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ABSTRACT OF THE DISSERTATION 

Acoustic Phonons in Ultra-Wide-Band-Gap Semiconductors Investigated 

With Brillouin - Mandelstam Spectroscopy 

 

by 

 

Erick A. Guzman 

 

Doctor of Philosophy, Graduate Program in Electrical Engineering 

University of California, Riverside, March 2025 

Dr. Alexander Balandin, Chairperson 

 

 

This dissertation describes the study of acoustic phonons in ultra-wide-band gap 

semiconductor materials using the Brillouin – Mandelstam and Raman light scattering 

spectroscopies. Acoustic phonons are the main heat carriers in this type of semiconductor 

materials and the knowledge of the phonon frequencies and group velocities is important 

for fundamental science and future practical applications. The Brillouin – Mandelstam 

spectroscopy allows the probing of both bulk and surface acoustic phonons. In the first part 

of the dissertation, I describe the investigation of bulk and surface acoustic phonons in the 

undoped and boron-doped diamond films. It was found that the frequency and the group 

velocity of acoustic phonons decrease non-monotonically with the increasing boron doping 

concentration, revealing pronounced phonon softening. The change in the velocity of the 

shear horizontal and the high-frequency pseudo-longitudinal acoustic phonons in the 



 

 viii 

degenerately doped diamond, as compared to the undoped diamond, was as large as ~15% 

and ~12%, respectively. As a result of boron doping, the velocity of the bulk longitudinal 

and transverse acoustic phonons decreased correspondingly. As a result of boron doping, 

the velocity of the bulk longitudinal and transverse acoustic phonons decreased 

correspondingly. The frequency of the optical phonons was unaffected at low boron 

concentration but experienced a strong decrease at the high doping level. In the second part 

of the dissertation, I will describe the results of our 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. 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 c-BN thin films grown on diamond substrates. These 

findings provide valuable insights into the phonon characteristics of the c-BN and diamond 

interfaces. 
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CHAPTER 1 – INTRODUCTION 

 

1.1 Outline 

 

In the first chapter, I introduce the motivation for the work. Followed by the Brillouin light 

scattering technique and the experimental BLS setup which is the main technique used in 

the studies. In the second chapter, I will describe the results of our study on the effects of 

boron doping on the bulk and surface acoustic phonons of single crystal diamond. It was 

found that the frequency and group velocity of the bulk and surface acoustic phonons 

decrease as the boron concentration increases. The phonon softening observed is important 

information to consider when the diamond is used as a material for thermal management. 

In the third chapter, I introduce the results of our study of the optical and acoustic phonons 

of boron nitride thin films on diamond substrates. Studies of the surface acoustic waves in 

the cubic boron nitride films revealed higher Rayleigh wave velocities on (111) diamond 

substrates. A higher acoustic phonon velocity denotes a relatively higher quality film and 

holds important implications for evaluating thermal conductance across interfaces. In the 

final chapter, I will summarize the work and findings of my two published papers and 

provide concluding remarks about the research of acoustic phonons in UWBG materials.  
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1.2 Motivation 

 

Current research is focused on UWBG semiconductors as replacements for conventional 

technology such as silicon in many aspects of electronics [1-3]. The UWBG moniker is 

given to materials with a bandgap higher than Gallium Nitride (GaN) which is 3.2 eV. 

Specifically, UWBG semiconductors are seen as promising materials for use in high-power 

electronics due to properties that are suited for this type of application, some of the 

properties include high thermal conductivity, breakdown field, and current density [4,5]. 

The most promising material in this category is diamond followed by c-BN, these two 

materials have the first and second highest thermal conductivity, respectively. Purely 

looking at material properties, diamond holds the record for many physical properties 

suited for high-power applications, it can move large amounts of heat and current and 

sustain large voltages as an insulator [4,6]. c-BN has the benefit of having a high thermal 

conductivity and breakdown field, and it is only bested by diamond [7]. Both materials 

have their respective drawbacks, such as the difficulty of doping diamond successfully with 

a deep donor to make it n-type [8,9] and the difficulty of growing single crystal of cBN 

because, during growth it favors other phases such as the turbostratic or hexagonal phase 

[10,11]. However, insight into thermal properties or material quality can still be gained in 

the materials by studying their phonon properties.  
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Utilizing various spectroscopic techniques, information can be gained on the phonons in 

these materials. Raman spectroscopy gives us information on the optical phonons while 

Brillouin spectroscopy gives information on the acoustic phonons. Analyzing the optical 

phonon frequencies allows us to determine different phases, sample purity, and defect 

concentration in the sample. However, the optical phonon dispersion bands are flat 

compared to acoustic phonon dispersion bands which are linear and allow us to calculate 

the group velocity. Performing studies of the bulk acoustic phonons give the group velocity 

which is an important piece of information. The group velocity is a physical property which 

is present in the thermal conductivity equation. The bulk acoustic phonons are the main 

carriers of heat in materials like diamond and being able to connect this finding to doping 

concentration for example, can give us insight into thermal properties of these materials. 

BLS studies allow you to probe both the bulk and surface acoustic phonons [12]. The 

calculated group velocity of surface phonons can help qualitatively compare materials to 

determine surface quality which is important for interface thermal conductivity. 

Combining both spectroscopic techniques can give us a wider understanding of the thermal 

properties of a material through their phonon propagation. The main technique used in this 

work is Brillouin spectroscopy, which is similar to Raman spectroscopy but with key 

differences. Firstly, both techniques measure the inelastic scattering of photons, and follow 

momentum and energy conservation rules. However, the measured Brillouin scattering is 

many times weaker than the Raman scattering. Both techniques measure the frequency of 

vibrations with wavevectors that are extremely close to the gamma point, but Raman 

spectroscopy measures frequencies in the THz range, on the other hand Brillouin 
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spectroscopy measures frequencies in the GHz range. Also, the implementation of 

Brillouin spectroscopy instrumentation is much more complicated as there is no off the 

shelf experimental setup. In the next section the BLS experimental setup used is explained 

in more detail. 
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1.3 Experimental Setup for Brillouin Spectroscopy 

 

In Brillouin experiments a vertically polarized 532 nm excitation laser capable of 

outputting 300mW is utilized. The laser beam is attenuated immediately at the output to 

keep the laser power under 10mW and avoid laser heating. The laser heating experienced 

per sample is dependent on factors such as the beam diameter of the laser and thermal 

conductivity of the sample. A beam splitter passes low intensity reference light directly to 

the Fabry Perot (FP) interferometer which is used in the alignment mode to calibrate the 

system. After the beam splitter, a series of mirrors, pinholes, and lens are used to redirect 

the laser light to the sample. Before the sample there is a partially blocked mirror to redirect 

the laser to the sample in the incident path meanwhile blocking the strong laser light along 

the scattered path, basically highlighting the weak Brillouin scattered light. This scattered 

light is collected using another series of mirrors and lens and refocused into the entrance 

pinhole of the FP interferometer. Before the scattered light continues into the 

interferometer, the laser path is checked for proper alignment. The laser is aligned so that 

it is parallel to the plane of the optical table, and the alignment is tested by using a mirror 

at the entrance pinhole. The light should redirect back through itself as far back into the 

light path as possible. In the tandem mode of the FP interferometer, the scattered light 

passes through two sets of plane mirrors referred to as etalons, in conjunction with the 

reference light. The etalon spacing determines the free spectral range of your measurement 

allowing you to probe in the MHz to GHz range. The unique interferometer light path 

establishes differences between the reference light and the scattered light using wave 
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interference, which is sent to the photodetector. The detector converts the light signal to an 

electrical signal with information about the frequency shift with respect to the wavelength 

of the reference light of the measured acoustic phonons. An image of one of the group’s 

Brillouin spectroscopy setups is shown in Figure 1, followed by a schematic of the optical 

path and internal TFP in Figure 2 

Figure 1: Image of Brillouin setup on optical table at UCR. From left to right is the 

cryocooler capable of 4K temperatures, optical microscope, beam path shown with 532 nm 

laser, and the TFP-2 from Tablestable. Image courtesy of Dylan Wright. 
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Figure 2: Schematic of the inside of the Fabry Perot interferometer (TFP1) and the setup 

of the external optics used in this work used to perform BLS experiments. Image courtesy 

of Dr. Fariborz Kargar 

  

FP Interferometer (Inside View) 
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CHAPTER 2 – EFFECTS OF BORON DOPING ON THE BULK AND SURFACE 

ACOUSTIC PHONONS IN SINGLE – CRYSTAL DIAMOND 

 

2.1 Introduction 

 

