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Supplementary Methods

1. High-resolution X-ray diffraction

High-resolution X-ray diffraction (XRD) measurements were performed using the
Philips PANalytical X'pert XRD system to assess the crystalline quality of AIN. XRD
¢-scans were specifically conducted on the AIN (1012) plane (Supplementary Fig. 3a).
The six pronounced peaks separated by 60° intervals confirm the hexagonal structure
and highly uniform in-plane orientation of the AIN layers. Furthermore, the high crystal
quality of AIN layers was evidenced by the narrow full width at half maximum (FWHM)

of 0.85° for the AIN (0002) rocking curve (Supplementary Fig. 3b).

2. Atomic force microscopy

The surface morphology of the AIN layer was characterized using tapping-mode atomic
force microscopy (AFM) on a Bruker Dimension ICON system, as depicted in
Supplementary Fig. 2. The root-mean-square (RMS) roughness of the GaN layer,

measured over a 5 umx5 um area, was found to be less than 0.67 nm.

3. Time-domain thermoreflectance

The Time-domain thermoreflectance (TDTR) measurements were performed on
our two-color platform' at the two modulation frequencies of 5.02 MHz and 10.00 MHz
at Peking University and also double checked by a two-tint system? with a modulation
frequency of 10.1 MHz at Tsinghua Shenzhen International Graduate School. The
corner of the sample which was not coated with AIN was first used to determine the

thermal conductivity of the diamond substrate (xpiamond). The fitting curves of xpiamond



are shown in Fig. 3b and Supplementary Fig. 8, yielding a value of 2180 Wm™ 'K,
which is close to the literature values®>. The measured diamond thermal conductivity
is used in the subsequent data fitting procedure for the AIN/Diamond sample, and the
fitting parameters are listed in Supplementary Table 1 where three unknown parameters,
GavAIN, KAIN, and Gamnpiamond, Were extracted. The representative experimental data and
fitting results for the sample with an AIN layer thickness of 230 nm, measured using
the two-color system, are shown in Fig. 3b (with modulation frequency of 5.02 MHz)
and Supplementary Fig. 10a. The lower bound of Gainpiamond Was estimated by fixing
one parameter, xka, to an upper bound of 100 Wm™'K™!, based on the theoretical
calculations in literature®. Repeating the fitting process, we found that Gaibiamond

should be no less than 700 MWm™2K"! (Supplementary Fig. 9).

The sensitivity S of the TDTR signal to a parameter o is determined by’

oln - I‘//t) (S1)

Sa = dln(a) ’

Parameters with higher sensitivity can be measured with greater accuracy. The
sensitivity plots for the sample with an AIN layer thickness of 230 nm and the

modulation frequencies of 5.02 MHz and 10.00 MHz are shown in Supplementary Fig.

11.

In order to further confirm the high Gain/piamond, an additional sample with an AIN
layer thickness of 150 nm was prepared and tested by the two-tint system
(Supplementary Fig. 12a). The thermal conductivity of the AIN layer varied, which is

attributed to the thickness dependence of xkain due to boundary scattering (the fitting



parameters are listed in Supplementary Table 2)°. However, the fitting result of
GAIN/Diamond is 870 MWm™K"!, which is very close to the result shown in Fig. 3b. The
sensitivity plot for this sample with a modulation frequency of 10.1 MHz are shown in

Supplementary Fig. 12b.

4. Frequency-domain thermoreflectance

The sensitivity Sy of the FDTR signal to a parameter x can be defined as the phase
difference caused by a certain amount of (say £10%) variations in x: Syi0%(®) =
@1.1(w)—@o.ox(®), as shown in Supplementary Fig. 13a. Based on the sensitivity curves,
the interfacial thermal conductance between Au and AIN (Gawa) shows the highest
sensitivity, and therefore can be accurately measured and is fitted to be 58 MWm2K'!
according to Supplementary Fig. 13c. The thermal conductivity of AIN (xamn) has a
lower sensitivity and is initially assumed to be 65 Wm™'K"! based on the TDTR results,
which is also consistent with previous reports considering the thickness and grain size
of the AIN layers ®. Once xaiv and Gawain Were set, the experimental data can be fitted
well when the interfacial thermal conductance between AIN and diamond (Gam/biamond)

is 900 MWm™K! (the fitting parameters are listed in Supplementary Table 3).

