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S1. Cleaning procedure and Al deposition technique of the MBE-

grown GaN thin films

Prior to the thin film growth, two-inch diameter HVPE semi-insulating GaN on sapphire wafers

are chemically cleaned and back side metallized with 2 µm of tantalum for uniform heating during

growth. The metallized wafers are diced into 1 cm × 1 cm templates. The templates are solvent

cleaned followed by a piranha (3 to 1 volume ratio of H2SO4 to H2O2) clean at 150 ◦C for 10

minutes and subsequently cleaned by 1:10 volume ratio of hydrofluoric acid to deionized water

for 30 seconds to remove oxides from the templates’ surface. The HVPE GaN templates are

then outgassed for thermal cleaning at 200 ◦C for 20 minutes in an introductory chamber with a

base pressure of ∼1 × 10−9 Torr followed by outgassing at 675 ◦C for 10 minutes in the growth

chamber with a base pressure of ∼1 × 10−10 Torr. Ga-flashing is employed in order to achieve

systematic improvement in the regrowth interface cleaning by three cycles of Ga-adsorption and

Ga-desorption, at 600 and 710 ◦C, respectively.1 The UID GaN films are grown at a substrate

temperature of 650 ◦C and a III/V ratio of 1.8 followed by Al deposition at 200 ◦C. Similarly,

the Mg-doped GaN films are grown at a substrate temperature of 600 ◦C and a III/V ratio of 1.5

followed by Al deposition at 200 ◦C. III/V ratios are measured in situ during growth by reflection

high energy electron diffraction (RHEED) transients.
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S2. First-principles lattice dynamics (FPLD) calculations of pristine

GaN

In these first-principles calculations, three different scattering mechanisms are included: the

three-phonon scattering, the isotopic scattering, and the boundary scattering. An iterative process

is used to get the converged phonon distribution and thermal conductivity using ShengBTE.2 For

the three-phonon scattering, a 4 × 4 × 4 q grid is used in the density functional perturbation

theory3 scheme to calculate the harmonic force constants using Quantum Espresso.4 The third

order force constants are calculated from a 4 × 4 × 4 supercell with eighth nearest neighbor

cutoff via a finite difference method. The isotopic scattering is calculated based on the natural

isotopic distribution of Ga and N. The boundary scattering, on the other hand, is considered

by introducing an extra scattering term with v/L, where v is the magnitude of the phonon group

velocity and L is the thickness of the calculation setup. This boundary scattering term assumes the

GaN/GaN interface to be completely diffusive, i.e., all the phonons are scattered after travelling

the L thickness.
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S3. TDTR measurements of GaN thin films

TDTR is an optical pump-probe technique that is widely used to characterize the thermal

properties of bulk and thin film materials. In our TDTR setup, a Ti:Sapphire pulsed laser (central

wavelength of 800 nm and repetition rate of 80 MHz) is split into a high-power pump and a low-

power probe beam. The pump beam is frequency doubled to 400 nm before it is modulated by an

electro-optic modulator (EOM). This modulated pump beam generates a small temperature rise

at the sample surface. The time-delayed probe beam monitors the transient thermal response by

measuring the thermoreflectance change with a balanced photodetector and a lock-in amplifier.

The reflected probe signals are processed by fitting the ratio of in-phase to out-of-phase signal

from the lock-in amplifier to a heat diffusion model.5–7 For the TDTR measurements of this study,

we use a 10X objective with 1/e2 pump and probe diameters of ∼17 and 10 µm, respectively.

Furthermore, due to the small thickness of the GaN thin films, a high modulation frequency of 8.8

MHz is used. This high pump modulation frequency is essential to increase sensitivity to GaN thin

film thermal conductivity and Al/GaN thermal boundary conductance. The uncertainty associated

with TDTR measurements incorporates the standard deviation of multiple measurements across

different spots, uncertainty associated with the Al transducer thickness and thermal conductivity,

and GaN heat capacity.