Recent years witnessed a rapid growth of interest in ultra-wide bandgap (UWBG) 

semiconductors for applications in power electronics[1–4]. The materials, which belong to 

the UWBG group, include semiconductors such as AlN and diamond, with an electronic 

bandgap ranging from 3 eV to 6 eV[3]. Among UWBGs, diamond attracts the most 

attention as it holds a record-high current density, thermal conductivity, mechanical 

stiffness, chemical stability, and the critical electric field [5-9]. Intrinsic diamond is an 

electrical insulator; it is doped by boron (B) to become a p-type semiconductor, suitable 

for electronic applications [10]. In diamond, the bulk acoustic phonons, i.e., quanta of 

crystal lattice vibrations, are the main heat carriers. They have high group velocities and 

long lifetimes [7-9]. These characteristics are responsible for the diamond’s high thermal 

conductivity of ~2200 Wm−1K−1 at room temperature (RT) and excellent thermal interface 

conductance [1,7-9,11]. The frequency and dispersion of acoustic phonons are also related 

to the elastic and mechanical properties of the material. While boron substitutional doping 

improves the electrical conductivity of diamond, it adversely affects its phonon heat 

conduction characteristics [12-14]. Boron atoms act as point defects, scattering acoustic 

phonons, shortening their lifetime, and thus reducing the thermal conductivity of the 

material [12-15]. Although the phonons in diamond have been investigated extensively, 
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the data on the surface and bulk acoustic phonons in doped diamond are scarce and rather 

controversial. An important open question is “Do boron atoms only act as the scattering 

centers for acoustic phonons, which retain the frequency and velocity of intrinsic diamond, 

or do the dopant atoms alter the phonon characteristics of the material themselves?” The 

effect of doping on the surface acoustic phonons in diamond has also not been addressed. 

The properties of the surface phonons are important for understanding the thermal transport 

across interfaces in the device structures. 

 

Brillouin-Mandelstam light scattering (BMS), also referred to as Brillouin light 

spectroscopy (BLS), is a nondestructive optical technique that has been used extensively 

to study acoustic phonons in different types of materials [16]. This technique has been 

employed to examine the mechanical properties of different types of diamond, e.g., 

polycrystalline, smooth fine-grained, and single-crystal diamond grown by chemical vapor 

deposition (CVD) method [17-20]. The prior studies reported the characteristics of bulk 

longitudinal acoustic (LA) and transverse acoustic (TA) phonons as well as the traveling 

surface acoustic phonons (SAWs) along the high-symmetry crystallographic directions 

[19,20]. The elasticity coefficients of diamond were extracted from BMS data [17-20]. A 

recent detailed study has used the angle-resolved BMS to find the properties of SAWs 

along different crystallographic directions in diamond [21]. No BMS data on the effect of 

boron on bulk and surface acoustic phonons in boron-doped diamond have been reported 

to date. In this work, the BMS technique was used to investigate the bulk and surface 

acoustic phonons in the low, medium, and highly boron-doped CVD-grown diamond films 
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and compared the results to that of the undoped high-pressure high temperature (HPHT) 

diamond. The evolution of optical phonons in the same samples was monitored with 

Raman spectroscopy. It was found that the frequency and group velocity of acoustic 

phonons decrease non-monotonically with the increasing boron doping concentration, 

revealing pronounced phonon softening. The phonon modification with the introduction of 

dopant atoms appears to be stronger than previously believed. The observed changes in the 

characteristics of acoustic phonons in diamond because of doping have important broad 

implications for heat conduction in UWBG materials and for the thermal management of 

UWBG-based electronic devices [22]. 

 

2.2 Methods 

 

2.2.1 Diamond Growth 

 

The boron-doped diamond samples were provided by the Timothy Grotjohn group at 

Michigan State University and were grown by microwave plasma-assisted chemical vapor 

deposition using hydrogen and methane feed gases, with the boron added during the 

homoepitaxial growth using diborane feed gas. The substrates used were HPHT seeds that 

were prepared with an off-cut angle of the growth surface of ∼3° from the (001) crystal 

plane. The boron concentrations were estimated based on similarly grown samples grown 

with equivalent conditions that were measured by secondary ion mass spectroscopy (SIMS) 

at EAG. 
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2.2.2 Brillouin-Mandelstam Spectroscopy 

 

BMS experiments were conducted in the conventional backscattering configuration using 

a 532 nm laser excitation wavelength at several different incident angles. The light source 

was a solid-state diode-pumped continuous-wave laser (Spectra Physics). The laser beam 

was focused on the sample using a lens with NA=0.34. The scattered light was collected 

via the same lens and directed to the high-contrast high-resolution 3 + 3 pass tandem 

Fabry−Perot interferometer (TFP-1, JRS Optical Instruments, Switzerland) and 

spectrometer. For bulk and surface acoustic phonon measurements, the mirror spacing of 

the TFP interferometer was adjusted to 0.5 and 2 mm, respectively. 

 

2.2.3 Refractive Index Measurements 

 

The refractive index measurements of the diamond thin films were performed by Frank 

Angeles in Dr. Wilson’s group at the University of California, Riverside and determined 

by measuring the Fresnel reflectance coefficients for s- and p-polarized 515 nm lights. For 

the reflectance measurements, a linearly polarized laser beam was used with a polarization 

of 45° from the vertical. The light was focused on the sample using a 10× objective lens. 

The angle of incidence of the beam with the sample was kept at 45°. Light reflected from 

the sample was collected by another 10× objective lens. The light that reflected from the 
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sample’s back surface was spatially separated from the primary reflected beam with an 

aperture. The intensity and polarization of the reflected probe beam were measured by a 

calibrated power meter and a polarimeter. A multilayer optical calculation was used to 

analyze the reflectance data. The index of refraction of the diamond film was treated as a 

fitting parameter until the model predictions matched the experimental observations for the 

polarization and intensity of the reflected laser beam. 

 

2.2.4 Density-Functional-Theory (DFT) Calculations 

 

The ultra-soft pseudopotential and the generalized gradient approximation (GGA) of the 

Perdew−Burke−Ernzerhof (PBE) [60] functional were employed to describe the 

core−valence electron interaction and exchange− correlation energy, respectively. The 

kinetic energy cutoff of 25 Ry was chosen for plane-wave basis sets. A cube supercell 

containing eight atoms was used in our DFT calculations. For boron-doped diamond, one 

of the C atoms was replaced by B, which was equivalent to the ∼2 × 1022 cm−3 doping 

concentration. Both supercell size and atomic positions were relaxed using the BFGS 

quasi-Newton algorithm within DFT until the force on each atom was smaller than 0.001 

Ry/Bohr. In the self-consistent ground-state calculations, an 8 × 8 × 8 Monkhorst−Pack k-

point setting was used in the reciprocal space integration. After obtaining the self-

consistent ground state, the density functional perturbation theory (DFPT) [61] calculations 

were performed with a uniform 4 × 4 × 4 grid of q-point setting. Then, dynamical matrix 
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Fourier transformations were performed to obtain force constants and calculated the 

phonon dispersions. To benchmark our method of calculations, the phonon dispersion of 

pure diamond was calculated using an FCC unit cell containing two carbon atoms with an 

experimental lattice constant of 3.57 Å (Figure 17) and was compared with experimental 

data [42]. 

2.3 Results 

 

2.3.1 Measurements 

 

The single-crystal diamond films for this study have been grown by the CVD method on 

the HPHT diamond substrate synthesized via the high-pressure high-temperature method. 

The details of the growth and boron doping procedures have been reported by some of us 

elsewhere [23,24]. The quality of the CVD diamond and characteristics of optical phonons 

were assessed with Raman spectroscopy. The samples with the boron doping 

concentrations of 1016, 1017, and 3 × 1020 cm−3 were referred to as the low-doped, medium-

doped, and highly doped diamond, respectively. Systematic Raman measurements were 

conducted using a 633 nm wavelength excitation laser in a conventional backscattering 

configuration. The laser power was kept low at ∼60 μW all the time to eliminate any 

possible laser-induced heating effects. Measurements were also performed with 325 nm 

and 488 nm wavelength excitation lasers using 1mW and 900 μW laser power respectively.  
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Figure 3: Raman spectra of the boron-doped diamond samples and a reference undoped 

HPHT diamond recorded under a 633-nm excitation laser. The figure is adapted from 

E. Guzman et al., “Effects of Boron Doping on the Bulk and Surface Acoustic Phonons 

in Single-Crystal-Diamond”, ACS Appl. Mater. Interfaces 14(37) (2022) 42223-42231. 

