incident beam convergence 0.65 mrad, and effective OR-1: [ZHO]h_BNH[ZﬁO],_BN
1

[Hereafter, the basal planes of r-BN and h-BN phases
will be denoted as (0001).] Note that, across the inter-

3. EXPERIMENTAL RESULTS face, (011),.gn and (01D),.en planes were perfectly
matched between the h-BN and r-BN crystallites. Fig.
3.1. Structure of spbonded BN 1 also illustrates that these lamellae were quite narrow

The characterization of &ponded BN is parti- with spacings as little as two to three lattice fringes.
cularly difficult because h-BN and r-BN differ only Twinning about the basal planes within the r-BN
in the stacking sequence of the basal planes,dther€gions can be recognized as indicated Wy It is
spacing of the hexagonal planes being the santéell known that the basal planes of the*$nded
(hereafter, the r-BN crystal is referenced to the hexa@N exhibit a large degree of curvature, tbexis of
onal indexing system). The dominant fringe contrasthe graphitic BN planes being mainly parallel to the
which is usually observed in the image ofdpnded film/substrate interface. The present observation
BN, arises from basal planes that are oriented edg@drees well with these previous results [3, 5]. The
on. In h-BN phase, every other layer is rotated bjrea of interface in Fig. 1 that is indicated by an arrow
180° around the [0001] direction, whereas in r-BNreveals information about the atomic structure of the
phase, all layers have the same rotation sense but dt€rface in the spbonded BN. Two adjacent regions
successively displaced relative to each other by a veif- the upper part of Fig. 1 were oriented close to the
tor of a/3 in a(0110) direction, resulting in a three- common [210] zone axes and the basal planes were
layer stacking sequence. MedBnal. [4] showed that perfectly matched across the interface. It can be seen
it is possible to observe the atomic arrangemetit Fig. 1(b) that the (011),.5y plane was parallel to
within the basal planes of both phases if the speciméfe (01B2).gy plane, and the (01).qy plane was
is aligned sufficiently well with 2110) direction. In close to the (10Q),gn plane. Thus, the following
h-BN phase, the (0002) and (1@1planes are orthog- orientation relationship between the h-BN and r-BN
onal, whereas in r-BN, the angs between (0003) phases was deduced:
and (10D) planes and the angi®, between (0003) _ —
and (012) planes can be expressed as follows OR-2: [2110];.8n[2110].-en

(0110)y.5n/|(0111), g

tarB,=2cA3a, tal,=c~3a.
Both the orientation relationship and the parallelism

Using the convention=0.2504 nm and €1.00 nm between (011),gy and (012), gy planes suggest that
(card No. 45-1171, JSPDS), these angles are°77.fhe grain boundary energy was relatively low. Note
and 66.8, respectively. that simulated images, which are shown in Fig. 1(c),

The microstructure of $gbonded BN was studied are in excellent agreement with the experimental
in film 2. Fig. 1(a) shows a cross-sectional HRTEMones.
image of a typical area of $fpbonded BN taken 14  Fig. 2(a) is a cross-sectional HRTEM micrograph
nm away from the film/substrate interface. The incishowing the structure of &bonded BN in film 2,
dent beam is close to [20]. Fig. 1(b) is a schematic where the periodicities within the basal planes were
key diagram showing angles between the lines @liso visible. Specific areas were sufficiently well
intense white points within the region surrounded bgligned with a(2110) direction. Schematic key dia-
a white square frame. It can be seen that th& spgrams showing the angles between sets of fringes for
bonded material consisted of parallel lamellae in botthese areas are presented in Fig. 2(b). It can be seen
the h-BN and r-BN configurations, the basal planethat most of the spbonded BN was in the r-BN con-
being parallel. The orientation relationship betweefiguration. The grain boundaries within the 2sp
the hexagonal and rhombohedral phases can bended BN indicated as A and C in Fig. 2(a) can be
expressed as follows recognized. Their simulated images are inserted in
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Fig. 1. (a) Cross-sectional HRTEM image showing a typical area ®bepded BN in film 2. (b) Schematic
key diagram showing angles between the lines of intense white points within the region surrounded by a white
square frame. Number of horizontal fringes in (b) is not coincident with that in (a). (c) Corresponding simulated
images (thickness 5 nm, defoct®©0 nm). (d) Cross-sectional view of (00QL)[(0001) gy planes. The direc-

tion of the incident beam is close to [1]. The direction of film growth is vertically upward.

