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ABSTRACT

We report the results of the study of the acoustic and optical phonons in Si-doped AIN thin films grown by metal-organic chemical vapor
deposition on sapphire substrates. The Brillouin-Mandelstam and Raman light scattering spectroscopies were used to measure the acoustic
and optical phonon frequencies close to the Brillouin zone center. The optical phonon frequencies reveal non-monotonic changes, reflective
of the variations in the thin film strain and dislocation densities with the addition of Si dopant atoms. The acoustic phonon velocity decreases
monotonically with increasing Si dopant concentration, reducing by ~300 m/s at the doping level of 3 x 10" cm . The knowledge of the
acoustic phonon velocities can be used for the optimization of the ultra-wide bandgap semiconductor heterostructures and for minimizing

the thermal boundary resistance of high-power devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0233163

Ultra-wide bandgap (UWBG) semiconductors constitute an
increasingly important class of materials owing to their applications in
power electronics and UV optoelectronics.” © Conventionally, the
UWBG group includes materials with band gaps above that of GaN, i.e.,
>3.4eV. Among these materials, aluminum nitride (AIN) has attracted
attention for its large electronic bandgap of ~6.2 eV, high thermal con-
ductivity, with bulk values reaching ~260 W/ (mK),” " and convenient
n- and p-type doping."" For ALGa; N (0<x< 1), silicon (Si) is a
promising n-type dopant, which forms shallow donor states for
x< 0.8."” For AIN-based devices, one needs to use controllable Si dop-
ing in a wide range from 10" to 10*° cm>."*"* This range of silicon
doping offers the required carrier concentrations and mobilities for
practical device applications. Conversely, dopant atoms may act as the
scattering centers for electrons and acoustic phonons, reducing the
mobility and thermal conductivity. Dopant introduction can also
change the distribution of stress and strain in AIN films and lead to the
formation of dislocation line defects."”

We have recently found that boron (B) doping of diamond,
another important UWBG material, results in substantial variation of
the bulk and surface acoustic phonon frequency and velocity.”” The
change in the velocity of the shear-horizontal and the pseudo-
longitudinal surface acoustic phonons in the degenerately doped dia-
mond, as compared to that in the undoped diamond, was as large as
~15% and ~12%, respectively. The velocity of the bulk longitudinal
acoustic (LA) and transverse acoustic (TA) phonons also decreased.
The decrease in the acoustic phonon velocity has important implica-
tions for thermal transport.'™'” Acoustic phonons are the main heat
carriers in UWBG materials. The phonon scattering rate on dopant
atoms, via the point-defect mechanism, is given by 71,!
= (VyTw?/ 4711/;),]3 where Vj is the volume per atom,  is the pho-
non frequency, v, is the phonon group velocity, and I" is the measure
of the scattering strength, linearly proportional to the dopant concen-
tration, Np. If the phonon velocity does not change, the increase in the
point-defect scattering rate will be defined by the increase in I" ~ Np.
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However, the reduction of the phonon velocity, vy, will amplify the
effect of the doping on the acoustic phonon scattering, and, corre-
spondingly, on thermal conductivity. Similarly, the reduction in the
phonon velocity can affect acoustic phonon scattering on dislocation
lines, boundaries, and other scattering mechanisms. The thermal
boundary resistance, which depends on the phonon density of state
mismatch at the interface of two materials can also be altered by the
phonon group velocity change.

High thermal conductivity, low TBR, and temperature stability
are crucial metrics for UWBG materials.'”** To handle high-power
densities, the device structure should be able to dissipate the heat effec-
tively. Since the variations in the acoustic phonon velocity can affect
the bulk and interface thermal conduction, the key questions to
address are the following: Is the reduction of the acoustic phonon
velocity due to doping a general trend or rather an exception? Does
the variation in acoustic phonon group velocity depend on the inter-
play of the size of the dopant atoms as compared to host atoms, the
presence of the strain in the films, or other factors? In this study, we
answer these questions by examining the changes in the energy of
acoustic and optical phonons as a function of Si doping in a set of AIN
films grown on c-plane sapphire substrates. We use Raman spectros-
copy to measure the optical phonon frequencies close to the I" point in
the Brillouin zone (BZ). To probe the energy of bulk phonons, we uti-
lize Brillouin-Mandelstam light scattering spectroscopy (BMS).”” The
trends for optical and acoustic phonons with increasing doping con-
centration are then compared to each other and the dislocation line
density variations. No prior studies have been reported for acoustic
phonons in Si-doped AIN films, which provide extra motivation for
this investigation.