A notable deviation between the fitted curve and experimental data can be
observed when Gampiamond Was 600 MWm2K'!, suggesting that the interfacial thermal
conductance should be no less than 600 MWm™K"'. To further elucidate this, a contour
map of the root-mean-square error (RMSE) between the fitted and experimental data
for different xaiv is plotted. As shown in Supplementary Fig. 13e, the dark blue region

indicates the lowest RMSE value when Gawam is ~58 MWm2K!, and GaiN/Diamond
5



ranges from ~600 MWm?2K! to ~1000 MWm2K"!, which is consistent with
Supplementary Fig. 13b,c. If xan is set to 50 Wm™'K! (Supplementary Fig. 13d),
GaIN/Diamond Would exceed 900 MWm™2K'!. Similarly, if xaN is assumed to reach the
upper bound of 100 Wm™'K"!, the region with the smallest RMSE still suggests a high
GaIN/Diamond Oover 600 MWm™K™! (Supplementary Fig. 13f). Taken together, these
results confirm the ultrahigh interfacial thermal conductance between AIN and diamond,

which is approximately 900 MWm™2K"!, consistent with the TDTR results.

5. Training the neuroevolution potential model

We constructed AIN (0001)/Diamond (111) interface models with and without the

substitution of some C atoms by N atoms (Nc), each containing 184 atoms. The AIN
lattice was rotated by 60° to match that of the diamond. Then the structures were relaxed
for both lattice constants and atomic positions using the CP2K package’. Based on the
relaxed structures, we performed ab initio molecular dynamics (AIMD) simulations
under an isothermal-isobaric (NPT) ensemble to prepare the training and test datasets.
A total of 2710 configurations, spanning temperatures from 100 K to 1200 K, were
generated for both cases. Among them, 2304 configurations were used to prepare the

training dataset, while 406 were allocated for the test dataset.

Density functional theory (DFT) calculations were conducted using the CP2K
package’ to obtain the energies, forces, and virial stresses for these structures in the
datasets, with periodic boundary conditions (PBC) applied in all directions. The
Perdew-Burke-Ernzerhof (PBE) functional with the generalized gradient

approximation'? and the DZVP-MOLOPT-SR-GTH basis set!! were employed, along
6



with the Geodecker-Teter-Hutter (GTH) pseudopotentials'? to describe the ion-electron
interactions. Dispersion corrections DFT-D3 with the Becke Johnson damping

13,14

function were included. A cutoff energy of 700 Ry was used, and the energy

convergence criterion was 107 hartree. The k-points were set to 4x7x1.

The neuroevolution potential (NEP) models!*>!” for the interface with and without
Nc were trained using the Graphics Processing Units Molecular Dynamics (GPUMD)
package!'®?. The cutoff radii of the radial and angular descriptor components were set
to 6.5 A and 5 A, respectively. The number of descriptor components and basis
functions for the radial and angular descriptors were all set to 8. The training involved
150000 generations, while other parameters used default values. The training results
are shown in Supplementary Fig. 19. The low RMSE of energy, force, and virial stress

for both models demonstrate the high accuracy of the NEP model.

6. Interfacial vibration modes

Vibrations in the interfacial region tend to be rather complex. The atomic
vibrations near the AIN/Diamond interface consist of contributions from four sources:
the characteristic bulk modes of AIN, those of diamond, localized vibrational modes
due to the presence of the interface (lack of lattice translation symmetry), and the
localized modes caused by Nc on the diamond side. Based on a state-of-the-art
approach®'2*, the effects of the bulk vibrational modes on the two sides of the interface
can be subtracted by minimizing the difference between the overall spectrum and all
possible linear combinations of the two bulk spectra. The fitting is performed by

minimizing the residual:



Residual = Z”S(w) — a1Spiamond (@) — axSan (W)l (S2)
w

where S(w) is the overall spectrum in the interfacial region, Spiamona(®w) and
San(w) are the bulk spectra of diamond and AIN, respectively, and a; and a; are the

coefficients to be determined.

After removing the bulk contributions via residual analysis, it is also necessary to
further distinguish between the contribution from the lack of translation symmetry and
the impact of Nc. This is achieved by comparing the results of residual calculations for
the atomic structures with and without Nc. The role of the localized vibrational modes
associated solely with the N¢ in phonon transport across the AIN/Diamond interface

can then be analyzed.