Fig. 1(a). The present results show that the graiisted of small regions forming in a layered manner

boundary plane in region A was close to the (2)k1 normal to the film growth direction and consisting of

enll(0111), gy plane and the grain boundary plane im-BN and h-BN lamellae. Both phases grew by such

region C was close to the (01)Lg,[|(0110),5y plane, a way that the (012),gy, (0111),5y and (01D), gy

in keeping with the results reported above. Note thalanes were almost parallel, resulting in good coher-

r-BN twins on the {011}z, planes were occasion- ency between the crystallites. Thus, the third orien-

ally observed. tation relationship between the r-BN and h-BN phases
Edge dislocations are common within turbostratican be expressed as follows:

BN and lead to strong local bending of the t-BN _ _

atomic planes. An HRTEM micrograph of such a OR-3: [2110];,en[2110],.n

region is shown in Fig. 3(a). h-BN and r-BN crystal- (0110),, 50| (0112), 0

lites were identified from the angles of the lattice

fringes, and a schematic key diagram showing the The results presented here are the first experimental

possible atomic arrangement within the region sulebservations showing that the?dponded BN consists

rounded by a white frame is presented in Fig. 3(bpf r-BN and h-BN lamellae obeying specific orien-

It can be seen that the Sponded BN material con- tation relationships. Both phases coexist together in



SHTANSKY et al: CUBIC BORON NITRIDE FILMS 3749

gations
...'i.l b
i L

b
]
»

. D

: B

.

=

e
-
S

B C

Fig. 2. (a) Cross-sectional HRTEM image of film 2 and (b) its schematic key diagram showing angles between

sets of fringes in the regions indicated as A, B and C in (a). Microstructure shows that most part of the sp

bonded BN material is in the r-BN configuration. The direction of the incident beam is close 10][Zhe
calculated images (enlarged) for zones A and C are inserted (thickness 5 nm, defiumsn).

>

the turbostratic layer of the c-BN films. The observednaterial. Note that in the present study the larger
periodicities within the basal planes and measureglues were measured near the core regions of dislo-
fringe angles are strongly supportive of the formatiogations within the shbonded BN, where severe dis-
of narrow lamellae in either the r-BN or the h-BNtortion and bending were frequently observed.
configuration. The present results support the con- Yamada-Takamurat al. [10] and Medlinet al. [4]
clusion of Thomast al. [40] who suggested that the suggested that $fponded BN grows with a layered
basal planes of turbostratic BN have a randorstructure consisting of h-BN layer first, followed by
rotational stacking so that the material is not truly in-BN layer at the c-BN nucleation sites. These results
a long-range hexagonal configuration. The observedere not confirmed in the present study. Thorough
d spacings in the present study were consistent witfEM observation showed that the structure of turbos-
the value of 0.33 nm, which is characteristic of theératic BN contained a mixture of r-BN and h-BN
r-BN and h-BN phases. This is in keeping with thephases throughout the depth of the films. Note that
experimental data of Zhoet al. [8] but it is, however, we observed the r-BN crystallites near a thin amorph-
in contradiction with the data of Yamada-Takamuraus layer just 4 nm away from the Si/BN interface.
et al. [10] and Medlinet al. [5], who reported that Many reports in the literature [2,3,5,6,10] have
the spacing of the basal planes is typically larger ishown that spbonded BN has a characteristic orien-
the turbostratic material than in ordered, crystallinéation of its basal planes, which are oriented orthog-
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Fig. 3. (a) Cross-sectional HRTEM image of film 2 and (b) its *® PY
schematic key diagram showing that the*bpnded BN e "
material consists of small regions forming in a layered manne L ] b
normal to the film growth direction and consisting of r-BN and °

h-BN_crystallites. The direction of the incident beam is close

to [2110]. The direction of film growth is vertically upward. Fig. 4. (a) Cross-sectional HRTEM image showing the inter-
face between the highly twinned c-BN crystallite and it§-sp
bonded BN precursor. Arrows show the twinning planes of c-

onal to the film/substrate interface. Although ouBN and the other sets of {111}y planes are indicated by

