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Abstract

Cubic boron nitride (cBN) has a number of highly desirable mechanical, thermal, electrical, and optical
properties. Because of this, there has been an extensive worldwide effort to synthesize thin films of ¢cBN. Film
synthesis is difficult in that without significant levels of ion bombardment during growth, only sp2-bonded BN
forms, not sp3-bonded ¢BN. Recently there has been considerable progress in improving the deposition tech-
niques and ¢BN film quality. In addition, progress has been made in understanding how energetic deposition
conditions can lead to ¢cBN formation. However, unanswered questions remain and process improvements are
still needed. In this paper we critically and comprehensively review recent developments in ¢cBN film synthesis
and characterization. First, the structures and stability of the BN phases and characterization techniques are
described. Next, the key experimental parameters controlling cBN film formation and synthesis techniques are
discussed. Following a review of microstructure, the proposed mechanisms of ¢BN formation and the observed
mechanical and electrical properties of ¢cBN films are analyzed. We conclude by highlighting the current
impediments to the practical realization of cBN-film technology. © 1997 Published by Elsevier Science S.A.
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1. Introduction

The cubic phase of boron nitride (cubic BN or ¢cBN) has significant technological potential for
thin-film applications. Having a Vickers hardness of about 5000 kg mm ™7, cBN is second in hardness
only to diamond [1-3] and hence is a natural candidate for hard, protective coatings. The fact that
cBN (i) does not react readily with ferrous metals [1] (as does diamond [4]), (ii) can be deposited
in thin-film form at low temperatures (unlike diamond [4]), and (iii) has a high resistance to oxidation
[1.5] (at temperatures as high as 1300 °C) makes it even more attractive for tooling applications.
Cubic BN is transparent in the infrared [6] and visible [1] parts of the spectrum, and thus is sought
after as a protective coating for optical elements.

Because of its wide bandgap [1] ( E,~6eV) and good thermal conductivity [1], cubic BN also
has the potential for the same high-temperature and high-power electronic applications envisioned for
diamond films. Furthermore, unlike diamond films, cBN has been doped both p- and n-type [7,8],
and can be passivated with an oxide layer [9]. In fact, a photodiode emitting in the UV has been made
from a p-n junction formed in bulk cubic BN[8,10].

BN films with a high ( > 85%) percentage of the cubic phase can now be routinely deposited by
a variety of techniques. In addition, our understanding of the experimental parameters that control
phase selection in the BN system has advanced considerably over the last several years. However,
barriers to technological implementation of ¢BN films remain. For example, the difficulty in depositing
thick, adherent films under practical deposition conditions limits use of cBN as a hard, protective
coating. Also, non-cubic BN phases tend to form before ¢cBN is nucleated [11,12]. Because the
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crystallinity is poor and epitaxial growth has not been achieved, electronic applications are not yet
practical.

In this paper we critically and comprehensively review developments in ¢BN film synthesis and
characterization, emphasizing work since the review paper written by Arya and D’Amico [13] in
1988. Reviews of different topics relating to ¢cBN film synthesis have been subsequently published by
Hackenberger et al., [14] Kulisch and Reinke [15], Richter [16], and Yoshida [17]. The reader is
referred to these papers for additional information.

We first describe the structures and stability of the BN phases and review characterization
techniques. Next, we highlight the most important experimental parameters controlling ¢BN film
formation and survey synthesis techniques. Following a review of film microstructure, we discuss the
proposed mechanisms of ¢cBN formation and the observed mechanical and electronic properties
of ¢BN films. We conclude by highlighting the current impediments to the practical realization of
cBN-film technology. We summarize, in list form, a few key points at the end of each section.

®  cBN films have many technologically desirable properties for hard-coating and electronic/
photonic applications.

® BN films have several advantages over diamond films.

®  Despite recent progress, significant barriers still exist to commercializing ¢cBN films.

2. Phases in the BN system
2.1. Structure

In many ways analogous to carbon, boron nitride forms both hard, diamond-like sp*-bonded
phases and softer, graphite-like sp>-bonded phases. Crystal structure information and schematics for
the four primary crystalline boren nitride phases are given in Table 1 and Fig. 1. A recent review of
structural aspects of these phases has been given by Kurdyumov et al. [18]. The two equilibrium
phases are the cubic, sp>-bonded structure (cBN) [23] and the hexagonal, sp 2-bonded structure (hBN)
[19]. ¢cBN, which possesses the zinc-blende structure, consists of tetrahedrally coordinated boron and
nitrogen atoms with {111} planes arranged in a three-layer (A B C...) stacking sequence. hBN is a

Table |

Structural data for the boron nitride phases

Phase a(A) e (K) Space group  Atom positions

[18] (18]

hBN [19] 2.5043 6.6562  P6y/mmce B: (0,0,0), (2/3.1/3,1/2)
(194) N: (2/3,1/3,0),(0,0,1/2)

rBN [20] 2.5042 9.99 R3m B:(0,0,0),(2/3,1/3,1/3), (1/2,2/3,2/3)
(160) N: (2/3,1/3,0),(1/3,2/3,1/3), (0,0,2/3)

cBN [1,21] 3.6153 F43m B: (0,0,0), (1/2,1/2,0), (0,1/2,1/2), (1/2,0,1/2)
(216) N: (1/4,1/4,1/4), (3/4,3/4,1/4),(1/4,3/4,3/4), (3/4,1/4,3/4)

wBN 21,22} 2.5505 4210  Pé;me B:{0,0,00, (1/3,2/3,1/2)

(186) N: (0,0,3/8), (1/3,2/3,7/8)
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(a) kBN

Fig. 1. Structures of the sp’-bonded phases ¢BN and wBN and the sp*-bonded phases hBN and rBN.

layered structure that is similar to graphite with the exception that hexagonal rings of the basal planes
in hBN are positioned directly above each other and rotated by 180° between alternate layers. The
two-layer (0002) stacking sequence for hBN can thus be described as A A " A... [19].

These stacking sequences can vary for both the sp*- and sp*-bonded phases producing additional
sp”- and sp>-bonded polytypes that are metastable. For instance, the stacking relationship between the
sp’-bonded cubic and wurtzitic (WBN) [24] phases of boron nitride is analogous to that between
cubic and hexagonal diamond (Lonsdaleite). Specifically, wBN consists of a two-layer (A A AL
stacking of (0002) planes (which are structurally identical to the cBN {111} planes). Similarly, with
all the planes oriented in the same rotational sense, rearrangement of the basal planes of sp>-bonded
BN in a staggered A B C... stacking arrangement yields an additional phase, rhombohedral boron
nitride (rBN) [25,20]. which is structurally analogous to rhombohedral graphite [26]. As is discussed
below, the similar stacking between ¢cBN and rBN and between wBN and hBN plays an important role
in bulk-phase transformations.

As with graphitic carbon, sp>-bonded boron nitride often is found in a disordered, turbostratic
form (tBN). This is the form of sp *-bonded material most commonly observed in boron nitride thin
films. For a turbostratic structure, the two-dimensional in-plane order of the hexagonal basal planes is
largely retained, but these planes are stacked in a random sequence and with random rotation about
the ¢ axis. Turbostratic BN was studied extensively by Thomas et al. [27] and, as is discussed in
Section 3.2, produces a broad and diffuse diffraction pattern that is distinct from that for hexagonal
and rhombohedral boron nitride. Accompanying this decrease in stacking order is a general increase
in the (0002) interplanar spacing (i.e. the basal-plane separation) [18,27] as well as a decrease in
the in-plane coherence length. In fact, it is difficult to identify well defined crystallites of tBN. Instead,
the basal planes remain continuous as they bend through a wide range of orientations. Fig. 2 shows a
high resolution transmission electron microscopy image (see Section 3.3) of a tBN film.
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Fig. 2. High resolution transmission electron microscopy (HRTEM) image of a tBN film in plan view. The majority of
contrast is lattice fringes from the basal planes of the poorly crystalline, graphitic material. The basal planes are highly
distorted and extend only over a short distance. From McCarty et al. [28]

2.2. Phase stability

Cubic boron nitride is commercially synthesized in bulk form by the application of high pressures
and temperatures. Recent articles have reviewed the status of high-temperature/high-pressure synthesis
[29]. The original development of the pressure—temperature ( P-T7) phase diagram [24,30] indicated,
in analogy with the diamond-graphite system, that graphitic BN (hBN) is thermodynamically stable
at ambient temperatures and pressures, whereas the cubic phase is only stable at high pressures.
However, recent experiments and calculations [31-33] suggest that the P-T phase boundary line
should be shifted to lower pressure, which would make cBN the thermodynamically stable phase under
ambient conditions. Regardless of the exact position of the thermodynamic equilibrinm line, a signif-
icant kinetic barrier hinders the direct transition from sp” to sp® bonding under ambient conditions.
Furthermore, upon application of pressure at low temperatures the phase that is formed depends
sensitively on the precursor material. For instance, because of the similarities in stacking sequence,
under pressure well-ordered hBN transforms to wBN, whereas rBN transforms to ¢cBN [34]. For both
cases, these transitions occur at room temperature only after application of pressures well above even
the Bundy—Wentorf line (hBN —» wBN, P> 11 GPa[24,32]; rBN —¢BN, P> 8 GPa [35]). Thus, as
will be discussed in the following sections, synthesis of ¢cBN films requires significant processing
measures to overcome these kinetic or thermodynamic barriers.

®  The primary BN phases are sp>-bonded cBN and wBN, and sp*-bonded hBN, BN, and tBN, a
disordered form of hBN.

®  ¢BNis a diamond-like material with a zinc-blende crystal structure.
®  There is a kinetic barrier to cBN formation under ambient conditions regardless of whether cBN
is thermodynamically metastable or stable under ambient conditions.
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3. Characterization techniques

As described by McKenzie et al. [36], characterization of BN films is non-trivial, and conclusive
phase identification requires application of several complementary techniques. In part this is because
thin-film ¢BN is typically very small grained and highly defective. In this section, we describe the
attributes, including the limitations, of the common characterization techniques.

3.1. Fourier transform infrared spectroscopy

Because it gives ready estimates of ¢BN content, the most important and widely used tool for
characterizing BN films is Fourier transform infrared (FTIR) spectroscopy. FTIR analysis is a straight-
forward, non-destructive, and rapid technique that can be done in either reflection or transmission.

3.1.1. Phase identification with FTIR spectroscopy

Being vibrational spectroscopies, infrared and Raman spectroscopies are sensitive to the bonding
of BN films. For crystalline materials, the techniques only sample the vibrational modes (i.e. the
phonons) near the center of the Brillouin zone (i.e. phonon wavevector =0) [37]. For near-normal
incidence of thin films, IR reflection and transmission gives peaks near the frequency of the vibration
modes in their transverse optical (TO) polarization. As the film becomes thick, light between the
Jongitudinal optical (LO) and TO frequencies cannot be transmitted through the lattice. This produces
a reststrahlen band of high reflectivity (or low transmission) between the LO and TO frequencies
[37]. This thick-film peak is broadened and upshifted in frequency from the peak of a thin film.
Defects can also change the IR absorbances. For both Raman and infrared spectroscopy, as the
crystallinity is reduced, the selection rules that allow only the near-zone-center phonons to be observed
break down, leading to broadening and shifting of the peaks. The broadening can be quite pronounced
for amorphous materials, where the entire density of vibrational states can contribute to the IR and
Raman spectra [38].

The vibrational properties of single-crystal cBN and highly crystalline hBN are well known (see
Table 2) while those of rBN and wBN are not well investigated. Unfortunately, only micron-scale,
highly defective powders of wBN are available for bulk studies. Since the vibrational frequencies are
sensitive to the bonding type, similarities in the IR peaks of rBN and hBN, and wBN and cBN are
expected. Therefore, while it is straightforward to distinguish sp”-bonded from sp>-bonded BN, it is
more difficult to distinguish benveen sp® phases (say hBN vs. rBN) or sp * phases (¢BN vs. wBN).
For cBN, the single, triply degenerate phonon is both IR (see Fig. 3(a)) and Raman active (see Fig.
3(b)) and is split into a TO component at ~ 1060 cm ™' and an LO component at ~ 1310 cm™" by
the ionicity of the crystal. For hBN, the two IR-active phonons have TO frequencies at about ~ 780
and ~ 1370 cm ™!, respectively (see Fig. 3(c)) [42]. The 1370 cm ' mode is a stretching of the B—
N bond within the basal plane, and the 780 cm™ ' mode is a bending of the B-N-B bond berween the
basal planes. rBN has two vibration modes, both of which are Raman and infrared active. These modes
are closely related to the IR-active modes of hBN' and have been found by Raman analysis at essentially
the same frequencies as the [R-active modes of hBN [44,45]. Therefore, the IR spectra of hBN and

" The A, and E modes of rBN involves vibration of the B and N atoms between and within, respectively, the basal
planes. These modes are similar to the A,, and E,, modes, respectively, of hBN and graphite. More exactly, the rBN A,
mode has the same atomic displacements as one of the ‘silent’ B, modes of hBN and graphite. The rBN E mode has the
same atomic displacements as the one of the E,, modes of hBN and graphite. The atomic displacements are given pictorially
as the modes labeled "B,,,” and 'E,,," in Ref. [47]. In graphite [47], and presumably in hBN, the out-of-plane B, and A,
modes have essentially the same frequency as the in-plane E,, and E,, modes. Because of this, the A, and E modes of rBN
accur, respectively, at essentially the frequency as the A, and E,, modes of hBN.
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Table 2

Optical vibrational modes of ¢BN, wBN, hBN, and rBN

Crystal Activity ® Mode symmetry Measured frequencies *
structure
Infrared Raman
O 1065 [6], ~ 1050 [39] 1036 [40]
cBN R, IR F,
LO 1340 [6], ~1310[39] 1304 [40]
T0 950 1411°
wBN R, IR Ay LO 1090 [417 ¢ 015 [41] ¢
. 1120 [41] © 1050 [41] ¢
R, IR EI{LO 1230 [41] © 1295 [41] ¢
R E,
R E;
silent B,
silent B,
TO 783 [42]
hBN IR Az,,{m 828 [42]
silent B,
silent B
TO 1367 [42]
IR B {Lo 1610 [42]
R Ea, 52 [43]
R Esg 1366-1370 [42,43]
TO
BN R, IR [290] AI{LO 790 [44,45] ©
R, IR [290] E{IT; 1367 [44.45] ©

* All frequencies in ecm ™.

® R, Raman active; IR, infrared active; silent, not infrared or Raman active.
¢ Frequencies are tentative and no assignments to modes are possible. wBN should have only two TO IR-active modes, yet

both Doll [41] and Kessler et al. [46] observed three transmission peaks from wBN powders.

4 Frequencies are tentative and no assignments to modes are possible.
¢ Assignment to TO polarization is tentative.

BN will be quite similar (subtle differences between rBN and hBN have been presented by Doll
[48]). Poorly crystalline sp *-bonded BN (i.e. tBN) has the same two IR peaks as hBN and BN,

except broadened.

wBN has two [R-active modes. Both Kessler et al. [46] and Doll [41] found peaks in IR
transmission at about 1085, 1125, and 1250 cm ™', with the first peak being the most intense. Until the
vibrational properties of wBN are better known, the secondary peaks around 1125 and 1250 cm ™' can
be used to distinguish ¢BN from wBN. In summary, a reasonably symmetric IR peak near 1060 cm ™"
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Fig. 3. Vibrational spectroscopy of BN phases. (a) FTIR spectrum foran  ~ 1000 A thick film with a high ¢BN fraction taken
in reflection and ratioed 10 the spectrum of an uncoated silicon substrate. (b) Raman spectrum of a commercial, sintered
compact of ¢BN grains synthesized at high temperature and pressure. Obtained using a 514.5 nm laser. (¢) FTIR spectrum
for an sp>-bonded BN film (tBN) taken in reflection and ratioed to the spectrum of an uncoated silicon substrate. (d)
Comparison of FTIR spectra from a mainly ¢cBN film and a SiO, film, the latter being the oxide ‘seal’ coat on the back side
of a commercial Si(100) wafer. Both spectra taken in reflection and are ratioed to the spectrum of a clean silicon substrate.

is the vibrational fingerprint of thin-film ¢BN, while peaks near 780 and 1370 cm ™! are the fingerprints
of sp*-bonded BN.

Information on the orientation of the basal planes in hBN/tBN relative to the substrate can be
inferred [49-51] from the ratio of the IR peak intensity at ~780 cm ™" ( Iy) to the peak intensity at
~1370 cm ™" (1,37). For near-normal incidence of IR light, the out-of-plane mode (780 cm ') is
enhanced relative to the in-plane mode (1370 cm ~') as the basal planes orient themselves perpendic-
ular to the substrate ( ¢ axis parallel to substrate). Likewise, as the basal planes become oriented parallel
to the substrate, the ratio of I;gy/ [, will decrease.

3.1.2. Pitfalls in phase identification by IR spectroscopy

Although IR analysis is a powerful technique for phase identification, it must be done carefully.
There are many examples in the literature where the existence of cBN has been wrongly concluded
because the IR spectroscopy was misinterpreted. Extreme examples include confusing the well-known
IR absorbances of hBN/tBN with those of ¢BN [52]. Most misidentification occurs, however, when
non-BN features near 1060 cm ™' are assigned to ¢cBN. For silicon substrates, in particular, there is an
intense IR absorption associated with SiO, between about 1100 and 1050 cm ™', depending on the
oxygen content [53]. This feature has a shoulder at about 1150 cm ~! that is also dependent on oxygen
content. These features can be misinterpreted as the signature of ¢cBN (see Fig. 3(d)). Under typical
deposition conditions (i.e. some substrate cleaning and deposition in a low oxygen environment), any
Si0, layer will be reasonably thin (less than tens of angstroms) and its presence will not be a significant
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issue unless the BN film is also very thin. Furthermore, if truly from c¢BN, a peak near 1060 cm ™! will
exhibit systematic behavior such as increasing in intensity with increasing film thickness.

