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We report an investigation of the bulk optical, bulk acoustic, and surface acoustic phonons in thin films of
turbostratic boron nitride (t-BN) and cubic boron nitride (c-BN) grown on B-doped polycrystalline and single-
crystalline diamond (001) and (111) substrates. The characteristics of different types of phonons were studied
using Raman and Brillouin-Mandelstam light scattering spectroscopies. The atomic structure of the films was
determined using high-resolution transmission electron microscopy (HRTEM) and correlated with the Raman

and Brillouin-Mandelstam spectroscopy data. The HRTEM analysis revealed that the cubic boron nitride thin
films consisted of a mixture of ¢-BN and t-BN phases, with ¢c-BN being the dominant phase. It was found that
while visible Raman spectroscopy provided information for characterizing the t-BN phase, it faced challenges in
differentiating the c-BN phase either due to the presence of high-density defects or the overlapping of the Raman
features with those from the B-doped diamond substrates. In contrast, Brillouin-Mandelstam spectroscopy clearly
distinguishes the bulk longitudinal and surface acoustic phonons of the ¢-BN thin films grown on diamond
substrates. Additionally, the angle-dependent surface Brillouin-Mandelstam scattering data show the peaks
associated with the Rayleigh surface acoustic waves, which have higher phase velocities in c-BN films on dia-
mond (111) substrates. These findings provide valuable insights into the phonon characteristics of the ¢-BN and
diamond interfaces and have important implications for the thermal management of electronic devices based on

ultra-wide-band-gap materials.

1. Introduction

Ultra-wide bandgap (UWBG) semiconductors are attracting
increasing attention owing to their potential for applications in high-
power electronics and deep ultra-violet (UV) photonics [1-8]. Mate-
rials in the UWBG category have electronic bandgaps greater than that
of GaN, typically >4 eV [1,2]. Among these materials, c-BN has one of
the highest breakdown fields projected to be >8 MV ecm ™! [9,10], a large
electronic bandgap of ~6.4 eV [11], and high thermal conductivity of
~1600 Wm ™! K™}, reaching 75 % of that for diamond [12]. Only dia-
mond outperforms c-BN in terms of electronic, thermal, and mechanical
characteristics. Intrinsic UWBGs are electrical insulators and must be
doped to be used in electronic devices. Diamond has limitations with
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regard to doping — it can be consistently p-doped, but achieving reliable
n-type doping remains challenging [1]. In contrast, c-BN can be conve-
niently doped to become an n-type or p-type semiconductor [5,9,10].
The remaining critical issue with ¢c-BN is the synthesis of single- or poly-
crystalline thin films of phase-pure c-BN [13]. This task is difficult since
the material favors the formation of the hexagonal sp?-bonded phase,
either in hexagonal, h-BN, or turbostratic, t-BN forms, depending on the
growth process [14,15]. The in-plane crystal structure of the t-BN is
similar to that of h-BN with the difference being loss of some or all order
in the out-of-plane direction [16-18]. The t-BN planes are stacked and
rotated in random directions along the c-axis and the interplanar dis-
tance becomes larger than that of h-BN. The planes may even have some
tilt angle with respect to the plane normal [16-18]. The properties of the

Received 13 July 2023; Received in revised form 5 September 2023; Accepted 26 September 2023

Available online 27 September 2023
0925-9635/© 2023 Published by Elsevier B.V.


mailto:fkargar@ece.ucr.edu
www.sciencedirect.com/science/journal/09259635
https://www.elsevier.com/locate/diamond
https://doi.org/10.1016/j.diamond.2023.110452
https://doi.org/10.1016/j.diamond.2023.110452

E. Guzman et al.

t-BN phase are less characterized compared to other BN phases and
require in-depth investigations. There have been recent advances in the
growth of ¢-BN thin films with high phase purity. Attempts so far have
been directed towards the growth of ¢-BN on several substrates such as
Si, Cu, Ni, and SiC/Si [15,19]. Growth of c-BN on different substrates
typically requires a rather thick intermediate layer, such as h-BN or
diamond, due to the lattice mismatch of the ¢-BN film with the under-
lying substrate [2]. An alternative approach is the synthesis of c-BN films
directly on diamond substrates, considering the small lattice mismatch
of only ~1.4 % [20]. Recent studies have demonstrated that direct
growth of ¢-BN on diamond substrates reduces the thickness of the h-BN
intermediate phase, and in some cases, eliminates it entirely [20].