For interpreting the TDTR data, we assume that the epitaxial GaN/GaN thermal boundary

conductance is 1000 MW m−2 K−1. The sensitivity analysis for the 800 nm MBE-grown GaN

film corresponding to this boundary conductance is presented in the Supplemental Material Fig-

ure S1(a). For comparison, we also include the sensitivity analysis corresponding to a GaN/GaN

thermal boundary conductance of 200 MW m−2 K−1. Figure S1 (a) shows that despite the small

thickness of the GaN film, TDTR measurements have adequate sensitivity to the GaN thin film

thermal conductivity and Al/GaN thermal boundary conductance. It is also evident that when

the GaN/GaN thermal boundary conductance is high (i.e., 1000 MW m−2 K−1), its influence on

TDTR measurements is negligible. However, this influence becomes significant if the GaN/GaN

boundary conductance is relatively lower (i.e., 200 MW m−2 K−1). Therefore, to check the ac-

cuarcy of our high GaN/GaN thermal boundary conductance assumption, we measure the GaN
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thin film thermal conductivity as a function of modulation frequency at different temperatures as

presented in Figure S1(b). The sensitivity level of the GaN/GaN boundary conductance changes

with modulation frequency. In addition, the GaN/GaN boundary conductance also varies with

temperature.8–10 Thus, the assumption of high GaN/GaN thermal boundary conductance can be

considered valid if the obtained thin film thermal conductivity is consistent among different mod-

ulation frequencies at multiple temperatures. The measurements presented in Figure S1(b) show

this consistency, thereby validating our assumption. Similar high thermal boundary conductances

have also been reported in literature for other epitaxial interfaces.8,10–12

Figure S1: (a) Sensitivity analysis of TDTR measurements at 8.8 MHz modulation frequency for the 800 nm MBE-
grown GaN film. The dashed and solid lines correspond to GaN/GaN thermal boundary conductances of 200 and
1000 MW m−2 K−1, respectively. (b) Thermal conductivity of the 800 nm GaN film as a function of modulation
frequency at 200, 295, and 495 K.
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S4. SSTR measurements of GaN thin films

In our SSTR setup, two continuous wave lasers of 532 and 786 nm wavelengths are used as the

pump and probe beams, respectively. The pump is modulated at 100 Hz by a mechanical chopper

before it is incident at the sample surface. At such low modulation frequency, the pump beam

induces a steady-state temperature rise in the target sample. The probe beam then detects the

temperature rise using a balanced photodetector and a lock-in amplifier. By varying the pump

power, the incident heat flux at the sample surface and the resultant steady-state temperature rise

are changed. By correlating the heat flux and temperature rise with Fourier’s law, the thermal

conductivity of the sample is determined.13

In this study, we have selected three control samples for SSTR measurements: 1.9 and 2.1 µm

MOCVD-grown UID GaN thin films, and n-doped bulk HVPE GaN used as the substrate material.

The thinner GaN films are excluded as measurements of thinner samples can be highly influenced

by the GaN substrate or template properties. For these SSTR measurements, pump and probe

beams of 1/e2 radii of ∼10 µm are co-axially focused onto the sample surface. The experimental

proportionality constant, γ, is determined from a sapphire reference (35 W m−1 K−1) according

to the procedure described in previous publications.14,15

The SSTR-measured thermal conductivities of the control samples are shown in Table S1. The

SSTR uncertainty here accounts for the measurement repeatability, uncertainty in the γ value,13,14

Al transducer thermal conductivity, and thermal boundary conductances. As evident in Table S1,

SSTR measurements are in agreement with the TDTR-measured values. The SSTR measurements

here represent the geometric mean of in-plane and cross-plane thermal conductivites, whereas the

TDTR-measured values represent the cross-plane thermal conductivity.15

Table S1: Thermal conductivity of the control GaN samples measured by TDTR and SSTR

Samples Thermal conductivity
(W m−1 K−1)

TDTR SSTR
1.9 µm UID GaN 196 ± 20 203 ± 30
2.1 µm UID GaN 195 ± 20 209 ± 30

n-doped bulk HVPE GaN 210 ± 17 203 ± 16

6



S5. Modal nonequilibrium Landauer method for calculating Al/GaN

thermal boundary conductance

In this work, we use the modal non-equilibrium Landauer approach to calculate the thermal

boundary conductance across the Al/GaN interface. Detailed descriptions of this method have

been provided in Shi et al.16 and Koh et al.10 The phonon transmission coefficient at the Al/GaN

interface is calculated with the diffuse mismatch model (DMM). The local non-equilibrium effect

at the interface is considered with local temperature correction from the modal non-equilibrium

Landauer method. The phonon properties (e.g., phonon density of states, group velocity) of GaN

and Al are obtained from the density functional theory (DFT) calculations performed with VASP

(Vienna Ab initio Simulation Package).
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