Reprinted with permission from the American Chemical Society, Copyright © 2024 
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In Figure 3, the typical Raman spectra is presented for all types of diamond films and the 

reference HPHT diamond. Comparing the data, one finds additional Raman features 

appearing as broad peaks in the range of 300−1300 cm−1 in the sample with the highest 

boron doping concentration. These broad bands at ∼550, 900, 1050, and 1200 cm−1 tend to 

Figure 4: Raman spectra for the boron doped diamond samples and the reference 

undoped HPHT diamond in the vicinity of the diamond’s zone-center optical phonon 

peak at ~1332 cm-1. The figure is adapted from E. Guzman et al., “Effects of Boron 

Doping on the Bulk and Surface Acoustic Phonons in Single-Crystal-Diamond”, ACS 

Appl. Mater. Interfaces 14(37) (2022) 42223-42231. Reprinted with permission from 

the American Chemical Society, Copyright © 2024 
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appear in boron-doped diamond samples. Their intensity and spectral position can differ at 

concentrations close to the insulator-to-metal transition [25]. The transition occurs at high 

boron doping similar to our highly B-doped sample. These peaks are activated in diamond 

as a result of some structural disorder induced by high boron inclusion [26,27]. The broad 

bands near 1200 and 550 cm−1 are generally attributed to the forbidden Raman peaks that 

correspond to the maximum phonon density of states and the maximum density of states 

of the acoustic phonons in diamond, respectively [28]. More detailed discussions of these 

Figure 5: Spectral position (red squares) and FWHM (blue squares) of the ZCP as a 

function of the boron concentration. The spectral position of the peak decreases by 2 

cm-1 while its FWHM increases significantly for the highly doped diamond. Reprinted 

with permission from Guzman et al., “Effects of Boron Doping on the Bulk and Surface 

Acoustic Phonons in Single-Crystal-Diamond”, ACS Appl. Mater. Interfaces 14(37) 

(2022) 42223-42231. Copyright © 2024, American Chemical Society 
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peaks are provided in Ref [26,28] In all spectra, the intense peak at ∼1332 cm−1 originates 

from the Brillouin zone (BZ) center optical phonons of diamond, referred to here as the 

zone-center phonons (ZCP) [26,28].  

 

Figure 4 shows the details of the ZCP Raman signatures. The intensity of the ZCP peak is 

lower in the highly doped diamond compared to that of other samples. The peak is 

symmetric for all types of samples, and the experimental data is fit accurately using a single 

Lorentzian function. Several prior Raman studies have reported that boron doping induces 

an asymmetry in the ZCP peak, which changes its shape from a Lorentzian-like to a Fano-

like peak [26,28]. The latter is explained by an increased contribution of scattering by free 

charge carriers in the highly doped samples [28]. This change is also observed in Raman 

spectra collected under 325 nm and 488 nm wavelength laser excitation (see Figure 6 and 

7). Since no changes in the symmetry of the ZCP peak were seen in Raman spectra 

accumulated under the 633 nm laser excitation, the conclusion is that the behavior of the 

ZCP peak depends strongly on the wavelength of the excitation laser.  
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In Figure 5, the spectral position and the full width at half-maximum (FWHM) of this 

Raman peak determined using the Lorentzian fittings is shown. The exact data are also 

provided in Table 1. The spectral position and the FWHM of the optical phonons remain 

unchanged for the low and medium boron-doped samples compared to those for the 

undoped HPHT reference sample. In the highly doped diamond, however, the ZCP peak 

red-shifts by ∼2 cm−1, exhibiting the optical phonon softening behavior. The change in the 

Figure 6: Normalized Raman spectra of the boron doped diamond samples and 

reference HPHT diamond performed using 325 nm excitation laser.  
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spectral position of the ZCP Raman peak is higher than the hardware resolution of our 

Raman system, which is ∼1 cm−1. Moreover, its FWHM, which inversely relates to the 

phonon lifetime [29], increases by a factor of ∼3 compared to the undoped HPHT and low 

and medium-doped samples. This is consistent with the observation that structural disorder 

can also make FWHM wider [30]. If the structural disorder has a length scale L, phonons 

with the wavelength q ∼ 1/L will contribute to the scattering and, as a result, broaden the 

energy spectrum and lower the average energy of the first-order Raman peak [31]. Figures 

Figure 7: Normalized Raman spectra of the boron doped diamond samples and 

reference HPHT diamond performed using 488 nm excitation laser.  
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6-8 shows Raman spectra using 325 nm, 488 nm, and 633 nm wavelength excitation laser 

zoomed in to show the details of the ZCP in all the boron doped diamond samples. The 

spectra have been normalized to better portray the Fano effect. Asymmetry of the ZCP 

peak can be seen in the highest concentration boron doped diamond sample (black line) 

compared to the other samples. Possible implications of the optical phonon softening on 

thermal transport in diamond are discussed below.  

 

Figure 8: Normalized Raman spectra of the boron doped diamond samples and 

reference HPHT diamond performed using 633 nm excitation laser.  
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Table 1: Spectral position and FWHM of the ZCP of pristine HPHT and BDD samples 

including error values from Lorentzian fitting in 633 nm Raman measurements. 
 HPHT Substrate 1016 (cm-3) 1017 (cm-3) 3×1020 (cm-3) 

Frequency (cm-1) 1332.5 1332.5 1332.5 1330.1 

Frequency Error 0.02754 0.02774 0.02735 0.11771 

FWHM (cm-1) 3.04 2.97 2.92 9.07 

FWHM Error 0.09137 0.09228 0.09119 0.51027 

 

 

Now to the main element of this work – BMS investigation of the boron-doped diamond 

films. The BMS measurements were conducted in the backscattering configuration using 

a 532 nm excitation laser at a fixed light incident angle θ = 20°. The incident light was p-

polarized; no specific polarization selection was used for the collection of the scattered 

light. The details of our BMS procedures are provided in the Methods section and prior 

reports for other material systems [16,32,33]. The top surfaces of the samples were the 

diamond’s (001) crystallographic plane with an off-cut plane angle of ∼3°. This small off-

cut angle had a negligible effect on the light scattering and did not affect the interpretation 

of BMS data. Figure 9 shows the results of the BMS measurements of the three boron-

doped diamond samples and the HPHT diamond substrate in the frequency range of 
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25−175 GHz. Two sharp peaks on each side of the spectra are associated with the Stokes 

and anti-Stokes scattering processes by the LA and TA bulk phonons. The spectral position 

of the observed peaks, f, was determined accurately by fitting the experimental with 

individual Lorentzian functions. The details of the fitting procedures are provided in 

Figure 9: Brillouin light scattering spectra of the boron-doped diamond samples in the 

backscattering geometry performed at a 20° incidence angle. The dashed lines are 

guides to the eye to illustrate the decrease in the acoustic phonon frequency as the 

doping level increases. The peaks labeled as LA and TA correspond to the longitudinal 

acoustic and the transverse acoustic bulk phonons. The figure is adapted from E. 

Guzman et al., “Effects of Boron Doping on the Bulk and Surface Acoustic Phonons in 

Single-Crystal-Diamond”, ACS Appl. Mater. Interfaces 14(37) (2022) 42223-42231. 

Reprinted with permission from the American Chemical Society, Copyright © 2024 



 

 25 

Figures 10-13. The phonon wavevector of these bulk modes is, qB= 4πn/λ, where λ is the 

wavelength of the excitation laser and n is the refractive index of the medium [16,34]. 

Table 2 summarizes the peak frequency, FWHM, and the relative intensity of LA to TA 

modes for all diamond samples.  

 

 

 

Figure 10: Lorentzian fitting of bulk Brillouin light spectra of the undoped HPHT 

diamond sample. The Lorentzian fitting is shown as a green overlay on the spectra.  
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Figure 11: Lorentzian fitting of the bulk Brillouin light spectra of the boron-doped 

diamond samples with boron concentration of 1016 cm-3. The Lorentzian fitting is shown 

as a green overlay on the spectra. 
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Figure 12: Lorentzian fitting of the bulk Brillouin light spectra of the boron-doped 

diamond samples with boron concentration of 1017 cm-3. The Lorentzian fitting is shown 

as a green overlay on the spectra. 
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Figure 13: Lorentzian fitting of the bulk Brillouin light spectra of the boron-doped 

diamond samples with boron concentration of 3×1020 cm-3. The Lorentzian fitting is 

shown as a green overlay on the spectra.  
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Table 2: Spectral position, FWHM, and relative intensity of BMS peaks in undoped 

diamond and in the three boron doped diamond samples 
Boron 

Doping 

(𝐜𝐦−𝟑) 

𝒇𝑻𝑨 

(𝐆𝐇𝐳) 

FWHMTA 

(GHz) 

𝒇𝑳𝑨 

(𝐆𝐇𝐳) 

FWHMLA 

(GHz) 

ILA/ITA 

HPHT 117.9 2.3 162.4 2.7 16.7 

1016 117.1 4.4 161.9 2.4 24.8 

1017 115.9 3.5 161.3 2.3 20.5 

3×1020 116.9 2.9 159.5 2.6 1.0 

 

It follows from the data in Table 2 that the LA and TA phonon modes experience softening 

with an increase in the boron doping level. The LA phonons have a frequency of 162.4 

GHz in the undoped HPHT sample. It decreases to 159.5 GHz in the diamond with the 

highest boron concentration. The frequency of the TA phonons decreases from 117.9 to 

116.9 GHz as the boron concentration increases. The FWHM of the peaks does not reveal 

a clear trend. The latter could be attributed to large experimental uncertainty in determining 

FWHM. An intriguing observation is that the relative intensity of the LA phonon peak with 

respect to the TA phonon, ILA/ITA, decreases substantially for the highest-doped diamond. 