3.1.3. Quantitative estimates of ¢BN content

Infrared spectroscopy is widely used for determining relative amounts of cBN in BN films. Precise
quantification is non-trivial mainly because the complex microstructure makes determination of the
optical ‘constants’ of ¢cBN and particularly tBN problematic. In general, the refiection or transmission
of IR light through a thin film on a substrate is a complicated process that is sensitive to the film
thickness (interference effects), angle of incidence, and the optical constants of the film and the
substrate. Even for fixed optical properties, changing film thickness and incidence angle can lead to
frequency shifts, intensity variations, and line-shape distortions, particularly for reflectance spectra
[54].

Several approaches for phase quantification have been presented in the literature. For both
reflection or transmission analysis, it is common to assume that:

. {1060
volume fraction cBN = o

Lyoso + {1370 (b
where /460 and /,37, are the normalized reflected or transmitted intensities (i.e. the ratio of the reflected
or transmitted intensity to the incident intensity) of the IR absorbances at approximately 1060 and
1370 cm ™!, respectively. For reflectance spectra of films on silicon substrates, this relationship has
some theoretical justification. Friedmann et al. [55] modeled the infrared response of thin cBN, hBN,
and intimately mixed hBN/cBN films on silicon substrates using the optical constants for highly
crystalline cBN and hBN. The hBN was assumed to be randomly oriented, and therefore, the estimates
of ¢cBN content may be high if the tBN is aligned with its basal planes perpendicular to the substrate.
If the interfaces are smooth and sharp, the simulations include the effect of the subsirate on the complex
refractive index of the film near resonance frequencies and multiple reflection effects. For mixed-phase
films between about 500 and 2000 A thick, they found that the volume fraction of cBN was approxi-
mately within (order 5% accuracy) that given by Eq. (1). Simulations of layered structures (e.g. Si/
hBN/cBN) and/or oriented hBN is straightforward in this approach. BN films on metallic substrates
[56] have also been simulated. The importance of the substrate is illustrated in that the intensity ratio
of Eq. (1) needed to be multiplied by about 1.4 to estimate ¢cBN content on metallic substrates. The
principal deficiency of such analyses is the use of the optical constants of highly crystalline cBN and
hBN. Because the ¢cBN grains are nanocrystalline and highly defected, and the tBN is very poorly
crystalline and can be highly oriented, BN films can have optical properties that are significantly
different from single-crystal cBN and pyrolytic hBN. For example, the absorption coefficients of cBN
and tBN in films are much less than those predicted from the nearly single-crystal properties [57,58].

For transmission analysis, approaches for quantification based upon the film absorbance have
been proposed.” Absorbance is the logarithm of the ratio of the incident intensity to the transmitted
intensity. The absorption coefficient o w) is the frequency-dependent absorbance divided by the film
thickness. These approaches correctly account for the exponential loss of intensity with pathlength
(i.e. the Lambert-Beer law) but typically neglect the substrate. *> The work of Jiger et al. [57] shows
that the first assumption is crude at best, most likely leading to overestimating the cBN content.

2 In spectral regions of strong phonon absorbances, in general, there is no simple relationship between the reflected
and transmitted intensity of a film on a substrate.
3 For transmission analysis, Eq. (1) is valid only for two conditions: (1) the absorption coefficient of cBN at  ~ 1060
cem™ ' is equal to the absorption coefficient of hBN/IBN at ~ 1370 cm ™', and (2) the film is thin encugh that the linear
approximation of the Lambert~Beer law is valid.

|
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Yokoyama et al. [S9] proposed a relationship between the volume ratio of cBN and tBN/hBN based
on the absorption coefficients calculated from the optical properties of highly crystalline ¢cBN and
hBN. Jdger et al. [57] improved this relationship by correctly accounting for the densities of hBN and
cBN and by measuring the absorption coefficients of the tBN and ¢cBN. tBN films of known thickness
were analyzed using an approach that has been applied to quantify the hydrogen content in amorphous,
tetrahedrally bonded semiconductors. The procedure gave a ‘calibration’ constant that related the
measured integrated absorption to the number density of hBN/tBN oscillators. Not having pure ¢cBN
films, both the calibration constant of ¢cBN and the cBN content were inferred by analysing mixed-
phase tBN/cBN films of known thickness. A simple linear relationship was found between the
absorption coefficient ratios and the inferred volume fractions of ¢cBN and tBN. Specifically, if f.gx
and figy are the volume fractions of ¢BN and tBN, respectively, then f.gn/fipn = 0.6 X (1060 cm ~ 'Y
(1370 cm ~ ") * and fign/ fian = 0.19 X (1060 cm ~ ')/ «(780 cm ~'). Even though Jager et al. meas-
ured an absorption constant, determining the *best’ absorption coefficient (and thus the multiplicative
constant) for the sp >-bonded BN is still problematic. The microstructure, specifically the extent of
preferred orientation, in an sp>-bonded reference film grown with insufficient ion flux to make cBN
may be quite different from the highly oriented tBN found in the interfacial layer of cBN-containing
films (see Section 6). For example, Tsuda et al. [58] found that a;37¢ changed by nearly a factor of
three for a modest change in substrate bias.

Improved quantitative analysis using IR spectroscopy requires that the substrate be accounted for
and that the optical constants for cBN and tBN be determined by analysis. Friedrich et al. [60] have
begun such work. This approach will also contribute to better characterizing the nature (e.g. extent of
order and texture) of the tBN. For now, Eq. (1) can be applied to reflection analysis of thin films with
the understanding that cBN content may be overestimated. For transmission analysis, the approach of
Jager et al. [57] can be applied with the proviso that the multiplicative constants are subject to
refinement.

3.1.4. IR peak shifts

The FTIR peaks from cBN films are generally shifted to wavenumbers above the single crystal
value of ~1060 cm™"; this is commonly attributed to compressive stress. In fact, McKenzie et al.
[61] observed that the IR peak of a ¢cBN-containing film shifted from 1081 cm ~'to 1056 cm ™! after
stress was relieved when the film delaminated from the substrate. Fahy [62,63] and Cardona and
Anastassakis [64] have commented upon the shifts in frequency for the TO phonon of ¢BN for both
isotropic and uniaxial strain. For uniaxial strain, the sign of the line shifts depended upon the direction
of the strain axis relative to the phonon polarization. We caution that several other processes can shift
the IR peaks, including film thickness [55]. the degree of crystallinity, the optical properties of the
substrate [56], and deviations in film stoichiometry [65]. In addition, Fahy et al. [66] have recently
suggested that the shift in the cBN TO phonon observed during the initial nucleation [55,66] of ¢cBN
is largely not because of stress. Instead, they propose that geometrical factors (i.e. small discrete
particles and their associated polarization field) resulting from island nucleation dominate the fre-
quency shift. However, for stoichiometric films analyzed after the initial nucleation phase, the literature
supports the notion that the IR peak of ¢cBN in films occurs at wavenumbers higher than the bulk value
because of compressive stress.

* The multiplicative constant 0.6 is nearly the density ratio of hBN to ¢BN. That is, the ratio of the absorption
coefficients normalized by the appropriate densities approximately gives the volume ratio. Equivalently, the absorption
coefficients measured by Jiger et al. [57] approximately scale with mass density.
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3.2. Electron and X-ray diffraction methods

Because of the number of similarities in the interpretation of electron and X-ray diffraction
{XRD) of boron nitride films, these two classes of techniques are discussed together. Several factors
complicate the characterization of BN films by diffraction methods including small grain sizes and
crystallographic disorder, overlap of reflections from multiple phases, and low scattering intensities.

Standard X-ray diffraction using conventional 6-26 geometries has been relatively unsuccessful
in characterizing ¢cBN thin films. The weakly diffracted X-ray intensity from the thin, low-atomic-
number BN films generally results in poor counting statistics. Further complications arise from the
peak broadening due to poor crystallinity as well as overlaps with peaks from secondary phases.
Improved XRD counting statistics have been obtained by using grazing incidence geometries
[55,67,68]. In contrast to X-ray diffraction methods, transmission electron diffraction has the advan-
tage of significantly better counting statistics. Its disadvantages arise because of the relative imprecision
in determining the camera constant (typical uncertainty is about 2% without an internal standard) and
from the inelastic and multiple scattering processes, which complicate the analysis of diffraction
intensities.

Table 3 shows expected diffraction peaks and d-spacings for the cubic phase of BN. The strongest
peak is the {111} reflection (d=2.09 A). Several peaks are very weak {e.g. the {200} reflection
(d=1.81 A)) and are rarely observed.

Although the analysis of diffraction from single-phase ¢BN is straightforward, the presence of
secondary graphitic phases significantly complicates the analysis. Highly crystalline hBN is rarely
observed in BN films; instead the turbostratic modification (tBN) is dominant. The interpretation of
diffraction patterns from tBN [27,70] is similar in many respects to the interpretation to the turbostratic
modification of graphite. Specifically, the general {4kil} reflections are absent, and only reflections
from the basal, {000/}, and prismatic, {#ki0}, planes remain. The {4ki0} reflections are often abbre-
viated as {Ak} (e.g. {10} and {11}), which emphasizes that the structure retains two-dimensional
ordering within the hexagonal sheets but does not have long range three-dimensional order.

Because of the weak bonding between layers, the spacing of the {0002} planes is typically larger
in tBN than in the ordered, crystalline material. On the other hand, the {hk} reflections, which are
representative of the dimensions of the rigid, sp>-bonded B,N; rings, show less variation in position.
For instance, Aita [71] cites studies of sputtered BN films for which the interlayer spacing for the
{0002} is 5~15% greater than that for crystalline hBN, although the apparent a-axis dimensions remain

Table 3

Diffraction lines expected for ¢cBN

hkl d(K) 11, 1/ I {X-ray)
{400 keV electrons) (JCPDS 25-1033) [69]

111 2.09 100 100

200 1.81 0.8 2

220 1.28 49 6

311 1.10 26 3

222 1.04 0.5 i

400 0.90 5 1

331 0.83 8 3

420 0.81 0.4

422 0.74 9

333115 0.70 3
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Table 4

Typical ranges of peak positions observed for tBN
d (&) hkil

3.50-3.83 0002

2.13-2.22 10

1.23-1.28 11

constant to within +2%. The typical peak positions for tBN observed in thin films are noted in Table
4. In situations for which tBN is oriented with basal planes parallel to the substrate (i.e. a [0002] out-
of-plane texture) (as appears commonly in films grown without ion-irradiation), the (0002) tBN ring
will be suppressed in the plan-view transmission electron diffraction pattern leaving only the two-
dimensional (10) and (11) rings [72]. The remaining rings are pathologically close to the strong
¢BN {111} and {220} rings, and. without care, could easily be misidentified as arising from c¢BN.
Fig. 4 shows typical electron diffraction patterns from a tBN film and a mainly ¢cBN film.

Additional secondary phases can also lead to interferences in diffraction analysis. These issues
should be of particular concern for situations such as pulsed laser deposition, in which particulates of
target material can be incorporated into the film [73]. Crystalline hexagonal boron nitride (i.e. not
turbostratic) possesses several strong peaks that are close to cBN reflections. For instance, the positions
of the hBN {1010} (d=2.17 A) and {1011} ( d=2.06 A) reflections [74] straddle the position of
the ¢BN {111} reflection (d=2.09 A). Similarly, the strong {0221} reflection ( d=2.11 A) from
elemental rhombohedral boron [75] is close to the ¢cBN {111} reflection.

Diffraction line broadening is a common measure of relative and absolute grain size [76], and
the technique has been applied in several instances to ¢cBN films [50,67,77,78]. However, care must
be taken in the interpretation of such broadening. Rickerby et al. [77] noted that the analysis of
diffraction broadening underestimated the ¢BN grain size, relative to that measured by dark-field

o

Fig. 4. Electron diffraction patterns from plan-view specimens of (a) a tBN (sp 2-bonded) film and (b) a film with high ¢cBN
content. (Note in (b), a weak (0002) tBN ring is present just inside the (111) ¢BN ring. This arises from residual tBN in
the film.)
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transmission electron microscopy (TEM), by a factor of approximately 5 and concluded that internal
faulting and twinning of the individual grains could explain the discrepancy.

3.3. Transmission electron microscopy

TEM has proven very useful for validating phase identification and providing detailed micro-
structural information about boron nitride films. In this section, we focus primarily on some of the
specific details and potential pitfalls in applying such methods to the characterization of BN films. See
Section 3.2 for a discussion of electron diffraction applied to characterization of boron nitride films.

3.3.1. Dark-field TEM

Dark-field TEM methods are useful for determining the phase distribution and grain size and
morphology in ¢cBN films. In the dark-field technique, a small objective aperture is positioned to select
a specific diffracted beam, which is used to form the image. For the BN system, segments of the
tBN(0002) ring and the ¢cBN(111) ring are commonly used [11,77,79,80]. The regions of high
electron intensity in such an image correspond to grains of the phase of interest. Some complications
can arise in interpretation because of the overlap of the ¢cBN(111) and the weak tBN(10) rings,
particularly if the ¢cBN fraction is small. Additionally, it is important to note that such images do not
map out the entire distribution of the phase but rather only those grains that are oriented to diffract
into the segment of arc subtended by the objective aperture. This limited sampling can be remedied to

some extent by application of conical dark-field methods that are available on some electron
micrescopes.

3.3.2. High-resolution transmission electron microscopy

Because of the nanocrystalline dimensions of the ordered regions of both the sp- and sp>-bonded
phases in BN films, high-resolution transmission electron microscopy (HRTEM) has been critical to
microstructural studies of boron nitride films. Fringe spacings and angles can aid in phase identification.
These can be measured directly from images or in reciprocal space using Fourier transform methods.
Measurement accuracy is about 0.1 A for the nanocrystalline microstructures common in ¢BN films.
For ¢BN, the most commonly identified fringes correspond to the {111} planes (4=2.088 A). For
the graphitic boron nitride material, the basal plane fringes (d~=3.3 f&) are easily resolved. Addition-
ally, if graphitic material is oriented along a (2110)-type direction it is often possible to resolve the
in-plane periodicities corresponding to the zigzagging chains of alternating boron and nitrogen atoms
that run parallel to this direction and which are spaced by 2.17 A [81,82]. For hBN, the resulting
intensity peaks are directly aligned above each other and correspond to {1010} fringes; in rBN the
peaks are staggered in an A B C... sequence and correspond to {1011} fringes. Such contrast has been
used to examine the local graphitic BN stacking arrangements in a film grown by ion-assisted pulsed
laser deposition (PLD) [83].

Caution must be exercised in the interpretation of HRTEM images. HRTEM contrast is very
sensitive to crystal orientation, beam tilt, and the objective lens focus and aberrations [84]. In nano-
crystalline specimens such as cBN films, the tilt orientation of individual crystallites is quite difficult
to experimentally control. As an example, a tilt rotation as small as 20 mrad about the ¢ axis of hBN
is sufficient to obliterate the {1010} contrast [82] leaving only the (0002) fringes visible. Additional
image artifacts may arise from overlapping crystallites and variations in specimen thickness.® For

% As discussed in Ref. [85], the presence of HRTEM Moire fringes from averlapping crystalline regions has in at
ieast one instance been misinterpreted as evidence for epitaxial cBN on silicon.
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many geometries, the use of image-simulation programs is a critical aid to the interpretation of HRTEM
images.

3.3.3. Electron energy loss spectroscopy

Electron energy loss spectroscopy (EELS) in the transmission electron microscope can provide
useful information regarding the bonding character of the boron nitride polymorphs. Issues related to
phase identification in boron nitride by EELS have been reviewed recently [86]. In the low-loss
regime, the energy of the plasmon peak exhibits a significant shift between hBN (E,=21.5eV) and
cBN (E,=30.1 eV), reflecting the large difference in density between the two phases. In the high-
energy-loss regime. the near-edge fine structure of the boron and nitrogen K ionization edges can be
used to distinguish between sp’- and sp”-bonded material as well as to quantify the fraction of sp*-
bonded material on a local scale. For instance, the boron K edge in hBN consists of a sharp peak
centered at 191 eV, arising from the Is—7 transition, followed by a broader peak at 198 eV from the
1s—¢ transition; in ¢cBN the 7" peak is absent and only a ¢ peak at 196 eV is present. McKenzie et
al. [61] used EELS to examine the spatial variation of sp *-bonding in a cross-sectioned cBN film.
Similar analyses have been performed for analyses of amorphous carbon [87] and diamond [88].
EELS in a reflection mode has been used to characterize the near surface regions of cBN-containing
films [89]. The near surface regions have been found to be sp *-bonded, as discussed in Section 6.4.

3.4. Other techniques

As discussed in Section 4.2, film stoichiometry is an important issue, and Auger electron spec-
troscopy (AES) and X-ray photoelectron spectroscopy (XPS) can provide a chemical analysis of the
near surface (top several monolayers) of BN films. The primary limitations of these methods are that
(i) the near-surface composition of BN films can differ from the bulk [90]. (ii) the use of ion
sputtering to clean the surface or depth profile the sample can alter the composition since boron and
nitrogen can sputter at different rates [91]. and (iii) the electron-beam energies/currents commonly
used in AES have been observed to damage BN [92.93]. The latter difficulty can be overcome by
using very low electron beam currents {92] and employing special detection techniques (i.e. photon
counting).