The phonon eigenvectors were calculated using GPUMD with the finite-
displacement method for small models containing 3872 atoms, both with and without

Nc. For clarity, only partial structures are visualized in Fig. 5a.



Supplementary Figures
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Supplementary Fig. 1 iDPC-STEM images of AIN/Diamond interfaces, with the
same Ar-N: plasma treatment as in the main text, but under lower temperatures.
a, 25 °C, with ~1.2 nm-thick interfacial amorphous C layer remaining. b, 600 °C,

with ~0.6 nm-thick interfacial amorphous C layer remaining.
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Supplementary Fig. 2 Surface morphology of a representative AIN layer. AFM
scanning (5%5 um?) reveals a root-mean-square roughness of ~0.67 nm, indicating that
the surface is smooth enough to meet the requirements for TDTR and FDTR

measurements.
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Supplementary Fig. 3 XRD characterizations of the AIN layer obtained by the

interfacial atom engineering. a, XRD ¢-scan of the AIN (1012) reflection. The six
pronounced peaks separated by 60° intervals confirm the hexagonal structure and
highly uniform in-plane orientation of the AIN layers. b, XRD rocking curve for the

AIN (0002) plane. The narrow full width at half maximum (FWHM) of 0.85° confirms

the high crystalline quality of the AIN layer.
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Supplementary Fig. 4 TEM specimen thickness mapping at the AIN/Diamond
interface. a, An atomically-resolved STEM-HAADF image near the interface. b, The
thickness mapping results of this area. The specimen thickness, calculated by the log-
ratio method, is about 40~55 nm near the interface. The mean free path of a 60 keV
electron beam is estimated to be ~70 nm for diamond and ~60 nm for AIN?*. Therefore,

the thickness of the specimen is suitable for the EELS measurement at 60 kV.
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Supplementary Fig. S Orientation uniformity in the AIN layers grown on diamond
(111) substrate. A cross-sectional TEM image of the PVD AIN/Diamond sample is
shown in a. Eight different regions were selected for the acquisition of fast Fourier
transform (FFT) images, as shown in panels b-i. The border color of each FFT image
corresponds to the respective region in panel (A). The [0002] diffraction spot exhibits
nearly identical distance and orientation relative to the [0000] diffraction spot across all

FFT images, indicating remarkable uniformity.
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Supplementary Fig. 6 Atomically resolved interface structure of the AIN/Diamond
sample. Intensity difference phase contrast scanning transmission electron microscopy
(iIDPC-STEM) elucidates the atomic structure at the a-plane AIN/Diamond interface.
The bright spots observed in the upper portion of the figure correspond to Al-N
dumbbells within the AIN lattice. The atomic columns directly beneath the Al atoms
appear significantly brighter than the surrounding columns, as indicated by the
alternating blue arrows. This enhanced brightness suggests an alternating arrangement
of C atoms with other atoms. A plausible interpretation is the presence of N atoms in
these columns, suggesting that some C atoms on the diamond surface have been

replaced by N atoms.
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Supplementary Fig. 7 Atomically resolved element mapping across the

AIN/Diamond interface. Core-loss electron energy-loss spectroscopy elemental maps

for carbon (C K-edge, left), nitrogen (N K-edge, middle), and aluminum (Al K-edge,

right). Each stack is presented with a spatial step of 0.05 nm. Fig. 2e is derived from

the data presented in this figure.
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Supplementary Fig. 8 Representative TDTR data for the bulk diamond substrate.
Measured data (black circles) and fitted curve (red solid line) of the Al/Diamond sample
at room temperature. The upper and lower blue dashed lines represent the signals if the
thermal conductivity of the diamond substrate (kpiamond) differs from the best-fit value

by 10%, indicating that xpiamond €xhibits good sensitivity to such variations.
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Supplementary Fig. 9 Representative TDTR data for an AIN/Diamond sample
with 230 nm AIN, where kN is assumed to be 100 Wm™'K-!. Measured data (circles)
and fitted curve (solid line) of the sample at room temperature. The lower bound of
GAINDiamond Was estimated by fixing xaN to an upper bound of 100 Wm™'K™!, and the