The AIN films for this study were grown using metal-organic
chemical vapor deposition (MOCVD) with trimethylaluminum
(TMA) and ammonia (NH;) as Al and N precursors, respectively.
Initially, 200nm AIN epilayers were deposited to serve as an AIN/
sapphire template, followed by annealing at 1700 °C to reduce the dis-
location density. More details about the template preparation can be
found elsewhere.'>”" Subsequently, ~1000nm of the unintentionally
doped (UID) and Si-doped AIN samples were grown at 1100 °C and
20 Torr. Silane (SiH,) was used as the Si source, with the Si doping
concentration varying between UID and 3 x 10"*cm ™. The Si con-
centration has been carefully calibrated using secondary-ion mass
spectrometry (SIMS) to obtain the linear relationship between the
SiH, flow rate and Si concentration. For this reason, a certain SiH,
flow resulted in a specific Si doping concentration. The sample compo-
sition and quality were evaluated using Raman spectroscopy
(Renishaw InVia) in the standard backscattering configuration with an
excitation wavelength of 488 nm focused with a 50 lens and a diffrac-
tion grating of 1800 mm . The laser power was maintained below 1
mW to avoid local heating. No laser-induced changes were observed
in Raman peak intensities throughout several measurements. The
results of the measurements are presented in Figs. 1(a)-1(c).

AIN belongs to the Cf, (P63mc) space group with four Raman
active modes: A;, 2 E,, and E,.”” All Raman measurements were con-
ducted in the conventional backscattering geometry with the incident
light normal to the c-plane corresponding to phonon wavevectors
along the I'-A direction in the reciprocal space. The prominent EXY,
Eh'gh, and A; peaks can be seen in Figs. 1(a)-1(c), respectively. The
experimental Raman data were fitted using Lorentzian functions, from
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which the peak positions and full-width-at-half-maximum (FWHM)
values were extracted for each sample. The dashed lines correspond to
the peak positions in the UID AIN sample, which was used as a refer-
ence. For the UID AIN, the EXY, E 'gh, and A; peaks are located at
245.9, 662.8, and 892 lem™ ), respectwely Previous studies on bulk
AIN have reported E, bigh and A, peaks at lower wavenumbers, specifi-
cally in the range of 657 cm™" for E, bieh and 890 cm ™! for A1 The Elo™
mode for bulk AIN is reported to be in the range of 248 cm™ whlch is
higher than that observed in the UID AIN sample.”*””

The shift of E, bigh and A, peaks to higher and EX™ to lower wave-
numbers in the UID samples, compared to the bulk, confirms that the
grown film is under residual compressional strain. This observation is
consistent with the difference in thermal expansion coefficients
between AIN and sapphire, where the lower thermal expansion coeffi-
cient of AIN compared to sapphire substrate results in the film experi-
encing in-plane compressional strain and consequently, tensile strain
along the c-lattice direction during cooling.”* Assuming a biaxial strain
in the UID AIN film, the change in the Raman spectral position of
each mode, de (cm™ 1), is expressed as, 5c; = 7,6, = [(—Cs3/Ci3 )
+ fBJé.., in which o and 8 are the mode-specific phonon deformation
potentials, and Cs3 = 402 (GPa) and C;3 = 95 (GPa) are elastic stiff-
ness constants, respectively.”” The parameter, 7; (cm ™), determines
the sensitivity of the specific Raman mode to strain along the ¢ direc-
tion, €. The spectral position of the Raman peaks in bulk and UID
AIN film along with the mode-specific deformation potentials and cal-
culated y; are listed in Table I. As seen, E;ngh is more sensitive to the
strain in the AIN films. Additionally, E;"W, has a negative value of y;,
showing that with tensile strain, e,; > 0, it moves to lower wavenum-
bers. These are consistent with our experimental observations.