Wavelength-dispersive X-ray spectroscopy (WDS). performed with a scanning electron micro-
scope (SEM) or an electron probe microanalyzer (EPMA), can be used to measure the stoichiometry
of the BN films over a depth of roughly 1 wm (and volume of ~ 1 wm?® [3]). Drawbacks of this
technique include (i) beam-induced damage of the sample, and (ii) complications to compositional
estimates because of the proximity of the B and N peaks and the shifting of peaks due to matrix effects
[72].

Rutherford backscattering spectrometry/elastic recoil detection (RBS/ERD) and neutron depth
profiling (NDP) have also provided compositional information on ¢cBN films. These techniques can
sample the entire film thickness and can be more accurate than the electron- and photon-based tech-
niques described above. Primary drawbacks are (i) the expense of the needed equipment, (ii) the
complicated procedures required to interpret results from BN films [55,94], and (ii1) for RBS/ERD.
the limited accuracy for cBN films on particular substrates.

Raman spectroscopy has not been widely used to study ¢BN films, largely because of its inferior
sensitivity compared to IR analysis for thin-film analysis. Werninghaus et al. [95] have shown that
the Raman peaks of ¢cBN substantially broaden as the crystallite size and distance between defects
decreases. This accounts for the difficulty in obtaining well-defined Raman scattering from current
¢BN films. which have only small, highly defective crystallites. Compared to IR analysis, Raman
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analysis is much less influenced by factors such as the film thickness, the optical properties of the
substrate, and the sharpness of the film/substrate interface. Therefore, Raman spectroscopy will

become more important as the films improve in quality and become thicker. On a cautionary note,
there is a ‘plasma’ line (i.e. a non-lasing emission line) shifted 1057 cm ~' from the 488 nm line of
argon-ion lasers, a common Raman excitation source [96]. If not properly filtered, this emission line

can be misinterpreted as the TO phonon of cBN.

Near-edge X-ray absorption fine-structure spectroscopy (NEXAFS) is sensitive to electronic
bonding, and has been used [97-99] to differentiate between BN phases. Distinguishing between bulk
sp>-bonded (hBN, rBN) phases was found to be difficult. However, a subtle difference was observed
between the bulk sp>-bonded phases, wBN and cBN. NEXAFS measurements on a BN film with
approximately 15% c¢BN (via FTIR) showed evidence of both sp 2 and sp* bonding. Since NEXAFS
is a synchrotron-based technique, its application will be small compared to the widely available
technique of FTIR spectroscopy.

Although optical characterization of BN films is useful in itself, care must be taken in using
quantities such as the index of refraction to infer phase information. Ellipsometry is commonly used
to measure the frequency-dependent real and imaginary parts of the index of refraction, or equivalently,
the frequency-dependent real and imaginary parts of the dielectric constant. The (real) refractive index
of ¢BN at visible frequencies is about 2.1 [1,39]. The refractive index of cBN-containing films has
been found to be approximately 1.9-2.1 [50,51,100,101]. The optical properties of hBN are highly
anisotropic; the refractive indexes parallel and perpendicular to the ¢ axis are 2.05 and 1.65, respectively
[102]. With increasing substrate bias, Kuhr et al. [51] have indeed observed that the refractive index
of tBN produced by plasma-enhanced chemical vapor deposition (CVD) varied from about 2 to 1.65
as the orientation of the ¢ axis relative to the substrate changed from parallel to perpendicular. In
addition, Dworschak et al. [50] found that the refractive index of tBN increased with B content and
that the refractive index of B itself was 2.34. Thus, through either orientational or stoichiometric
effects, the refractive index of tBN can be close to that of cBN. Therefore, phase identification based
on measurements of refractive index alone is ambiguous.

®  The most valuable techniques for phase identification of BN films are infrared spectroscopy,
transmission electron diffraction and microscopy, and electron energy loss spectroscopy.

®  Since distinguishing ¢BN from graphitic BN can be difficult, use of complementary phase
characterization methods along with stoichiometry analysis is prudent.

®  Some possible pitfalls in phase identification: (i) infrared spectroscopy, SiO . peak near ¢cBN
peak; (ii) diffraction methods, possible overlap of tBN and ¢BN peaks; (iii) HRTEM imaging,
overlapping crystallites, thickness variations, specimen tilt; (iv) Raman spectroscopy, artifacts
near cBN peak.

4. Factors controlling formation of the cubic phase in BN film synthesis

4.1. lon bombardment

The recent success in synthesizing cBN films largely results from using energetic particle bom-
bardment {typically via ions) during film growth. In 1987, Inagawa et al. [103] observed that ¢cBN
film formation only occurred in a specific range of ion current (flux) and substrate bias (i.e. ion energy)
values, as illustrated in Fig. 5. They observed that the process-parameter boundaries, as well as the
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Fig. 5. Schematic diagram showing cBN content as a function of ion current energy at constant ion mass and deposition rate,
after Inagawa et al. [103] The transition to low/medium cBN content with increased ion current and energy is now known
to result from increased sputtering, which gives a thinner film, and ultimately a no-growth condition.

maximum cBN percentage attained, were influenced by the ratio of Ar™ to N, ™ ions (i.e. ion mass).
In 1990, Ikeda et al. [104] and, in 1991, Yokoyama et al. [59] found a narrow window of  deposition
rate and substrate bias in which ¢BN formed. With fixed ion mass and deposition rate, Kester and
Messier [105], Tkeda [106]. and Tanabe et al. [107] observed. in 1992, that ¢cBN formed only for
certain values of ion energy and ion flux. Thus, there are sharp thresholds for cBN formation in an
experimental parameter space of (i) ion mass 1, (ii) ion energy E, (iii) ion flux J (ions cm “257h,
and (iv) deposition flux a (atoms cm ~* s~ '). The deposition flux is generally defined as the total flux
of boron and nitrogen atoms that arrive at the substrate. However, some researchers refer to the boron
flux as the deposition flux. Not all the arriving atoms are incorporated because of ion sputtering. The
flux ratio J/ a is commonly referred to as the ion-to-atom ratio.

An example of the sensitivity to ion bombardment is given in Fig. 6(a), where a 10% increase
in J/ a changes the ¢cBN content from essentially zero to ~80%. Based on the jon-assisted physical
vapor deposition (PVD) work of Tanabe et al. [107]. Kester and Messier [105], Bouchier et al.
[109], Ganzetti and Gissler [110], and Mirkarimi et al. [108], Reinke et al. [111-113] refined the
parameter—space plot of Inagawa et al. [103]. Fig. 7 displays BN phase formation as functions of ion
energy and J/ ag. where ag is the boron deposition flux. The lower solid line is the sharp boundary
between tBN and ¢BN formation, while the upper solid line is the boundary between cBN and total
resputtering (no net film growth). Thinning of the film near the latter boundary emphasizes the graphitic
BN interlayer (see Section 6.2), accounting for the decreased cBN content seen in data such as
Fig. 6.

In 1992, Kester and Messier (KM) proposed that the sharp threshold for cBN formation could
be described by a single momentum-related parameter [105]. Before discussing the KM study further,
we provide some background information. The ratio of the ion flux to the atom (deposition) flux,
J/ a, has a significant effect on many film atiributes including film microstructure, stoichiometry,
intrinsic stress. Targove and Macleod (TM) derived a parameter meant to describe the momentum
transferred from the ions to the film atoms assuming a single, head-on, elastic collision between an
ion and a film atom [114]. This momentum-related parameter is:

(P/CI)TM=2U5/(1)V2’”1E171 (2)

where m; is the mass of the ith ionic species, E; is its mass, and ¥; is the efficiency of kinetic energy
transfer in a single, head-on, elastic collision given by:
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Fig. 6. cBN content as a function of (a) ion per film atom { J/ @) and (b) ion momentum per film atom{ Pr,/ a) for different

ion energies and constant ion mass using Eq. (4). The ion-irradiation flux originates from a gas feed of 60% N ,/40% K.
From Mirkarimi et al. { 108].
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Fig. 7. Formation of BN phases as a function of ion/boron flux and ion energy as compiled by Reinke et al. [113]. ¢cBN
forms only between the upper solid line and either the lower solid line or the dotted line. For insufficient relative ion flux
{below lower solid line or dotted line), only tBN forms. For too high of an ion flux (above upper solid line), no film growth
occurs because of ion sputtering. Note that the tBN/cBN boundary in the lower solid line is fixed at F=J/ ag=1 above 500
eV, and is therefore independent of ion energy. Reinke et al. [113] attributed this to the stoichiometry requirement of having
sufficient nitrogen ions to react with the evaporated boron atoms to form BN. In contrast, the dotted line represents the data
of Mirkarimi et al. {108]. In their iechnique (ion-assisted pulsed laser deposition), nitrogen comes from the ablation target
as well as the ion source. Their results show an £ scaling for ¢BN formation between 500 and 1200 eV.

4miMalom

Fyl: (mi+Mmom)2 (3)

where M, 15 the average mass of the film atoms.
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Using nitrogen 1ons and either argon, krypton, or xenon ions, KM [105] measured the cBN
content of films grown with varying E and J/ a. They found that the sharp threshold for cBN formation
could be universally parameterized in terms of ( P/ a) ry. That is, cBN formation occurred above the
same critical value of ( P/ a) 1y =200 (eV amu) '* independent of the particular values of J, a, m, and
E. For combined bombardment by nitrogen and argon ions, total resputtering occurred above ~ 300
(eV amu) "*. Consistently, several researchers have subsequently found cBN formation to occur near
the 200 (eV amu) 2 value® [109,110,115]. In studies that varied both E and J/ a, Ganzetti and Gissler
[110] and Bouchier et al. [109] also found that the cBN-formation threshold scaled as E?. The KM
study was the first to link ¢BN formation with a ‘super-parameter’ incorporating all of the factors
(J, a, m, and E) observed to have a strong effect on cBN formation.

Varying both m and E in conjunction with J/ a, Mirkarimi et al. [108] also confirmed the KM
observation that the ¢cBN-formation threshold scaled as E'>. However, they found a different depend-
ence on ion mass. Mirkarimi et al. [108] found that the cBN-formation threshold scaled best with the
‘total” momentum of the bombarding ions,

(Pro/a)=Y"(Jila)y2mE, (4)

rather than the momentum transferred in a single, binary collision. For fixed ion mass and variable ion
energy and flux, Fig. 6(b) shows that the threshold for cBN formation occurs at essentially the same
value of P,/ a but not the same value of J/ a (Fig. 6(a)). The critical Pr,/ a value was close to the
critical ( P/ a) ty value of KM. Mirkarimi et al. argued that Eq. (4) is more physically realistic than
the single-binary-collision parameter (( P/ a) 1) since the interaction of a several hundred electronvolt
ion does not consist of a single collision, but is instead a complicated cascade involving many separate
collisions for which the total ion momentum is ultimately transferred to the film. Furthermore, Mir-
karimi et al. [108] noted that the specific momentum parameter used by TM and KM (Eq. (2)) is
non-physical since the film-atom mass should replace the ion mass. The physical significance of the
momentum scaling is discussed in Section 7.3.

There is evidence that the (mE) ' scaling breaks down at low ion energies. Ulrich et al. [116]
observed that for ¢cBN deposition at £~ 140 eV, 90 eV, and 60 eV, the critical J/a values are
approximately 13, 20, and 66, respectively. Similarly, Johansson et al. [117] required J/a=24 at
E=110 eV. The momentum parameter values calculated from these results are significantly larger
than the reasonably consistent values found by Ganzetti and Gissler at E=200 eV and other workers
[109,108,118] at E>300eV. While these studies used Kaufman-type ion sources [109,110,108,118],
Ulrich et al. [116] and Johansson et al. [117] used ions generated from sputter-source plasmas.
Therefore, some of the difference in momentum values may result from processing and/or measure-
ment differences (see below). For example, while Johansson et al. deposited tBN films at £~ 500eV
and J/ a =3, either ¢cBN or a sputtered film would be expected for these conditions using a Kaufman
source [105,108]. Additional evidence that the E'* scaling may break down at low ion energies comes
from Reinke et al. [111-113.119]. In addition to the data shown in Fig. 7, Reinke and other workers
combined results from several ion-assisted PVD [105,107,109,110] and plasma-assisted CVD
[50.59,119] studies on one plot. " From these two figures, they concluded that for E <500 eV the cBN-
formation threshold scaled as the inverse sputter yield (see also Section 7.1), which has an approximate
E' dependence [111]. Since ¢cBN formation occurs for both PVD and CVD processes in a similar

¢ In general, comparison between different studies is problematic because making accurate, absolute measurements
of ion and deposition fluxes is non-trivial.

7 In the plot, most of the data points, and all of the points between 100-300 eV come from the plasma-assisted CVD
study of Kuhr etal. {119].
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range of ion-bombardment parameters, Reinke et al. also concluded that the same mechanisms are
operable in these two processes (i.e. chemical effects are not dominant in plasma-assisted CVD).

Seneé et al. [120] suggest that ¢cBN synthesis is best parameterized by an energy dependence of
the form (£—E,) ', where the constant E, is between 100 and 200 eV. The form, derived from
simulations of ion-solid collisions, reduces to an approximate £ dependence for ion energies greater
than 300 eV, and an approximate E' dependence (see above) at low ion energies. Unfortunately, most
of the literature data below 200 eV comes from plasma-assisted experiments using r.f.-biased substrates
[50,59,116,117,119]. The ion flux and energy is derived with some uncertainty from the substrate
bias, and the density and temperature of the plasma. The latter are determined by Langmuir-probe
measurements, which are problematic when the probe is being coated with an insulating film such as
BN or is in the presence of a magnetic field. Clearly, additional and more accurate data at lower ion
energies are needed to determine whether other functional forms indeed are an improvement upon the
simple momentum scaling.

If ion-induced atomic displacements are important to ¢cBN formation (see Section 7), then, as
suggested by Kidner et al. [78], cBN synthesis should not be possible at energies near or below the
displacement energy of atoms in BN (several tens of electronvolts). Several groups have deposited
predominantly cBN films at ion energies near or below 100 eV [59,78,117,119,121]. However, there
is not yet convincing evidence for cBN synthesis below E=50 eV. From a study of the ion-energy
dependence, Kidner et al. [78] proposed an ion-energy threshold of ~ 100 eV for ¢cBN synthesis.
However, more recently the same group [66,121] synthesized ¢cBN at even lower ion energies by
using higher ion-to-atom (J/ &) values.

Evidence also supports the notion that the initiation and growth processes in ¢cBN synthesis are
separate. Recently, McKenzie et al. [122] and Hahn et al. [123] reported that the ion energy necessary
to first form (nucleate) cBN is higher than the ion energy needed to subsequently grow ¢BN. That is,
once a cBN layer was formed, cBN growth could continue for a markedly lower ion energy. Hahn et
al. [123] also reported that a larger ion momentum per deposited atom is necessary to initiate cBN
formation than to subsequently grow cBN. The implications of these observations are discussed in
Section 7.5.

In addition to £, i, and J/ a, several deposition system-specific parameters affect cBN formation.
One such parameter is the angle of incidence, measured from the surface normal, between the impinging
ions and the film. Using 500 eV ions, Sueda et al. [124] varied J/ ¢ and varied the angle of incidence
from normal to glancing. They found that predominantly ¢cBN films could be synthesized at all the ion
angles, at roughly similar J/ a values. The window of J/ a values for ¢cBN formation narrowed, however,
with increasing ion angle. Since the upper bound of the cBN-formation window is the threshold for
total resputtering (see Fig. 7), and TRIM simulations indicate that the sputter yield for typical growth
conditions increases for increasing angles up to about 80° [125,126], this window narrowing is indeed
expected [124]. In contrast, Bouchier et al. [109] reported that the threshold J/a value for cBN
formation decreased by almost 40% as the incidence angle of 300 eV ions increased from 15° to 45°.
However, the support for this conclusion consisted of only three data points and further investigation
is desirable. Mirkarimi et al. [127] showed that the temperature threshold for cBN formation (see
Section 4.3) decreased somewhat when the incidence angle increased from 60° to 80°. That the
thresholds in J/ a and temperature are functions of incidence angle may be related to the spatial
distribution of ion-induced defects, which has been suggested to affect ¢cBN formation [108]. The
maximum, localized defect density becomes larger and moves closer to the surface as the incidence
angle increases [125,126].
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In summary, ion bombardment plays a key role in ¢BN film synthesis. The models proposed to
explain the mechanism of ¢BN formation through ion bombardment will be described and critiqued
in Section 7.

4.2. Stoichiometry effects

From analysis of their own work and an examination of the literature [104,107,118,128-131],
Hackenberger et al. [65] concluded that films with high ¢cBN content tended to have B/N ratios close
to unity. More recent work has also supported this observation [50,51,94], which is not surprising
since ¢BN is a line compound. Although the B/N ratio needs to be near unity for the BN film to be
predominantly cubic, cBN has been observed [132] in mostly tBN films with B/N ratios ditfering
significantly from unity. Whether the B/N ratio is homogeneous throughout these films or is locally
stoichiometric in the vicinity of the ¢cBN grains remains to be determined. This knowledge is necessary
to assess the degree to which local compositional fluctuations control cBN formation. Regardless of
the local effects, it is clear that overall stoichiometry is required to obtain nearly phase-pure films.

