Non-linear optics at twist interfaces in h-BN/SiC heterostructures
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Abstract

Understanding the emergent electronic structure in twisted atomically thin layers has led to the
exciting field of twistronics. However, practical applications of such systems are challenging
since the specific angular correlations between the layers must be precisely controlled and the
layers have to be single crystalline with uniform atomic ordering. Here, we suggest an
alternative, simple and scalable approach where nanocrystalline two-dimensional (2D) film on
three-dimensional (3D) substrates yield twisted-interface-dependent properties. Ultrawide-
bandgap hexagonal boron nitride (h-BN) thin films are directly grown on high in-plane lattice
mismatched wide-bandgap silicon carbide (4H-SiC) substrates to explore the twist-dependent
structure-property correlations. Concurrently, nanocrystalline h-BN thin film shows strong non-
linear second-harmonic generation and ultra-low cross-plane thermal conductivity at room
temperature, which are attributed to the twisted domain edges between van der Waals stacked
nanocrystals with random in-plane orientations. First-principles calculations based on time-
dependent density functional theory manifest strong even-order optical nonlinearity in twisted
h-BN layers. Our work unveils that directly deposited 2D nanocrystalline thin film on 3D
substrates could provide easily accessible twist-interfaces, therefore enabling a simple and
scalable approach to utilize the 2D-twistronics integrated in 3D material devices for next-
generation nanotechnology.

Keywords: Twistronics, h-BN films, pulsed laser deposition, nano-domains, second harmonic

generation, thermal conductivity, time dependent density functional theory



Twisting of two-dimensional van der Waals (2D-vdW) materials and their heterostructures
have recently become an emerging topic in materials science and condensed matter physics
(coined as twistronics)>>3. Twist angles between 2D-layers (via the formation of
moiré patterns) alter electrical, optical and magnetic properties, manifesting a wide-range of
multifunctional properties and twistronic systems*>6, Among numerous 2D materials, graphene
and hexagonal boron nitride (h-BN) have been widely researched and their twisted h-
BN/graphene/h-BN heterostructures (moiré superlattices) have been studied, demonstrating
emergent phenomena’210, Recently, studies have revealed “ferroelectric-like domains” due to
the stacking of two h-BN layers at small twisted angles (6 <1°), attributed to the interfacial
elastic deformations'*213, Ex-situ mechanical stacking of thin individual monolayers of
exfoliated single crystal materials has been used for twistronics, which is non-trivial and a time-
consuming process®. Although the transfer assembly enables successful stacking of 2D layers
with desired twist angles, future application of twistronics would demand an alternative in-situ
and clean approach for the mass production of twisted 2D-materials. Therefore, thin film
growth of such 2D-materials with the inherent generation of twist-interfaces by exploiting the
interfacial lattice mismatch between the films and underlying substrate templates would
possibly be a feasible alternative method. Though recent studies on twisted epitaxial graphene
on SiC have shown some promise as a platform for the fundamental study, the control of the
twist angle between the layers remains technically challenging and non-trivial'41516,

Structurally, among various polymorphs of BN, the most stable h-BN lattice forms a 2D-
layered structure with hexagonal stacking, with an ultrawide-bandgap (UWBG) of ~5.9 eV*":18,
It is a centrosymmetric non-polar system with lattice parameters of a=b = 2.50 A, ¢ = 6.661
A. It has unique functional properties, e.g., lightweight, chemical inertness, possesses excellent
optical properties, anisotropic thermal conductivity, and high dielectric constant, making it an
applicable inert and thin dielectric barrier as well as a heat-spreading/thermal isolation material
in devices®®. On the other hand, 4H-SiC is also a promising electronic material with a wide-
bandgap (WBG) of ~3.2 eV'’. It also forms a hexagonal lattice with a stacking sequence of
ABCB and lattice parameters of a =b = 3.08 A and ¢ = 10.08 A2, It has a unique combination
of fascinating properties, e.g., high chemical stability, and high breakdown voltage, making it
very useful for high-power field effect transistors, bipolar storage capacitors, and ultraviolet
detectors?'2223, Therefore, it could be envisioned that the growth of 2D h-BN on 3D 4H-SiC
substrate with high in-plane lattice mismatch would require long-range commensurability, and
to minimize (or release) the interfacial energy it may form unique structures with the consequent

observation of emergent properties.
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Fig. 1: Structural characterizations of h-BN films. (a), (b) B 1s core and N 1s core X-ray

photoelectron spectroscopy shows the characteristics of B-N bonding along with the n-Plasmon
peaks. (c) XPS valence-band spectrum (VBS) of the grown h-BN film. Inset shows the VBS of
4H-SiC substrate. (d) Raman spectra show a hump within ~1360-1380 cm, corresponding to

the transverse optical Eq vibrations for in-plane B-N stretching in sp? bonded h-BN. (e) Atomic

force microscopy surface morphology of 4H-SiC substrate and the BN film grown on it. (f)