In optically isotropic materials and in the backscattering BMS configuration, the spectral 

power scattered by TA phonons falls to zero and therefore the spectrum is dominated by 

the LA peak [34]. In our results, this is the case for the low and medium doped diamond 

samples. However, in high-boron-doped diamond, the scattering intensity of the LA peaks 

is suppressed significantly, becoming even weaker than the associated TA peak. Given that 
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the ILA/ITA ratio in the BMS strongly depends on the boron concentration, one can use this 

parameter to determine the local boron doping with a spatial resolution of 25 μm and 1 μm 

using the regular- and micro-BMS systems, respectively.  

 

Knowing the frequency of the phonon modes, f, and the probed phonon wavevector, qB, 

one can also obtain the phase velocity, vP, of the phonons as vp = 2πf/qB. Note that since 

the dispersion of acoustic phonons close to the Brillouin zone center is linear, i.e., ω = qvp, 

the phase velocity, vp = ωq, and the group velocity, vg = ∂ω/∂q, of the fundamental LA 

and TA acoustic phonons are essentially the same, i.e., vp = vg. In our experiments, the 

direction of the examined phonon wavevector lies close to the [001] real-space 

crystallographic direction with a deviation angle of θ* from the [001] direction. The 

deviation angle can be calculated using Snell’s law, as sin (θ*) = sin (θ)/n, in which n is 

the diamond’s index of refraction and θ = 20° is the incident angle fixed for all 

measurements. The characteristics of acoustic phonons depend on the crystallographic 

direction, and thus possible changes due to θ* should be considered. The change in the 

refractive index of the boron-doped diamond samples due to the boron dopants was 

measured to account for this effect (see the Methods section). For the low- and medium-

doped samples, the refractive index, measured at a 515 nm wavelength, was 2.43, whereas 

for the highest-doped sample, it reduced slightly to 2.41. The measured values of n and the 

respective deviation angle and the calculated group velocity of TA and LA phonons are 

summarized in Table 3. The calculated values for the reference HPHT sample are in good 

agreement with the reported data in the literature [18,21]. Note that the calculated values 
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of vg may inherit some error due to the measurement of n at a wavelength slightly different 

from that used in BMS experiments. A similar variation in n is expected at the laser 

excitation wavelength used in BMS. From these data, one can see that the group velocity 

of TA and LA phonons decreases with the boron incorporation. To further support our 

conclusions and reduce the uncertainty due to measurements of n, θ* and Lorentzian fitting, 

which are always present in experiments with bulk phonons, the characteristics of the 

surface acoustic phonons were examined closely in the undoped and doped diamond 

samples.  
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Table 3: The index of refraction at 515 nm, deviation angle, and group velocity of the TA 

and LA modes in undoped diamond and boron doped diamond samples 
Boron Doping 

(𝐜𝐦−𝟑) 

𝒏 @ 𝟓𝟏𝟓 𝒏𝒎 𝜽∗ 

(degrees) 

𝒗𝒈,𝑻𝑨 

(𝐦𝐬−𝟏) 

𝒗𝒈,𝑳𝑨 

(𝐦𝐬−𝟏) 

HPHT 2.3812* 8.26 13170.42 18141.44 

1016 2.43 8.09 12844.56 17713.95 

1017 2.43 8.09 12678.35 17650.52 

3×1020 2.41 8.17 12683.75 17651.62 

* Ref. 35  

 

In BMS experiments, light can also be scattered by the propagating surface ripples caused 

by the displacement fields of surface phonons or reflected bulk phonons from the interfaces 

[16,34,36]. In this scattering mechanism, the phonon wavevector, defined as q|| = 4π 

sin(θ)/λ, lies parallel to the surface of the sample. This wavevector only depends on the 

light incident angle, θ, and the wavelength of the excitation laser in vacuum, λ. The change 

in the incidence angle, θ, changes the frequency of the surface phonons owing to the 

variation in the phonon wavevector; the frequency of the bulk phonons remains almost 

constant. It is important to note that in the case of the surface phonons, the probing phonon 

wavevector is no longer a function of the refractive index, n. For this reason, all of the 

uncertainties, associated with the calculation of the velocities for bulk phonons and 

deviation angles from the high-symmetry [001] crystallographic direction, are eliminated. 

Figure 14 presents the results of the surface Brillouin scattering measurements performed 

at a constant incident angle of θ = 75°. The calculated in-plane phonon wavevector is q|| =  
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Figure 14: Brillouin light scattering spectra of the boron-doped diamond samples and a 

reference HPHT diamond substrate accumulated at θ=75°. The shear-horizontal surface 

wave and high-frequency pseudo-longitudinal wave are labeled as SHW and HFPLW, 

respectively. The frequency of types of phonons decreases as the boron concentration 

increases. The figure is adapted from E. Guzman et al., “Effects of Boron Doping on 

the Bulk and Surface Acoustic Phonons in Single-Crystal-Diamond”, ACS Appl. Mater. 

Interfaces 14(37) (2022) 42223-42231. Reprinted with permission from the American 

Chemical Society, Copyright © 2024 
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0.0228 nm−1. Two pronounced peaks are attributed to the shear-horizontal surface wave 

(SHW) and high-frequency pseudo-longitudinal wave (HFPLW) [17,21]. The important 

observation is that the frequencies of these peaks decrease with an increasing boron doping 

concentration in diamond. The latter provides solid evidence for the phonon softening in 

the acoustic polarization branches.  

 

The frequency, f, and the phase velocity of the SAW phonons, vp = 2πf/q||, are presented 

as the functions of the boron concentration in Figure 15. One can see that doping the 

diamond with boron at a low concentration of 1016 cm−3 makes the phase velocity of both 

phonon branches to decrease as compared to that of the undoped reference HPHT diamond. 

Additional doping of the diamond sample up to 1017 cm−3 does not strongly affect the 

phonon velocity. However, for the heavily doped diamond, with a boron concentration of 

3 × 1020 cm−3, another strong decrease in the phase velocity is observed. This 

nonmonotonic trend is similar to what has been reported previously by some of us for the 

phonon softening in the doped alumina samples [37]. In the alumina, the low mass and 

small radius aluminum (Al) atoms were substituted with the heavy and large radius 

neodymium (Nd) atoms. In the boron-doped diamond, the situation is different. On the 

atomic scale, boron is slightly lighter than carbon, i.e., mB/mC ∼ 0.91, and therefore, the 

variation in mass cannot explain the observed phonon softening. However, boron’s radius 

is slightly bigger than that of carbon, RB/RC ∼ 1.3. Therefore, a possible mechanism for 

the phonon softening is the lattice distortion induced by the boron atoms. This distortion, 

especially in the heavily doped sample, causes an increase in the “effective” crystal lattice 
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parameter and the atomic plane separation. This agrees well with the red shift observed in 

the Raman ZCP peak of diamond (see Figure 3). An independent study confirms that the 

lattice constant of diamond slightly increases with the boron dopant concentration and 

starts to vary at a higher rate as the concentration surpasses ∼2.7 × 1020 cm−3 [38]. 

Comparing the phonon phase velocity of the highly doped sample with that of the undoped 

HPHT diamond, one can see that the phonon velocity of the SHW and HFPLW polarization 

branches decreases by more than ∼15 and ∼11.7%, respectively. 

 

Figure 15: Frequency and velocity of surface phonons in diamond as a function of the 

boron doping concentration. The data for the SHW and HPLSW phonon polarization 

branches are shown at 𝑞|| = 0.0228 nm−1. The figure is adapted from E. Guzman et al., 

“Effects of Boron Doping on the Bulk and Surface Acoustic Phonons in Single-Crystal-

Diamond”, ACS Appl. Mater. Interfaces 14(37) (2022) 42223-42231. Reprinted with 

permission from the American Chemical Society, Copyright © 2024 



 

 36 

 

In diamond, the phase velocity of the HFPLW is negligibly smaller than that of the bulk 

LA phonons traveling in the <001> direction [18]. The observed reduction in vP of the 

HFPLW with the boron doping concentration points out that the phase velocity and 

correspondingly the group velocity of the respective LA phonon polarization branch 

experience similar softening. Such a reduction has important implications for the thermal 

and mechanical properties of boron-doped diamond. The phase velocity of SHW and 

HFPLW in diamond can be estimated from the equations 𝜐SHW = (c66/ρ)1/2 and 𝜐HFPLW = 

(c11/ρ)1/2, respectively, where ρ is the mass density [18]. Note that the phase velocities of 

SHW and HFPLW phonons depend only on one elasticity constant. Therefore, the 

elasticity parameters c66 and c11 can be directly related to the measured phase velocities of 

these surface acoustic waves. Assuming a constant mass density for the boron-doped 

diamond samples, one can infer that the elastic constants decrease with boron addition, in 

line with the previously reported values obtained by other techniques [39,40]. 
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2.3.2 Modeling 