4.3. Temperature effects

Several studies have investigated the temperature dependence of ¢BN formation in detail
[55,105,107,127,133,28]. Dworschak et al. [50] have also studied temperature effects in a CVD
process where hydrogen incorporation is an additional concern. These studies find that cBN films can
be grown over a wide range of temperatures, in contrast to the rather narrow range of ion-to-atom
ratios for which growth is possible. For example, Friedmann et al. [55] reported high ¢cBN content in
films grown at temperatures from about 100 °C to over 800 °C. Substrate temperatures of several
hundred degrees Celsius are commonly used. That cBN can be grown at these relatively low temper-
atures has much appeal, particularly in contrast to the 1000 °C-type temperatures used for making
diamond by CVD processes [4]. While ‘room-temperature’ growth has been reported [134,135], the
actual substrate temperature is probably above room temperature because of heating from energetic
particle bombardment.

For fixed deposition conditions and film thickness, as the temperature is increased beyond some
‘optimal’ temperature (typically 400-500 °C), the volume-averaged cBN content decreases somewhat
from the increased thickness of the sp>-bonded BN layer (see below). As the substrate temperature is
reduced, the ability to make ¢BN is lost entirely at some process-specific temperature. For example,
Tanabe et al. [107] found a threshold temperature below which only tBN, not cBN, was produced.
The threshold temperature increased from about 90 °C to about 230 °C with increasing ion-to-atom
ratio. The following has been reported for a fixed ion-to-atom ratio: Kester et al. [133] found that
temperatures >200-300 °C were required to make single-phase cBN; Friedmann et al. [35] could
readily produce ¢BN on silicon for substrate temperature > 100 °C, but not at lower temperatures,
consistent with more recent results by Hofsiss et al. [101]. For all ion-to-atom ratios up to complete
resputtering, Mirkarimi et al. [127] could grow predominantly ¢cBN films at ~ 130 °C, but could not
synthesize ¢BN below ~ 100 °C, indicating that the inability to grow ¢BN below the threshold
temperature is not because of a particular ion-to-atom ratio.

The existence of this low-temperature threshold is unexpected both from a thermodynamic
perspective and in light of the large amount of ion energy dissipated during film growth. While recent
work (see Section 2.2) has questioned whether hBN is the equilibrium phase under ambient conditions,
there is agreement that the slope of the ¢cBN/hBN boundary ( dP/d7T) is positive. This implies that at
constant pressure under equilibrium conditions, a reduction in temperature should favor the growth of
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cBN, behavior opposite to that of the observed temperature threshold. While the temperature of the
substrate (typically a few hundred degrees Celsius) is low compared to the melting points of hBN and
cBN, the ion energies per film atom required for cBN formation are sufficient to displace each film
atom from its binding site on the order of ten times (see Section 7). This very large energy input is
probably why ¢BN synthesis is relatively insensitive to substrate temperature once the threshold
temperature is exceeded. The temperature dependence for making sp*-bonded BN is also different
from the temperature dependence for synthesizing sp*-bonded amorphous carbon. Apparently there is
not a temperature below which sp*-bonded carbon cannot be formed [136]. McCarty et al. [28] have
shown that ¢BN can be grown below the threshold temperature on ¢cBN which itself had been grown
above the threshold temperature. They suggested that ¢BN nucleation requires a higher temperature
than cBN growth.

Kidner et al. [78] and Taylor and Clarke [121] have used low ion energies and deposition rates
to synthesize high cBN content films at very high temperatures (850-1200 °C). Taylor and Clarke
[121] and Mirkarimi et al. [137] report that this route can allow for growth of thick cBN films since
the residual stress is reduced, as discussed further in Section 9.1.

The microstructure of the BN films clearly varies with substrate temperature. Using cross-sectional
HRTEM and IR analysis, Kester at al. [133] observed that the thickness of the interfacial sp >-bonded
layer increased with increasing substrate temperature. This effect could be compensated for by
increasing the ion-to-atomratio. The thickening interfacial layer accounts for the falloff in cBN content
with increasing substrate temperature that is observed in constant thickness experiments. The crystal-
linity of the ¢BN worsens as the growth temperature decreases, as evidenced by the increasing width
of the TO phonon in IR spectroscopy [55]. McCarty et al. [28] have studied how the sp *-bonded
material accompanying ¢cBN formation changes with temperature. They showed that the ordering of
the sp*-bonded basal planes increased with increasing substrate temperature.

In summary, cBN films can be grown at relatively low substrate temperatures. While cBN growth
is not achieved below some process-specific temperature, above this temperature the cBN content is
not a sensitive function of temperature. While possibly making the initial nucleation of ¢cBN more
difficult, high-temperature growth holds promise for reducing intrinsic stress and improving
crystallinity.

4.4, Substrate effects

While the vast majority of cBN film studies have employed silicon substrates, as shown in Table
5, several other substrates have also been used. Films with a high ¢cBN fraction can be deposited on a
wide variety of substrates. As noted in Section 3.1, the relative IR response will be different for metallic
and non-metallic substrates, so quantitative comparisons are complicated. This aside, the literature
indicates that the highest cBN-content films form on hard, covalent substrates such as Si, SiC, and
diamond. Mirkarimi et al. [127] observed that BN films deposited on soft metal substrates (Al, Ag)
had a much lower ¢BN content than films on harder metal substrates (Nb, Ta, Ni), suggesting that
substrate strength plays a role in ¢cBN formation. There is support for this conclusion in the literature,
although the data from soft substrates are sparse. The mechanistic implications of this work will be
discussed in Section 7.3.

There are only a few reports where the cBN content on insulating substrates has been quantified.
For instance, although ¢cBN growth on sapphire has been reported [146], Mirkarimi et al. [127] had
difficulty obtaining ¢cBN on insulators and suggested that substrate charging could be causing a
reduction in ion-current density. The use of an r.f. substrate bias would be one way to overcome this
obstacle. As discussed in Section 9.1, the substrate may also influence film adhesion.



P.B. Mirkarimi et ul. / Muterials Science and Engineering R21 (1997) 47-100 67

Table 5

Summary of ¢cBN film growth on non-Si substrates

Substrate Reference Charac. technique ~cBN content *
a-C/Si [56] FTIR Very high
Al/Si [138] XRD Low?

Al (139] FTIR Low/med.?
Al [56] FTIR Low

Ag [56] FTIR Low

Au 156] FTIR Medium
B/Si [140] FTIR Very high
Cu [133,139] FTIR None

Cu [56] FTIR Medium
Diamond [141] FTIR High
Diamond [133] FTIR Very high
Mo {139] FTIR High

Mo [56] FTIR High

Ni/Si [138] XRD High?

Ni [104] FTIR Medium
Ni [56.133] FTIR High

Ni [142] XRD Very high?
Nb [56] FTIR High

Pt/Al ,0, [56] FTIR Medium
B-SiC/Si [127] FTIR Very high
Steel [61.104,139,143] FTIR High

Ta [561 FTIR High
TIN'WC-Co [144] XRD High?
TIN/WC-Co [104] FTIR High
TiN/MgO [56] FTIR High/very high
WC [145] FTIR Very high?
WC-Co [104,143] FTIR High

Very high, >85% ¢BN; high, ~60-85% ¢BN: medium, ~ 35-60% ¢BN: low, ~5-35% cBN: none, <5% cBN.
« 2" denotes that quantitative estimates are difficult since either XRD was used, or IR spectroscopy was used but few details
are given.

Ikeda et al. [104] observed that surface roughness can influence ¢cBN film formation. Growth on

a ‘mirror-like” silicon surface (max. roughness <0.01 pm) gave a much higher ¢cBN content than

growth on a ‘rough’ (max. roughness <0.4 pm) silicon surface [104]. A possible explanation is that

the roughness shadows small areas of the film from ion irradiation.

® Intense ion bombardment is required to form cBN films.

®  For ion energies >200-300 eV, cBN film synthesis can be parameterized in terms of the ion
momentum per depositing atom. At lower ion energies, other parameterizations may be more
accurate.

®  More energetic conditions and a higher substrate temperature are required to initially form
(nucleate) than to subsequently grow cBN.

®  Films with high ¢BN content are nearly stoichiometric.

®  There is a sharp, low-temperature threshold below which ¢BN does not form. Above this
temperature, cBN content is insensitive to temperature.

®  While most growth has been on silicon substrates, films with high cBN content have been obtained
on other hard ceramics and metals.
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5. Survey of cubic BN film synthesis techniques

In this section we categorize the various studies by the technique used to provide the deposition
flux. As noted in Section 4.1, energetic-particle bombardment during film growth is necessary to
synthesize high cBN-content films. Thus the processes differ primarily in the sources of B and N and
how the ions are generated and transported to the substrate. In Fig. 8, we show a simplified schematic
illustration of the two basic processes: ion-assisted deposition and plasma-assisted deposition.

3.1, Electron-beam evaporation/ion plating

Ion-assisted electron-beam evaporation, sometimes referred to as ‘ion plating,” was one of the
first techniques used in early attempts at ¢cBN synthesis. In 1987, Inagawa et al. [103] showed that
this technique could deposit nearly-phase pure cBN films. On cne of the samples, the FTIR spectrum
shows essentially the single peak of ¢cBN. Nearly phase-pure cBN films have since been synthesized
via electron-beam evaporation by a number of groups [12,61,65,104-106,109,122,124,130,
133,143,146-149]. In several of these studies [12,105,106,124,130,133,148], ions from sources, stuch
as a Kaufman-type sources, bombarded the growing film with little or no bias applied directly to the
substrate. The other processes [61,103,104,143,146,147] involve striking a plasma discharge and
extracting and accelerating ions to the biased substrate {radio frequency (r.f.) usually). There are also
hybrid processes. For example, Lu et al. [150] recently grew films of predominantly ¢cBN using a
modified Kaufman-like source that generated energetic neutrals instead of ions.

5.2. lon-assisted pulised laser deposition

Synthesis of polycrystalline cBN films using ion-assisted pulsed laser deposition (PLD) is well
established. In 1990, Mineta et al. [151] synthesized c¢BN films by combining a deposition flux
generaied by ablating a hBN target with a continuous CO, laser with an ion flux from a Kaufman
source. Using pulsed excimer lasers but otherwise similar experimental configurations, other workers
[55,79,108,127,152] since then have obtained films with high ¢cBN percentages (of >85%). Advan-
tages of using ion-assisted PLD for ¢BN deposition include: (i) separate ion and deposition sources,
which permits independent control of the deposition rate, ion flux, etc.; and (ii) the simplicity of the
technique, in which multicomponent (i.e. BN) targets can be used. Disadvantages of PLD include
limited potential for industrial scale-up and particle incorporation into the film. The particles, which
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Fig. 8. Simplified schematic illustrations of two basic techniques for ¢BN deposition. In ion-assisted deposition (a), an ion
flux from an Ion source is combined with a *deposition’ flux from a source such as a boron evaporator. In plasma-assisted
deposition (b), the substrate is typically r.f. biased and ions from a plasma discharge are accelerated toward the substrate,
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originate from the target, can be minimized by using dense (pyrolytic) BN targets [73], and mechanical
choppers [153], which take advantage of the much higher velocity of the ablated atomic species
relative to the particles.

5.3. Sputtering

Early efforts to use r.f. magnetron sputtering to deposit cBN films were largely unsuccessful
[71.154,155]. However. there are now numerous studies reporting high-cBN-content films using this
technique [60.,72,78,110,117.121,128,129,137.139,156,157]. This success largely results from tech-
niques that enhance ion bombardment during film growth. Merely applying a negative bias voltage to
the sample has been shown in several cases to produce ¢cBN films [60,72,157]. The use of magnetic
fields to extend the sputter-source plasma out toward the sample can increase the ion flux (J) on the
film, and hence allow for a higher deposition rate (). Both unbalanced magnetron sputter sources
[58,117], as well as conventional magnetron sources combined with external magnets/coils
[128,139,156.158] have been used to extend the plasma. The necessary ion bombardment can also be
provided via a Kaufman-type ion source [110] or with an electron cyclotron resonance ion source
coupled with a sample bias [78]. Tanabe et al. [107,159] obtained predominantly cBN films by ion-
beam sputtering boron targets. Unlike the results from magnetron sputtering studies, however, no cBN
was formed when a hBN target was used.

Sputtering is commonly used in industry for depositing hard coatings. In part, the sputtering
studies have addressed solving the practical problems needed for industrial implementation. Radio-
frequency magnetron sputtering, needed when insulating targets such as hBN are used, generally has
a lower deposition rate than d.c. sputtering. Liithje et al. [139] and other workers [117,158,160,161]
have sputtered a B,C target (with N, added to the ambient) to deposit BN films with a large ¢cBN
fraction. Since B,C (resistivity <10 Q) cm) is more conductive than hBN (resistivity > 10'° Q cm),
it has potential for use in high-rate d.c. sputtering. Johansson et al. [117] used d.c. sputtering to deposit
films with high ¢BN content. Surprisingly the ¢cBN films have a low carbon concentration of only
~ 5 at.%, even though the target has ~ 20 at.% carbon. Possible explanations for this effect have been
suggested [117].

Boron is a potential target material tfor d.c. sputtering since it becomes sufficiently conductive
above 800 °C. In fact, Hahn et al. [157] have d.c.-sputtered hot boron targets and obtained films with
high ¢BN content. Compared to r.f. sputtering, however, they found that the ion flux on the substrate
was a factor of three lower with d.c. sputtering. This suggests that cBN growth would occur at a lower
rate for d.c. sputtering. Also, Schiitze et al. [158] were able to obtain films with a much higher ¢cBN
fraction using r.f. versus d.c. sputtering, possibly also because of differences in the ion flux. Thus d.c.
sputtering may not result in the hoped-for higher ¢cBN deposition rates.

Encouragingly, ion-assisted sputtering yields ¢cBN films as good as any of the other techniques
and is easily amenable to industrial scale-up. One disadvantage of sputtering (both d.c. and r.f.) for
research studies is the inherent coupling of the ion flux (/) and deposition flux ( a), which makes it
more difficult to independently vary, control, and measure these important parameters.

5.4. Plasma-assisted CVD

Plasma-assisted chemical vapor deposition (PACVD) was one of the first techniques used to
deposit predominantly ¢BN films [140.162-165]. Ions from either a microwave (2.45 GHz) or an
r.f. (13.56 MHz) plasma are extracted and accelerated to the biased substrate. A variety of source
gases have been used, and the following source/carrier gas combinations have been demonstrated to
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produce predominantly ¢cBN films: B,Hg in N, [50,68,140,162,163,166,167] or NH ; [168]; BH 5—
NH; in H, [164]; NaBH , in NH; [169]; HBN(CH ;);in N, [119]; and B ;H3N3(CH 5) 3 in N, [93].

Unfortunately the most commonly used source gas, diborane (B »H,), is both toxic and explosive. This
prompted Weber et al. [93] to use less toxic and non-explosive N-trimethylborazine (B ;H3N3(CH 5) 5).
One drawback of this source gas is that substrate temperatures of > 750 °C appear to be necessary to
produce c¢BN films, while the diborane process can be used at much lower temperatures, typically
<400 °C [50.59,140,163,167]. Interestingly, these latter substrate temperatures are not much higher

than those reported by researchers using PVD techniques. CVD processes usually have higher substrate
temperatures than PVD processes because they rely on thermally driven chemical reactions to crack
the source gases, whereas in PACVD the plasma serves that purpose.

Like sputtering, CVD is a practical deposition technique that is amenable to industrial scale-up.
CVD is generally inexpensive and can coat irregular shapes better than the PVD techniques. The
current disadvantages in using PACVD for ¢cBN film synthesis include: (i) more variables and possible
contaminants than PVD techniques, (ii) lower cBN-content films than PVD techniques
[50,51,59,68,93,119,163,164,166-168,170,171,172,173], and (iii) the use of hazardous source gases
such as diborane.

5.5. Other energetic technigues

Hofsiss and coworkers [101,132] used mass-separated ion-beam deposition (MSIBD) to syn-
thesize films with high ¢BN content. In this unique process, singly ionized B* and N provide the
ion irradiation and the deposition flux, i.e. no other ions (such as Ar *, B™*, or N, ) and no neutral
atoms (B °, N°) are involved. The technique has the advantage of allowing for precise, independent
control of the ion-bombardment parameters (flux, energy) of all species and leaves no unwanted
residual inert gas in the films. That this technique yielded nearly phase-pure ¢cBN films without inert-
gas ions demonstrates that inert gas incorporation is not a necessary factor in cBN formation [174,175].
Since both the depositing species are energetic ions, the ‘ion/atom’ ratio is fixed at one or two,
depending on the definition (see Section 4.1). For ¢cBN formation, sharp threshold values of 125 eV
for the ion energy and 150 °C for the substrate temperature were found (see Fig. 9) [101]. The energy
threshold was interpreted as the minimum energy to enable complete rearrangement of the atoms
within the thermal-spike volume (see Section 7.2). Because of reduced film sputtering, the ¢cBN-
formation window extended from about 125 to 1000 eV, which is wider than the typical windows of
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Fig. 9. Formation of cBN grown by mass-separated ion-beam deposition (MSIBD) as function of ion energy and temperature.
From Hofsédss et al. [101]
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other techniques. The energy threshold of 125 eV corresponds to an ion momentum per incident boron
atom (‘ion’) of about 115 (eV amu) ', about half the threshold value found in ion-assisted deposition
studies at higher ion energies (see Section 4.1). For energies near 125 eV, MSIBD can synthesize
¢BN with somewhat fewer (see. for example, Fig. 7) to considerably fewer [116,117] ions per incident
boron (also see the discussion of Section 4.1) than ion- or plasma-assisted deposition.