Refractive index of h-BN film and pristine 4H-SiC, in the visible to near infrared wavelength.
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There have been several reports on h-BN thin film growth on pristine SiC or graphitized
SiC substrates?42526:27.28.29.30 Recently, reports contradict the crystalline nature of the grown h-
BN film on graphene covered 6H-SiC. For example, Shin et al. grew epitaxial single-crystal h-
BN/graphene lateral structure on Si-terminated 4H/6H-SiC (0001)?°. Very recently, Lin et al.
have shown by performing comprehensive analysis that on 6H-SiC (0001), h-BN forms a
hexagonal BxNy layer, rather than of high-quality stoichiometric epitaxial h-BN films®,

Herein, we have grown 2D h-BN thin films grown on 4H-SiC substrates and demonstrated
its twist-dependent structure-property correlations. In-depth spectroscopic and microscopic
characterizations confirm the growth of nanocrystalline h-BN film. The film is found to be
strongly second harmonic generation (SHG) active, also demonstrating modulation of photon
counts with film thickness. Simultaneously, we obtained low cross-plane thermal conductivity,
at room temperature. These coexisting properties are attributed to the twisted interfaces related
to nano-domain edges in h-BN with random in-plane orientations, as supported by the first-

principles time-dependent density functional theory calculations.

Growth and characterizations of h-BN films

We have grown h-BN thin films on commercially available n-type 4H-SiC (0001) substrates
by using the pulsed laser deposition (PLD) (Methods). We performed the core level X-ray
photoelectron spectroscopy (XPS) to characterize the BN films. B 1s core and N 1s core spectra
show the presence of characteristic B-N bonding (~190.3 eV and ~398.1 eV), along with n-
Plasmon peaks that correspond to h-BN (Figs. 1a and 1b and Supplementary Information Fig.
$1)31:3233 The atomic percentage of B:N was found to be ~1:1 (38.4:38.9 to be precise). The
small hump around ~187.5 eV is due to the B-C peaks, possibly arising from an ambient air
exposure related advantageous carbon effect. We also performed the XPS valence band
spectroscopy (VBS) which shows the presence of two peaks, related to n+c band and s-band
(Fig. 1¢)%*35, From VBS, we also found the valence band maxima (VBM) position at ~1.9 eV
from the Fermi level (Ef). The characteristic VBS of 4H-SiC substrate is also shown (inset of
Fig. 1¢)3¢. Furthermore, the Raman spectra show the presence of sp? bonded Ezq peak of h-BN
around ~1370-1380 cm, which corresponds to the in-plane Ezq vibrational mode of h-BN (Fig.
1d)3L. The BN film Ezq peak intensity is significantly smaller than the surrounding two-phonon
spectrum from the pristine 4H-SiC substrate. A similar trend in Raman spectra had also been
observed in epitaxial graphene grown on SiC substrate”28, and it is attributed to the strong
interfering signal arising from the SiC. The Raman spectra at various locations on the film are

also shown (Supplementary Information Fig. S2).
5



A%
v AL

N K-edge Intensity

B K-edge Intensity

(c)

400 (d) 150
200 100
50
0 0
500F 7
) 280
c 400} c =
3 2 360 g
o300} & o !
2 5 240t 2!
= 200f £ = g
g @ g20f | =
£ 100+ £ ;
0 MAW 0 .‘l‘h ..l\.nl L L
180 200 220 240 260 380 400 420 440 460 480 500 520
Energy Loss (eV) Energy Loss (eV)
(e) h-BN 4H-sic ()
i i h-BN film