Another important advantage of the direct coupling of ¢-BN thin
films with diamond substrates lies in their closely matched acoustic
impedance, simple unit cell structures, vibrational similarity at the
interface, and aligned phonon density of states [21,22]. These charac-
teristics are crucial for efficient heat transport across adjoining in-
terfaces which is defined by thermal boundary conductance [21].
Conventionally, the thermal boundary conductance at the interfaces is
expressed using the acoustic mismatch model (AMM) or the diffuse
mismatch model (DMM), respectively, in the low- and high-temperature
ranges [23,24]. The acoustic impedance is defined as ¢ = pvs; where p
and v, are the mass density and average phonon group velocity,
respectively [24]. According to AMM, in heterostructures with ideal
interfaces, the acoustic impedance mismatch of the constituent layers
determines the thermal boundary conductance at the interface [24]. The
smaller the acoustic mismatch of the constituents in layered structures
the lower is the temperature rise at the interface for a given heat flux.
Based on AMM, since the acoustic mismatch of c-BN with diamond is
negligibly small, heat transfers efficiently at the interface with little
temperature rise from the ¢-BN layer to the underlying diamond sub-
strate [22]. However, recent studies show that thermal boundary
conductance is mostly affected by the bonding strength of constituent
materials at the interface and the nature of the interfacial disorder.
Owing to the small lattice mismatch of ¢c-BN and diamond, one expects
the formation of strong and highly structured interfaces that enhance
heat transport across their interface. In fact, theoretical studies show
that the interfacial thermal conductance at the c-BN/diamond interface
can reach ten times higher than that for the Si/diamond heterostructure
[22]. In this sense, the premise of the direct coupling of diamond and c-
BN layers, which are the two UWBG materials with the highest thermal
conductivity, has important implications for the ongoing challenge of
efficient thermal management of high-power UWBG-based electronic
devices [25].

Acoustic phonons are the main heat carriers in both ¢-BN and dia-
mond. The phonon properties of thin films can deviate significantly from
theoretical predictions depending on the film phase purity, film/sub-
strate interfacial structure, and atomic rearrangement within the film.
Moreover, the phonon dispersion can change due to phonon confine-
ment effects in thin film structures [26,27]. The latter results in the
appearance of additional phonon modes other than the acoustic and
optical phonon polarization branches in bulk materials. The contribu-
tion of these phonon modes to heat transport in thin film materials or at
the interface of heterostructures is still a topic for debate [28,29]. From a
theoretical perspective, the conventional AMM and DMM models typi-
cally consider only the average bulk phonon group velocity of each
medium and do not account for possible effects of confined, guided, or
interfacial phonon modes [30]. Recent studies have shown that inter-
facial phonon modes play an important role in heat conductance across
the interfaces [29,31]. More importantly, the DMM fails to accurately
predict the thermal conductance at the interface when two identical
surfaces interface with each other [24,30]. In this case, one would
expect the phonon transmission coefficient to approach one where the
DMM predicts the phonon transmissivity to be 0.5 [30]. Given the
negligible difference in the acoustic impedance and small lattice
mismatch of ¢-BN and diamond, this pair of materials provides a
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convenient experimental system to investigate fundamental questions of
heat transfer in thin films and across interfaces in low and high-
temperature ranges. This task requires a thorough understanding of
the bulk and surface phonon states of the ¢-BN films and their correlation
with the film morphology, phase purity, and interlayer structure of the
synthesized film on the diamond substrate.

Brillouin-Mandelstam light scattering spectroscopy (BMS) is a
nondestructive optical technique that has been widely used for the
detection of low-energy bulk and surface acoustic phonons in different
material systems, including thin films [32-35]. This technique can
determine the energy of bulk longitudinal acoustic (LA) and transverse
acoustic (TA) phonons in the vicinity of the Brillouin-zone (BZ) center.
The information obtained allows for the extraction of the phonon group
velocity, i.e., the sound velocity of LA and TA modes which can then be
used to experimentally estimate the phonon transmissivity using the
acoustic mismatch or diffuse mismatch models. Moreover, the method
provides the additional benefit of obtaining the dispersion of surface
phonon states close to the BZ center in the specific case of thin films or
opaque materials [32-34]. Together with Raman spectroscopy, the BMS
technique presents a comprehensive picture of the energy distribution of
both optical and acoustic phonons close to the BZ center. To the best of
our knowledge, there have been no previous studies of the bulk and
surface phonon states of the t-BN and c¢-BN phases on diamond
substrates.

