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ABSTRACT: We report the results of the investigation of bulk 1600 —ie
and surface acoustic phonons in the undoped and boron-doped — B-doped
single-crystal diamond films using the Brillouin—Mandelstam light 00— | —% y_
scattering spectroscopy. The evolution of the optical phonons in e <~ = S

the same set of samples was monitored with Raman spectroscopy. ‘:; 800 B\ ~ — 4 N\

It was found that the frequency and the group velocity of acoustic & | =/ AT~ N\
phonons decrease nonmonotonically with the increasing boron §

doping concentration, revealing pronounced phonon softening. 4007

The change in the velocity of the shear-horizontal and the high-

frequency pseudo-longitudinal acoustic phonons in the degener- 0 r XK T

ately doped diamond, as compared to that in 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 of the phonon
band structure for the pristine and highly doped samples 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.

KEYWORDS: ultra-wide-band-gap materials, diamond, Brillouin light scattering, Raman spectroscopy, phonon softening

B INTRODUCTION

Recent years witnessed a rapid growth of interest in ultra-wide
band-gap (UWBG) semiconductors for applications in power
electronics.'~* The materials, which belong to the UWBG
group, include semiconductors such as AIN and diamond, with
an electronic band gap ranging from 3 to 6 eV.” 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.>™?
Intrinsic diamond is an electrical insulator; it is doped by

conductivity of the material.'”*~"> Although the phonons in
diamond have been investigated extensively, the data on the
surface and bulk acoustic phonons in the 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

boron (B) to become a p-type semiconductor, suitable for
electronic applications.10 In diamond, the bulk acoustic
phonons, ie., quanta of crystal lattice vibrations, are the
main heat carriers. They have high group velocities and long
lifetimes.”” These characteristics are responsible for dia-
mond’s high thermal conductivity of ~2200 W m™" K" at
room temperature (RT) and excellent thermal interface
conductance.”’~”"" 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.'>~'* Boron
atoms act as point defects, scattering acoustic phonons,
shortening their lifetime, and thus reducing the thermal

© XXXX American Chemical Society

7 ACS Publications

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.'® This
technique has been employed to examine the mechanical
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properties of different types of diamond, e.g., polycrystalline,
smooth fine-grained, and single-crystal diamond grown by
chemical vapor deposition (CVD) method."’~*° The prior
studies reported the characteristics of bulk longitudinal
acoustic (LA) and transverse acoustic (TA) phonons as well
as the traveling surface acoustic waves (SAWs) along the high-
symmetry crystallographic directions.'”*° The elasticity
coefficients of diamond were extracted from BMS data.'” ™’
A recent detailed study has used the angle-resolved BMS to
find the properties of SAWs along different crystallographic
directions in diamond.”’ 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, we used
the BMS technique to investigate the bulk and surface acoustic
phonons in the low, medium, and highly boron-doped CVD-
grown diamond films 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
nonmonotonically with the increasing boron doping concen-
tration, 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.”

B RESULTS OF 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.””** The quality of the
CVD diamond and characteristics of optical phonons were
assessed with Raman spectroscopy. The samples with the
boron doping concentrations of 10'¢, 10", and 3 X 10*° cm™
were referred to as the low-doped, medium-doped, and highly
doped diamond, respectively. Systematic Raman measure-
ments were conducted using a 633 nm wavelength excitation
laser in a conventional backscattering configuration. The laser
power was kept low at ~60 W all the time to eliminate any
possible laser-induced heating effects. In Figure 1a, we present
typical Raman spectra 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 ™" in the sample with the highest boron
doping concentration. These broad bands at ~550, 900, 1050,
and 1200 cm™ tend to appear in boron-doped diamond
samples. Their intensity and spectral position can differ at
concentrations close to the insulator-to-metal transition.”> 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.”””” The broad bands near 1200 and 550 cm™" 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.”® More detailed discussions of these
peaks are provided in refs 26, 28. In all spectra, the intense
peak at ~1332 cm™' originates from the Brillouin zone (BZ)
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Figure 1. (a) Raman spectra of the boron-doped diamond samples
and a reference undoped HPHT diamond recorded under a 633 nm
excitation laser. (b) Raman spectra for the same samples in the
vicinity of the diamond’s zone-center optical phonon peak at ~1332
em™. (c) Spectral position (red squares) and full width at half-
maximum (FWHM) (blue squares) of the zone-center peak as a
function of the boron concentration. The spectral position of the peak
decreases by 2 cm™’, while its FWHM increases significantly for the
highly doped diamond.