 

Phonon band structure calculations were performed using the density functional theory 

(DFT) implemented in the Quantum Espresso 7.0 package [41] to investigate the effect of 

B-doping on the phonon energy dispersion in diamond. The details of the calculations can 

be found in the Methods section. A cube supercell containing eight atoms was used in the 

DFT calculations. For B-doped diamond, one of the C atoms was replaced by B, equivalent 

to the ∼2 × 1022 cm−3 doping concentration. The structure of the supercells for the pristine 

and B-doped diamond can be seen in Figure 17 To validate our modeling approach, the 

phonon dispersion of pure diamond was calculated using an FCC unit cell containing two 

carbon atoms with an experimental lattice constant of 3.57 Å. The computational results 

were compared with the experimental data from Ref [42]. The data presented in Figure 16 

indicate an excellent agreement between the calculated and experimental phonon 

frequencies.  
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Figure 16: Phonon dispersion of pristine diamond calculated by density-functional-theory 

(DFT). The computational results are in excellent agreement with the experimental results 

(black dots) obtained by neutron scattering.42   

 

After relaxation, the optimized lattice constants were obtained to be 3.54 and 3.60 Å for 

pristine and B-doped diamond supercells, respectively. The obtained lattice constant of 

pristine diamond agrees well with the measured lattice constant of 3.57 Å [38]. The model 

of the supercell structure can be seen in Figure 17. Figure 19 shows the calculated phonon 

dispersion of pristine diamond in comparison with that of the B-doped diamond with a 

boron concentration of ∼2 × 1022 cm−3. Since the supercell and thus smaller Brillouin zone 

was used, all phonon bands are folded back in the reciprocal space. To make the phonon 

dispersion easier to understand, the supercell dispersion was unfolded using the phonon 

unfolding package [43]. As a result, the phonon dispersion of pristine diamond is 
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completely reproduced and the excess phonon modes at high-symmetry points for both 

pristine and B-doped diamond have been almost completely removed. As seen in Figure 

18, both the LA and TA phonon modes undergo softening as a result of the doping. The 

group velocity of LA and TA phonons was calculated near the BZ center for the pristine 

diamond and several values of boron concentrations. Note that a higher boron 

concentrations was intentionally assumed in the simulations to keep the size of the 

supercell and the cost of calculations reasonable. The results are presented in Figure 19. 

The calculated phonon velocities in pristine diamond for LA and TA modes along the Γ−X 

direction and close to the BZ center are 17,494 and 12,388 ms−1, respectively. The obtained 

values agree well with our experimental measurements for the undoped HPHT diamond. 

In the B-doped diamond, the velocity for the LA and TA phonons decreases substantially. 

The change in the group velocity of the LA polarization branch is more pronounced 

compared to that of the TA mode, which is in qualitative agreement with our experimental 

observation. Note that since 2-orders-of-magnitude higher boron concentration were 

considered in our simulations, a direct quantitative comparison of the velocities was not 

made. 



 

 40 
 

Figure 18: The phonon group velocity of TA and LA modes close to the BZ center for 

pristine and B-doped diamond as a function of the boron concentration. The softening 

of all acoustic phonon modes because of boron doping is clearly observed. Note that a 

substantially higher concentration of B atoms was intentionally assumed to keep the 

supercell reasonably small in the calculations. The figure is adapted from E. Guzman et 

al., “Effects of Boron Doping on the Bulk and Surface Acoustic Phonons in Single-

Crystal-Diamond”, ACS Appl. Mater. Interfaces 14(37) (2022) 42223-42231. 

Reprinted with permission from the American Chemical Society, Copyright © 2024 

Figure 17: (a-b) The supercell structure of the pristine and the B-doped diamond. The 

grey and green spheres represent C and B atoms, respectively.  
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Figure 19: The calculated phonon band structure of the pristine (blue) and B-doped 

(red) diamond. The figure is adapted from E. Guzman et al., “Effects of Boron Doping 

on the Bulk and Surface Acoustic Phonons in Single-Crystal-Diamond”, ACS Appl. 

Mater. Interfaces 14(37) (2022) 42223-42231. Reprinted with permission from the 

American Chemical Society, Copyright © 2024 
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2.4 Discussion 

 

The phonon softening has interesting and important implications for thermal transport and 

related properties. Conventional theories of the thermal conductivity of semiconductor and 

insulating materials assume that doping does not modify the group velocity, vg, of the 

acoustic phonons [44-46]. The dopants act as an extra point defect scattering centers for 

the acoustic phonons, which retain their properties the same as in the intrinsic material. 

However, if the phonon group velocity changes as a result of the doping, one needs to take 

it into account in the calculations [47]. In the kinetic theory, the phonon thermal 

conductivity can be expressed as K = (1/3) Cvg Λ = (1/3)Cvg
2τ, where C is the volumetric 

heat capacity, vg is the average phonon group velocity, Λ is the phonon “gray” mean-free 

path, and τ is the combined phonon relaxation time, i.e., lifetime. The phonon relaxation 

time is defined by the scattering rate in different types of processes; it can be expressed as 

τ−1 = τU
−1 + τd

−1 + τe‐ph
−1. Here, τU

−1, τd
−1, and τe‐ph

−1 are the phonon−phonon Umklapp 

scattering rate due to the crystal anharmonicity, phonon−defect scattering rate, and the 

electron−phonon scattering rate, respectively. The scattering rates are the function of both 

phonon frequency, ω, and phonon group velocity, vg. The phonon−defect scattering, which 

includes scattering on dopant atoms, is the dominant mechanism at low temperatures [48]. 

Given the high Debye temperature of diamond (θD ∼ 1870 K), the phonon−defect scattering 

makes a significant contribution even at room temperature (RT). The phonon softening 

alters the thermal conductivity, K, not only via the combined relaxation time, τ, but also 

via the volumetric heat capacity, C, which is proportional to vg
−3. The dependence on the 
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phonon group velocity is due to the phonon density of states. The previously reported data 

on the heat capacity of boron-doped single-crystal HPHT diamond support our arguments 

[49]. In this study, the doped diamond samples with higher boron concentration revealed 

higher heat capacity. The authors have interpreted their observation as a possible inclusion 

of metallic particles during the growth process and thus the dominance of electron heat 

capacity at low temperatures [49]. However, their data can also be explained by the lower 

phonon group velocity. One should remember that in the bulk crystals the phonon group 

velocity is the same as the phonon phase velocity, and the observed reduction in the phonon 

velocity is equivalent for both.  

 

The strongest effect from the phonon softening on thermal conductivity near RT is 

expected via the changes in the phonon−defect scattering rate. The average phonon group 

velocity for all three acoustic polarization branches is given by the expression. 

 

Vg = 3 [(1/𝜐T,1) + (1/vT,2) + (1/vL)]-1  (1) 

 

Here, vT,1 and vT,2 are the phonon group velocities for two TA phonon polarization 

branches, and vL is the LA phonon group velocity. Given that in diamond transverse 

acoustic phonons along the <001> direction are degenerate, our experimental data show 
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that all velocities that enter Eq. (1) experience a reduction in their values. The phonon 

scattering rate on point defects, like dopant atoms, is given as [51,52] 

 

𝜏𝑃
−1 = (𝑉0Γ𝜔4 4𝜋𝑣𝑔

3⁄ )  (2) 

 

Here, V0 is the volume per atom, and Γ is the scattering parameter, which depends linearly 

on the defect concentration. Γ is a measure of the point defect scattering strength [53,54]. 

If the properties of phonons had not changed, the increase in this scattering rate would be 

only due to the increase in the concentration of dopant atoms. As a result of the reduction 

in the phonon velocity, vg, the effect of the doping becomes stronger and likely dependent 

on the crystallographic direction.  

 

It is also illustrative to consider the effect of the acoustic phonon softening for dislocation 

scattering. At a high density of doping, the dopant atoms may form clusters of atoms that 

act similar to dislocation lines. The phonon scattering rate on dislocation lines is given as 

[50,55]: 

 

𝜏𝐸
−1 = (21.5 33.5⁄ )𝜂𝑁𝐷

𝐸𝑏𝐸
2𝛾2𝜔{(1 2⁄ ) + (1 24⁄ )  × 

 × [(1 − 2𝜈) (1 − 𝜈)⁄ ]2[1 + √2(𝑣𝐿 𝑣𝑇⁄ )2]
2

}   (3) 
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Here, 𝑁𝐷
𝐸  and bE are the density and magnitude of Burgers vectors for the edge dislocations, 

respectively, η accounts for the orientation of the dislocation lines with respect to the 

direction of temperature gradient. γ and ν are the Grüneisen anharmonicity parameter and 

Poisson ratio, respectively. One can see from eq 3 that even a relative reduction in the 

phonon velocity for the LA and TA phonons can play a role since the scattering rate 

depends on ~(𝑣𝐿 𝑣𝑇⁄ )4. The discussed dependencies result in intricate effects of phonon 

softening on heat conduction in diamond. They can lead to a stronger reduction in the 

thermal conductivity than the predictions of simple theory that does not account for the 

changes in the phonon velocity or more pronounced anisotropy in thermal conductivity if 

the dopant atoms have some preferential arrangements.  