In this work, we have used visible Raman and BMS spectroscopies to
investigate the bulk optical and acoustic phonons, as well as surface
acoustic phonons, in thin films of t-BN grown on B-doped polycrystalline
diamond, and ¢-BN films grown on B-doped single-crystalline (001) and
(111) diamond substrates. The thickness and the atomic structure of the
samples were first characterized using high-resolution transmission
electron microscopy (HRTEM). The TEM results were correlated with
the data obtained from Raman and BMS experiments. The TEM analyses
show that both boron nitride thin films grown on diamond substrates
contain a mixture of ¢-BN and t-BN phases, with the ¢-BN being the
dominant phase. Our results demonstrate that while visible Raman can
be used to characterize the +-BN phase on diamond, it does not offer
sufficient information for the c-BN phase either due to the high con-
centration of defects or the overlapping of its Raman features with that
of the underlying B-doped diamond substrates. BMS, on the other hand,
provides distinguishable peaks associated with the bulk longitudinal
acoustic phonons of the ¢c-BN phase on diamond substrates. The spectra
of our angle-dependent surface Brillouin-Mandelstam scattering exper-
iments on ¢-BN thin films exhibit peaks associated with the so-called
Rayleigh surface acoustic waves. The phase velocity of Rayleigh
modes is substantially higher for the ¢-BN samples on diamond (111)
assessing its higher c-BN phase content, in agreement with the analyses
acquired from HRTEM images. Our findings regarding the characteris-
tics of surface and bulk phonons provide valuable insights into the
thermal transport properties across c-BN and diamond interfaces, which
have crucial implications for their utilization in UWBG-based electronic
devices.

2. Materials and methods

The t-BN and ¢-BN films in this study were grown by the electron
cyclotron resonance plasma-enhanced chemical vapor deposition (ECR
PECVD) method [36] on various B-doped diamond substrates. The BN-
on-diamond samples have been provided by the Arizona State Univer-
sity. The boron concentration in the substrates is estimated to be >10%°
cm 3. Three heterostructure samples including a tBN film on poly-
crystalline diamond, ¢-BN film on diamond (001), and c¢-BN film on
diamond (111) were investigated in this study. For simplicity, these
samples are referred to as t-BN, c-BN-1, and c-BN-2, respectively. The t-
BN film on the B-doped polycrystalline diamond substrate was grown
with a gas flow ratio of Hy:BF3 of 4:4 (gas flow ratio in standard cubic
centimeters per minute or sccm) at a temperature of 735 °C for 2 h and
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30 min. The ¢-BN-1 film was grown with a ratio of Hy:BF3 of 2:2 sccm at
a temperature of 675 °C for 2 h and 30 min. The ¢-BN-2 film was pre-
pared with an Hy:BF3 ratio of 1.5:2 for 44 min and then with an Hy:BF3
ratio of 2:2 sccm for 2 h and 16 min at a temperature of 735 °C for a total
of 3 h. The details of the growth process have been reported elsewhere
[36].

Samples suitable for TEM observation were prepared using focused-
ion-beam milling with a Thermo Fisher Helios G5-UX dual-beam system.
Cross-sectional TEM images were taken using a Phillips-FEI CM-200F
operated at 200 kV and an FEI Titan 80-300 operated at 300 kV.

Raman spectroscopy was conducted in the conventional backscat-
tering configuration using blue and UV lasers with excitation wave-
lengths of 488 nm and 325 nm, respectively. The power on the samples
was 5 mW during all measurements. The laser spot diameter on the
sample was ~1 pm. BMS experiments were performed in the backscat-
tering geometry using a continuous-wave solid-state diode-pumped
laser operating at the excitation wavelength of 2 = 532 nm. The inci-
dent light was p-polarized whereas the polarization of the scattered light
was not analyzed. The laser light was focused using a lens with a nu-
merical aperture of NA = 0.24. The scattered light was collected using
the same lens and directed to the high-resolution high-contrast 3 + 3
tandem Fabry-Perot interferometer (The Table Stable, Switzerland),
detector, and spectrum analyzer. To probe surface acoustic waves,
samples were rotated so the angle of the incident light can be varied
between 30° to 70° with respect to the sample’s surface normal.

To interpret the BMS data, one needs to determine the index of
refraction, n, of the thin films at BMS laser excitation wavelength.
Measurements of the refractive index were made using a Filmetrics F40-
UV microscope-based spectrometer. Light with wavelengths in the range
of 190-1100 nm was used to measure the sample reflectance. The
average spot size of the light on the sample was ~35 pm. The thickness
and optical constants of the thin films were extracted by fitting the
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3. Results and discussion
3.1. TEM analysis

Fig. 1 (a,b) show TEM images of the t-BN thin film on the B-doped
polycrystalline diamond at different magnifications. Fig. 1 (b) exhibits
the atomic configuration of the t-BN film in more detail. As visible in
most regions, the sp2-bonded h-BN sheets of t-BN grew close to the
vertical direction with their c-axis roughly parallel to the sample surface
(see the yellow traces in Fig. 1 (b)). However, in a few regions, the t-BN
planes are also tilted (see the red traces in Fig. 1 (b)). The total thickness
of the t-BN film was estimated to be in the range of 240 + 10 nm.