Berns and Cappelli have grown ¢cBN films using a low-density supersonic plasma jet, fed by BCl,
and N». impinging on a substrate biased between —60 and —90 V [176].

Cathodic arc evaporation is a process capable of high deposition rates in which a large fraction
of the evaporated atoms are ionized. Unfortunately, the technique requires an electrically conductive
target and boron and boron nitride are insulators at room temperature. However, boron does become
conductive at high temperatures ( > 800 °C). Krannich et al. [177] and Richter et al. [178] have used
heated boron sources to deposit nearly phase-pure cBN films by cathodic arc evaporation.

5.6. Non-energetic techniques

In contrast to the highly energetic deposition processes described above, cBN synthesis by
processes that are considerably less energetic or even thermal has been reported. Examples include
hot-filament-assisted evaporation of boron [179,180], metal-organic CVD withour the use of a plasma
[181]. and ‘non-assisted” PLD [182-188] (i.e. without a supplemental source of energetic ions).
(The primary supporting evidence in one of these reports [184] was later [49] determined to be an
artifact of the TEM analysis.")

Generally, in the reports of ¢BN synthesis by thermal or non-highly energetic processes, either
phase characterization was performed by an insufficient number of complementary techniques (see
Section 3) or the characterization data contain irregularities or inconsistencies. Perhaps more impor-
tantly, the non-highly energetic approaches claiming ¢cBN synthesis have not been readily reproduced
in other laboratories. This is in sharp contrast to the CVD synthesis of diamond, which was widely
and easily achieved worldwide following early literature reports [189]. For example, unlike ¢cBN
synthesis by ion-assisted PLD (Section 5.2), reproducible synthesis of ¢BN using non-assisted PLD
has not been achieved despite a number of thorough studies [49,188,190,191]. (Conventional PLD
is somewhat unique in that the ablated species can have energies of several tens of electronvolts.
Therefore the technique is neither a thermal process nor a ‘highly-energetic’ process. Narayan et al.
[192] have suggested that the energetic PLD species promote ¢BN stabilization compared with thermal
techniques such as electron-beam evaporation. However, since ¢cBN synthesis typically requires ion
energies of hundreds of eV per film atom (see Section 4.1), it is doubtful whether the PLD process
significantly enhances the phase stability of ¢cBN.) We conclude that, at this time, cBN-film synthesis
has not been reproducibly achieved through non-highly energetic processes.

Insight into the difficulty of ‘chemical/thermal’ synthesis of cBN comes from Bohr et al. [33].
They examined why diamond can be readily synthesized by various thermal CVD processes (i.e.
without ion assistance), unlike cBN. They invoke two empirical chemical rules. The first is the Ostwald
rule, which states that if energy is withdrawn from a system with several energy states, the system will
pass through all intermediate metastable states instead of going to the ground state directly. The second
is the Ostwald—Volmer rule, which states that the less-dense phase is formed (nucleated) first. In the
carbon system, the Ostwald—Volmer rule favors graphite (the less-dense phase) while the Ostwald
rule favors diamond formation (the metastable phase). Atomic hydrogen can suppress graphite for-
mation and hence suppress the Ostwald—Volmer rule, allowing the Ostwald rule to dominate and

® Cu contaminants were introduced during TEM specimen preparation.
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diamond to nucleate/grow. Bohr et al. [33] note that if ¢cBN is the thermodynamically stable phase
near ambient (see Section 2.2), then both rules favor hBN formation since hBN is both the less-dense
and the metastable phase.

®  Nearly-phase pure ¢BN films can be synthesized by a variety of highly energetic deposition
techniques.

®  Non-highly energetic processes of ¢BN film growth are not readily reproducible.

6. Microstructure of ¢cBN films

Cubic BN films grow with a unique microstructure consisting of layers of sp”- and sp-bonded
material. Using infrared analysis combined with ion-beam sputtering, Inagawa et al. [193] showed in
1989 that a layer of sp>-bonded BN formed before cBN. Halverson et al. [194] noted a variation in
cBN yield with film thickness and speculated that the cBN nucleation was thickness or stress dependent.
McKenzie et al. [11] used EELS to characterize a BN film grown by an ion-plating process and noted
that sp”-bonded material formed close to the interface whereas sp®-bonded material formed further up
in the film. Kester et al. [12], using FTIR and HRTEM, identified three distinct layers in the micro-
structural evolution: a 20 A thick layer, which was attributed to amorphous boron nitride at the substrate
interface; a 20-50 A thick Jayer of strongly oriented graphitic BN; and a top layer of polycrystalline
cBN. The essential aspects of this layered microstructural evolution, which is shown schematically in
Fig. 10 and in TEM images in Figs. 11 and 12, have been subsequently observed by a number of
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Fig. 10. Schematic diagram summarizing microstructural features of ¢BN films. A layered structure is typically found, with
a layer of oriented 1BN forming before the ¢BN crystallites form. An amorphous layer is commonly observed between the
substrate and the tBN layer. The cBN layer is capped by an sp™-bonded BN layer.
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Fig. 11. HRTEM image of a ¢cBN film in cross-section showing the distinct layered structure consisting of an amorphous
layer, a strongly oriented graphitic BN layer, and a polycrystalline ¢cBN layer. From Kester et al. [195].

groups using a variety of growth techniques [55.80,160]. The detailed aspects of the microstructure
in each of the layers is considered next.

6.1. Amorphous BN layer

The question of whether the initial amorphous layer is an intrinsic and necessary stage of the
microstructural evolution remains open. Although it is often described as amorphous boron nitride
(aBN), as yet there has been no analytical determination of the chemical identity of this layer. Kester
etal. [195]. borrowing from notions developed to describe amorphous carbon deposition, suggest that
growth of the amorphous layer is controlled by the conduction of heat into the substrate: as the layer
thickens it limits the transport of heat into the substrate allowing the next layers of material to form in
a more ordered state. Alternatively, Hofsiss et al. [132] explain the amorphous material as an ion-
mixing layer and note that the layer thickness is comparable to the ion range. Consistent with this
explanation, Hofsiss et al. [196] found that textured tBN, but no amorphous material, was produced
between two cBN layers. In addition, Cardinale et al. [197] have presented thermodynamic arguments
suggesting that a mixture of boron and silicon oxides may form at the interface following the permeation
of water vapor through the film.

6.2. Graphitic BN layer

Graphitic, turbostratic boron nitride (tBN) coatings grown in the absence of a plasma or substrate
bias generally are either completely randomly oriented or, given sufficient atomic mobility at elevated
temperatures, grow with the basal planes aligned to the plane of the substrate. For a flat substrate, this
results in an out-of-plane [0002] texture (see Fig. 13(a)). However, application of a plasma or ion-
irradiation leads to a striking change in crystallographic texture. As was first noted by McKenzie et al.
{11], the graphitic BN in films grown by ion-assisted deposition exhibits a strong preferred orientation
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Cubic BN

Boron brbidé
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Fig. 12. TEM image of a cBN film in cross-section. (a) Brwht field image with an electron d1ftracuon insert showmg a
boron carbide layer deposited on the silicon substrate as an adhesion aid, the tBN layer, and finally the ¢cBN layer. Crystal-
lographic texture in both the ¢BN and tBN layers results in non-uniformities in the electron diffraction rings. (b). Dark-field
TEM image obtained from the tBN (0002) diffraction ring showing the tBN layer (bright region) below the ¢BN. {c).
Dark-field TEM image obtained from the ¢BN (111) diffraction ring showing columnar ¢BN grains extending from the tBN
layer to the top of the film. From Mirkarimi et al. [137].
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Fig. 13. Schematics showing (a) [0002] out-of-plane orientation for tBN, (b) [0002] in-plane oriematioﬂ for tBN, (c) 3D
view of basal-plane orientation in tBN (after McCulloch et al. [198]), and (d) [111] in-plane orientation for cBN.

with the [0002] direction lying in the plane of the film (i.e. the basal planes are perpendicular to the
substrate) (Fig. 13(b) and 13(c)). We will refer to this as a [0002] in-plane texture. Several aspects
of this texture are important to clarify. First, the orientation of the [0002] directions about the film
normal are random. Second, the graphitic layers are rotated randomly about the [0002] directions.
That is, there appears to be no preferred out-of-plane direction.
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In 1991, McKenzie and coworkers proposed that the [0002] in-plane texture of the tBN layer
results from ion-induced compressive stress [11,61,199]. They considered the anisotropic elastic
properties of a hBN crystal in a state of biaxial compressive stress, such as that imposed on a film by
a substrate. The Gibbs energy calculated for the elastically strained crystal was smaller if the basal
planes were perpendicular rather than parallel to the stress plane. Therefore, they proposed that of the
two orientations, the texture with the ¢ axis in the stress plane is favored because of its lower Gibbs
free energy. Cardinale et al. [200] extended this analysis by examining all possible orientations of the
stress plane relative to the crystallographic directions. They found that the configuration with lowest
Gibbs energy is not that with the c-axis oriented in the plane of the stress, but rather is that with the
basal planes tilted roughly 45° from the substrate. (This angle corresponds to direction of highest
compliance in the crystal [26].) Cardinale et al. concluded that the experimentally observed texture
is not satisfactorily explained by elastic-strain-energy arguments, and instead proposed that the texture
is produced when the graphitic BN plastically deforms to relieve the ion-induced compressive stress
[200]. This mechanism has been discussed in detail by McCarty and Medlin [201]. They showed
that the well-established modes of plastic deformation in graphitic materials, basal-plane slip and
kinking, would produce a rotation of the ¢ axis towards the plane of biaxial compressive stress. Once
the ¢ axis has rotated to lie in the plane of the substrate, further deformation by basal-plane slip or
kinking cannot occur. The stress level should rise if further strain (through additional ion irradiation,
for example) is introduced into the material. In terms of the stress-driven models of ¢cBN formation
(Section 7.3), at least, their proposal provides an explanation of why an oriented tBN layer is
consistently observed in ¢BN films—only in tBN with a [0002] in-plane texture can sufficient stress
be generated to nucleate cBN.

6.3. ¢BN layer

The grain sizes observed in ¢BN films are quite small, ranging in diameter from a few nanometers
toatmostabout 100nm [11.77,79,80,146,166,202]. Grains frequently grow in a columnar morphology
starting from the point of nucleation at the top of the graphitic layer and elongating towards the surface
of the film (see Fig. 12) [79,203]. Kester et al. [12] suggested that once nucleated, the ¢cBN grows
as a single phase. However, subsequent work has suggested that graphitic BN may exist between the
individual ¢BN grains [204]. Whether this is universally true of the grain boundaries in ¢BN films is
unclear.

As shown in Fig. 14, ¢cBN grains exhibit high twin and stacking fault densities. Rickerby et al.
[77] noted that cBN crystallites. observed with dark-field TEM, appeared faulted and, in order to
explain the width of excessively broadened X-ray diffraction peaks, postulated that the grains were
subdivided into narrow twin lamellae. HRTEM observations have confirmed the presence of narrowly
spaced {111} twins and stacking faults separated by only a few lattice planes in thin film ¢BN grains
[80,205]. Medlin et al. [80] observed groups of parallel twin lamellae and stacking faults on only
one set of parallel {111} planes within any given cBN grain. However, subsequent TEM studies on
relatively large-grained cBN films [202] have demonstrated the presence of intersecting twin lamellae
on multiple sets of {{11} planes.

As with the graphitic layer, the cubic phase exhibits preferential crystallographic orientation.
Ballal et al. [79] presented electron diffraction evidence from a cross-sectioned ¢cBN film showing
strong peaks in the cBN {111} and {220} rings indicating a strong preferential orientation that they
interpreted as a [110] out-of-plane texture. Medlin et al. [206] have presented similar data, but show
that the data can be also interpreted as a [111] in-plane (or ‘double-fiber’) texture. This preferential
orientation is analogous to the [0002] in-plane texture observed in the graphitic BN layer. Specifically,
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Fig. 14. HRTEM image of a twinned ¢BN crystallite. {111} fringes are horizontal on the image and the twins and stacking
faults are designated by T, From Medlin et al. [80].

the ¢cBN is preferentially oriented such that individual crystallites have at least one [111] direction
lying in the plane of the film but are otherwise randomly oriented about (i) the substrate normal and
(ii) the in-plane ¢cBN [111] axis (see Fig. 13(d) and Fig. 15). ? A review of diffraction patterns
published in the literature suggests that a [111] in-plane texture is common in ¢BN films grown on a
variety of substrates [132,139,146].

Several explanations for the preferential cBN orientations have been proposed. Ballal et al. [79]
suggested a surface-energy argument, suggesting that a [110] out-of-plane orientation might arise if
cBN prefers to grow on a non-polar face since the (110) planes have an equal density of boron and
nitrogen atoms. Using the same type of analysis described above for hBN, McKenzie et al. [207]
showed that the Gibbs energy of elastically strained ¢BN is lower if a [111] direction is within rather
than perpendicular to a plane of biaxial stress. Therefore, they proposed that the [111] in-plane texture
of ¢BN results because it is the most thermodynamically favorable texture. Johansson et al. [160] also
advocate this proposal. However, after extending the elastic-strain analysis to include all relative
orientations of stress/strain fields to the crystal directions, Cardinale et al. [200] showed that while
the [111] in-plane texture possesses a lower Gibbs free energy than the [111] out-of-plane texture, it
is not the global minimum.

However, it may be significant that the crystallographic orientations in the cBN layer are such
that the ¢cBN {111} planes form parallel to the tBN (0002) planes in the initial graphitic layer
[206,208]. Alignment between the ¢cBN {111} planes and the graphitic boron nitride basal planes
might be anticipated due to the structural similarities of the two types of planes. Both consist of six-
fold rings of alternating boron and nitrogen atoms with similar projected atomic dimensions. Several

® A [110] out-of-plane texture would be a special case of the [111] in-plane texture with the added constraint that
two, rather that one, [111] directions must lie in the plane of the film.
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Fig. 15. HRTEM image taken near the top of a 250 A thick cBN layer. The lattice-fringe spacing of 2.09 A comes from the
cBN {111} planes, one set of which is parallel to the marked growth direction (i.e. perpendicular to the substrate). From
Mirkarimi et al. [137].

HRTEM studies have shown cases of local alignment between the tBN (0002) and ¢cBN {111} planes
[160,205,206,209], although the structural details at the sp */sp * interface remain unclear.

As discussed more thoroughly in Section 7, ion-induced compressive stress and densification
have been proposed to play an important role in cBN synthesis. Thus, the preferential crystallographic
alignments may reflect details of the growth mechanism. In 1995, Bewilogua et al. [208] suggested
that the alignment results from the compression of hBN basal planes in the [0002] direction to form
the cBN (111) planes. In 1994, though, Medlin et al. [80,83] considered such a transformation in the
thin film case and pointed out that. as in the bulk transformation [30,34], direct compression of hBN
produces the wurtzitic (wWBN) phase rather than cBN. This is aresult of the identical A A " A... stacking
sequence of the hBN (0002) and wBN (0002) planes. If, indeed, the aligned ¢cBN results from a direct
c-axis compression of the graphitic basal planes, then the graphitic material would instead need to be
arranged in the rhombohedral (A B C...) stacking arrangement. Direct compression of rBN leads
directly to the A B C... stacking sequence of the ¢cBN {111} planes [34,35,210]. The presence of
rBN in boron nitride films grown by ion-assisted deposition has been observed [83]; however, its
predominance remains unclear.

An alternative relationship may be that the oriented graphitic material serves as a preferential
nucleation site for growth of the cubic phase rather than as a direct precursor [206]. In such a case,
hBN rather than rBN could play a role. The relative spacings of the hexagonal boron nitride (hBN)
(0002) (3.33 A°) and ¢cBN {111} (2.09 A)oplanes approach a 3:2 ratio such that every third ¢cBN
(111) plane (stacked in a three-layer ABC... sequence) could be closely matched (within 6%) with
every alternate hBN (0002) plane (stacked in a two-layer A A '... sequence) forming a semi-coherent
interface:
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ABCABCABCA ¢BN (111) stacking
! [ ! |
AAAA A AA hBN (0002) stacking

As drawn above, the planes labeled A’ would maintain continuity across the interface. Furthermore,
the lattice mismatch would be eliminated by compression of the graphitic BN to 3.1 A [101], which
is conceivable under the large compressive stresses typical in cBN films. Such an orientation relation-
ship would be similar to recent observations [211-213] and calculations [214] of CVD diamond
nucleating on the prismatic planes (i.e. the edges of the (0001) sheets) in graphite for which
(0002) graphiee [ (111) giamona and QﬁOgmphhe [ 1104:amona- More recently, Widany et al. [215] have cal-
culated that the analogous hBN/cBN interface should be strong, relatively unstrained, and stable.
Resolution of these two pictures (either nucleation from or on the graphitic interlayer) awaits a detailed
assessment of the structural configuration of the graphitic material adjacent to the ¢cBN (configured as
hBN, rBN, or some discrdered average?) as well as that of the cBN/graphitic BN interface (continuous
or discontinuous?). In either case, the structure of the graphitic material appears to play an important
role in controliing the cBN formation.