Mo E

O

Fig. 2: Electron microscopy and crystal symmetry of h-BN/SiC. (a) High-resolution cross-
sectional microscopic imaging of h-BN film on SiC. (b) Several nano-domains with crystalline
fringes are visible (yellow regions). (c), (d) Core-loss electron-energy loss spectra (EELS) and
B K-edge and N K-edge elemental mapping showing the uniform presence of B and N. (e) Top-
view in-plane hexagonal structures of h-BN and 4H-SiC. Commensurate lattice matching
between h-BN and 4H-SiC. (f) Nano-domains of h-BN and possible twisted interfaces.
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The atomic force microscopy (AFM) image shows the triangular-shape-like morphology
with lateral sizes of ~50-100 nm (Fig. 1e), compared with the smooth surface of bare single
crystal 4H-SiC substrate. We also measured the refractive index (RI) of the film. In general, as
shown in the literature, the RI value of crystalline h-BN flake is ~1.7-2.2, in the visible to near
infrared (NIR) wavelength range, depending on the uncertainty of the thickness, roughness and
crystallinity3®49, In our case, we also observed a comparable RI value of ~1.7-1.8, in the similar
wavelength range (whereas 4H-SiC single crystal substrate shows RI of ~2.6-2.9) (Fig. 1f). All
these characterizations confirm the growth of h-BN films on 4H-SiC.

To get more information about crystalline quality of grown h-BN, we performed the cross-
sectional high-resolution transmission electron microscopy (HRTEM) of h-BN/SiC film. For
imaging, cross-sectional TEM lamella was prepared by a standard focused-ion-beam (FIB)
method, based on mechanically thinning the sample followed by an Argon ion milling
procedure. The cross-sectional bright-field image shows the interface between BN and SiC (Fig.
2a). While zoomed into the BN regions, interestingly, nano-domains with clear fringes are
visible, embedded in uniform amorphous-like BN (Fig. 2b). The interplanar d-spacing of these
fringes are ~0.33 nm, corresponds to the (0002) diffraction plane of h-BN (Supplementary
Information Fig. S3)8. Moreover, the electron-energy loss spectra (EELS) in the BN region
also confirms that it is h-BN, with a uniform distribution of B and N (Figs. 2c and 2d).
Regarding the nanocrystalline growth, it is quite plausible, as the lattice mismatch between the
h-BN film and 4H-SiC substrate is extremely high, with a tensile strain of ~23.2% (calculated

as (?) x100% where ag is the substrate and a is the film in-plane lattice constant) (Fig.
f

2e). Even the commensurate lattice matching (i.e. 5a h-BN =~ 4a 4H-SiC) would impose a strain
of ~1.44% (Fig. 2e). Hence, to release such high interfacial energy, h-BN tends to form
nanocrystalline ordering (Fig. 2f), instead of epitaxial film with long-range ordered structure,

thereby forming random nano-domains with grain boundaries and twisted-interfaces.

Optical second harmonic generation and cross-plane thermal conductivity
The non-linear optical properties of vdW materials are sensitive to the stacking order.#42
Broken inversion symmetry may lead to non-trivial topological electronic bands and more
stable spin-orbit polarizations. In nanocrystalline h-BN, we expect various stacking faults
resulting in local inversion symmetry breaking and cumulative finite SHG, which is prohibited
in bulk single-crystalline h-BN. To test this hypothesis, we performed SHG imaging for h-BN
films with various thicknesses grown on 4H-SiC. 4H-SiC belongs to space group P6smc and

7



forbids SHG for incident light along (0001) direction. Meanwhile, single crystalline monolayer
h-BN is known to have finite SHG with a second-order nonlinear susceptibility (x?) about ~20
pm/V for monolayer h-BN*34445_For h-BN with an even number of layers, x® will vanish due
to the restriction of structural symmetry*3. However, for nanocrystalline h-BN with sub-
wavelength domain sizes, defects and random domain orientation may statistically result in
finite SHG regardless of layer number4:46,

Figure S4 illustrates the schematics of our scanning SHG microscopy (Methods). While
bare 4H-SiC substrate has almost zero SHG signal, h-BN/SiC shows strong SHG signal from
the sample area with high contrast against the background (Fig. 3a and Supplementary
Information Fig. S5). The histogram of SHG photon count distribution for BN/SiC with
different film thickness are shown (Fig. 3b). The effective ¥ of a 10 nm BN film is calculated
to be ~3.3 pm/V, based on the experimental parameters and calibration with known samples
(Methods). For 50 nm BN film, the effective @ is ~1.2 pm/V. This reduction of effective y®
in thicker films is expected as SHG from randomly oriented domains scales linearly with the
thickness (Methods). We also measured the SHG for h-BN films grown on sapphire and GaN
substrates (Supplementary Information Fig. S6), on which films are either single-crystalline (on
sapphire) or fully disordered (on GaN)*¢4’. Comparatively, the SHG signal for nanocrystalline
h-BN on 4H-SiC is found to be significantly higher (~25 times) than the film on these substrates
(with an effective x® of ~0.10 pm/V)*.