SR ; ; : hite lines. (b) Schematic key diagram showing the probable
observation is in keeping with these previous resu'?#atching of atomic planes on the grain boundary. The direction

graphitic basal pla_lnes tited around an axis Iyin_g IBf the incident beam is close to J20} sn]|<110% gy, The
the plane of the film were also observed. Cardinale direction of film growth is vertically upward.

et al. [12] showed that the most stable orientation cal-

culated for the h-BN crystals differs from that . .
observed experimentally. They suggested that tr13é2' Nucleation and growth of ¢-BN crystallites
complex microstructure of the graphitic BN is not Fig. 4(a) shows a c-BN crystal with a grain size
adequately described by the single-crystal h-BN cabf 2 nm located 20 nm away from the film/substrate
culation. The present results support their conclusiomterface and oriented along(a10) zone axis. There-
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fore, both sets of {111} planes are visible, one o
them being almost parallel to the basal planes of t
graphitic boron nitride. The c-BN crystal was highl
twinned with the width of twin lamellae equal to a
spacing of four fringes. Only twinning about a singldied
type of {111} plane was observed and this findindi
agrees well with the previous results [5]. It iSE#s
important to note that the twin planes of c-BN werg
almost parallel to the basal planes of-fwnded BN.
A crystallographic alignment between the basa!
planes of graphitic boron nitride and the {111} plane$
of ¢c-BN has been reported [10, 16], but this is thé
first experimental observation showing that the bash
planes form parallel with the c-BN twin planes i
Within a specific area near the interface between tiige
c-BN and sp-bonded BN, a two-dimensional latticef
image of the graphitic BN was seen as marked by t
arrow. Angles between sets of fringes indicate th#
this local part of the spbonded BN material was in
the r-BN configuration. Fig. 4(b) is a schematic ke
diagram showing the probable matching of atomi€ig. 5. Cross-sectional HRTEM image showing alignment
planes between the ¢c-BN and r-BN Crysta”ltes on thléetween the {111} twin planes of the ¢c-BN crystalllte and the
grain boundary. It can be seen that one of the sets ez?lbg;;e; 2‘;(:2: ti’h’fffgs BTereTcnfegtTgr?tgnﬂ% threo\:\'llf]'
{111} . gy planes within every twinned c-BN crystal- is verticalTy upward. g

lite was parallel to either the (01},.5y of the (01R),.

sn plane of the r-BN phase. Thus, the following orien-

tation relationships between the c-BN and r-BNpn the c-BN films reflects the original stacking

phases were deduced: sequence of the turbostratic material. The present
_ results do not appear to support their interpretation.
R-I: [2110}gn/[110)c8n In contrast, the formation of highly twinned c-BN
(Olﬁ)r-BN”(Ill)c-BN (interface plane) crystallites with twinning occurring about a single
Z type of {111} plane is thought to assist in good
(0001).gn=|[(111)c-en atomic matching between the (11%), close-packed
_ _ planes of the c-BN phase and the (@)%, and
OR-Il: [2110} gn[[110]c.n (0111),5y planes of the r-BN phase. Therefore, it
(0112), g[(111). e (interface plane) would be expected that this good atomic matching
— yields a low interface energy.
(0001) gn~([(111) 5 The orientation relationships between the c-BN and