6.4. Near-surface layer

Several groups have analyzed ¢BN films using the surface-sensitive techniques of EELS
{101,109,1201, Auger [55], and photoelectron (XPS) spectroscopies [216], and concluded that the
near-surface regions are sp® bonded. Friedmann et al. [55] showed that the boron KVV Auger
lineshape, which at 170 eV is sensitive to about the upper 10 A, was that of sp>-bonded BN, not cBN.
Sené et al. [120] used EELS to estimate that at least the topmost two monolayers were bulk-like sp *
BN. Park et al. [216] used XPS to estimate that the outermost 12 A were sp 2-bonded BN, similar to
the value of 10-20 A measured by Hofséss et al. using EELS [101]. These findings are not consistent
with the surface reconstruction suggested by Reinke et al. [113] In the surface reconstructions of
diamond and silicon, the top atomic layer substantially relaxes from an sp* environment and acquires
some -bonding character but much smaller relaxations occur in the adjacent few layers [217]. The
reconstructed surface never physically or electronically becomes true graphite or its silicon analog.
Instead of a true reconstruction, the evidence suggests that the ¢cBN films are coated with a distinct
layer of sp”-bonded BN. That this near-surface region is sp>-bonded BN means that material exists as
graphitic BN before it is transformed to cBN below the surface.

We conclude this section by commenting that the layered BN microstructure has not been
universally reported. We note that some early HRTEM observations suggesting strongly oriented cBN
at the substrate interface [79,104] resulted from the misidentification of the tBN {0002} lattice fringes
as cBN lattice fringes [80]. In addition, heteroepitaxial cBN growth on both Si(001) and diamend
has been reported. The Si work used conventional or modified PLD [182,183,185,186,218], while
the diamond work used PLD assisted by ~500 eV ions [192]. Such growth would be a technological
breakthrough, opening the doors to the development of cBN-based active electronics. Since diamond
is well established to grow epitaxially on certain faces of ¢cBN single crystals [219], the development
of diamond-based electronics would also be enabled. As discussed in Section 5.6, synthesis of poly-
crystalline ¢cBN, yet alone heteroepitaxy, by conventional PLD has been unreproducible despite the
extensive efforts of several groups. Furthermore, the phase characterization of one of the epitaxial
cBN reports has been criticized [220]. The evidence of heteroepitaxy on diamond substrates was
based on characterization by electron diffraction [192]. This result is in marked contrast to Kester et
al. [133] who found no evidence in cross-sectional TEM for epitaxy or preferred orientation in cBN
films deposited on diamond. At this time, given the limited characterization, absence of definitive
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structural evidence, and lack of independent confirmation, it cannot be concluded that epitaxial cBN
has been achieved.

® BN films have a distinctive layered structure. From the substrate outward are: a thin amorphous
layer, an sp®-bonded layer, and finally the sp*-bonded cBN.

®  The basal planes of the sp*-bonded interlayer are perpendicular to the substrate, i.e. the interlayer
is textured with an in-plane [0002] orientation.

®  The cBNis polycrystalline and consists of small, highly defective grains. Columnar grains whose
height increases with film thickness are frequently observed.

®  The ¢BN crystallites have one set of (111) planes perpendicular to the substrate (and parallel to
the basal planes of the sp*-bonded interlayer) but are otherwise randomly oriented. That is, the
¢BN layer is textured with an in-plane (111) orientation.

®  The near-surface region of ¢BN films is sp” bonded.

7. Mechanistic issues in cubic BN film formation

Ion bombardment during film growth is critical in forming cBN films. In Section 4.1 we identified
the important ion-bombardment parameters without discussing how ions might cause ¢cBN formation.
We now present and analyze several models that attempt to bridge this gap. Historically, many of these
models have their foundations in models describing ion-induced formation of sp>-bonded amorphous
carbon. Simplified schematic representations of four proposed models are shown in Fig. 16.

7.1. Sputter model

Reinke and coworkers [111-113] have proposed a “sputter’ model in which ¢cBN grows by the
preferential sputtering of cBN relative to graphitic BN (see Fig. 16(a)). Indeed, significant amounts
of sputtering can occur in ¢cBN synthesis. For typical conditions, Reinke et al. show that over 60% of
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Fig. 16. Simplified schematic representations of (a) the sputter model. (b) the thermal-spike model, (c) the stress model,
and (d) the subplantation model of ¢cBN formation.
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the incident boron atoms are sputtered [113]. They proposed that the tBN/cBN boundary (see Fig.
7) represents the transition to no tBN growth; that is, the ion flux at this transition is sufficiently high
to etch all the deposited tBN. Only ¢BN growth then occurs because of its lower sputter yield. Two
relationships form the primary support for the model. First, reasonable values of the sputter yields are
obtained from the model using the experimental J/ a values at the tBN/cBN and ¢BN/resputtering
boundaries. Second, the J/a boundary, as estimated by Reinke et al., separating tBN from ¢cBN
formation and the inverse sputter yield of silicon have essentially the same energy dependence.

Hackenberger et al. [14] and Robertson [221] have previously discussed deficiencies about the
sputter model. Some additional points follow, beginning with the two relationships mentioned above.
We note that the experimental data used to formulate the model were obtained using constant conditions
(e.g. ion flux and energy unchanging during growth). However, recent work [122,123] shows that
fewer and/or lower energy ions are required to grow cBN once cBN nucleates (see Section 7.5). As
recently discussed by Kulisch and Reinke [15], selective sputtering cannot be the phase-selecting
process for these conditions. In addition, Hofséss et al. [101] have recently grown c¢BN films under
conditions (see Section 5.5) of very low sputter yield, which is inconsistent with the sputtering model.
Concerning the agreement between inverse sputter yield and the boundary in J/ a space separating tBN
from cBN, the Si sputter yield presented in Fig. 3 of Reinke et al. [113] is nearly linear in energy.
However, many related quantities, such as number of atomic displacements and vacancies generated
per ion also have a linear dependence on energy (see, for example, the discussion of Mirkarimi et al.
[108]). Therefore, a linear energy dependence alone cannot distinguish a sputter-dominated mecha-
nism from mechanisms dominated by these other processes.

An additional concern about the model involves the nature of the surface because the sputter yield
is inversely proportional to the surface binding energy [222]. It is known experimentally that the near-
surface region of cBN films is sp® bonded (see Section 6.4). Thus the surface layer should sputter like
sp>-bonded BN, rather than sp’-bonded BN, contrary to the needs of the sputter model. Finally, the
model requires that newly deposited material be preferentially sp’ bonded since preferential sputtering
can only purify the phase content. Reinke et al. argue that cBN initially forms (nucleates) through a
non-sputtering process but then grows by preferential sputtering. For the latter, sp® bonding can only
result if an incoming atom preferentially sp® bonds on an existing sp>-bonded surface site {113].
Under typical deposition conditions, the required preferential bonding at the surface is surprisingly
high, nearly 100% [15]. It is difficult to reconcile the required high degree of preferential sp * bonding
with the experimental fact that the surfaces are sp” bonded.

While preferential sputtering is not the mechanism of ¢cBN growth by energetic processes, the
sputter model has drawn deserved attention to the significant amount of sputtering that does occur.

7.2. Quenching of thermal spikes

Near the end of its trajectory in a solid, an ion will have insufficient energy to displace atoms.
The ion energy will be dissipated into phonons in what has been termed a thermal spike. According
to the analysis of Seitz and Koehler [223], these thermal spikes can result in very high temperatures
(several thousand degrees Celsius) and pressures (up to 10 GPa) experienced locally over a very
brief period of time (order of picoseconds). Early on, Weissmantel et al. suggested that thermal spikes
could form cBN (see Fig. 16(b)). If the energy within the spike region is very rapidly quenched, they
proposed that kinetics will favor formation of the metastable phase, cBN [224-226]. This mechanism
is still proposed by some researchers. For example, Hofséss et al. propose that cBN forms within the
thermal spikes produced by subplantation [101]. In its current form the model is not quantitative
enough to compare to cBN-growth experiments. However, rough estimates have indicated that the



P.B. Mirkarimi et al. / Materials Science and Engineering R21 (1997) 47-100

81

spike diameters are several nanometers, much smaller than the ¢cBN crystallite diameters of at least
several tens of nanometers [108.113]. Thus ¢cBN crystallites do not form from a single thermal spike
(see also Section 7.5). Recently the understanding of ion/solid collisions has been improved using
realistic atomistic simulations [227]. Such simulations show that melting does not occur within the
thermal spike of high-melting-point ceramics such as hBN and ¢cBN [228]. As noted in Sections 7.3
and 7.4, ‘thermal spikes' have been incorporated directly into both the static stress model and the
subplantation models. Usually in these models, however, the spikes are postulated to hinder cBN
formation, either by relaxing stress or relaxing subsurface density increases through enhanced atomic
mobility.

7.3. Stress-induced ¢BN formation

7.3.1. Static stress model

The ion bombardment that is critical to ¢cBN synthesis also generates significant compressive
stresses in the films [229.230]. In 1991, McKenzie et al. [11] suggested that cBN forms because the
ion-induced stress places the BN material in the cBN-stable region of the thermodynamic phase diagram
(see Fig. 16(c)). In a more detailed proposal [61,199,207], they coupled experimental data with a
thermodynamic analysis. Above a particular value of the film stress (4-5 GPa), they observed that
the ¢cBN content increased dramatically, as shown in Fig. 17Mirkarimi. This threshold stress was found
to be relatively insensitive to deposition conditions. Using the thermodynamic boundary between
graphite and diamond estimated by Bermon and Simon [231], the equivalent boundary between
hBN and ¢BN was estimated as ~3 GPa (see Fig. 17). That this estimated thermodynamic value
( ~3 GPa) was near the observed transition of ¢BN formation (4—5 GPa) was cited as support for the
model.

Since McKenzie et al. [61] proposed their model, the BN phase diagram of Bundy—Wentorf has
come under debate (see Section 2.2). Therefore, whether the thermodynamic boundary in the BN
system will mimic that of carbon is uncertain. Furthermore, Cardinale et al. [229] and Reinke et al.
[230] have shown that if ¢cBN and hBN have the same ion-induced strain, cBN will have a much
higher stress because of its higher elastic modulus. That is, since the effective modulus of the film
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Fig. 17. Relationships between compressive film stress and cBN content observed by McKenzie et al. [61] and Cardinale et
al. [229]. McKenzie et al. suggested that a critical stress was necessary to make ¢BN through a thermodynamic-like process.
Adapted from Cardinale et al. [229].



82

P.B. Mirkarimi et al. / Marerials Science and Engineering R21 (1997) 47-100

increases with increasing cBN content, the stress will necessarily increase. While such an explanation
does not predict the sharp stress transition observed by McKenzie et al., Cardinale et al. [229] did not
observe a pronounced stress threshold in their measurements of residual stress versus cBN content
(see Fig. 17).

McKenzie et al. [61] observed that the stress quickly rises to a very large value during the initial
growth of ¢cBN and then falls off with increasing deposition time. They suggested that the stress builds
up until it drives the transformation to cBN. A similar stress evolution was observed in carbon films,
and Puchert et al. [232] attributed the quick initial rise to a transition from discontinuous nuclei to a
continuous film. Puchert et al. [232] suggested that this might also explain the dramatic changes in
film stress observed in the initial stages of ¢cBN film growth.

In the stress model, the substrate must be strong enough to support the film stress necessary to
transform tBN to ¢cBN [61]. Mirkarimi et al. [56] found a correlation between substrate hardness and
cBN content (see Section 4.4). While these results are qualitatively consistent with the stress model,
factors other than substrate strength cannot be ruled out for the difficulty in forming ¢BN on soft
substrates.

As discussed in Section 4.1, cBN synthesis is very sensitive to icn-bombardment parameters such
as the ion momentum. Assuming that stress is important to cBN synthesis, then how is stress related
to these irradiation conditions? Is there any link between ion momentum and stress, and once the stress
is generated, how does the tBN transform to cBN? These guestions will now be discussed.

Ion bombardment is well known to cause increased compressive stress through densification and
void removal in a process dubbed ‘ion peening’ [233]. Reviewing the literature, Windischmann
[234,235] found that the compressive stress in ion-assisted film deposition tends to scale as the ion
momentum (Eq. (4)). Since the threshold for cBN formation also scales as the ion momentum, at
least for energies above several hundred electronvolts (see Section 4.1), there may be a correlation
between compressive stress and cBN formation. However, there are exceptions to stress/ion-momen-
tum scaling, and it has not been determined if stress scales as ion momentum for ¢BN, particularly
over the energy range of ~300-1200 eV.

Windischmann [236] derived an analytic relation for stress in terms of the irradiation parameters:

o=C8JE'"? (5)

where E is the ion energy, J is the ion flux, C is a constant, and § depends upon the relative masses
and atomic numbers of the ions and film atoms. Eq. (5) gives the frequently observed E'? dependence
of stress. Windischmann [236] assumed that the strain is proportional to the fraction of atoms displaced
from their equilibrium sites in the collision cascade of the ion and that defects are frozen in (i.e. they
do not anneal). However, Mirkarimi et al. [108] argued that Windischmann’s use of Sigmund’s [237]
sputtering theory to calculate the fraction of displaced atoms is not consistent with the model description
(i.e. strain o number of displacements). Instead, they showed that in a frozen-defect model such as
Windischmann’s, strain and stress should scale as E'. At the energies ( ~500 eV) and J/ a ratios
(about 1) typically used for ¢cBN deposition, TRIM [125,126] simulations for BN indicate that each
film atom is displaced away from its binding site in the order of 10 times (assuming the knock-on
displacement energy is 10-30 eV) [108]. Despite this extremely large amount of damage, the material
is not amorphous like carbon, but is crystalline cBN or poorly crystalline tBN. Thus the great majority
of defects (vacancies and interstitials) anneal and are incorporated into the crystalline material. A
static model with frozen defects, such as that of Windischmann, is therefore not well suited for
incorporation in stress models of cBN formation.

Davis [238] used a Sigmund/Windischmann-type approach, but made the advance of incorpo-
rating film-deposition rates and relaxation of film stress and derived the stress relationship:
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By incorporating relaxation processes, which are taken in the model to be solely due to ion-induced
thermal spikes (see Section 7.2), the equation can account for the energy dependencies other than
E'* observed in the literature. The model is limited by its reliance on a Sigmund/Windischmann-type
relation for defect production, the lack of distinction between vacancies and interstitials (an issue for
crystalline materials), and the fact that defect-relaxation processes only occur by thermal spikes (via
the Seitz—Koehler relation). McKenzie et al. [61] suggested that since the Davis stress relationship

provides a reasonable fit to data of sp*-bonded amorphous carbon formation, it is also applicable to
their model of stress-induced cBN formation. For the cBN-forming conditions of J/ a= 1, Eq. (6)

reduces to approximately ot E~ 7. In the context of a stress-model for cBN formation, stress should
rise with increasing ion energy for fixed J/ a, since increasing ion energy also causes increased cBN
content. Instead, Eq. (6) predicts that stress decreases as energy increases.

7.3.2. Dynamic stress model

Mirkarimi et al. [108] constructed a kinetic model of stress generation from ion bombardment.
They note that strain, and as a consequence stress, is controlled by two factors: (i) the dynamic
concentration of interstitials and vacancies, which gives an ‘instantaneous stress’, and (ii) the time-
integrated accumulation (trapping) of defects at sinks, which controls the residual stress. The hydro-
static stress o is proportional to the volumetric strain, AV, as:

o A—V_ Avirelc . Avvrel
v U0

C., (7

where AV, and AV,™ are the relaxation volumes associated with interstitials and vacancies, respec-
tively, and {2 is the atomic volume. Although vacancy and interstitial concentrations are roughly equal,
the absolute magnitude of the interstitial relaxation volume is greater than that of the vacancy relaxation
volume and thus AV/ V#0 (i.e. the instantaneous stress is non-zero). From a simplification of two

coupled differential equations describing defect production and loss, Mirkarimi et al. [108] obtained

a steady-state limit of the defect concentration (and by extension film stress) that was independent of

deposition rate:

~0
o-ocCi:Cv=C=\/Ja£n (8)

Here « is an experimental constant, J is the ion current density,  is the atomic number density, G° is
the spatially dependent production rate of ion-induced vacancies or interstitials. Eq. (8) implies that
the maximum defect concentration ( C,,,,), or maximum (critical) stress ( @p,), oOccurs when a film
element is positioned to experience the maximum value of the defect production rate, G.,.,°, and hence:

O max % C max X VIGimay” (9)

Using G.” values from TRIM simulations, Mirkarimi et al. [108] concluded that the maximum
stress should scale approximately as ion momentum, i.e. Gma, & (mE) 2. As noted above, a critical
(maximum) stress is needed over some volume to induce the phase transformation in a stress model.
Thus the model provides some physical justification for the (mE) ''* scaling observed in cBN synthesis,
either within a model of stress-induced ¢cBN formation, or within any model in which a critical
(instantaneous) defect concentration is important.



84

P.B. Mirkarimi et al. / Materials Science and Engineering R21 {1997} 47-100

The model can account for energy dependencies other than £ by including the non-instanta-
neous (residual) stress that results from defect trapping at sinks. However, expansion of the model is
limited by the lack of input parameters (rate constants, etc.).

The observation that cBN content falls off sharply below a critical deposition temperature is not
currently described or predicted by the stress-type models. We note that the critical temperature for
¢BN synthesis { > 100 °C) is close to the temperature for interstitial diffusion in diamond ( ~ 200 °C)
[239], and perhaps a more refined defect model can account for the temperature dependence of cBN
formation. Also, if a certain sp>-bonded precursor is necessary besides stress to nucleate or grow cBN
[83], the temperature dependence of the precursor may play a role.