We measured the cross-plane thermal conductivity k, of film using the optical pump-probe
method of frequency-domain thermoreflectance (FDTR) (Methods). An electro-optic
modulator (EOM) induced a sinusoidal intensity modulation on the pump, 488 nm continuous
wave laser (from a signal generated by the lock-in amplifier), creating a periodic heat flux on
the sample surface®®. An unmodulated, 532 nm continuous wave probe laser monitored the
surface temperature through a change in surface reflectivity (Supplementary Information Fig.
S7). Au was chosen as a transducer layer to maximize the coefficient of thermo-reflectance at
the probe wavelength. We compared the measured phase lag of the probe beam (measured with
respect to the reference signal from the lock-in amplifier) against the calculated phase lag of
the sample surface temperature, induced by a periodic heat source at the sample surface*®. The
sample is modeled as a three-layer system, where each layer includes the volumetric heat

capacity c,, cross-plane thermal conductivity k,, in-plane thermal conductivity k;, layer
D II

thickness, and the thermal boundary conductance G; and G, (inset of Fig. 3c).
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Fig. 3: Optical second harmonic generation and cross-plane thermal conductivity of h-BN.
(a) Spatial SHG intensity mapping of h-BN surface. (b) SHG photon count histogram of pristine
4H-SiC and h-BN/SiC with varying thickness. Large contrast can be observed from all three h-
BN/SIC thin films compared with bare 4H-SiC. The histogram intensity is normalized by the
highest count in each sample separately. (c) Phase vs. frequency data obtained from FDTR
measurements shows a good approximation to the calculated best-fit curve. Inset shows the
multilayer sample model. (d) Sensitivity analysis of the thermal conductivity of the Au

transducer layer, the thermal boundary conductance G1, G, and h-BN.

An example of the phase vs frequency data obtained from FDTR of an average of three runs
acquired on one spot location (Fig. 3c). The data is in good approximation to the best-fit curve
obtained from solving the heat diffusion equation. A more comprehensive description of
solving this equation is detailed by Schmidt et al >%°, We used the analytical method to estimate
the uncertainty of our fitted data based on the parameters and measurement®. Sensitivity
analysis is used to help us determine which parameters can be fit together (Supplementary
Information). The cross-plane thermal conductivity k, , of h-BN is the parameter of interest and
it is most sensitive at higher frequencies (Fig. 3d). The thermal boundary conductance G,
between Au and the epitaxial h-BN, G, between h-BN and the bulk SiC substrate, and k of Au

9



are most sensitive at higher frequencies. Hence the focus was primarily on fitting the k of h-
BN. At room temperature, the average k, of three runs (measured at three different spot
locations) of grown h-BN film was found to be 0.47+0.04 Wm™K?, which is one order lower
than the bulk crystalline h-BN®Z,

Discussion on the structure-property correlations

Based on the strong SHG signal and lower cross-plane thermal conductivity, we introduce
the recently proposed concept of “twist-optics” by Yao et al., originating from the twisted
interfaces®2. They found that by tuning the twist-angles between the h-BN layers, SHG intensity
could even be modulated by a factor of ~50 (for our nanocrystalline h-BN film it is ~25 times).
Since the artificial alternation of layers can break the local symmetry at buried vdW-interfaces,
the second harmonics waves generated at each interface can be coherently harnessed which
amplifies the nonlinear efficiency and the observation of a strong SHG signal.

On the other hand, nanocrystalline h-BN shows lower cross-plane thermal conductivity
than its single crystalline counterpart®. As reported in the literature, bulk h-BN shows
anisotropy in thermal conductivity with room temperature cross-plane thermal conductivity
varying between 2-5 WmK-15!, Recently, Jaffe et al., investigated grain boundary effect in the
lowering of thermal conductivity as they introduced the twisted sheets of BN with different
thickness and random twist angles®®. They found the low cross-plane thermal conductivity of
~0.26+0.01 WmK™* for a ~74 nm film by stacking the five twisted h-BN layers, which is ~7
times lower than the calculated thermal conductivity value of ~2.0 Wm™K™. They attributed
this lowering of cross-plane thermal conductivity to the twisted interfaces originating from the
grain boundary effects. By using molecular-dynamics simulations it has been shown that
twisted interfaces (i.e., grain boundaries) indeed act as strong phonon-phonon scattering
centers, thus limiting the long phonon mean free paths at twist boundaries, and significantly
reducing the cross-plane thermal conductivity®.