sp-bonded BN can be investigated further. The
They are simply related by a rotation of T88bout HRTEM micrograph of Fig. 6 shows the atomic struc-
their common axis [000Ln[[111].-en, although the ture of the interface between the?smnded BN and
interface planes are quite different. Fig. 4 shows thatBN crystallites 30 nm away from the film/substrate
every third (111)ey plane closely matched with jnterface. Note that in this particular case the basal
every alternate (00013y plane in accordance with pjanes of graphitic BN were not orthogonal to the
previous results [10, 16]. This finding implies that thesubstrate surface, contradicting previous results
interface was semicoherent. Note that to some ext t’3,5’6,10]. The interface area was sufficiently well
this orientation relationship is similar to that reportei&,gned with  the [11(3;15,\‘”[2110]t oy direction.
by Li et al [42] in which the diamond (111) planesyithin the sp-bonded BN, both r-BN and h-BN
were parallel to the graphite (0001) planes, and thgmellae can be recognized [see Fig. 6(b)]. Their
diamond [1D] direction was parallel to the graphitepasal planes were parallel and deviated about 2.5
[11201 direction. Fig. 4 also demonstrates that, Upoftom the (A1) pn p|ane The (11)c en plane was
nucleation, the c-BN crystallite did not continue togimost parallel to the (0T, en Plane and the (001)
grow but transformed into the %ponded BN. This _ plane was close to the (02)l, sy plane. Thus, the

result suggests that the optimum conditions for boffpliowing orientation relationships were fulfilled
nucleation and growth may be different and must bgithin a few degrees

discussed separately [30].

Fig. 5 is just one more example showing that alignor-|1: [110]..4[2110],.en
ment between the {111} twin planes of c-BN phase P - .
and the basal planes of%sponded BN was prevalent. (lEl)C-BN”(OllZ)“BN (interface plane)
Medlin et al. [5] suggested that the twinning observed (111)..50//(0001) gy
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Fig. 7. Cross-sectional HRTEM image of film 2 showing differ-
ent sets of {111} g\ twin boundaries. The direction of the inci-
dent beam is [11Q)g\.

70 nm thick. Fig. 7 shows an HRTEM image of a
typical region in film 2 taken 30 nm away from the
film/substrate interface. This region consisted of a
number of c-BN crystallites with a grain size of 5—
10 nm oriented along 4110 zone axis. Similar to
diamond [37-39], twinning about more than one of
the sets of {111} planes was observed and indicated
by arrows. Note that the twin planes were not orthog-
onal to the substrate surface as observed in Fig. 4.
Thus, the microstructure of the c-BN crystallites
further away from the interfacial $fponded BN was
different from that near the top of the graphitic BN
layer.

Two c-BN grains in Fig. 8 were oriented close to
a common(110 zone axis and the lattice fringes in
both grains were from the {111} planes. Across the
interface, (11).gn and (U1). gy planes were per-
fectly matched between the cubic crystallites but their
(111). gy planes were inclined by abouf,7thus an
extra half (11). gy plane was visible (shown by an
arrow). In Fig. 8, two(2110)-oriented r-BN grains
within the spg-bonded BN region located at the inter-
face between the c-BN crystallites can be recognized.
One of the sets of {111}z\ planes of each of the c-
BN grains was almost parallel to the {00QL), plane

Fig. 6. (a) Cross-sectional HRTEM image showing a singl®f the r-BN crystallites, and the (1), gy planes were
grain boundary between the c-BN crystallite and thé-spclose to (012),.gy and (011),sy planes, respect-

bonded BN region. (b) Schematic key diagram showing th
matching of atomic planes on the grain boundary. The direction
of the incident beam is [110Q}/[[2110],|[[2110]gn-

[110]. 6n|l[2110],, g0

(001). 0/|(0112),, s (interface plane)

(111)..60]|(0001), g

3.3. Structure of grain boundaries in c-BN film

The structure of grain boundaries was studied in

frely. Thus, the orientation relationships between the
r-BN and c-BN crystallites were deduced to be
OR-I:  [110]e|[[2110) g
(111), gv=[(0001) g
(111)cen=(I(0111) 5