The effects of phonon softening on thermal conductivity are not limited to acoustic 

phonons alone. Indeed, the contribution of the optical phonons to the phonon thermal 

conductivity of diamond is negligible owing to their high frequency and small group 

velocity [56,57]. However, optical phonons provide scattering channels for the acoustic 

phonon branches [9]. The broadening of the ZCP peak in the highly doped diamond sample 

indicates a shortened phonon lifetime due to the increased contribution of boron atoms to 

the phonon scattering processes via point defects and electron−phonon processes. One can 

estimate the decay rate of the longitudinal optical (LO) phonons at the Brillouin zone center 

(q = 0) using Klemens’ formula 𝜏−1~ 𝛿𝜔, where τ is the phonon lifetime and δω is the 

FWHM of the Raman ZCP peak [57,58]. The estimated values of τ for the undoped HPHT 

and the low- and medium-doped diamond samples are ∼11 ps, which is close to the 

measured lifetime of phonons in single-crystal diamond using other techniques [59]. Our 
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data show that this value decreases to ∼3.7 ps for the highly doped sample, significantly 

lower than that of the HPHT and other lightly doped diamond samples. This reduction can 

be correlated well with the measured reduction in thermal conductivity. 
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2.5 Conclusions 

 

The bulk and surface acoustic phonons were investigated in the boron-doped single-crystal 

diamond films using the Brillouin−Mandelstam light scattering spectroscopy. It was found 

that the frequency and the group velocity of acoustic phonons decrease nonmonotonically 

with the increasing boron doping concentration, revealing pronounced phonon softening. 

As a result of boron doping, the velocity of the bulk longitudinal and transverse acoustic 

phonons decreased correspondingly. The frequency of the optical phonons was unaffected 

at low boron concentration but experienced a strong decrease at the high doping level. 

Density functional theory was also performed to calculate the phonon band structure for 

the pristine and highly doped diamond. The theoretical results qualitatively confirm the 

phonon softening in both optical and acoustic polarization branches. The strong softening 

of the acoustic phonons – the main heat carriers in diamond – has important implications 

for thermal transport in such materials. Our results also demonstrate that the intensity ratio 

of the LA and TA phonons can be used to monitor the boron concentration in diamond. 
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CHAPTER 3 – OPTICAL AND ACOUSTIC PHONONS IN TURBOSTRATIC 

AND CUBIC BORON NITRIDE THIN FILMS ON DIAMOND SUBSTRATES 

 

3.1 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]. Materials 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 more than 8 MV cm-1 [9,10], a large electronic bandgap 

of ~6.4 eV [11], and high thermal conductivity of ~1600 Wm-1K-1, reaching 75% of that 

for diamond [12]. Only diamond 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 regard to doping – it can be 

consistently p-doped, but achieving reliable n-type doping remains challenging [1]. In 

contrast, c-BN can be conveniently 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 sp2-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 
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random directions along the c-axis and the interplanar distance 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 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 c-BN 

thin films with high phase purity. Attempts so far have been directed towards the growth 

of c-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 c-BN film with the underlying 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 c-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 c-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 

characteristics are crucial for efficient heat transport across adjoining interfaces 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 𝜁 = 𝜌𝑣𝑠 where 𝜌 and 𝑣𝑠 are the mass density 

and average phonon group velocity, respectively [24]. According to AMM, in 
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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, then the lower will be 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 c-BN layer to the underlying diamond 

substrate [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 forming strong and highly structured interfaces that enhance heat transport across 

their interface. In fact, theoretical studies show that the interfacial thermal conductance at 

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 c-BN and diamond. The phonon 

properties of thin films can deviate significantly from theoretical predictions depending on 

the film phase purity, film/substrate interfacial structure, and atomic rearrangement within 

the film. Moreover, the phonon dispersion can change due to phonon confinement effects 

in thin film structures [26,27]. The latter results in the appearance of additional phonon 
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modes other than the acoustic and optical phonon polarization branches in bulk materials. 

The contribution 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 typically 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 

interfacial 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 c-BN and diamond, this pair of materials 

provides a 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 c-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 
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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, the visible Raman and BMS spectroscopies were used 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 c-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 c-BN and t-BN phases, with the c-BN 

being the dominant phase. Our results demonstrate that while visible Raman can be used 

to characterize the t-BN phase on diamond, it does not offer sufficient information for the 

c-BN phase either due to the high concentration of defects or the overlapping of its Raman 
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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 experiments on c-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 c-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 characteristics 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 applications in UWBG-based device applications.  

 

3.2 Materials & Methods 

 

The t-BN and c-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 purchased from TISNCM and E6 vendors. The boron 

concentration in the substrates is estimated to be greater than 1020 cm-3. Three 

heterostructure samples including a t-BN film on polycrystalline diamond, c-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 H2:BF3 of 4:4 (gas flow ratio in standard cubic centimeters per minute or SCCM) at a 
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temperature of 735 C for 2 hours and 30 min. The c-BN-1 film was grown with a ratio of 

H2:BF3 of 2:2 SCCM at a temperature of 675 C for 2 hours and 30 min. The c-BN-2 film 

was prepared with an H2:BF3 ratio of 1.5:2 for 44 min and then with an H2:BF3 ratio of 2:2 

SCCM for 2 hours and 16 min at a temperature of 735 C for a total of 3 hours. 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 backscattering configuration using 

a blue laser with an excitation wavelength of 488 nm. The power on the samples was 5 

mW during all measurements. The laser spot diameter on the sample was ~1 µm. BMS 

experiments were performed in the backscattering geometry using a continuous-wave 

solid-state diode-pumped laser operating at the excitation wavelength of 𝜆 = 532 nm. The 

incident light was p-polarized whereas the polarization of the scattered light was not 

analyzed. The laser light was focused using a lens with a numerical 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 
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the angle of the incident light can be varied between 30̊ to 70̊ 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 µm. The thickness and optical constants of the thin films 

were extracted by fitting the reflectance data using the governing equations.  
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3.3 Results and Discussion 

 

3.3.1 TEM Analysis 

Figure 18 shows TEM images of the t-BN thin film on the B-doped polycrystalline 

diamond at different magnifications. Figure 20 (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 Figure 20 (b)). However, in a few regions, the t-BN planes are 

also tilted (see the red traces in Figure 20 (b)). The total thickness of the t-BN film was 

estimated to be in the range of 240 ± 10 nm.  

 

Figure 21 presents TEM images of the c-BN-1 sample. The dark line at the center of Figure 

21 (a) is the interface between the film and the diamond substrate which contains 

significant hydrogen defects due to the substrate cleaning procedure using H2-plasma. It is 

estimated that the hydrogen is penetrated as much as ~10 nm into the diamond substrate 

thus reducing the interface quality. As visible in Figure 21 (b), the boron nitride film in this 

sample is a mixture of t-BN and c-BN phases. The c-BN regions, depicted by yellow 

rectangles, are the lighter clustered regions, while the t-BN spots, shown by red  
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Figure 20: TEM images of the t-BN film grown on the B-doped polycrystalline 

diamond substrates. (a) Lower magnification view. (b) Higher magnification image of 

the t-BN film showing the arrangement of the BN sheets. The yellow traces exhibit the 

vertically aligned sp2-bonded BN sheets whereas the red traces show some regions 

where the BN planes are tilted slightly. The figure is adapted from E. Guzman et al., 

“Optical and acoustic phonons in turbostratic and cubic boron nitride thin films on 

diamond substrates”. Diamond and Related Materials, 140 (2023) 110452. Reprinted 

with permission from Elsevier B.V, Copyright © 2024 
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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 t-BN phase was also 

detected in some regions. The c-BN regions are oriented randomly with grain 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 Figure 20. 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 depicted by yellow and red rectangles in Figure 

22 (b). A careful analysis of the film interface with the underlying diamond (111) substrate 

confirms the existence of a mixture of h-BN, w-BN, and t-BN phases with varying 

thicknesses. The film is predominantly constituted of c-BN grains, 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 t-BN domains are evident, and the c-BN regions show increased 

orientational randomness. 
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Figure 21: TEM images of the c-BN-1 film, interface, and the underlying (001) single-

crystal diamond substrate. (a) The dark line shows the interface of the film and the 

substrate, damaged by hydrogen. (b) 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. The figure is adapted from E. Guzman et al., “Optical 

and acoustic phonons in turbostratic and cubic boron nitride thin films on diamond 

substrates”. Diamond and Related Materials, 140 (2023) 110452. Reprinted with 

permission from Elsevier B.V, Copyright © 2024 
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Figure 22: TEM images of the c-BN-2 film grown on a (111) single crystal diamond 

substrate. (a) Lower magnification image. (b) 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 orientation 

randomness. The figure is adapted from E. Guzman et al., “Optical and acoustic 

phonons in turbostratic and cubic boron nitride thin films on diamond substrates”. 