The situation of “twist-interfaces” and thereby the twist-optics scenario can be envisioned
here by illustrating a correlation between the h-BN films structure and properties. Here h-BN
film layers are not deliberately (mechanically) twisted on SiC substrate; however, as can be
seen from the HRTEM image, the h-BN film layers have random nano-ordered regions, which
can be imagined as twist interfaces. As a result, symmetry is broken at these interfaces with the
generation of collective second harmonic signals, resulting in strong SHG. Simultaneously,
since these interfaces are randomly ordered, they induce strong phonon-phonon interactions,

with the reduction of phonon mean free paths, thereby lowering the thermal conductivity.
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Time-dependent density functional theory (TDDFT) for higher harmonics
For further insights about this twist-interface hypothesis, we performed extensive time-
dependent density functional theory (TDDFT) calculations for higher harmonic generation
(HHG) by twisting h-BN layers that have been demonstrated to exhibit a reliable description of
the non-linear and non-perturbative responses of extended systems including h-BN
heterostructures®>°%°57 Employing state-of-the-art simulations (see Methods), we analyzed
high harmonic spectra for three twist angles (6= 0°, 21.79°, and 60°) (Fig. 4a). To reduce the
complexity and computational burden, we have not incorporated the complicated stacking
orders, strain effect and structural relaxation effects, rather focused on the role of the twist angle

on the calculated HHG spectra.

@) 0~0° 0~ 21.79°

N

Log(Intensity) (a. u.)

S T2 3 4
Harmonic Order

Fig. 4: Theoretical insights for the higher harmonic generation from twisted h-BN layers.
(a) Atomic structures of h-BN multilayers with different twist angles (6). The white, orange
and green spheres are nitrogen, boron (top layers) and boron (bottom layers), respectively (b)
Higher harmonic spectra for h-BN layers with a twist angle of ~0°, 21.79° and 60°, respectively,

highlights the strength of second harmonics.
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We find that the HHG spectrum of bulk h-BN changes significantly for the conditions with
and without twists (Fig. 4b). The harmonic intensity is probed along with the corresponding
applied laser pulse, which is parallel with the pump laser polarization. For the pristine AA’
stacking (€= 0°), clean odd harmonic peaks are observed for an excited pump laser (800 nm)
while no clean even harmonics are obtained. However, for the ¢ = 21.79° and 60°, HHG
spectrum shows that the efficiency of second harmonics is significantly high. We observed ~27
and ~30 times increments in the second harmonic yield for the 21.79°and 60° twist cases,
compared to the zero-twist angle (Fig. 4b). These results are in good agreement with previous
theoretical predictions®®. The enhanced SHG is explained by the broken inversion symmetry
from the phase difference in the adjacent layers in twisted h-BN layers, in contrast to the ideal

non-twisted h-BN, which is an inversion-symmetric crystal in equilibrium®2,

Conclusion

In summary, h-BN thin films grown on 4H-SiC substrates exhibit fascinating structural-
property correlation. Film shows strong second harmonic generation signal and ultra-low cross-
plane thermal conductivity, similar to the mechanically twisted single crystalline h-BN layers.
Concurrent observations of strong second harmonics generation and low cross-plane thermal
conductivity are attributed to the twisted-interfaces (randomly oriented nanocrystalline
domains), harnessing the second-harmonic signal, as well as increasing the phonon-phonon
scattering (low thermal conductivity). First-principles time-dependent density functional theory
calculations for twisted h-BN layers supports the observation of strong even-order harmonic
signals. Our work demonstrates that directly deposited thin films of 2D-vdW materials on 3D
substrates could have significant twisted interface regions and application worthiness, enabling
simple, scalable approaches to utilize 2D twistronics integrated in 3D nanotechnology.

12



Methods

Thin film growth (Pulsed laser deposition, PLD):

We have grown various thicknesses of h-BN thin films on commercially available n-type
(Nitrogen doped) 4H-SiC (0001) substrates (MSE Suppliers, USA) by using the load-lock
assisted PLD (operating with a KrF laser of 248 nm wavelength and a 25ns pulse width) growth
facility. Prior to the insertion, we cleaned the substrate in an ultrasonic bath with acetone. The
base pressure of the main growth chamber was ~5 x10° Torr, and the load-lock pressure was
5x10® Torr. We used a commercially available one-inch diameter h-BN target for the ablation.
Films are grown at ~750 °C, and under 100 mTorr N2 partial pressure. Prior to the growth,
substrates are pre-annealed at the same growth temperature and pressure for ~15 min. Films are
grown at 5 Hz repetition rate and with the laser energy of ~230 mJ (fluency ~2.2 J/cm?). The
target-to-substrate distance was kept at ~50 mm. The laser spot size is ~1.5 mm x 7 mm. Films
are post-annealed for ~15 min at the same growth pressure and temperature to compensate for
the nitrogen vacancies, and then cooled down to room temperature at ~20 °C/min. The average

growth rate is found to be ~3.6 nm/min.