OR-Il:  [110]..6[[2110}.gn
(110)c.n~[(0001) 5,

the c-BN layer with a high cubic fraction and up to (111)¢ £[(0112), gy
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(b) o Fig. 9. Cross-sectional HRTEM micrograph of film 2 showing
o o o the lattice image of the graphitic basal planes at the boundary
0o ' o o between c-BN crystals. The direction of the incident beam is
Q ‘| o o (o] [110)cen-
y &0 _o©
o 0 X v O o o o
b © , o (o]
o 0 0 X o o o
o & ' o o) o
o: O % 0. a2 w® s < of adjacent c-BN grains. Thus, a thin layer, 1-2 nm,
o 0 © ,S\ (= o o 0 of sp?-bonded BN was observed between the grains,
o O *a \ o o _© the basal planes being almost parallel to the other set
s PO - S - E R I L] | This indicates that the
o & ' o a0 o) of {111}.gn planes. is indicates that the *sp
o 0 © Y0 - o bonded layer was probably formed as an intergranular
o o O © m?\ gi’fﬁo s < o pre(_:ipitatio_n to reduce the interfacial energy. _
o _o-£b o 9‘\. o Finally, it should be noted that the resolution of
E &« . b ©  most pictures presented here was insufficient, making
o o 0 % “‘:".\ L ° 5 the exact position of each atomic row at the interface
e 2, . .
5 B 3 N e o ambiguous. Therefore, the presence and precise
o L O] e location of pores, facets and misfit dislocations at the
o @ € \ e & interface could not be determined.
--0--@
o o © %D .

3.4. Optimum conditions for c-BN nucleation and
growth

Fig. 8. (a) Cross-sectional HRTEM image of film 2 showing . . .
the r-BN region at the boundary of c-BN grains. (b) Schematic 1Ne structure of the ¢c-BN films was studied using

key diagram showing the matching of atomic planes betweegross-sectional HRTEM images. All films showed the
sz-bgng%d BN hf?ltnd c-BN ?rySta"i_tl_ehS \g_ithir;_ the fr?r?io'n S(ljlr-layered structure in accordance with previous results
rounde a wnite square frame. e direction o e Inclae i 1
ybeam S [ 1ql(115N||[l—10]c.BNH[2_110]r.BN- ’236,5,6,_10]. No_ c-BN phasei l/vas prese_nt in film 4
posited at bias voltage,Ll=—400 V. This film had
a 3 nm amorphous layer, followed by a layer of pref-
erentially oriented spbonded BN. Film 1, deposited
under the lowest bias voltage condition, consisted of
Note that, in this particular case, the atomic matching thick region of spbonded BN, but only traces of
on grain boundaries consisted of both the {111} the c-BN phase were detected by a selected-area elec-
en{0001}, 5y plane-on-plane matching and thetron diffraction (SAED). The synthesis of c-BN films
{111}, 6\J{0001}, 5y edge-to-edge matching. Thewith a high cubic fraction was achieved when the bias
present TEM observation suggests that the graimltage was kept constant 300 V. A typical cross-
boundary energy between cubic grains was relativeectional bright-field image, a dark-field image using
high and there was intergranular precipitation of tha 111 c-BN reflection and a SAED pattern of film 3
r-BN phase to reduce the grain boundary energy. Tlae shown in Fig. 10. It can be seen that the most
observation that the second phase is precipitated fzrt of the film corresponded to a layer of cubic boron
the interface between the c-BN crystallites agreestride. Thus, in agreement with the previous results
well with some recent papers [8, 43]. [22], c-BN deposition was observed to occur in a win-
Fig. 9 is further evidence showing that the atomicow of bias voltage values, all other conditions being
structure of a grain boundary depends on the oriethe same. A change in the target power also affected
tation relationship between adjacent grains and thbke structure of c-BN films. Fig. 11(a) and (b)
boundary inclination. Several c-BN grains orientegiresents cross-sectional HRTEM micrographs show-
close to the [11Q]zy zone axis with a size of 3-5 ing the atomic structure near the film/substrate inter-
nm can be observed. The boundary planes inclinedface in films 3 and 2, respectively. The incident beam
few degrees from the {111} close-packed planes direction is [110§;. The deposition rate of film 3 was



Fig. 10. (a) Cross-sectional bright-field TEM image and (b)

dark-field image using a 111 c-BN reflection showing HL0
nm thick c-BN film with a SAED pattern inset.
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increasing ion-to-atom arrival ratio. Therefore, this
insufficient stress within the growing film was prob-
ably compensated by the more intensive ion bombard-
ment. Note that the transition from%ponded BN to
single-phase cubic BN occurred at varying thickness
in the same film. In film 2, the $gonded BN layer
was observed to grow up to a thickness of 35 nm
until the surface was completely covered by the c-BN
layer. The question of whether it is possible to grow
a pure c-BN film, not a mixed phase, is still open. As
was shown in Section 3.3, the grain boundaries in the
upper layer of the BN films consisted of both coinci-
dence c-BN boundaries and intergranular precipitates
of sp*-bonded BN. Finally note that a thin h-BN sur-
face layer on top of the c-BN film, as reported by
Parket al. [44], was not observed in the present study.