Generally, doping of the III-nitrides can affect the lattice parame-
ter, and thus the Raman lines, due to a variety of factors including the
deformation potential effect, the dopant size effects, residual strain,
and the influence of doping on the thermal expansion coefficient.’’
Figures 1(d)-1(f) show the spectral position and FWHM of the Raman
modes for AIN films as a function of Si doping concentration. Both the
spectral position and FWHM of Raman modes exhibit a strongly non-
monotonic trend, indicating a complex dynamic and interplay of sev-
eral effects. As discussed below, the Raman peak shift can be explained
by the interplay of the strain distribution in the grown films, local
strain fields generated by the dopant atoms due to their size difference
from the host atoms, and its relaxation by forming the dislocation
lines.”” A

At and below 5 x 10" cm >, the EIZ“gh and A; peaks shift to lower
wavenumbers compared to that of the UID sample. This trend is the
opposite for the EXY mode owing to its different phonon potential
deformation coefficients (see Table I). At 5x 10'®cm™> of Si doping,
the spectral position of Raman peaks fell within the range for those
reported for bulk AIN, confirming that the initially strained films dur-
ing the growth are significantly relaxed. Prior studies have reported
that addition of Si dopants to AIN lowers the c-lattice parameter while
slightly decreasing the a-lattice parameter.”® The lattice contraction is
likely due to the smaller Si atoms of ~0.42 A with respect to Al atoms
of ~0.51 A. Incorporating Si atoms into the host matrix causes the pre-
viously tensile strain formed in the c-lattice direction during the growth
to relieve, moving the Raman peaks toward the bulk AIN values. The
relaxation of the residual tensile strain can be partially caused by the
formation of dislocation lines which will be discussed next. At higher
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FIG. 1. Raman spectra of (a) EX", (b) E;igh, and (c) A (LO) phonon modes in the UID and Si-doped AIN films. (d)—(f) The spectral peak position and full-width-at-half-maxi-
mum (FWHM) of the Raman peaks as a function of Si concentration. The vertical dashed lines show the peak position in the UID AIN reference sample.

TABLE I. Raman spectral characteristics of bulk AIN and UID AIN thin films.

high

EYY(ecm™')  E,® (cm™!) A;(cm™!)  Reference
Bulk 248 657 890 26
UID 2459 662.8 892.1 This work
dw; (em™1) -2.1 +5.8 +2.1
o(ecm™1) 108 —1145 —739 30
B(cm™) —237 1023 737 30
i —690 3786 2367

Si concentrations above 5 x 10 cm 3, given that the Si-N bonds are
shorter than Al-N bonds, most likely, local compressional to form.
The contraction in the in-plane direction causes a tensile strain to form
in the perpendicular direction, i.e., along the c-lattice direction due to
the Poisson effect. This causes the E}Z]1 and A; modes to blueshift
again while causing the E° peak move to lower wavenumbers. The
non-monotonic evolution of the phonon peaks in AIN with increasing

Si doping is consistent with one available prior report.”

For all the samples, high-resolution x-ray diffraction (HRXRD)
rocking curves were measured along the AIN (0002) peak using an
x-ray diffractometer system (Rigaku SmartLab). All samples exhibited
good crystallinity with FWHM values less than 0.0356° (~130 arcsec).
We estimated the dislocation density (D) in the AIN films from
FWHM of the rocking curve following the approach and formulas in
Ref. 31, Dy = f3*/(4.35b%) where f§ is the FWHM and b is the length
of the Burgers vector. The HRXRD and dislocation line density data
are presented in Figs. 2(a) and 2(b). One can see from Fig. 2 that when
the doping concentration exceeds 1 x 10'®cm ™, the dislocation den-
sity is above 10° cm 2 For all three samples with doping levels above
5% 10 em 3, the defect density is higher than in UID and
1x10"®cm > Si-doped samples. These values are comparable to
recent reports on Si-doped AIN.”**” In moderately doped AIN sam-
ples, the dislocation density increases with increasing Si concentration,
while in highly doped samples, the dislocation density decreases with
Si concentration. This is because the dislocation bending and annihila-
tion occur to accommodate the high strain, reducing the dislocation
density at high Si concentration. A similar trend has also been reported
previously.””* The changes in the dislocation line density with the Si
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FIG. 2. (a) XRD data for (0002) peak of AN, and (b) the calculated dislocation den-
sity based on the FWHM of the rocking curve as a function of Si concentration. For
each sample, the data are collected at two different locations and averaged.

doping concentration correlate with the evolution of the optical pho-
non peaks obtained from Raman spectroscopy.