center optical phonons of diamond, referred to here as the
zone-center phonons (ZCPs).zs’28

Figure 1b 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 we were able to fit the
experimental data accurately using a single Lorentzian
function. Several prior Raman studies have reported that
boron doping induces an asymmetry in the ZCP peak, which
chan%es its shape from a Lorentzian-like to a Fano-like
peak.”*”® The latter is explained by an increased contribution
of scattering by free charge carriers in the highly doped
samples.”® We also observed such evolution of Raman spectra
collected under 488 nm and 325 nm wavelength laser
excitation (see the Supporting Information). Since no changes
in the symmetry of the ZCP peak were seen in Raman spectra
accumulated under the 633 nm laser excitation, we concluded
that the behavior of the ZCP peak depends strongly on the
wavelength of the excitation laser.
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In Figure 1lc, we show the spectral position and the full
width at half-maximum (FWHM) of this Raman peak
determined using the Lorentzian fittings. The exact data are
also provided in the table format in the Supporting
Information. 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™, exhibiting the
optical phonon softening behavior. The change in the spectral
position of the ZCP Raman peak is higher than the hardware
resolution of our Raman system, which is ~1 cm™!. Moreover,
itst FWHM, which inversely relates to the phonon lifetime,”’
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.”® 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.’’ Possible
implications of the optical phonon softening on thermal
transport in diamond are discussed below.

We now turn to the main element of this work—BMS
investigation of the boron-doped diamond films. The BMS
measurements were conducted in the backscattering config-
uration using a 532 nm excitation laser at a fixed light incident
angle 8 = 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.'®*>** 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 2 shows the results of the
BMS measurements of the three boron-doped diamond
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Figure 2. 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,
respectively.

samples and the HPHT diamond substrate in the frequency
range of 25—250 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 the Supporting Information. The phonon
wavevector of these bulk modes is, gy = 42n/4, where A is the
wavelength of the excitation laser and n is the refractive index
of the medium.'®** Table 1 summarizes the peak frequency,
FWHM, and the relative intensity of LA to TA modes for all
diamond samples.

Table 1. Spectral Position, FWHM, and Relative Intensity of
BMS Peaks in Three Diamond Samples

boron doping fra FWHM, fra

FWHM,
(GHz) Iia/Ita

(ecm™? (GHz) (GHz) (GHz)
HPHT 117.9 2.3 162.4 2.7 16.7
10 117.1 44 161.9 2.4 24.8
10V 1159 3.5 161.3 2.3 20.5
3 x 10%° 116.9 2.9 159.5 2.6 1.0

It follows from the data in Table 1 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, I,/
I1,, 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.”* 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 the I; /Iy, 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 pm and 1 pm using the regular- and micro-BMS systems,
respectively.

Knowing the frequency of the phonon modes, f, and the
probed phonon wavevector, g, one can also obtain the phase
velocity, vp, of the phonons as v, = 2zf/qg. Note that since the
dispersion of acoustic phonons close to the Brillouin zone
center is linear, ie, @ = qv,, the phase velocity, vp = wq, and
the group velocity, v, = dw/0dg, of the fundamental LA and TA
acoustic phonons are essentially the same, i.e., v, = v,. In our
experiments, the direction of the examined phonon wavevector
lies close to the [001] real-space crystallographic direction with
a deviation angle of 6* from the [001] direction. The deviation
angle can be calculated using Snell’s law, as sin (6*) = sin (0)/
n, in which n is the diamond’s index of refraction and € = 20° is
the incident angle fixed for all measurements. The character-
istics of acoustic phonons depend on the crystallographic
direction, and thus possible changes due to 6* should be
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considered. We measured the change in the refractive index of
the boron-doped diamond samples due to the boron dopants
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 2. The calculated values for the reference

Table 2. Index of Refraction and Group Velocity of
Fundamental Phonon Modes

bor?fmd—g " e (degrees) () (i
HPHT 2.3812° 8.26 1317042 18141.44
10'¢ 243 8.09 12844.56  17713.95
10V 243 8.09 1267835  17650.52
3 x 10%° 241 8.17 12683.75 17651.62

“Ref 35.