Fig. 1 (c,d) present TEM images of the c-BN-1 sample. The dark line
at the center of Fig. 1 (c) is the interface between the film and the dia-
mond substrate which contains significant hydrogen defects due to the
substrate cleaning procedure using Hj-plasma. It is estimated that
hydrogen is penetrated as much as ~10 nm into the diamond substrate
thus reducing the interface quality. As visible in Fig. 1 (d), the boron
nitride film in this sample is a mixture of t-BN and ¢-BN phases. The ¢-BN
regions, depicted by yellow rectangles, are the lighter clustered regions,
while the t-BN spots, shown by red rectangles, look like clear parallel
lines with various tilt angles. The t-BN phase is predominant at the
substrate/interface and in the intermediate regions. The top surface of
the film is terminated with mostly the ¢c-BN phase, although the BN
phase was also detected in some regions. The c-BN regions are oriented
randomly with sizes of ~5-10 nm. The total thickness of the film was
estimated to be 168 + 18 nm.

The structure and morphology of the c-BN-2 film are shown in Fig. 1
(e,f). This sample has the higher phase purity of the c-BN regions with no
signs of the t-BN phase at the top surface. The c-BN and t-BN regions are

Fig. 1. TEM images of boron nitride thin films grown on diamond substrates. (a) The t-BN film on the B-doped polycrystalline diamond. (b) Higher magnification
image of the t-BN film showing the arrangement of the BN sheets. The yellow traces exhibit the vertically aligned sp>-bonded BN sheets whereas the red traces show
some regions where the BN planes are tilted slightly. (c) The c-BN-1 film, interface, and the underlying (001) single-crystal diamond substrate. The dark line shows
the interface of the film and the substrate, damaged by hydrogen. (d) Enlarged image of the BN film structure confirming the presence of a mixture of t-BN and c-BN
phases, surrounded by red and yellow rectangles, respectively. (e) The c-BN-2 film grown on a single crystal (111) diamond. (f) High-resolution image of the c-BN-2
sample confirming the dominant c-BN phase (yellow zones) compared to the t-BN phase (red zones). The c-BN regions near the surface show increased orienta-

tion randomness.
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depicted by yellow and red rectangles in Fig. 1 (f). A careful analysis of
the film interface with the underlying diamond (111) substrate indicates
the presence of some small domains of h-BN, w-BN, and t-BN phases. The
film is predominantly constituted of c-BN domains, randomly oriented in
different crystallographic planes. The total thickness of the film is
157 + 6 nm. This film is essentially epitaxially oriented, phase pure c-BN
at the diamond interface. Towards the surface, small +-BN domains are
evident, and the c-BN regions show increased orientational randomness.

3.2. Raman analysis

A series of Raman experiments were conducted on the BN thin films
and their respective underlying substrates using a 488 nm laser excita-
tion. To cross-check the results obtained, the same experiments were
carried out on bulk single-crystal c-BN as the reference sample. For all
data, the spectral position of the peaks was identified using individual
Gaussian fittings (Fig. S1). Fig. 2 (a) presents the Raman spectra of the t-
BN film (red line) and its underlying B-doped polycrystalline substrate
(black line). The sharp peak observed at ~1330 cm™! in both spectra is
associated with the zone center Raman peak (ZCP) of the diamond
substrate. The ZCP of the undoped diamond is located at 1332 cm™?
which in our samples was downshifted by 2 cm™! due to the phonon
softening as a result of the heavy boron doping and clustering [37-39].
The presence of this peak in both spectra confirms that a significant
fraction of the incident light interacts with the diamond substrate even
though the light is focused on the top surface of the t-BN layer. Below the
ZCP, the B-doped polycrystalline diamond substrate exhibit broad fea-
tures at ~607 cm™ Y, 897 cm ™!, and 1042 cm L. These three peaks are
the Raman-forbidden bands of diamond which are activated due to the
presence of boron dopants [40-42]. The spectrum of the t-BN film on the
B-doped polycrystalline diamond exhibits quite different features (see
the red curve in Fig. 2 (a)). Except for the strong ZCP, other Raman
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features, present in the substrate, are not visible in the t-BN spectrum,
but new Raman peaks located at 504 cm_l, 1220 cm_l, 1370 cm_l,
1538 cm ™, and 2803 cm ! are detected. The weak feature at 1370 cm ™!
is attributed to the t-BN phase [17,18] which is almost hidden due to the
sharp ZCP feature and the high background signal from the substrate.
The nature of this peak can be thought of as an upshifted single-crystal h-
BN peak which is expected to be observed at ~1364 cm~! [43-45]. The
peaks at 1220 cm ™' and 1538 cm™! most likely originate from the
maximum phonon density of states of t-BN, assuming its crystal simi-
larity with h-BN [45]. The peak at 504 cm " is likely the same as the 607
em™! peak observed in the substrate. It is redshifted to lower wave-
numbers presumably due to boron clustering in the heavily B-doped
substrate. This peak is associated with the maximum phonon density of
states of diamond and is reported to downshift as the boron concen-
tration increases [40]. The broad peak found at ~2803 cm ! has been
observed previously in Raman of h-BN [45], but no obvious assignment
of this peak has been reported or could be made here.