We conducted BMS experiments to investigate the acoustic pho-
nons in the Si-doped AIN films. Interpretation of BMS data requires
the knowledge of refractive index, n, which was measured using a spec-
troscopic ellipsometer (ULVAC UNECS-2000). In this instrument, the
light source is a broad-spectrum white light with wavelengths in the
visible range of ~500-800 nm. The ellipsometer illuminates the sample
with unpolarized light. The reflected light is directed into a detector,
which measures the relative amplitude and phase of the s- and p-polar-
ized components of the reflected light from the sample. The resulting
data are used to model the film thickness and refractive index using
Cauchy’s equation: n(1) = A 4 B/*.”’ The A and B coefficients were
found by fitting this equation to the measured data. The obtained
dependence of the refractive index on the wavelength is presented in
Fig. 3(a). The samples show an increase in n at low wavelengths, con-
sistent with previous reports of the AIN refractive index.”"' In
Fig. 3(b), we present the refractive index as a function of the doping
concentration at 4 = 532 nm, which is the wavelength of the excitation
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FIG. 3. (a) Refractive index, n, dispersion of the UID and Si-doped AIN films in the
range of 500-800 nm wavelengths. (b) The index of refraction at 532 nm as a func-
tion of Si concentration. The dashed line is for visual clarity.

laser used in the BMS experiments. The refractive index, #, at 532 nm
shows a sharp increase at small doping concentrations and a saturation
behavior at high doping levels.

The BMS experiments were conducted in the backscattering
configuration using a 532nm laser excitation wavelength at a fixed
incidence angle of 0 =45°. The light source was a solid-state diode-
pumped continuous-wave laser (Spectra Physics). The laser beam was
focused on the sample using an apochromatic objective lens with
NA =0.28. 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-2, Table Stable Ltd., Switzerland)
and spectrometer. The mirror spacing of the TFP interferometer was
adjusted to 0.8 mm for measuring bulk acoustic phonons. The incident
light was p-polarized, and the p-polarized scattered light was selected
for collection. Our BMS procedures are documented in depth in previ-
ous reports.’”** The spectral positions of the peaks were obtained by
fitting the experimental data with individual Lorentzian functions. The
BMS data are presented in Figs. 4(a) and 4(b). The bulk acoustic pho-
non modes are probed through the elasto-optic scattering mechanism
with the phonon wave vector g = 47n//, where A = 532nm is the
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FIG. 4. (a) Brillouin-Mandelstam spectra for the UID and Si-doped AIN samples
accumulated at 45° incidence angle. Spectra are translated vertically for visual clar-
ity. The LAan peaks were fitted using individual Lorentzian functions (black curves).
The subscript “S” indicates the peaks associated with the sapphire substrate, which
were highlighted for clarity. (b) Phonon velocity of longitudinal acoustic phonon
mode of AN thin films as a function of Si content.

excitation wavelength. The probed phonon wavevector is close to the
I'-A direction in the reciprocal space with a small deviation angle
determined by Snell’s refraction law.

In Fig. 4(a), we label the LA phonon in AIN films and sapphire
substrate. The peaks denoted as TAg and LAg are associated with the
transverse and longitudinal acoustic phonons of the sapphire substrate.
Note that the TA phonons of bulk AIN appear at around 40 GHz in
the BMS spectra. Our samples consist of AIN thin films on bulk sap-
phire, where the TA phonon peaks of sapphire also occur near
40 GHz. However, due to the larger scattering cross section of the sub-
strate, the peaks from the AIN film are likely obscured by the stronger
peaks from the sapphire substrate, making the TA peaks for AIN unre-
solvable in the spectra. Since acoustic phonon polarization branches
start at zero angular frequency, ie.,, w(q=0) =0, one can calculate the
phonon group velocity from the formula v = 27f /q,”” where fis the
Brillouin shift due to scattering in the material and ¢ is the phonon
wave vector. Owing to the linearity of the acoustic phonon dispersion
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near the BZ center, the group velocity coincides with the phase velocity
of the phonons, and it is the same as the sound velocity. Figure 4(b)
shows the dependence of the LA phonon group velocity on the Si dop-
ing concentration. The trend for the decreasing phonon velocity with
increasing doping is well resolved, and clearly above the experimental
uncertainty. The experimental standard error is defined by the ellips-
ometry instrumentation in the refractive index measurements. The
phonon softening with doping is in line with the report for B-doped
diamond and Nd-doped sapphire.'” However, the measured change in
the acoustic phonon velocity in our Si-doped AIN thin film sample
with the highest doping concentration of 3 x 10" cm > is relatively
small, i.e., ~300 m/s, which constitutes about ~3% decrease as com-
pared to the UID reference sample. Below we discuss the possible
physical mechanisms behind the measured dependence and explain
the possible implications of the phonon velocity change for the elec-
tronic applications of UWBG semiconductors.