fitting results suggested that Gapiamond should be no less than 700 MWm2K™".
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Supplementary Fig. 10 Representative TDTR data for an AIN/Diamond sample
with 230 nm AIN at the modulation frequencies of (a) 5.02 MHz and (b) 10.00 MHz.
Measured data (circles) and fitted curve (solid line) of the sample at room temperature.
The upper and lower blue dashed lines represent the signals if Gain/biamond differs from

the best-fit value by 20%, indicating that Gain/biamond has good sensitivity.
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Supplementary Fig. 11 Sensitivity analysis of the TDTR measurements for an
AIN/Diamond sample with 230 nm AIN. a,b, The signal sensitivity with respect to
GAvAIN, KalN, and Gainpiamond at the modulation frequency of (a) 5.02 MHz and (b)

10.00 MHz.
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Supplementary Fig. 12 Representative TDTR data for an AIN/Diamond sample
with 150 nm AIN layer. a, Measured data (circles) and fitted curve (solid line) of the
sample at room temperature. The upper and lower blue dashed lines represent the
signals if Gan/Diamond differs from the best-fit value by 20%, indicating that Gain/piamond
has good sensitivity. b, The signal sensitivity with respect to Gayamw, xamw, and

GAN/Diamond at the modulation frequency of 10.1 MHz.
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Supplementary Fig. 13 Sensitivity and uncertainty analysis for the FDTR
measurements. a, Calculated sensitivity to Gawain, xamN, and Gain/Diamond. b,c,
Comparison of the measured data with the fitted curve when Gampiamond takes the value
of (b) 600 MWm2K™! and (¢) 900 MWm2K™!. d-f, Contour maps of the root-mean-
square error (RMSE) between the measured and fitted data for three different values of

KkaN, including (d) 50 Wm™'K™, (e) 65 Wm'K™!, and (f) 100 Wm™'K".
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Supplementary Fig. 14 Schematic of the monochromated STEM-EELS setup in
the main text. A precisely focused electron beam with a probe diameter of less than
0.1 nm and a kinetic energy of 60 kV scans the sample and undergoes inelastic
scattering with the lattice vibrations. This generates an energy loss spectrum typically

confined to the <200 meV range, which is directly correlated with the local PDOS.

22



On-axis setup Off-axis setup

FWHM = 7.0 meV FWHM = 8.5 meV

Intensity (a.u.)
1
Intensity (a.u.)
1

-40 -20 0 20 40 -40 -20 0 20 40
Energy (meV) Energy (meV)

Supplementary Fig. 15 Energy resolution achieved in the EELS mappings. The
energy resolution in the EELS measurements is typically characterized as the full-width
at half-maximum (FWHM) of the zero-loss peak (ZLP). a,b, The best energy resolution
achieved was approximately (a) 7.0 meV for the on-axis setup and (b) 8.5 meV for the

off-axis setup when the electron beam was focused on the specimen.
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Supplementary Fig. 16 EELS data acquired across the AIN/Diamond interface
with different experimental configurations and in different regions. a, A low-
magnification HAADF image showing the regions where the datasets were acquired.
The boxes labeled b to e mark the four regions for data acquisition, corresponding to
panels b to e. EELS line profiles under (b,c) on-axis geometry and (d,e) off-axis
geometry acquired using different pixel sizes and in different scanning regions, with
other experimental conditions unchanged. All datasets give consistent results as the one

shown in Fig. 4a,b.
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Supplementary Fig. 17 Position-dependent normalized PDOS with and without
accounting for phonon population. a,b, Normalized PDOS across the AIN/Diamond
interface (a) with and (b) without N¢, without considering the phonon population. ¢,d,

Corresponding results considering the phonon population given by the Bose-Einstein

distribution at 300 K.
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Supplementary Fig. 18 Calculated spectral thermal conductance [G(w)] at the
interface corresponding to Fig. 4d. The yellow and green bands highlight the two
energy ranges with major contributions to G(®). The phonons in the 40-60 meV range,
which mainly consist of AIN-TA/LA/TO modes and diamond-BEH, contribute 39% of
the total thermal conductance. In addition, the matched AIN-TO/LO and diamond-TA
modes in the 85-105 meV range account for ~15%. This curve is the same as the solid
red curve in Fig. 5a but is replotted here to better show the energy ranges for integration