4. DISCUSSION
4.1. Crystallography

In the present study, the crystallography and the
atomic structure of the interfaces between BN crystal-
lites were studied. The experimental observations
described above can be summarized as follows.

1. The sp-bonded BN material consisted of small
regions, 1-5 nm thick, formed in a layered manner
parallel to the substrate surface and consisted of
parallel lamellae in both h-BN and r-BN con-
figurations. Such a structure is often referred to as
“turbostratic” [40]. It should be noted that some
spP-bonded BN regions could not be fully classi-
fied as either a hexagonal or a rhombohedral struc-
ture. Although the angles between sets of fringes
in such regions were consistent with those for the
r-BN structure, only the two-layer stacking instead

higher than that of film 2 (see Table 1), thus film 3
was deposited under softer ion bombardment con-
ditions. Film 3 had a5 nm amorphous layer, fol-
lowed by~10 nm of oriented shbonded BN, and the
layer of c-BN over them. Fig. 11(a) illustrates that c-
BN nucleation occurred preferentially on the concave
surface on the $pbonded BN layer just 10 nm away
from the substrate surface (shown by an arrow).
Therefore, it is reasonable to assume that c-BR.
nucleated in surface regions with a high level of local
stress. Fig. 11(b) shows a c-BN crystallite with a
grain size of about 12 nm nucleated 9 nm away from
the substrate surface in film 2 deposited under the
high ratio of bombardment ions to deposition atoms.
In this particular case the c-BN/t-BN interface was
almost flat. In film 2, the critical thickness of the
intermediate spbonded BN layer was smaller in
comparison with that in film 3. It is well known that
the growth of BN films is accompanied by an increase

in compressive stress. It has been shown by Zeitler

et al [13] that compressive stress is increased with

of a three-layer stacking sequence, which is
characteristic of the rhombohedral phase, was
observed. This result implies that the plane stack-
ing in the turbostratic BN is random, in keeping
with the conclusion by Thomaset al. [40],
although the local symmetry between the neighb-
oring basal planes is described well by either the
hexagonal or the rhombohedral configuration.
Because of the effect of crystallography during the
growth of ¢-BN films, specific orientation relation-
ships were maintained between the c-BN, r-BN
and h-BN phases, resulting in a good coherency.
Three specific orientation relationships were found
to exist between the h-BN and r-BN phases

OR-1: [2110],.5\[[2110].an
(0001), £(0001) e,

OR-2: [2110], s\[[2110], g
(0110),, 5|(0111),
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Fig. 11. Cross-sectional TEM micrographs showing traces of (EL1and (0001)gy planes in (a) film 3 and
(b) film 2.
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OR-3: [2110],.n[[2110],-5n interface energy relationships appear to result in
(Olio)h.BNH(OﬁZ)r.BN the texture of the c-BN.

The BN crystallites in the adjacent®ponded AN alternative model of the origin of the c-BN tex-
regions were frequently observed to grow in sucfr€ suggested by Medliet al. [4, 5] is that the trans-

a way that the grain boundary plane was Ioara”éprmation occurs through the rhombohedral form of
to the (012), sn[(0111), &y plane. Twinning about boron nitride under local compressive stress. Because

both the basal planes and the {W1gy planes of the structural similarities between the r-BN and c-

within r-BN phase was frequently observed. Not@N phases, the r-BN to c-BN pathway is preferable
that the sp-bonded BN material formed preferen-com_pamd with the reconstructive process necessary
tially in the r-BN configuration. to directly convert the hexagonal phase. In this con-
3. The oriented t-BN, consisting of the h-BN and rlest, one special feature of the orientation relation-
BN lamellae, acted as a structural precursor for ships observed should be mentioned. Every alternate
BN formation. Both structural constituents of theP@sal plane of the Sponded BN was closely