Now, we investigate the Raman characteristics of bulk single-crystal
¢-BN and ¢-BN thin films on diamond substrates. The bulk single-crystal
c-BN samples were outsourced from Hyperion Materials and Technol-
ogy, the USA. Samples were in powder form with an average size of ~
300 ym to ~ 600 ym. The Raman spectrum of the single-crystaline c-BN
powder is presented in Fig. 2 (b). The spectrum shows two peaks
attributed to the TO and LO modes, respectively, at 1054 cm ™! and
1304 cm™!. The spectral position of these peaks is in excellent agree-
ment with previously reported values [45-47]. Fig. 2 (c) shows the re-
sults of Raman measurements on the ¢-BN-1 thin film (red curve), and
the B-doped single-crystal diamond (001) substrate without ¢c-BN film
(black curve). Interestingly, no signatures of the TO and LO peaks of c-
BN were detected in this sample. One may assume that these peaks may
have been buried under the intense Raman features coming from the
substrate. Given that the TO Raman peak of ¢-BN at 1054 cm ™! should be
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Fig. 2. Raman spectra of the BN samples and their respective B-doped diamond substrates under a 488 nm excitation laser. (a) t-BN film on B-doped polycrystalline
diamond, (b) bulk single-crystal c-BN, (c) c-BN film on B-doped single-crystal diamond (001), and (d) ¢-BN film on B-doped single-crystal diamond (111).
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intense (see Fig. 2(b)) and there are no significant diamond features at
that wavenumber, this seems less likely. An alternative explanation is
that the TO and LO Raman bands in ¢-BN are not detectable due to the
presence of high-density defects and the consequent relaxation of
Raman selection rules. The latter causes weak scattering from optical
phonon modes with different wavevectors. This explanation seems more
in line with the characteristics of our samples. The only difference in the
two spectra obtained from the film and substrate is the presence of a
weak Raman feature at 1135 cm ™! that could be related to the second-
order Raman scattering from the zone-edge LO(L) or LO(X) modes
[45]. Fig. 2 (d) presents the Raman spectra of the c-BN-2 thin film grown
on the single-crystal diamond (111) substrate. The two spectra are
almost identical, and no peaks associated with the c-BN layer could be
detected. Raman experiments were conducted on ¢-BN-1 and c-BN-2
using a UV laser with 325 nm excitation wavelength. The results are
presented in Fig. S2 in the Supporting Information. The spectra do not
reveal any peaks associated with the ¢c-BN thin films.

3.3. BMS results

We now turn to the main element of this work — the observation of
acoustic phonons in boron nitride films using the BMS technique. Fig. 3
shows the results of the BMS measurements of bulk phonons in the single
crystal c-BN and the three BN thin films in the frequency range of 25 GHz
to 175 GHz. Symmetric peaks on each side of the spectra are associated
with the Stokes and Anti-Stokes scattering processes. The spectral po-
sitions of the observed peaks, f, were determined accurately by fitting
the experimental data with individual Lorentzian functions. In BMS, the
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phonon wave vector of bulk phonon modes that contribute to light
scattering is qgg = 4zn/4, where 1 =532nm is the laser excitation
wavelength and n is the refractive index of the medium at 4 [32]. The
refractive indices of -BN on polycrystalline diamond and c-BN on dia-
mond (001) samples could not be measured due to their rough surfaces.
To calculate the BMS phonon wavevector, we used the previously re-
ported values of n for the t-BN and ¢-BN-1 as 1.870 and 2.117, respec-
tively [48]. Note that one should use these values with caution to
calculate the BMS phonon wave vector. t-BN is a disordered form of h-BN
along the c-axis stacking direction. h-BN sheets are optically anisotropic
and given that in our t-BN film, its constituent h-BN sheets are lined up in
different orientations close to vertical, taking the reported value for the
index of refraction could impose significant errors. The ¢-BN film on
diamond (001) also contains mixed phases of c-BN and t-BN. The phase
proportions in these samples could not be identified from TEM images,
and the correct value of n thus remains unclear. The refractive index of
the ¢c-BN on diamond (111) substrate was measured as n = 2.12 + 0.21
which agrees well with the available data [48,49].