As we found, Si doping in AIN thin films affects optical and
acoustic phonons differently. This can be understood, considering that
acoustic phonons involve long-wavelength, low-frequency vibrations
where atoms move in phase, resulting in relatively modest energy shifts
under strain. Optical phonons involve higher frequency vibrations
with atoms moving out of phase within the unit cell, making them
more sensitive to changes in bond lengths and angles caused by strain
fields. Acoustic phonons are influenced by the overall stiffness and
mass density of the crystal lattice, reflecting long-range order. The dop-
ant atoms can introduce lattice distortions and defects that reduce the
overall lattice stiffness. In the case of Si-doped AIN, these changes led
to a monotonic decrease in the frequency of acoustic phonons as the
doping concentration increased [see Fig. 4(b)]. The sensitivity of
acoustic and optical phonons to various dopants and defects depends
on the specific characteristics of a given material system. For example,
AIN has polar covalence bonds while diamond, another important
UWBG semiconductor, is non-polar. In polar materials, doping may
produce a stronger impact on optical phonons, and correspondingly
on Raman peaks; in non-polar materials, the doping may affect stron-
ger acoustic phonons and Brillouin peaks. The electronegativity differ-
ence between Al and N is ~1.43 while for Si and N it is 1.14, resulting
in the corresponding changes in relevant Raman peaks. The observed
different sensitivity of the optical and acoustic phonons to dopants
and defects can be used to gain more information about the material
using two complementary techniques, Raman and BMS
spectroscopies.

Let us now consider the relative strength of the effect of dopants
on acoustic phonons. As one can see from Fig. 4(b), the acoustic pho-
non velocity decreases from 10 425 m/s in the UID AIN reference sam-
ple to 10 160 m/s in the thin film with a Si dopant concentration of
3% 10" cm™>. This is a velocity reduction of ~2.5%. In the B-doped
diamond, the LA phonon experienced a ~2.4% velocity reduction at
10" cm™ doping concentration while AIN films had only a ~0.3%
velocity reduction for bulk acoustic phonons at 10'® cm™ Si doping,
The velocity of the surface acoustic phonon was reduced up to ~15%
in the diamond films with the B concentration of 3 x 10*°cm™> (see
Ref. 15). This indicates that Si dopants in AIN films produce a weaker
effect on the acoustic phonon velocity. A quantitative explanation of
the different impacts of dopants on phonons in UWBG semiconduc-
tors would require density-functional theory calculation for specific
types and concentrations of the dopants. One can consider the
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relatively small change in the velocity as beneficial for the thermal
management of devices based on Si-doped AIN. As mentioned above,
the acoustic phonon scattering on point defects, i.e., dopant atoms, will
only be defined by the concentration and not amplified by the reduced
phonon velocity. The same is true about acoustic phonon scattering on
dislocations. The phonon scattering rate on the dislocation line cores is
given by 12! = (N.V, /33 /v2)," where Ny is the concentration of dis-
location lines. One can see that the reduction in the phonon group
velocity would result in an enhanced scattering rate.

The effect of the acoustic phonon velocity change on the thermal
boundary resistance, Rp, can be even stronger. The value of Rp
depends on the phonon transmission probability, which is defined as
U1y = Zjv;f/(zjvff + z:jv;‘jz).’ls’/17 As seen, o depends on the
phonon group velocity, v;j, of the adjoining materials; any changes in
the phonon velocity will affect o, and thus, Rp. The measured acoustic
phonon velocity can be used for accurate calculation of the thermal
boundary resistance, Rg. If the effect of the dopant atoms in certain
material systems on the acoustic phonon velocity is strong, it does not
necessarily mean a detrimental effect on thermal management. One
can envision the possibility of using the dopant introduction into the
material with a higher phonon velocity to reduce the acoustic phonon
velocity ratio for the layers in heterostructures with the corresponding
reduction in Rg.

In conclusion, we investigated the acoustic and optical phonons
in Si-doped AIN thin films on sapphire substrates. The optical phonon
frequencies reveal non-monotonic changes, reflective of the variations
in the thin film strain and dislocation densities with the addition of Si
dopant atoms. The acoustic phonon velocity decreases monotonically
with increasing Si dopant concentration, but the overall change is rela-
tively small. The knowledge of the acoustic phonon velocities can be
used for the optimization of the UWBG semiconductor heterostruc-
tures and for minimizing the thermal boundary resistance of high-
power devices.

See the supplementary material for the full Raman spectra for
AlN/sapphire samples with the labeled Raman peaks from the sapphire
substrate.
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