Diamond and Related Materials, 140 (2023) 110452. Reprinted with permission from 

Elsevier B.V, Copyright © 2024 

 



 

 67 

3.3.2 Raman Analysis 

 

A series of Raman experiments were conducted on the BN thin films and their respective 

underlying substrates. To cross-check the results obtained, the same experiments were 

carried out on bulk single-crystal c-BN as the reference sample. Figure 23 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-1 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-1 which in our samples downshifted by 2 cm-1 which is 

attributed to the phonon softening because 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 pristine B-doped polycrystalline diamond 

exhibit broad features at ~607 cm-1, 897 cm-1, and 1042 cm-1. 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 Figure 23). Except for the strong ZCP, 

other Raman features, present in the substrate, are not visible in the t-BN spectrum, but 
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new Raman peaks located at 504 cm-1, 1220 cm-1, 1370 cm-1, 1538 cm-1, and 2803 cm-1 are 

detected. The weak feature at 1370 cm-1 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-1 [43–45]. The peaks at 1220 cm-1 and 

1538 cm-1 most likely originate from the maximum phonon density of states of t-BN, 

assuming its crystal similarity with h-BN [45]. Other peaks are all associated with the B-

Figure 23: Raman spectra of the t-BN film on B-doped polycrystalline diamond 

substrate under a 488 nm excitation laser. The figure is adapted from E. Guzman et al., 

“Optical and acoustic phonons in turbostratic and cubic boron nitride thin films on 

diamond substrates”. Diamond and Related Materials, 140 (2023) 110452. Reprinted 

with permission from Elsevier B.V, Copyright © 2024 
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doped diamond substrate. The peak at 504 cm-1 is likely the same as the 607 cm-1 peak 

observed in the substrate. It is redshifted to lower wavenumbers presumably due 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 concentration 

increases [40]. The broad peak found at ~2803 cm-1 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.  

Figure 24: Raman spectra of the bulk single-crystal c-BN under a 488 nm excitation 

laser. The figure is adapted from E. Guzman et al., “Optical and acoustic phonons in 

turbostratic and cubic boron nitride thin films on diamond substrates”. Diamond and 

Related Materials, 140 (2023) 110452. Reprinted with permission from Elsevier B.V, 

Copyright © 2024 
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Now, moving to the Raman characteristics of bulk single-crystal c-BN and c-BN thin films 

on diamond substrates. The bulk single-crystal c-BN samples were outsourced from 

Hyperion Materials and Technology, the USA. Samples were in powder form with average 

size of ~300 μm to ~600 μm. The Raman spectrum of the polycrystalline c-BN powder 

is presented in Figure 24. The spectrum shows two peaks attributed to the TO and LO 

modes, respectively, at 1054 cm-1 and 1304 cm-1. The spectral position of these peaks is in 

excellent agreement with previously reported values [45–47]. Figure 25 shows the results 

of Raman measurements on the c-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 c-BN at 1054 cm-1 should be intense (see 

Figure 24) 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 c-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 
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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-1 that could be related to the second-order 

Raman scattering from the zone-edge LO(L) or LO(X) modes [45]. Figure 26 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.  

Figure 25: Raman spectra of the c-BN film on B-doped single-crystal diamond (001), 

diamond substrate under a 488 nm excitation laser. The figure is adapted from E. 

Guzman et al., “Optical and acoustic phonons in turbostratic and cubic boron nitride 

thin films on diamond substrates”. Diamond and Related Materials, 140 (2023) 110452. 

Reprinted with permission from Elsevier B.V, Copyright © 2024 
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Figure 26: Raman spectra of the c-BN film on B-doped single-crystal diamond (111). 

substrate under a 488 nm excitation laser. The figure is adapted from E. Guzman et al., 

“Optical and acoustic phonons in turbostratic and cubic boron nitride thin films on 

diamond substrates”. Diamond and Related Materials, 140 (2023) 110452. Reprinted 

with permission from Elsevier B.V, Copyright © 2024 
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3.3.3 BMS Results 

 

Now the main element of this work – the observation of acoustic phonons in boron nitride 

films using the BMS technique.  7 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 positions of the observed peaks, 

𝑓, were determined accurately by fitting the experimental data with individual Lorentzian 

functions. In BMS, the phonon wave vector of bulk phonon modes that contribute to light 

scattering is 𝑞𝐵 = 4𝜋𝑛/𝜆, where 𝜆 = 532 nm is the laser excitation wavelength and 𝑛 is 

the refractive index of the medium at 𝜆 [32]. The refractive indices of t-BN on 

polycrystalline diamond and c-BN on diamond (001) samples could not be measured due 

to their rough surfaces. To calculate the BMS phonon wavevector, previously reported 

values of 𝑛 were used for the t-BN and c-BN-1 as 1.870 and 2.117, respectively [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 
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refraction could impose significant errors. The c-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 

Figure 27: Brillouin light scattering spectra of bulk phonon modes in t-BN thin film on 

B-doped polycrystalline diamond. The peaks labeled as “LA” and “TA” correspond to 

the longitudinal and transverse acoustic bulk phonons, respectively. The subscript “D” 

represents “diamond”. The figure is adapted from E. Guzman et al., “Optical and 

acoustic phonons in turbostratic and cubic boron nitride thin films on diamond 

substrates”. Diamond and Related Materials, 140 (2023) 110452. Reprinted with 

permission from Elsevier B.V, Copyright © 2024 
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which agrees well with the available data [48,49]. Figure 27 exhibits the BMS spectra of 

the polycrystalline diamond substrate (black line) and the t-BN thin film (red line). Two 

peaks labeled as “LAD” and “TAD” 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 

Figure 28: Brillouin light scattering spectra of bulk phonon modes in bulk single-

crystal c-BN. The figure is adapted from E. Guzman et al., “Optical and acoustic 

phonons in turbostratic and cubic boron nitride thin films on diamond substrates”. 

Diamond and Related Materials, 140 (2023) 110452. Reprinted with permission from 

Elsevier B.V, Copyright © 2024 
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peak at 60 GHz is detectable only in the p-p or s-s incident-scattered light polarization 

configuration which is a characteristic of the bulk LA phonons in BMS experiments. The 

peak at 38 GHz is visible in the cross-polarization configuration (p-s), a property of TA 

phonons (see Supplementary Information). Thereby, these peaks are attributed 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 = 2𝜋𝑓/𝑞𝐵 = 𝜆𝑓/2𝑛. It should be noted that in the region near the center of 

the Brillouin 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 𝑣𝑇𝐴 = 5,405 ms−1 and 𝑣𝐿𝐴 = 8,535 ms−1, 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 t-BN phase constitutes from tilted disorder h-BN sheets with slightly 

increased interlayer distance [16–18].  

 

The previous reports on the Brillouin light spectroscopy measurements of bulk h-BN show 

LA phonon peaks at ~28 GHz and ~112 GHz with phonon wave vector along and 
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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−1 

along the c-axis compared to a fast LA phonon velocity of 18,595 ms−1 perpendicular to 

the c-axis. In our experiments, the examined phonon wave vector was close to the surface 

Figure 29: Brillouin light scattering spectra of bulk phonon modes in c-BN thin film 

on diamond (001). 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”. The figure is adapted from E. Guzman et al., 

“Optical and acoustic phonons in turbostratic and cubic boron nitride thin films on 

diamond substrates”. Diamond and Related Materials, 140 (2023) 110452. Reprinted 

with permission from Elsevier B.V, Copyright © 2024 
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normal of the film. Given most of its h-BN sheets in the t-BN film are aligned vertically 

(see Figure 20 (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 c-BN as the reference sample. Figure 28 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 𝑞𝐵 = 50.01 μm−1, assuming 𝑛 = 2.117 at 𝜆 = 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−1, 11,069 ms−1, and 10,000 ms−1, 

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.  