and the relative contribution to G.
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Supplementary Fig. 19 Parity plots of energy, force, and virial stress for different

models. a-f, Comparison of energy, force, and virial stress between the NEP predictions

and DFT references for models (a-¢) with and (d-f) without Nc. The root-mean-square

errors (RMSE) for both the training and test datasets are provided at the top left corner

of each panel.
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Supplementary Fig. 20 NEMD simulation for calculating the interfacial thermal
conductance. a, Schematic illustration of the model for the NEMD simulations. b,c¢,
Atomic structures for models (b) with and (¢) without Nc. d-g, The accumulated

energies in the thermostats and the temperature profiles for the models (d,e) with and

(f,g) without Nc at 300 K.
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Supplementary Tables

Supplementary Table 1 Fitting parameters for the TDTR data in Fig. 3b.

Laver Cp K Thickness G
Y MIm?K")  (Wm'K) (m)  (MWm2K")
Al 2.42 170 80 /
Al/AIN interface 0.1 / / Fit
AIN 2.44 Fit 225 /
AlN/Dlamond 0.1 / / Fit
interface
1000
Di 1. 21 )
iamond 75 80 (Infinity) /
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Supplementary Table 2 Fitting parameters for the TDTR data in Supplementary

Fig. 9.
Gy K Thickness G
Layer 311 -1 2171
(MJm~K™) (Wm™K™) (nm) (MWm™K™)
Al 2.42 170 80 /
Al/AIN interface 0.1 / / Fit
AIN 2.44 Fit 150 /
AlN/Dlamond 0.1 / / Fit
interface
) 1000
Diamond 1.75 2180 (Infinity) /
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Supplementary Table 3 Fitting parameters for the FDTR data in Fig. 3c.

Laver Cp K Thickness G
4 MIm3K")  (Wm'K')  (m)  (MWm?2K")

Au 2.48 149 70 /

Au/AlN interface / / / Fit
AIN 2.4 Fit 225 /

AlN/Dlamond / / / Fit

interface

Diamond 1.79 2170 1000 /

(Infinity)
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Supplementary Table 4 Interfacial thermal conductance values experimentally

achieved between diamond and various semiconductors which are plotted in Fig.

3d.

Interface G MWm2K1) Reference
Diamond/Si 90.9 »
Diamond/Si 100 26
Diamond/Si 50 +27/-13 7
Diamond/Si 63.7 2
Diamond/Si 80 2
Diamond/Si 105 2
Diamond/Si >500 »
Diamond/Si >200 ¥
Diamond/Si 142 »

Diamond/SiC 55 0

Diamond/SiC 529 3

Diamond/SiC 322 3

Diamond/SiC 93 32
Diamond/GaAs 40 3
Diamond/GaN 27.78 +13.89/-6.94 3
Diamond/GaN 55.56 »
Diamond/GaN 34.5 36
Diamond/GaN 27.78 37
Diamond/GaN 37.4 +4.63/-3.70 37
Diamond/GaN 83.33 +16.67/-11.90 3
Diamond/GaN 31.45 +6.29/-4.49 39
Diamond/GaN 57.47 +11.97/-8.45 ¥
Diamond/GaN 153.85 40
Diamond/GaN 54.95 +13.55/-4.18 4
Diamond/GaN 105.26 +22.94/-30.07 4
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Interface G MWm2K1) Reference
Diamond/GaN 53 A
Diamond/GaN 92 2
Diamond/GaN 33.33+6.67-4.76 s
Diamond/GaN 167 “
Diamond/GaN 90 *
Diamond/GaN 322.58 +94.09/-59.42 46
Diamond/GaN 28 o
Diamond/GaN 32.4 4
Diamond/GaN 71.3 o
Diamond/GaN 85.9 4
Diamond/GaN 2541 4
Diamond/GaN 38.46 +24.04/-10.68 9
Diamond/GaN 200 ¥
Diamond/GaN 120 %0
Diamond/AIN 62.5 !

Diamond/Ga;03 179 32
Diamond/Ga;03 136 >
Diamond/Ga;03 139 32
Diamond/Ga;03 33.1 +2.0/-1.9 3
Diamond/Ga;03 60.9£3.0 >
Diamond/Ga;O3 46.1£2.3 >
Diamond/Ga;0s 127.06 »
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