Fig. 3 (a) exhibits the BMS spectra of the polycrystalline diamond
substrate (black line) and the t-BN thin film (red line). Two peaks labeled
as 'LAp’ and 'TAp’ at f ~ 165 GHz and f ~ 112 GHz, correspond to the
longitudinal and transverse acoustic phonons, respectively, of the
polycrystalline diamond. The spectral positions of the LA and TA peaks
agree well with the previously reported data [50]. The t-BN thin film
exhibits two distinct broad peaks at 38 GHz and 60 GHz. The peak at 60
GHz is detectable only in the p-p or s-s incident-scattered light polari-
zation configuration which is a characteristic of the bulk LA phonons in
BMS experiments. The peak at 38 GHz is visible in the cross-polarization
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Poly-diamond

) )
= 2
-} -}
= £ TA
< < TA 1
> > N7 p
2 2 |LA
S 2
k= IS

-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150

Frequency (GHz) Frequency (GHz)
(c) —— BN Film (d) ——¢-BN Film
—— Diamond (001) —— Diamond (111)
2 z
5 5
e o LAgy
< < |LAp
> :; ' TA,
= LA, TA E
D D - LA, TA
wu M ‘ ° ‘D
150 100 50 0 50 100 150 150 100 50 O 50 100 150
Frequency (GHz) Frequency (GHz)

Fig. 3. Brillouin light scattering spectra of bulk phonon modes in (a) t-BN thin film on B-doped polycrystalline diamond, (b) bulk single-crystal ¢-BN, (c) ¢-BN thin
film on diamond (001), and (d) ¢-BN thin film on diamond (111). The peaks labeled as "LA” and "'TA’ correspond to the longitudinal and transverse acoustic bulk
phonons, respectively. The subscripts D’ and BN’ represent ‘diamond’ and "boron nitride’ in all panels.
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configuration (p-s), a property of TA phonons (see Fig. S3 in the Sup-
plementary Information). Thereby, we attribute these peaks to t-BN’s
transverse acoustic and longitudinal acoustic phonon branches,
respectively. Assuming the refractive index of n = 1.870, one can extract
the phase velocity of these phonon branches according to v = 2zf/qg =
Af/2n. It should be noted that in the region near the center of the Bril-
louin Zone (BZ), the dispersion of acoustic phonons follows a linear
relationship. Thus, the phase velocity of these phonon branches is equal
to their group velocity or ’sound velocity’. The calculated phonon group
velocities for the TA and LA phonons in the t-BN film are vy =
5,405ms™! and via = 8,535ms™!, respectively. It is worthwhile
comparing the spectral positions of these peaks with those reported for
h-BN. The significance of comparing t-BN results with those for h-BN lies
in the fact that as stated previously, the -BN phase constitutes from
tilted disorder h-BN sheets with slightly increased interlayer distance
[16-18]. The previous reports on the Brillouin light spectroscopy mea-
surements of bulk h-BN show LA phonon peaks at ~28 GHz and ~ 112
GHz with phonon wave vector along and perpendicular to the c-axis of h-
BN, respectively [51]. This is expected due to the large anisotropy in
elastic properties of h-BN, with a slow LA phonon velocity of ~
3,279 ms~! along the c-axis compared to a fast LA phonon velocity of
18,595 ms~! perpendicular to the c-axis. In our experiments, the
examined phonon wave vector was close to the surface normal of the
film. Given that most of h-BN sheets in the ¢t-BN film are aligned verti-
cally (see Fig. 1 (a)), it is reasonable to observe LA phonon velocity at
some weighted average frequency of LA phonons propagating along and
perpendicular to h-BN c-axis.

To characterize the acoustic phonon properties of c-BN films, BMS
experiments were first conducted on bulk single-crystal ¢-BN as the
reference sample. Fig. 3 (b) shows the accumulated BMS spectra. Three
sharp peaks at 79.6 GHz, 88.1 GHz, and 137.1 GHz are attributed to two
TA and one LA phonon modes. The Brillouin phonon wave vector in
these experiments is gz = 50.01 pm~!, assuming n=2.117 at 1=
532 nm for c-BN [48,49]. The corresponding phonon group velocities for
LA and TA phonons in single-crystal c-BN are calculated as 17,225 ms ™!,
11,069 ms~!, and 10,000 ms~!, respectively. The obtained values for
the bulk c-BN were used as a reference for the characteristics of c-BN thin
films on diamond substrates.