Different interpretations are possible within the models of stress-induced cBN formation. Com-
pressive stress could convert sp*-bonded BN to ¢BN via macroscopic compression in bulk-like manner.
Alternatively, the instantaneous stresses over a microscopic area (several to tens of angstroms) could
locally transform sp*-bonded BN to cBN in an incremental manner during film growth. As discussed
in the next section, this second possibility is qualitatively similar to ‘subplantation’ with some subtie
distinctions. In both the static and dynamic versions of the stress model, sufficient stress is necessary
to drive the transformation to ¢cBN. However, a large residual stress must not necessarily remain
afterwards.

7.4. Subplantation

Lifshitz et al. [240,241] coined the term ‘subplantation’ to describe their model for the formation
of sp>-bonded carbon by ion irradiation. They proposed that if ions of sufficient energy penetrate below
the surface of sp>-bonded carbon, the ions will displace more sp*-bonded atoms than sp*-bonded atoms,
resulting in an accumulation of sp>-bonded sites. Their proposal relied on older studies indicating a
significant difference in the displacement energies ( E,) of sp >-bonded carbon ( E4=35 eV) and sp °-
bonded carbon ( £; =80 eV), i.e. AE,=45eV. Robertson [239,242] notes that more recent measure-
ments indicate a much smaller difference in the displacement energies ( AE; < 10eV), and a simulation
of this mechanism at higher energies disagreed with experimental observations.

The model of Davis [238] (see Section 7.3) was used to explain the energy dependence of sp >-
bonded carbon formation from ion-induced compressive stress. Using the terminology of a subplan-
tation-like mechanism, Robertson [239] independently derived a similar relation. In this version of
subplantation, sufficiently energetic ions penetrate the surface and enter interstitial positions, tempo-
rarily increasing the local density. Robertson proposed that the local bonding ‘adjusts’ to an sp’
hybridization in response to this local density increase (see Fig. 16(d)). On a conceptual level this
mechanism is similar to the stress mechanisms with the following distinction: The dynamic stress
model asserts that the increased density and volumetric strain generates stress that converts sp*- to sp’-
bonded carbon (i.e. the density increase indirectly results in sp*>-bonded carbon). The subplantation
model asserts that the density increase directly results in sp>-bonded carbon. Both perspectives have
to account for the density increase accompanying increased sp>-bonding. Within the subplantation
model, density increases primarily because of a local mass increase. Within the dynamic stress model,
density increases primarily because of a local volumetric decrease. A more general perspective, which
encompasses both of these interpretations, is that the ion irradiation raises the free energy of the sp*-
bonded material until it is higher than the metastable sp>-bonded carbon. Assuming a small kinetic
barrier, the material then transforms. This approach is discussed in general for ion-induced phase
transformations by Nastasi and Mayer [243] and has been discussed in the context of cBN formation
by Friedmann et al. [55]. While sp *-bonded carbon is metastable, the analogy will not hold if the
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thermodynamically stable phase at ambient is ¢cBN (see Section 2.2). Furthermore, such free-energy
arguments do not provide insight into the microscopic mechanism of the transformation.

As noted in Section 7.3, the Davis stress model [238] (Eq. (6)) does not predict the observed
energy and ion-flux dependence for ¢cBN formation. Specifically, stress is predicted to decrease with
increasing energy at energies of several hundred electronvolts and ion-to-atom ratios close to one.
Similarly, Robertson’s subplantation model [239.242], which has effectively the same energy and
ion-flux dependence. also fails to describe ¢BN formation. That the models which might work for
describing sp-bonded carbon film synthesis, do not necessarily work for cBN film synthesis is not
surprising. For example. as noted by Dworschak et al. [50], Hofsass et al. [132], and Robertson
[221]. because BN has a much higher ionicity than carbon, BN does not amorphize nearly as readily
(if at all). Additionally, carbon films are typically deposited at low ( < 150 eV) ion energies, and the
sp’ fraction decreases with higher ion energies. In contrast, sp>-bonded BN (¢cBN) can be deposited
with ion energies of over 1000 eV. Finally, carbon films with high sp® content cannot be deposited at
temperatures greater than several hundred degrees Celsius [244]. In contrast, ¢cBN films can be
deposited at temperatures up to at least 1300 °C [121].

Dworschak et al. [S0] have proposed another argument for a subplantation-type model. They
used TRIM simulations to estimate the local difference between the number of interstitials and vacan-
cies per unit depth (i.e. a local density change). The spatial offset in vacancy and interstitial concen-
trations occurs because an interstitial is on average knocked forward from the point of vacancy/
interstitial production. For 500 eV ions, the density increase below the surface became larger as ion
mass is increased. Thus the model predicts an increase in ¢cBN content with increasing ion mass,
consistent with experimental observations for constant ion flux. For a given flux of argon ions, their
analysis predicts an increase in ¢cBN content from 200-300 eV and a decrease in ¢cBN content from
300-1200 eV. Unfortunately, comparison to experiment is complicated by the presence of the resput-
tering boundary (see Fig. 7). Their model is in good agreement with the energy dependence of
sp’-bonded carbon.

Recently, Robertson [221] modified the subplantation model to better describe ¢cBN formation.
As do Mirkarimi et al. [108], Robertson takes a kinetic approach and considers production and
recombination of both vacancies and interstitials. Robertson assumes that interstitials condense to form
extended defects, in addition to combining with vacancies, and that these extended defects result in
cBN formation. The cBN formation rate was assumed to be proportional to the interstitial concentration
squared. This choice, when combined with the loss rate of cBN sites because of thermal spikes, allows
elimination of the defect concentration from the relationships. Although Robertson approximates that
the vacancy and interstitial concentrations are the same, the rate equations include no terms accounting
for the extra vacancies left over when the interstitials are used in ¢cBN production. The net formation
rate of cBN sites (i.e. the ¢cBN fraction), n. is then:

klElll

n=

]
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where k|, p, and E, are approximate constants. ¢ is the ion flux, and E is the ion energy. The energy
dependence is similar to that of the previous subplantation-type model for carbon, and hence does not
describe cBN formation very well.

As described in Section 4.1, there is a sharp increase in ¢cBN content above some critical ion-to-
atom value. As discussed by Reinke et al. [113], the current subplantation models do not account for
such a sharp transition. Analogous to the critical stress proposals, however, a critical density may be
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necessary to drive the transformation. Also, as with the other models, the subplantation models do not
currently account for the sharp temperature threshold below which ¢BN does not form.

7.5. Nucleation versus growth

As discussed in Sections 4.1 and 4.3, once a ¢BN layer has nucleated, cBN growth can proceed
using lower energy ions or lower substrate temperatures. Differences in nucleation and growth also
have implications for the cBN microstructure. Robertson noted that in a nucleation and growth model,
the crystal size is related to the separation of nuclei, not to the diameter of thermal spikes [221]. Since
nucleation is more difficult than subsequent growth, the ¢cBN-formation boundaries in plots such as
Fig. 7 are actually the boundaries for cBN nucleation. The extremely strong dependence of nucleation
processes to parameters such as temperature and strain may account for the sharpness of the cBN-
formation boundaries. Whether the boundaries for cBN growrh are as sharp as those for nucleation
has yet to be determined. Additionally, it is not yet known whether the nucleation mechanism is distinct
from the growth mechanism, or whether the mechanisms are basically the same but have different
energetic requirements. Being able to use less rigorous conditions for growth offers exciting possibil-
ities to increase the rate of deposition and improve the crystalline quality.

7.0. Mechanism summary

Clearly none of the simple models described above gives a completely satisfying picture of cBN
formation. Instead, each model tends to focus on a single aspect of a complicated process that involves
significant ion damage, densification, and phase transformation. We close this section by highlighting
a few key points and unanswered questions about cBN synthesis that must ultimately be answered by
a comprehensive model.

That the widely observed layer of sp>-bonded BN between the substrate and the cBN layer is
oriented is almost certainly because of the ion-induced compressive stress [61]. The pathway may
include plastic deformation [200,201]. Whatever the role of stress in ¢cBN nucleation, it has been
suggested that once the basal planes of the sp>-bonded interlayer are perpendicular to the substrate,
the inability to further plastically deform allows the stress level to rise substantially [201]. For typical
ion-assisted processes, cBN nucleation is sufficiently difficult as to occur only marginally before total
resputtering of the film occurs [113]. cBN nucleation requires a higher temperature and more ion
energy than subsequent growth (see Section 7.5). Whether this is true because the growth and
nucleation mechanisms are different is not known. However, it is not clear why different mechanisms
are necessary.

For at least some deposition conditions, columnar grains extend from the bottom to the top of the
¢BN layer (see Section 6.3). Thus significant grain growth can occur and the grains are significantly
longer than the ion-penetration depth. The ¢cBN films are capped by a distinct layer of sp>-bonded BN
(Section 6.4). As the film thickens, this graphitic layer is in turn coated over and must be transformed
to the much denser cBN phase at some point below the surface [55,101,108,245]. The local structure
of the graphitic BN may be important to the transformation mechanism. As discussed in Section 6.3,
this may be related to the in-plane [111] texture that is observed in the ¢cBN layer. Understanding the
microscopic details of how this transformation occurs and results in grain growth is important and will
require much experimental and computational effort (see Fig. 18).

Regardless of the transformation mechanism, below the surface, the density of the graphitic BN
material increases because of ion implantation. This, combined with strain resulting from ion-generated
defects, produces substantial compressive stress. Ion irradiation of the polycrystalline ¢cBN produces
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Fig. 18. Schematic illustration of growth of a ¢BN crystallite. The heavy lines represent (111) planes of ¢BN while the light
lines represent basal planes of tBN. Whether the surface (BN layer is preferentially oriented is not known. Under the influence
of ion irradiation, the ¢cBN (111) planes lengthen when the near-surface tBN is overgrown and transformed to ¢BN. The
structure at the upper cBNABN interface and the transformation pathway are not known, as labeled by the question mark.

strain-generating defects. which in turn produce significant residual compressive stress because of the
extremely high elastic modulus of the ¢cBN [229,230]. This residual stress, combined with environ-
mental factors, leads to poor film adhesion (see Section 9.1).

®  The texture of the graphitic BN interlayer appears to result from ion-induced compressive stress.

®  cBN formation occurs below the film surface, where sp”-bonded BN is transformed to ¢BN.

®  Both density-driven and stress-driven models of the transformation have been proposed and
widely discussed.

®  The microscopic pathway of the tBN to ¢cBN phase transformation is not known.

8. Mechanical and electronic properties of ¢BN films

8.1. Mechanical properties

8.1.1. Bulk ¢cBN

Before discussing work on the plastic and elastic properties of ¢cBN thin films, we briefly review
the mechanical properties of bulk ¢cBN. Generally, hardness is measured through microhardness or
nanoindentation testing [246,247]. In Vickers or Knoop microhardness measurements, the size of the
indent made at a known load is usually measured optically. In nanoindentation, hardness is typically
measured using a three-sided Berkovitch indenter without having to image the indent. The tip shape
of the Vickers and Berkovitch indenters are quite similar, but both are dissimilar from the shape of a
Knoop indenter. Microhardness values are typically given in kg mm ™7 whereas nanoindentation
hardness values are typically given in GPa. The kg mm ~2 values can be multiplied by 0.0098 to yield
GPa values. This is almost a factor of 100, i.e. 5000 kg mm ™2 =50 GPa. As shown in Table 6, ¢cBN
(Vickers hardness of roughly 50 GPa) is the hardest material after diamond (Vickers hardness of
80+ GPa).

Unfortunately, single crystals of ¢cBN only up to about 0.5 mm in diameter are available. Grims-
ditch et al. [255] performed Brillouin scattering measurements on individual cBN grains and obtained
C,; elastic modulli (see Table 6) in good agreement with recent theoretical work [257,258].

8.1.2. ¢BN films
Obtaining good estimates of cBN fi/n hardness has been problematic. One reason is the difficulty,
due to adhesion problems, in growing ¢BN films thicker than a few thousand angstroms (see Section
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Table 6

Mechanical properties of bulk ¢cBN

Hardaness, H 45-55 GPa Vickers — polycrystalline [2,5,248]
=55 GPa Berkovitch/Nanoindentation—polycrystailine [137]
40-60 GPa Knoop — polycrystalline [30,249]
30-93 GPa Knoop — single crystal (depending upon orientation) «  [250]

Young’s modulus, £ 800-900 GPa Various Methods — polycrystalline [137,229,251,252]

Bulk modulus, B 370-385 GPa Pressure dependence of lattice parameter [253,254]
400 GPa Brillouin Scattering— single crystal [255]

Cu 820 GPa Brillouin Scattering— single crystal [255]

Cps 190 GPa Brillouin Scattering— single crystal [2553

Cas 480 GPa Brillouin Scattering— single crystal [2551

Fracture toughness, ¥ 2.8 MPam™"? Single crystal [256]
3.5-5.0 MPam™'? Polycrystalline [248,249]

9.1). For such thin films, indent depths of less than 50 nm are required to keep the depth within the
recommended value of roughly 10-20% of the film thickness [246,239,260]. Such shallow indents
can render spurious results even in nanoindentation. For indents beyond roughly 20% of the film
thickness, substrate effects can become substantial. Applying the Hainsworth-Page method [261] to
cBN films on Si, Mirkarimi et al. estimated that the substrate begins to elastically deform at an indent
depth to film thickness ratio of about 0.12 [137]. Such a substrate effect will alter the elastic modulus
determined by indentation more than the measured hardness. Another possible obstacle is the elasticity
of composite or layered BN films. As discussed below, some researchers have reported hardness values
near or above bulk values even though the substrate is much softer and substrate effects should be
substantial. Microhardness measurements are particularly susceptible to the effects of elastic recovery;
however, the indent diagonal lengths are believed to be only moderately affected by the recovery
process [247,262]. While accounting for modest elastic effects, nanoindentation may overestimate
the hardness of highly elastic materials.

Some early studies [103,104] estimated the hardness unconventionally by scratching the film
surface with various materials of known rmcrohardness For example, Inagawa et al. [103] estimated
a hardness of 4000 kg mm ~2 for 1000-3000 A thick ¢cBN films.

Andoh et al. [263] reports a Knoop microhardness ( H) of 4900 kg mm ~2 using a 15 g load on
23000 A thick BN film on Si. The indent depth should be approximately 2300 A under these condltlons
or a substantial 77% of the film thickness. Using 10 g loads on BN films, Murakawa et al. [147]
measured Hy of 42-61 GPa (i.e. roughly 4200-6100 kg mm ~?) for ¢cBN, 25-28 GPa for irradiated
hBN/tBN, and 16-18 GPa for the Si substrate. The film thicknesses were not reported but are believed
to be no more than several thousand A for the ¢cBN films. Thus the indent depth would have been a
substantial fraction of the film thickness. Mineta et al. [151] reports Hy = 38004600 kg mm ™2 using
a 25 gload on 1.5 wm thick BN films. However, no evidence was provided to show that these thick
BN films were predominantly cBN. Similar hardness values were obtained on WC-Co, TiN-coated
WC-Co, and Si;N, substrates. Using 5 g loads, Nishiyama et al. [145] reported Knoop hardness
values of up to 4300 kg mm ™ for 3000 A thick films of unknown cBN content. In that work, the
indent depth was 50% of the film thickness and the Knoop-indent diagonal was only 4 pm, which
would be difficult to measure accurately in an optical microscope. They observed that the hardest films
also had the poorest adhesion.

Lin et al. [135] reported a Vickers microhardness ( Hy) on BN films of 4300 and 2700 kg mm ~?
using 5 and 10 g loads, respectively. With the film thickness somewhere between 1000-2700 A, and
even for a 5 g load, the indent depth is greater than the film thickness. Also, the ¢BN content of the
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films is ambiguous because an SiO, buffer layer was used. Inagawa et al. [193] report H., = 5500
6300 kg mm ~* on ¢BN films that were 1.5 um thick. A silicon nitride buffer layer was said to allow
for this remarkably thick ¢cBN film to be deposited. No evidence was provided to support the claim
that the 1.5 pm thick layer was predommantly cBN. Wada and Yamashita [130] reported H, = 4500-
5500 kg mm > for a 10 g load on a ~4000 A thick ¢BN film. Here, the indent depth of ~4000 A is
about equal to the film thickness and substantial substrate effects would be expected. Kulikovsky et
al. [72] observed H,=2300 kg mm~" on (BN films using a 5 g load, and found decreasing hardness
with increasing deposition temperature and BN crystallinity. At temperatures exceeding 500 °C, the
H\y, fell below 1200 kg mm ~*, the measured hardness of Si (111).

McKenzie [199] performed nanoindentation hardness ( Hy) measurements using a Berkovitch
tip on cBN and irradiated tBN films. The reported Hy of ¢cBN was 58 GPa, where the indent depth was
1100 A. The film thickness in this study was in the range of 1000-1500 AT [264]. The loading/
unloading curve shows that the material exhibits an extremely elastic behavior. The irradiated tBN
had Hy =20 GPa, where the indent depth was 1800 A. and the loading/unloading behavior was less
elastic than that observed for cBN. Dworschak et al. [68] reported Hy =40 GPa on 1200 A thick BN
films that were predominantly ¢cBN. While the loading/unloading curve was not shown and the indent
depth was not stated, a reasonable depth would penetrate through most of the film thickness.