HPHT sample are in good agreement with the reported data in
the literature.'®' Note that the calculated values of vg may
inherit some error due to the measurement of n at a
wavelength slightly different from that used in BMS experi-
ments. We expect a similar variation in n 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, 8% and
Lorentzian fitting, which are always present in experiments
with bulk phonons, we examined closely the characteristics of
the surface acoustic phonons in the undoped and doped
diamond samples.

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.'®***® In this scattering mechanism, the phonon
wavevector, defined as q; = 4xsin(6)/4, lies parallel to the
surface of the sample. This wavevector only depends on the
light incident angle, 6, and the wavelength of the excitation
laser in vacuum, A. The change in the incidence angle, 6,
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 3 presents the results of the
surface Brillouin scattering measurements performed at a
constant incident angle of @ = 75°. The calculated in-plane
phonon wavevector is g = 0.0228 nm™'. Two pronounced
peaks are attributed to the shear-horizontal surface wave
(SHW) and high-frequency pseudo-longitudinal wave
(HFPLW).'”?! 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, v, = 2xf/q), are presented as the functions of the
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Figure 3. Brillouin light scattering spectra of the boron-doped
diamond samples and a reference HPHT diamond substrate
accumulated at @ = 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.

boron concentration in Figure 4. One can see that doping the
diamond with boron at a low concentration of 10'® cm™
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Figure 4. 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 g, = 0.0228
-1

nm™ .

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
10" cm™ does not strongly affect the phonon velocity.
However, for the heavily doped diamond, with a boron
concentration of 3 X 10 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.”” 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., mg/mc ~ 0.91, and therefore, the variation in mass
cannot explain the observed phonon softening. However,
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boron’s radius is slightly bigger than that of carbon, Rz/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 parameter and the
atomic plane separation. This agrees well with the red shift
observed in the Raman ZCP peak of diamond (see Figure 1b).
An independent study confirms that the lattice constant of
diamond slightly increases with the boron dopant concen-
tration and starts to vary at a higher rate as the concentration
surpasses ~2.7 X 10% cm™>.** 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.

In diamond, the phase velocity of the HFPLW is negligibly
smaller than that of the bulk LA phonons traveling in the
<001> direction.'"® The observed reduction in v, 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 vgy = (ce6/,)"/> and
veepiw = (€11 //,)1/ 2, respectively, where p is the mass density.
Note that the phase velocities of SHW and HFPLW phonons
depend only on one elasticity constant. Therefore, we can
directly relate the elasticity parameters ¢4 and ¢;; 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.*”*’

B RESULTS OF MODELING

We performed phonon band structure calculations using the
density functional theory (DFT) implemented in the Quantum
Espresso 7.0 package®’ 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. We used a
cube supercell containing eight atoms in the DFT calculations.
For B-doped diamond, one of the C atoms was replaced by B,
equivalent to the ~2 X 10** cm™ doping concentration. The
structure of the supercells for the pristine and B-doped
diamond is provided in the Supporting Information. 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 A.
The computational results were compared with the exper-
imental data from ref 42. The data presented in the Supporting
Information indicate an excellent agreement between the
calculated and experimental phonon frequencies.

After relaxation, the optimized lattice constants were
obtained to be 3.54 and 3.60 A 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 A.*® Figure Sa shows the calculated phonon
dispersion of pristine diamond in comparison with that of the
B-doped diamond with a boron concentration of ~2 X 10*
cm™. Since we used the supercell and thus smaller Brillouin
zone, all phonon bands are folded back in the reciprocal space.
To make the phonon dispersion easier to understand, we
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Figure S. (a) Calculated phonon band structure of the pristine (blue)
and B-doped (red) diamond. (b) 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 as a result of boron doping is clearly
observed. Note that we assumed a substantially higher concentration
of B atoms to keep the supercell reasonably small in the calculations.

unfolded the supercell dispersion using the phonon unfolding
package.”” As a result, the phonon dispersion of pristine
diamond is 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 Sa, both the LA and TA phonon modes undergo
softening as a result of the doping. We calculated the group
velocity of LA and TA phonons near the BZ center for the
pristine diamond and several values of boron concentrations.
Note that we intentionally assumed higher boron concen-
trations in the simulations to keep the size of the supercell and
the cost of calculations reasonable. The results are presented in
Figure Sb. The calculated phonon velocities in pristine
diamond for LA and TA modes along the I'=X direction
and close to the BZ center are 17,494 and 12,388 ms™,
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
we considered 2-orders-of-magnitude higher boron concen-
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tration in our simulations, we do not make a direct quantitative
comparison of the velocities.