turbostratic BN were found to obey specific oriennatched with a corresponding {11dgy plane. Since
tation relationships with the c-BN the stacking of the alternate h-BN basal planes is

similar to that of the {111}g\ planes, c-BN can

OR-I: [EllO}-BN”[llO]C—BN directly nucleate on the edges of the oriented basal
— _ ) planes of h-BN in a semicoherent manner.
(0111),.g0[[(111) ey (interface plane) The rationality of the orientation relationships
(0001) gn=|(111)c.5n between c-BN and both &ponded constituents
observed in the present study can be understood by
OR-II: [2110}g0|[110]c.en considering the stereographic projection in Fig. 12. It

can be seen that each orientation relationship yields

(0112), g0[[(111)..e (interface plane) a small misorientation between the coincident planes.

(0001) gn=|(111)c.&n Note that when the $gonded BN grows in a layered
. manner, the basal planes of r-BN and h-BN phases
[2110],n[110]c.en being parallel, OR-II between c-BN and r-BN phases

(0112),, 6J|(001), o (interface plane) and the orientation relationship between c-BN and h-

(0001), sn|(111)c-n

This result implies that the c-BN/r-BN and c-
BN/h-BN interfaces were semicoherent.

4. The c-BN crystallites possessed an in-pléht0)
texture, the [11Q]gy direction being parallel to
[110]s. In the c-BN region adjacent to the %p
bonded BN layer, the c-BN crystallites were ori-
ented with at least on€l11) direction lying in the
plane of the film, in keeping with previous results
[16]. The c-BN crystallites were highly twinned.
Within a single c-BN crystallite adjacent to the 111,/111.,
sp-bonded BN layer twinning about a single typeoooi,,0 — — — — — — — 111=A0001,,
of {111} plane was observed, the twin planes
being parallel to the basal planes of t-BN. In the
c-BN films further away from the $gbonded BN
layer, twinning about more than one of the sets ¢
{111} planes was observed.

5. It is suggested that the structure and crystallogr. ‘
phy of the c-BN layer were directly related to the 0112,
structure and the preferential orientation of thi 1010,
spP-bonded BN layer. The present results suppo

001

o1,

the conclusion by Cardinalet al. [12] that the c- A - h-BN, [2110] zone axis
BN texture would arise directly from the mech- O - BN, [2110] zone axis
anism of growth rather than the minimization of e - c-BN;, [110] zone axis
elastic strain energy. Thus, a direct transformatio o - c¢-BN,, [110] zone axis

from h-BN to c-BN causing a localized meltingF,g 12. The [110][[2110} on[Z110}, o Stereographic pro

. “ ieam F19. 12. BN BN -BN | -
of small regions (the S.O'C&"ed th?rmal SP'ke )’jection showing a small misorientation between the coincident
suggested by McKenziet al. [11], is question- planes for the orientation relationships observed between the

able. In contrast, favorable crystallographic and ¢-BN, r-BN and h-BN phases.
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BN phases are fulfilled simultaneously. Thus, it iphases show that the c-BN phase is directly related
expected that the interface energy between thegethe structure of the precursor phases.

phases would be low. The lattice misfits between the

coinciding planes of c-BN, r-BN and h-BN phases are

summarized in Table 2. It can be seen that even the

largest misfit does not exceed 6%.
5. SUMMARY

4.2. c-BN growth mechanism .
The mechanism and the crystallography of c-BN

In the present study the c-BN films grew in theims grown by RF bias sputtering have been investi-

sequence of amorphous BN (a-BN), t-BN and ¢-BNjated by means of HRTEM. The following results
layers, similar to most of the previous results. ARQyere obtained.

amorphous BN layer appears to be formed either dur-
ing presputtering or at the beginning of sputtering as
a result of ion mixing of B, N and Si. The existence™”
of a critical thickness of sgbonded BN seems to be
necessary for c-BN nucleation. The stress is strongly
dependent on the film thickness. Thus, it seems
reasonable to assume that a defined threshold stres
value in the intermediate layer is necessary to form
the c-BN phase, in keeping with the compressive
stress model suggested by McKenz¢ al. [11].
Nucleation of the cubic phase was observed to occur
at differing thicknesses of the $ponded BN layer.
This result implies that the c-BN crystallites nucleated