Fig. 3 (c) shows the spectra for the ¢-BN thin film on diamond (001).
The black and red curves are the spectra for the substrate and the thin
film, respectively. As seen, in the diamond substrate, two peaks were
detected at 116.6 GHz and 159.4 GHz, corresponding to the TA and LA
phonon branches along the diamond [001] crystallographic direction.
The BMS spectrum for the c-BN shows an additional weak broad peak
located at 129.2 GHz. This peak is attributed to the LAgy phonon of c-
BN. The spectral position of this peak is ~8 GHz lower than that for the
LA peak of the bulk single-crystal c-BN. The latter is presumably due to
either the existence of some t-BN regions mixed with the dominant c-BN
phase or the polycrystalline nature of the ¢-BN film. Assuming n =
2.117, one would extract a phonon group velocity of vy =
16,234 ms~!, almost 6 % lower than that we observed for the single-
crystal ¢-BN sample. Fig. 3 (d) presents the BMS spectra for the ¢-BN
film on a diamond (111) substrate. The TAp and LAp peaks for the
diamond with phonon wave vector along [111] direction appear at
114.4 GHz and 168.5 GHz, respectively (black curve). Note that the
spectral positions of the TA and LA peaks in diamond along [111] di-
rection appear at lower and higher frequencies compared to the
respective peaks observed for the [001] direction. This is expected
owing to the dissimilar dispersion of phonons along different crystallo-
graphic directions. In diamond, LA and TA phonons have, respectively,
higher and lower phase velocities along the [111] direction compared to
that of the [001] direction. The spectrum for the ¢-BN film exhibits a
sharp and well-defined Lorentzian peak at 135.4 GHz which is attributed
to the LAgy phonon branch. As seen, the spectral position of this peak is
only ~1.7 GHz lower than the single-crystal bulk c-BN sample. Using the
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measured refractive index of n = 2.12, the phonon group velocity is
calculated to be vi4 = 16,989 ms~! which is only 1.4 % lower than that
for the examined single-crystal bulk c-BN. The latter indicates that the c-
BN on diamond (111) sample has a higher order of ¢c-BN phase purity.
These findings align with the TEM results indicating higher content of c-
BN phase in thin films grown on diamond (111) substrate compared to
that of the diamond (001). Other peaks that appeared at much lower
frequencies are associated with the scattering of light by surface pho-
nons, or surface acoustic waves, which are discussed in the following.

In our experiments, the BMS spectra revealed several peaks in the
low-frequency range. These features are related to the scattering of light
by surface ripples created by surface acoustic waves propagating along
the film layer. The phonon wave vector associated with these surface
phonons in the backscattering geometry is q; = 4zsin(6)/4 in which @ is
the incident angle and 4 is the laser excitation wavelength [32-34]. The
direction of the surface phonon wave vector lies in the scattering plane
parallel to the film surface plane. The magnitude of g; only depends on
the incident angle, 6, and is no longer a function of the refractive index,
n. Therefore, one can obtain the dispersion of surface phonons, i.e., f as a
function of gs, by changing the incident angle. Note that the types of
surface acoustic phonons which can be detected via BMS in the sup-
ported thin films strongly depend on the transparency, thickness, crystal
structure, relative acoustic velocity of the film with respect to its un-
derlying substrate, and its displacement vibrational profile [52]. Cubic
BN is among the materials with extraordinarily high acoustic phonon
velocities. However, compared to diamond, acoustic phonons travel at
slower velocities. In the case of slow films on fast substrates, discrete
phonon modes associated with Rayleigh and Sezawa waves may appear
in the BMS spectra, depending on the thickness of the films [52,53].

The surface Brillouin light scattering experiments were restricted to
the ¢-BN thin films on diamond substrates. The surface of the t-BN
sample was rather rough making it impossible to accumulate data within
a reasonable accumulation time. The incident angle, 6, was varied to
select the g;, and the spectral position of the BMS peaks were plotted as a
function of g; to obtain the phonon dispersion. The phase velocity of the
peaks was extracted according to v = w/qs = 2xf/q;s. Note that surface
phonons in layered structures are dispersive, i.e., the phase velocity of
phonons is no longer equal to their group velocity. Fig. 4 (a,b) present
the results of the surface Brillouin scattering measurements performed
on the ¢-BN thin film grown on diamond (001) and diamond (111),
respectively. The raw data is presented as scattered dots and the peaks
were fitted using individual Lorentzian functions (solid lines). The c-BN
film on diamond (001) exhibits two peaks, marked as R; and Ry, which
are attributed to the first and higher-order Rayleigh waves, respectively.
The frequency of these peaks increases with increasing 6 and thus, g;. In
the case of ¢c-BN on diamond (111) presented in Fig. 4 (b), the data shows
two peaks as well. The spectral position of the peak at the lower fre-
quency range changes with varying q;. This peak is denoted as R; and is
associated with the Rayleigh acoustic wave. However, the frequency of
the peak labeled with an ’*’ and located at 38 GHz remains constant. The
origin of this "spurious’ peak is unclear. The peak at 38 GHz was occa-
sionally observed in the data presented for the diamond substrate as
well, and it is possible that this peak originated from the substrate as c-
BN is transparent in the visible light region. Since the frequency of the
Rayleigh peaks in thin film structures depend on the film thickness, it is
conventional to present the spectral position of the surface acoustic
Rayleigh waves as a function of the nondimensional parameter gsh
(Fig. 4 (c)). The average thickness of the samples, h, for the c-BN-1 and c-
BN-2 samples are 168 + 18 nm and 157 + 6 nm. These values are based
on measurements of the TEM images shown in Fig. 1.