Bl DISCUSSION

The phonon softening has interesting and important
implications for thermal transport and related properties.
Conventional theories of the thermal conductivity of semi-
conductor and insulating materials assume that doping does
not modify the group velocity, v, of the acoustic
phonons.**"** 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.”” In the
kinetic theory, the phonon thermal conductivity can be
expressed as K = (1/3) Cv, A = (1/3)Cvjz, where C is the
volumetric heat capacity, v, is the average phonon group
velocity, A is the phonon “gray” mean-free path, and 7 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 7' = 7' + 73! +
Te__:,h. Here, 7', 747, and r;_i,h 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, @, and phonon group
velocity, v;. The phonon—defect scattering, which includes
scattering on dopant atoms, is the dominant mechanism at low
temperatures.’® Given the high Debye temperature of diamond
(6p ~ 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, 7, but also via the volumetric
heat capacity, C, which is proportional to vg_s. The dependence
on the 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.”” 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.”” 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™’

= 3{(1/vyy) + (1/vpy) + (1/v)) (1)

Here, vy, and vy, are the phonon group velocities for two TA
phonon polarization branches, and vy is the LA phonon group
velocity. Given that in diamond transverse acoustic phonons
along the <001> direction are degenerate, our experimental
data show 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” ">’

o' = (Vlw'/4m;) )

Here, V; is the volume per atom, and I' is the scattering
parameter, which depends linearly on the defect concentration.
[ is a measure of the point defect scattering strength.>>>* 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, v, 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’”>®

= (2%/3)NEb 0 {(1/2) + (1/24)
[(1 = 20)/(1 = V)P + V2 (v /vp)* T} 3)

Here, N, and by are the density and magnitude of Burgers
vectors for the edge dislocations, respectively, # accounts for
the orientation of the dislocation lines with respect to the
direction of temperature gradient. y and v are the Griineisen
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 ~(v;/ vr)." The discussed depend-
encies 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 con-
ductivity if the dopant atoms have some preferential arrange-
ments.

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.””” However, optical
phonons ;)rovide scattering channels for the acoustic phonon
branches.” 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
(g9 = 0) using Klemens’ formula 77! ~ Sw, where 7 is the
phonon lifetime and dw is the FWHM of the Raman ZCP
peak.””*® The estimated values of 7 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.”” Our 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.

B CONCLUSIONS

We investigated the bulk and surface acoustic phonons 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
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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. We also performed density functional theory
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.

B METHODS

Boron-Doped Diamond Growth. The boron-doped diamond
was 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.

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 Instru-
ments, 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.

Refractive Index Measurements. The refractive index of the
diamond thin films was determined by measuring the Fresnel
reflectance coeflicients for s- and p-polarized 515 nm lights. For the
reflectance measurements, we use a linearly polarized laser beam with
a polarization of 45° from the vertical. We focused the light on the
sample using a 10X 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 10X objective lens. The light that reflected from
the 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. We used a multilayer optical calculation 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.

Density-Functional-Theory (DFT) Calculations. The ultra-soft
pseudopotential and the generalized gradient approximation (GGA)
of the Perdew—Burke—Ermzerhof (PBE)* 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. We use a cube supercell
containing eight atoms in our DFT calculations. For boron-doped
diamond, one of the C atoms was replaced by B, which was equivalent
to the ~2 X 10?? cm™ 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 X 8 X 8 Monkhorst—Pack k-point setting was used in the
reciprocal space integration. After obtaining the self-consistent ground
state, we performed the density functional perturbation theory

(DFPT)® calculations with a uniform 4 X 4 X 4 grid of g-point
setting. Then, we performed dynamical matrix Fourier trans-
formations 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 A (Figure SX) and was compared with experimental data.*’
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