The sp-bonded BN consisted of small regions, 1—
5 nm thick, forming in a layered manner normal
to the film growth direction. Each region consisted
of parallel lamellae in both the h-BN and r-BN
configurations. r-BN crystallites within the turbos-
Stratiic BN layer often grew in such a way that the
(0112), 5,/|(0111),.5y plane was parallel to the
grain boundary. Twinning about both the basal
plane and the {011}, z\ plane within r-BN phase
has been observed. The hexagonal and rhombo-
hedral phases obeyed specific orientation relation-

under different macroscopic film stresses. The com- ships:

plex structure of the turbostratic BN, comprising a — —
large volume fraction of the grain boundaries, is OR-1: [2110];, 5[[2110], 6,
thought to possess both high macroscopic and micro- (0001),.5|(0001) ;
scopic film stress. High local stress in the film sur- __ _
face, for example on the concave surface of-sp OR-2: [2110];,.g/|[2110] .-,
bonded BN, may accelerate the nucleation of cubic (0110}, £n/|(0111),.;
phase. Several reports indicated the reduction of ion o .
energy needed for the growth of c-BN after OR-3: [2110];, g|[2110],.&ns
nucleation [45, 46]. It is speculated that once the (0110),,.60]|(0112), 5w

nucleation of c-BN occurs, it will be able to continue

to grow under the same conditions. However, the su: The c-BN growth was preceded by the formation
sequent transition from c-BN phase to t-BN phase of a layer of sp-bonded BN. Because of the effect
observed in the present study is in contradiction with of crystallography during c-BN growth, specific
this conclusion. Since growth of the BN films is con-  orientation relationships were fulfilled between the
nected with an increase in compressive stress [11, cubic phase and its hexagonal and rhombohedral
13], the contribution of local stress in the initial precursors:

nucleation of cubic phase has to be of great impor-

tance. When the compressive stress rises, boron QRr-|: [2110}.50|[110)c.an

nitride film with a high c-BN content is achieved. The — = .

intrinsic microstructure of c-BN crystallites and the (Olﬂ)f'BN”(lll_)c-BN (interface plane)
crystallography between the cubic and graphitic BN (0001) gn=~(/(111)c.en

Table 2. Lattice misfit between h-BN, r-BN and c-BN planes

Lattice Lattice Lattice
(hkI)y, spacing,d; (hkI), spacing,d, (hkl). spacing,ds (dy—ds)/d, (dy—d5)/d,
(nm) (nm) (nm)
{0002} 0.333«2=0.666 {0003} 0.3332=0.666 {111} 0.20%3=0.627 0.058 0.058
{1012} 0.182 o {200} 0.181 0.005
{2110} 0.125 {2110} 0.125 {220} 0.128 —0.024 —0.024
{0111} 0.212 {111} 0.209 0.014

{0112} 0.199 {111} 0.209 —0.050
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OR-Il: [2110} g[[110]c.gn 10.
(0112), g[|(111). s (interface plane) 11.

(0001) gp=~[[(111)c

12.

[2110];, en[110]c o
(0112),,.50)|(001), g, (interface plane) 13
(0001}, en|(111)c o

15.

The c-BN crystallites were highly twinned, the
{111} .gn twin planes being parallel to the gra-

bonded BN layer, twinning about more than one

of the sets of {111}z planes has been observed;7.
3. The atomic structure of an interface was showhs.

to depend on the orientation relationship between

adjacent c-BN grains and the boundary inclinationt>:

The grain boundaries consisted of twin boundarieg,
when two grains were oriented close to the [110]

en ZOne axis and the boundary plane was parall@lL.

to the {111}, g\ close-packed planes of adjacent
grains. However, a thin layer, 1-2 nm, of?sp
bonded BN formed between the c-BN grains when

the boundary plane inclined a few degrees froms,

the {111}, g\ planes of adjacent grains. In the last

case the spbonded BN precipitates are thought t?4-

reduce the grain boundary energy.

26.
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