Fig. 4 (d) shows the calculated phase velocity as a function of gsh. As
expected, the phase velocity of the Rayleigh waves decreases with
increasing gsh confirming its dispersive nature in thin film structures.
Notably, the phase velocity of these modes is more than two times higher
in the ¢-BN thin film on diamond (111), compared to that of the film on
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Fig. 4. Brillouin spectra of the ¢-BN thin films: (a) diamond (001); and (b) diamond (111) substrates. Peaks denoted by 'R’ represent Rayleigh acoustic waves. The

S5

nature of the peak labeled with an

is unclear. Spectral position and the calculated phase velocity of the surface phonons of ¢-BN films: (¢) diamond (001); and (d)

diamond (111) substrates. Raw data in (a) and (b) is presented as dotted lines and the fitted data is shown as solid black lines.

the diamond (001) substrate. The dispersion and velocity of Rayleigh
waves in thin film structures depend on the thickness, the elastic co-
efficients of the substrate and the film, and the quality of bonding at the
interface [54,55]. Due to the dissimilar crystallographic directions of the
substrates used and the different thicknesses of the films, a reasonable
comparison of the Rayleigh wave characteristics in these samples is not
feasible. However, we did not expect to observe such a significant
disparity in phase velocities for first-order Rayleigh waves (R1, in Fig. 4
(d)) in two samples. The latter is most likely attributed to the better
phase purity and interface quality of the films grown on diamond (111)
sample, which is in agreement with the TEM measurements.

To estimate the thermal interface conductance of c-BN on diamond
samples, it is worth calculating the phonon transmissivity across the
interfaces based on the BMS results using the acoustic mismatch model.
The TA peaks could not be observed in the BMS measurements of c-BN

thin films and thus, the analysis is limited to the calculation of trans-
missivity coefficient of LA phonon branches. According to AMM, at
normal incidence, the transmission coefficient from the film to the
substrate is described as, 7_; = 1 — Ry_;, in which the reflectivity, Ry_,
is a function of acoustic impedances of the two media, R, =

|G =¢5) /(& +25) {2. Table 1 summarizes the experimental bulk

phonon velocities of the films and their respective substrates obtained
from BMS experiments and the phonon transmission coefficient for the
LA branch at the interface. As seen, the transmissivity coefficient for the
¢-BN on diamond samples reaches almost unity demonstrating that the
thermal boundary resistance in these heterostructures could be among
the lowest in UWBG heterostructures. The latter has important impli-
cations in the efficient thermal management of high-power UWBG-based
heterostructure devices in which effective heat dissipation remains a
formidable challenge.

Table 1

Phonon group velocity and transmission coefficient at interfaces.
Sample n P Vra1 Vraz Via ¢ Tfs

[kgm’3) [ms~ 1] [ms~ '] [ms~ '] [MPa.s.m. %] (%)

Bulk single-crystal c-BN 2.117 3450 10,002 11,070 17,227 59.43 NA
t-BN 1.87 2100 5,405 8,535 17.92 68.5
Polycrystalline diamond 2.43 3530 12,260 18,062 63.76
c-BN-1 2.117 3450 16,234 56.00 99.7
Diamond (001) 2.43 3530 12,764 17,449 61.59
c-BN-2 2.117 3450 16,989 58.61 99.7
Diamond (111) 2.43 3530 12,523 18,445 65.11




E. Guzman et al.

4. Conclusions

The bulk and surface phonons in t+-BN and ¢-BN thin films grown on
diamond substrates have been investigated using visible and UV Raman
and Brillouin-Mandelstam light scattering spectroscopy. The results
were correlated with the phase purity and film-substrate interface
quality analyses of samples obtained from the corresponding high-
resolution transmission electron microscopy images of the same films.
Raman characterization did not provide sufficient information about the
¢-BN thin films; either due to the presence of defects or because of strong
Raman features of the underlying B-doped diamond substrates. In
contrast, the bulk and surface BMS measurement revealed well-
distinguished peaks associated with the BN thin films. It was found
that bulk acoustic phonons appeared at higher energies in BMS spectra
for the ¢-BN thin film grown on diamond (111) compared to that of the
film grown on diamond (001). The spectral position of the longitudinal
acoustic phonons in the ¢-BN film on diamond (111) was close to that of
the bulk single-crystal c-BN confirming its higher ¢-BN phase purity.
Additionally, the results of the surface Brillouin scattering experiments
revealed more than two times faster phase velocity for Rayleigh acoustic
waves in the ¢-BN film on diamond (111) sample, which can be attrib-
uted to its higher phase purity and better film-interface quality. These
findings agree well with the results of our TEM analyses. Our findings
attest to the BMS as a powerful tool in the characterization of phonon
properties in ultra-wide bandgap heterostructures. The information
about the acoustic bulk and surface phonon properties in ¢-BN thin films
has important implications in evaluating the thermal interfacial
conductance in layered structures.
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