 

Figure 29 shows the spectra for the c-BN thin film on diamond (001). The black and red 

curves are the spectra for the pristine diamond 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 [100] 

crystallographic direction. The BMS spectrum for the c-BN shows an additional broad and 
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weak peak located at 129.2 GHz. This peak is attributed to the LABN 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, presumably due to the existence of some t-BN regions mixed with the 

dominant c-BN phase. Assuming 𝑛 = 2.117, one would extract a phonon group velocity 

Figure 30: Brillouin light scattering spectra of bulk phonon modes in c-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”. The figure is adapted from E. Guzman et al., 

“Optical and acoustic phonons in turbostratic and cubic boron nitride thin films on 

diamond substrates”. Diamond and Related Materials, 140 (2023) 110452. Reprinted 

with permission from Elsevier B.V, Copyright © 2024 
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of 𝑣𝐿𝐴 = 16,234 ms−1, almost 6% lower than that for the single-crystal c-BN sample. The 

presence of a small fraction of t-BN mixed phase manifests itself in a slower phonon group 

velocity compared to that of the pure phase c-BN. Figure 30 presents the BMS spectra for 

the c-BN film on a diamond (111) substrate. The TAD and LAD peaks for the diamond with 

phonon wave vector along [111] direction appear at 114.4 GHz and 168.5 GHz, 

respectively (black curve). The spectrum for the c-BN film exhibits a sharp and well-

defined Lorentzian peak at 135.4 GHz which is attributed to the LABN 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 measured refractive index of 𝑛 = 2.12, the phonon group velocity 

is calculated to be 𝑣𝐿𝐴 = 16,989 ms−1 which is only 1.4% lower than that for the single-

crystal bulk c-BN. The latter confirms 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 phonons, 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 𝑞𝑠 =  4𝜋 sin(𝜃) /𝜆 in which 𝜃 is 

the incident angle and 𝜆 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. 
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The magnitude of 𝑞𝑠 only depends on the incident angle, 𝜃, 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 𝑞𝑠, by changing the incident angle. Note that the types of surface acoustic 

phonons which can be detected via BMS in the supported thin films strongly depend on 

the transparency, thickness, crystal structure, relative acoustic velocity of the film with 

respect to its underlying 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 c-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, 𝜃, was 

varied to select the 𝑞𝑠, and the spectral position of the BMS peaks were plotted as a function 

of 𝑞𝑠 to obtain the phonon dispersion. The phase velocity of the peaks was extracted 
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according to 𝑣𝑠 = 𝜔/𝑞𝑠 = 2𝜋𝑓/𝑞𝑠. Note that surface phonons in layered structures are 

dispersive, i.e., the phase velocity of phonons is no longer equal to their group velocity. 

Figures 31-32 present the results of the surface Brillouin scattering measurements 

performed on the c-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 

Figure 31: Brillouin spectra of the c-BN thin film on the diamond (001) substrate. Peaks 

denoted by “R” represent Rayleigh acoustic waves. Raw data is presented as dotted lines 

and the fitted data is shown as solid black lines. The figure is adapted from E. Guzman 

et al., “Optical and acoustic phonons in turbostratic and cubic boron nitride thin films 

on diamond substrates”. Diamond and Related Materials, 140 (2023) 110452. Reprinted 

with permission from Elsevier B.V, Copyright © 2024 
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Lorentzian functions (solid lines). The c-BN film on diamond (001) exhibits two peaks, 

marked as R1 and R2, which are attributed to the first and higher-order Rayleigh waves, 

respectively. The frequency of these peaks increases with increasing 𝜃 and thus, 𝑞𝑠. In the 

case of c-BN on diamond (111) presented in Figure 32, the data shows two peaks as well. 

The spectral position of the peak at the lower frequency range changes with varying 𝑞𝑠. 

Figure 32: Brillouin spectra of the c-BN thin film on the diamond (111) substrate. Peaks 

denoted by “R” represent Rayleigh acoustic waves. The nature of the peak labeled with 

an “*” is unclear. Raw data is presented as dotted lines and the fitted data is shown as 

solid black lines. The figure is adapted from E. Guzman et al., “Optical and acoustic 

phonons in turbostratic and cubic boron nitride thin films on diamond substrates”. 

Diamond and Related Materials, 140 (2023) 110452. Reprinted with permission from 

Elsevier B.V, Copyright © 2024 
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This peak is denoted as 𝑅1 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 occasionally 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 𝑞𝑠ℎ (Figure 33). 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 Figure 20-22.  

 

Figure 34 shows the calculated phase velocity as a function of 𝑞𝑠ℎ. As expected, the phase 

velocity of the Rayleigh waves decreases with increasing 𝑞𝑠ℎ confirming its dispersive 

nature in thin film structures. Notably, the phase velocity of these modes is more than two 

times higher in the c-BN thin film on diamond (111), compared to that of the film on the 

diamond (001) substrate. The dispersion and velocity of Rayleigh waves in thin film 

structures depend on the thickness, the elastic coefficients of the substrate and the film, and 
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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, 

such a significant disparity in phase velocities were not expected for first-order Rayleigh 

waves (R1, in Figure 34) in two samples. The latter is most likely attributed to the better 

Figure 33: Spectral position and the calculated phase velocity of the surface phonons 

of the c-BN film on the diamond (001) substrate. The figure is adapted from E. Guzman 

et al., “Optical and acoustic phonons in turbostratic and cubic boron nitride thin films 

on diamond substrates”. Diamond and Related Materials, 140 (2023) 110452. Reprinted 

with permission from Elsevier B.V, Copyright © 2024 
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phase purity and interface quality of the films grown on diamond (111) sample, which 

agrees 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 

transmissivity coefficient of LA phonon branches. According to AMM, at normal 

incidence, the transmission coefficient from the film to the substrate is described as, 

𝜏𝑓→𝑠 = 1 − 𝑅𝑓→𝑠, in which the reflectivity, 𝑅𝑓→𝑠 is a function of acoustic impedances of 

the two media, 𝑅𝑓→𝑠 = |(𝜁𝑓 − 𝜁𝑠) (𝜁𝑓 + 𝜁𝑠)⁄ |
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 c-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 implications in 

the efficient thermal management of high-power UWBG-based heterostructure devices in 

which effective heat dissipation remains a formidable challenge. 
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Figure 34: Spectral position and the calculated phase velocity of the surface phonons 

of the c-BN film on the diamond (111) substrate. The figure is adapted from E. Guzman 

et al., “Optical and acoustic phonons in turbostratic and cubic boron nitride thin films 

on diamond substrates”. Diamond and Related Materials, 140 (2023) 110452. Reprinted 

with permission from Elsevier B.V, Copyright © 2024 
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Table 4: Calculated and reported values for refractive index, density, bulk phonon 

velocity, acoustic impedance, and transmission coefficient of the relevant boron nitride 

and diamond films 
Sample 

𝒏 
𝝆 

[𝒌𝒈𝒎−𝟑] 

𝒗𝑻𝑨𝟏 

[𝒎𝒔−𝟏] 

𝒗𝑻𝑨𝟐 

[𝒎𝒔−𝟏] 

𝒗𝑳𝑨 

[𝒎𝒔−𝟏] 

𝜻 

[𝑴𝑷𝒂. 𝒔. 𝒎−𝟑] 

𝝉𝒇→𝒔 

(%) 

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  
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3.4 Conclusions 

The bulk and surface phonons in t-BN and c-BN thin films grown on diamond substrates 

have been investigated using visible 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 c-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 c-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 c-BN film on diamond (111) was close to that of the bulk single-

crystal c-BN confirming its higher c-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 c-BN film on diamond (111) sample, which can be 

attributed 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 c-BN thin films 

has important implications in evaluating the thermal interfacial conductance in layered 

structures.   
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CHAPTER 4 – CONCLUSION 

 

In the first work, I reported the results of the investigation of bulk and surface acoustic 

phonons in the undoped and boron-doped single-crystal diamond films using the Brillouin-

Mandelstam light scattering spectroscopy. The evolution of the optical phonons in the same 

set of samples was monitored with Raman spectroscopy. It was found that the frequency 

and the group velocity of acoustic phonons decrease non-monotonically with the increasing 

boron doping concentration, revealing pronounced phonon softening. The change in the 

velocity of the shear horizontal and the high-frequency pseudo-longitudinal acoustic 

phonons in the degenerately doped diamond, as compared to the undoped diamond, was as 

large as ~ 15% and ~12%, respectively. As a result of boron doping, the velocity of the 

bulk longitudinal and transverse acoustic phonons decreased correspondingly. The 

frequency of the optical phonons was unaffected at low boron concentration but 

experienced a strong decrease at the high doping level. The density-functional-theory 

calculations performed by Reza Meidanshahi in the Stephen Goodnick group at Arizona 

State University of the phonon band structure for the pristine and highly-doped sample 

confirm the phonon softening as a result of boron doping in diamond. The obtained results 

have important implications for thermal transport in heavily doped diamond, which is a 

promising material for ultra-wide-band-gap electronics.  

 

In the second work, I reported an investigation of the bulk optical, bulk acoustic, and 

surface acoustic phonons in thin films of turbostratic boron nitride (t-BN) and cubic boron 
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nitride (c-BN) grown on B-doped polycrystalline and single-crystalline diamond (001) and 

(111) substrates. The characteristics of different types of phonons were determined using 

Raman and Brillouin-Mandelstam light scattering spectroscopies. The atomic structure of 

the films was determined using high-resolution transmission electron microscopy 

(HRTEM) which were taken by Saurabh Vishwakarma in the David Smith group at 

Arizona State University 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 c-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 c-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 diamond 

(111) substrates. These findings provide valuable insights into the phonon characteristics 

of the c-BN and diamond interfaces and have important implications for the thermal 

management of electronic devices based on ultra-wide-band-gap materials. 