Liithje et al. [139] report a nanoindentation hardness ( Hy) of 60 GPa on ¢BN:C films with
thicknesses <2500 A. The films contain ~ 5% carbon from the processing conditions. No details of
the hardness testing procedure were stated. Johansson et al. [265] performed nanoindentation meas-
urements on films similar to those of Liithje et al., and suggested that the high elasticity of the oriented
tBN:C layer between the ¢cBN:C film and Si substrate serves to increase the apparent hardness. The
indent depth was 60 nm in both the 400 nm thick tBN:C and 200 nm thick ¢BN:C films, and the elastic
recovery was 83%. 72%. and 73% for the tBN:C, cBN:C films, and Si substrate, respectively (where
100% = tfully elastic). Since (i) several groups using different techniques have reported hardness
values for cBN films near or exceeding bulk values, measured under conditions where the indent depth
is 50-100% of the film thickness. and (ii) the Si substrates are >4 times softer than bulk ¢cBN, and
substrate effects are expected to be significant, it is likely that the ‘apparent hardness’ is enhanced in
SOme manner.

Recently Mirkarimi et al. [137] deposited 7000 A thick ¢BN flms (see Section 9.1), and
performed nanoindentation measurements using indent depths of 1000 A. Using a conventional Oliver—
Pharr [266] analysis of the loading/unloading curves, hardnesses of > 60 GPa were measured. An
example of the loading/unloading curve on a ¢cBN film is shown in Fig. 19. The measured elastic
modulus was lower than the expected value. and this was attributed to substrate effects. Analysis using

8
7 L 7000-A-thick ¢BN film on Si _
H =60 GPa
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Fig. 19. Nanoindentation analysis of a 7000 A thick ¢BN film on a silicon substrate. The left-most trace is the loading curve
while the right-most trace is the unloading curve. Analysis of the unloading curves gives a hardness of ~60 GPa. From
Mirkarimi et al. {137].
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the Hainsworth-Page method [261] suggests that the substrate begins to affect the measurement of
the elastic modulus at an indent depth to film thickness ratio of 0.12 (12%). Analysis of the loading/
unloading curves using finite-element modeling gave a high yield strength (about 50 GPa) and an
elastic modulus close to the bulk value.

8.2. Electronic properties

In addition to hard-coating applications, cBN has potential for use in high-power, high-temper-
ature electronic devices. cBN is a wide-bandgap semiconductor and, unlike diamond, it has been doped
both n- and p-type (see Table 7). As thermal-budget issues become more important with increasing
miniaturization in integrated circuits, the high thermal conductivity [1] (2-9 W cm ~' K™!) of ¢cBN
makes the material well suited for electronic applications. For bulk ¢cBN synthesis, the crystalline
perfection has improved to the extent that a light emitting diode (LED) fabricated by Misima et al.
[8,10,269] operated up to 630 °C and emitted primarily in the ultraviolet (A <390 nm) region.
However, emission out to A =600 nm occurred and was believed to result from inhomogenities in
structure and doping.

There are few reports of the electronic properties of ¢cBN films, which is likely because of the
difficulty in synthesizing nearly phase-pure and highly crystalline films. Ronning et al. [270] have
reported a resistivity ( p) of 10°-10'° Q) cm for predominantly ¢BN films, which is close to the reported
intrinsic value for bulk ¢cBN. Recent work on GaN, a similar wide-bandgap material, has shown
excellent performance as a light-emitting diode operating in the blue region of the spectrum [271].
This is despite a high dislocation density [271], contrary to standard {II-V diode materials. However,
curreni cBN film technology generates films that are greatly inferior to typical GaN films in crystalline
quality. In addition, cBN has an indirect electronic bandgap [272], which is not ideal for light-emitting
diodes.

Most of the reports on the electronic properties of ¢cBN films have come from the Warsaw group
[273-277] who have used films deposited by a pulsed-plasma deposition technique. Because the
documentation [273,277,278] presented thus far makes it difficult to estimate the cBN content of the
films, the results are not discussed further here. Phani et al. [279] reports unintentionally obtaining n-
type conductivity in cBN films and speculated that this arose from carbon impurities introduced during
the deposition process. Further characterizing the phase of these films is highly desirable (see Section
3), however, Lu et al. [150] measured the electrical properties of mixed-phase BN films with ¢cBN
percentages as high as 33%. For the two films with cBN percentages between 28~33% doped p-type
using Mg, they observed resistivities of 0.07-0.10 Q c¢m, carrier concentrations of 1-4 X 10'® cm 3
and mobilities of 2247 cm* V= 's™ L,

Gubanov et al. [280] conducted a theoretical study of the defect states in ¢cBN, and observed that
Si doping at B sites can account for the observed n-type conductivity. In a related work [281] they
also suggest that, in the absence of doping, boron and nitrogen vacancies can be ‘p-type’ and ‘n-type’,
respectively, when the composition deviates from ideal stoichiometry.

3

Table 7

Electrical properties of ¢cBN

Bandgap (CV) [175] P dopams [89267] n dOPamS [8] Pintrinsic (Q Cm) [195] Pextrinsic (Q‘ cm) [11268]
>6 eV (indirect) Be, Mg Si, S, KCN 10" (@20 °C) 10°-10° (p)

10°-10* (n)
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As feature sizes become smaller in microelectronic devices, there is a drive to reduce capacitance
effects by replacing SiO, with insulating layers having lower dielectric constant, €, where (SiO ,) =4.
Cameron et al. [173] and Karim and Cameron [282] report that mixed-phase BN films (  <30-40%
¢BN) deposited by plasma-assisted CVD yield e€=2.2—4.4, which is surprising since the bulk values
for hBN and cBN are 5.9 and 7.1, respectively [283]. Sullivan et al. [284] measured the dielectric
constants of BN films with >85% c¢BN deposited by ion-assisted PLD and found €= 6.5-8.0, close
to bulk ¢BN, while Ronning et al. [270] found the slightly higher values of €= 8-10 for their cBN
films. tBN films deposited by ion-assisted PLD also had dielectric constants close to bulk values [284].
However, tBN films deposited by plasma-assisted CVD yielded € values as low as 3.75 [284]. Sullivan
et al. [284] suggested the PACVD films in the previous studies [173,282] had dielectric constants
below bulk values because the density was below bulk values. Even given low dielectric constants,
whether porous BN films would meet the many other requirements for an interlayer dielectric is

questionable. In particular, hBN is known to be hygroscopic and susceptible to environmental
degradation [285].

®  Thick ¢cBN films can be as hard as bulk cBN.
®  The electronic properties of ¢cBN films are not well investigated largely because of a lack of
electronic-grade films.

9. Current barriers to application of cubic BN film technology
9.1. Adhesion

cBN films are widely observed to delaminate, particularly for thicknesses greater than a few
thousand angstroms. This undesirable attribute is thought to result from two factors: (i) compressive
stress, and (ii) water in the ambient environment. The ion-bombardment conditions typically used to
synthesize cBN generate high compressive stresses (see Section 7.3), and the substrate prevents the
film from relaxing. The force on the substrate generally increases with increasing film thickness [286]
and hence the maximum cBN film thickness will be limited by the adhesive strength. For instance,
Inagawa et al. [193] observed that films > 3000 A thick delaminated after some period of time in air,
whereas films >35000 A thick delaminated spontaneously during deposition (in vacuum). Similar
effects have been observed by many researchers at comparable or lower film thicknesses. For highly
stressed films, Inagawa et al. [193] observed that delamination was less likely in vacuum or dry air
than in atmosphere, so environmental factors are involved. In a systematic study, Cardinale etal. [197]
placed highly stressed cBN films in either (i) vacuum, (ii) dry-oxygen, (iii) dry-nitrogen, or (iv)
high-humidity environments. Films stored under high-humidity conditions delaminated within a day,
while films stored in vacuum, dry oxygen, and dry nitrogen showed no signs of delamination after
several weeks. The undelaminated films were subsequently placed under high-humidity conditions
and delaminated within a day. Thus H,O appears to have a much more deleterious effect on ¢cBN
adhesion than, for example, O,. Cardinale et al. [197] suggested that water may react with BN
according to the following reaction;

l
?303+8BN+H30—>2[(B203) »(OH)] +4N,

The volumetric expansion at the interface accompanying reactions such as this would enhance film
delamination. Hahn et al. [157] have subsequently measured an O/H ratio of 6.8 in their delaminated
films, consistent with the O/H ratio of 7 expected from the above reaction.
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Thus, the evidence suggests that stress and moisture are the primary factors contributing to cBN
film delamination. However, all the above studies used silicon substrates, and whether these findings
can be generalized to other substrates is not known. Since the film stress is largely intrinsic, rather
than from thermal mismatch, it should not be a strong function of the substrate type, as long as the
substrate can support the stress. The hydrolysis component of the delamination process may have a
substrate dependence, i.e. matrix effects might influence the chemical reaction cited above. Also, the
adhesive strength at which delamination occurs may change with the substrate and thereby change the
maximum tolerable film stress. The literature indicates that there is no significant improvement in cBN
film adhesion when non-silicon substrates are used [56,133,143], with the exception of better adhesion
on diamond substrates [133,143].

Film adhesion has been improved by depositing buffer-layer films between the substrate and the
¢BN film and by using ion-mixing techniques. Okamoto et al. [140] observed that, although cBN
films deposited directly on silicon delaminated readily in air, use of an intermediate boron layer and a
graded BN, layer beneath the cBN layer prevented film delamination for longer than six months air
exposure. Inagawa et al. [193] tried graded buffer layers of the form B N, Z,_,_, (where Z =C, Si,
Ge, Al, Fe, Ti, and Cr) between the ¢BN film and silicon substrate. Only two of the buffer layers,
B.N,Al,_._, and B,N,Si, _,_,, provided a significant improvement in adhesion, and the Si-based
buffer layer gave the most improvement. While cBN films greater than 3000 A thick were susceptible
to delamination, Inagawa et al. [193] reported that adherent cBN filmsup to 1.5 pum could be deposited
when the B,N,Si, _ ,_ | interlayer was used. This would be a significant advance; however, no evidence
was provided to show that the 1.5 pm thick layer was predominantly ¢cBN. Ikeda et al. [104] improved
the adhesion of BN films on WC-Co substrates by using an irradiated BN, buffer layer. The irradiated
tBN (*iBN’) and ¢BN films had estimated compressive film stresses of ~ 1.6 and ~ 4.0 GPa, respec-
tively. The lower stress in a composite cBN/iBN film was said to contribute to the enhanced adhesion.
Murakawa et al. [143] modified this process by using an additional Ti interlayer, resulting in the
structure cBN/BN /Ti/WC—Co (where WC—Co is the substrate). Like Okamoto et al., Kohzuki et
al. [287] used a B/BN | buffer layer on Si and observed that, although the adhesion was improved,
much better adhesion resulted if the buffer layer was deposited on a Si substrate bombarded with 20
keV B and N ions. Post-deposition annealing at 800 °C for 21 h had no measurable effect on films
employing the former process, but increased the peeling load of films using the latter process.

In addition to buffer layers, multilayer approaches have also improved adhesion. Ikeda et al.
[146] used repeated sequences of cBN/BN /Ti layers ( ~ 1 wum thickness) to form a 3 pm thick
multilayer on WC—Co substrates. The thickness of the cBN layers was not stated and the ¢cBN content
was difficult to estimate. Using a related approach, Mirkarimi [161] sandwiched three cBN layers
between very thin (50-100 A) B ,C layers giving a total thickness of 2000-3000 A. These films were
adherent whereas single-layer cBN films grown under identical conditions and to the same thickness
spontaneously delaminated. IR spectroscopy showed that the multilayer had nearly the same cBN
content as a comparable single-layer film, indicating that the improved adhesion did not coincide with
a significant reduction in ¢BN content. Mirkarimi observed, however, that a thickness limit exists for
this technique, i.e. delamination occurred for muitilayer films that were ~ 75% thicker,

As poted in Section 7.2, even the stress model of ¢cBN formation does not require that there be
residual stress in the films. Stress is only necessary (either locally or macroscopically) to drive the
transformation to ¢cBN, but not to maintain the cBN once formed. This raises the question of whether
the stress can be removed after or during deposition. Several researchers have attempted post-deposition
annealing at temperatures of 800-900 °C for tens of hours, with only limited success
[122,146,177,287]. Annealing away stress during film synthesis by operating at higher deposition
temperatures, however, is very promising. Using a sputter process with low-energy ions ( ~ 100 eV)
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Fig. 20. FTIR reflection spectrum of a thick ( ~ 5000 A) ¢BN film relative to a 1000-2000 A thick ¢cBN film. From Mirkarimi
et al. [137].

and very low deposition rates ( <0.1 A s™1), Kidner and Clarke [78] observed that films deposited
at 950~1050 °C took greater than two months to delaminate whereas films deposited at temperatures
<850 °C delaminated in less than one week. Taylor et al. [66,121] extended the process of Kidner
and Clarke [78] by using higher deposition temperatures (1200 °C), longer deposition times (several
tens of hours), and very low-energy ( < 100 eV) nitrogen ions. They found that the frequency of the
TO IR absorption decreased toward the bulk cBN value with increasing growth temperature, consistent
with decreasing levels of compressive stress (see Section 3.1.4). Because of this, they [121] were
able to synthesize thick ( > 1 pm), adherent films with a high ¢cBN fraction. Mirkarimi et al. [137]
obtained cBN films up to 0.7 wm thick using a hybrid process based on three earlier techniques. The
first and most important technique is that of Taylor and Clarke [121] and Kidner and Clarke [78]
(high T, low E), the second technique is that of McKenzie et al. [122] and Hahn et al. [123] (higher
ion energy for nucleation than subsequent growth), and the third technique is the use of B ,C sputter
targets (similar to that used by Luthje et al. [139] and Johansson et al. [117]). The FTIR spectrum
of an ~5000 A thick ¢cBN film synthesized by Mirkarimi et al. [137] using this process is shown in
Fig. 20 along with that of a 1000-2000 A thick ¢BN film deposited at a lower substrate temperature.
Thicker films enable the mechanical properties of ¢cBN films to be accurately measured (see Section
8.1), as well as allow for a better understanding of the role of experimental parameters (temperature,
ion energy, deposition rate, etc.) on film adhesion. However, even these newer processes need much
improvement (most importantly, higher growth rates) for industrial viability.

9.2. sp?-Bonded interfacial layer

As discussed in Section 6, regardless of the choice of substrate, an sp>-bonded BN layer of several
tens to hundreds of angstroms thick usually forms before cBN nucleates and grows. In fact, there is
no convincing evidence of uniform ¢BN film synthesis directly upon a substrate without an intervening
sp*-bonded interlayer. While Mirkarimi et al. [127] showed that the interlayer could be significantly
reduced (to < 10 A) by depositing ¢BN on cubic SiC, this reduction was only observed along a small
fraction of the film/substrate interface. For hard-coating applications, the sp -bonded BN interlayer
may be an important problem. If the interlayer contributes significantly to the poor adhesion discussed
above, or degrades mechanical properties, then it will need to be reduced or eliminated. However, this
is not clear since some researchers have intentionally added a graded (irradiated) sp >-bonded BN layer
to improve film adhesion. The sp*-bonded layer is a serious barrier to growth of epitaxial cBN films.
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9.3. Commercializing ion-intensive deposition processes

Current routes to ¢cBN synthesis require much higher ion-to-atom ratios than the energetic dep-
osition processes used for other materials. Growth rates are limited by the available ion flux and are
currently much lower than desired for industrial viability. Some improvement may be realized using
the new knowledge that fewer or lower energy ions are required for ¢cBN growth than for nucleation
(see Section 7.5). Taking full advantage of this fact will demand very close process control and may
require in-situ characterization of film phase, such as the in-situ ellipsometry technique demonstrated
by McFall et al. [288]. Still. higher flux processes are clearly needed. Undoubtedly, the film-growth
costs will be dominated by the cost of creating the ions, analogous to the costs of making the radical
species (e.g. hydrogen atoms and methyl radicals) necessary for CVD diamond growth [289]. The
narrow processing window for ¢cBN formation will also make commercialization challenging since
very uniform and matched fluxes will be required.

®  The primary causes of cBN film delamination are residual film stress and water vapor.

®  Post-deposition annealing has had limited success in removing film stress and promoting
adhesion.

®  High-temperature deposition has been successful in producing thicker ( > 0.5 wm) ¢BN films
that are adherent.

®  Buffer layers and muitilayers can enhance film adhesion.

The sp*-bonded BN interlayer may limit some applications.

® Commercialization will require economical, high-growth-rate processes that give uniform,
adhesive films over large areas.

10. Conclusions

Significant progress has been made in synthesizing nearly phase-pure ¢cBN films by energetic
deposition processes. In contrast to the situation for diamond film synthesis, there are no reproducible
chemical or thermal routes to cBN-film synthesis. Compared to most energetic deposition processes,
¢BN synthesis requires much higher ion energies per film atom. The initial nucleation of ¢BN, in fact,
occurs only over a rather narrow window of most process parameters, and this window is bounded by
the condition where the film is totally sputtered (no net growth). Once nucleated, however, growth of
¢BN can occur under less energetic conditions.

Despite the many excellent studies conclusively synthesizing and correctly characterizing cBN
films, we caution that many researchers still misidentify sp>-bonded BN as ¢cBN. Clearly the BN is
sp’-bonded as initially deposited and is transformed to sp’~bonded BN under the influence of the
energetic particle bombardment. There are plausible mechanisms explaining this transformation as
either a stress-driven or density-driven process. However, the precise transformation route remains to
be conclusively established.

The high compressive stress that is typically found in the highly defective ¢BN films leads to
poor adhesion to the substrate. cBN does not nucleate directly on the substrate, but on top of or from
an oriented Jayer of graphitic BN. Despite the presence of this softer interlayer, hard ¢BN coatings are
being produced. Commercialization of the present energetic deposition processes will be challenging
considering the cost of ion production, the required flux uniformity and tight process control necessary
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given the narrow processing window, and the growth-rate limitations imposed by the need for copious
amounts of ions.
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