Structural, chemical, microscopic and optical characterizations (XPS, VBS,
Raman, AFM, HRTEM and Refractive index):

X-ray photoelectron spectroscopy was performed by using PHI Quantera SXM scanning X-
ray microprobe with 1486.6 eV monochromatic Al Ko X-ray source. High-resolution XPS
elemental scans and valence band spectra (VBS) were recorded at 26 eV and 69 eV pass energy.
Park NX20 AFM was used to obtain surface topography, operating in tapping mode using Al-
coated Multi75Al cantilevers. Raman spectroscopy was measured using a Renishaw inVia
confocal microscope with a 532 nm laser used as the excitation source. For cross-sectional
atomic scale imaging, the TEM specimens were prepared via a focused ion beam (FIB) milling
process employing a Helios NanoLab 660 FIB unit (at Rice University) with gold to avoid
discharging and amorphous carbon as protecting layers. The EELS spectra were acquired in
Nion UltraSTEM unit (ORNL, USA) which was also equipped with a Gatan Enfina electron
energy-loss (EEL) spectrometer to identify the elemental homogeneity of the sample with an
EELS collection semi-angle of ~48 mrad. Variable angle spectroscopic ellipsometry (VASE)
was applied to measure the refractive index (M-2000 Ellipsometer by J. A. Woollam Company)

in the Class 100 (ISO 5) clean room facility at Rice University.
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Optical second harmonic generation:

Second harmonic generation was performed using the home-built setup with a reflection
geometry. A MaiTai (Spectra-Physics, USA) laser with 84 MHz repetition rate was used to give
near-infrared pumping with the wavelength of 800nm and 40 fs pulse duration after optical
compression. The laser is directed to a microscope with a scanning stage, which allows for
spatially resolved SHG imaging, and then focused by a 20x objective to a spot size with a
diameter of around 5.2 um. The average laser power was kept at 10 mW at the sample location.
The reflected signal is filtered by a 785 nm short-pass filter and a 400 nm bandpass filter to
eliminate the reflected pump beam (Supplementary Information Fig. S4). The signal is finally
detected using a single pixel photon counter (C11202-100, Hamamatsu, Japan). The calculation
of effective @ is based on the method described elsewhere>® for ultra-thin non-linear optical
materials, followed by the equation:

2 2
16\/25|ng)f| W?Pjp?
Py =

1)

c3egfnrt(14n)®
Where Psy . (P;;,) is the averaged SHG signal (pump) power, Xﬁff is the effective 2, S=0.94 is
a shape factor for Gaussian pulses, w is the frequency of pump light, c is the speed of light,
& 1S the vacuum dielectric constant, f is the pump laser repetition rate, r is the radius of pump
laser spot at focus, t is the pulse duration, and n is the refractive index of 4H-SiC substrate. We
have also verified our calibration using monolayer CVD grown WS, samples with known
x®~0.7 nm/V that after considering the collection efficiency for 400nm light (~10%), the
output SHG power is about to be 4pW under the ImW 800nm pumping pulse incidence. In

polycrystalline materials, xiffcan be regarded as the sum effect of different domains, which is
given by:
NG 2
Pspg |X£f3| = |Zn X%2)| (2)
where Xfl is the effective 2 of the n'" domain within the pump laser illumination volume on the
sample. Since there is no correlation between each domain, Eq (2) can be rewritten as:
2 2
| = Zali] (3)

Assume the crystal quality is the same, Py should be proportional to the number of domains

Py x

within the pump laser illumination volume, which is linear proportional to sample thickness d,
which is not what we observed in Fig. 3b. This indicates that for thicker samples the crystalline

structures could be higher disordered.
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Cross-plane thermal conductivity:

We measured the cross-plane thermal conductivity by using the optical pump-probe method
of frequency-domain thermoreflectance (FDTR). An FDTR system is implemented with two
continuous-wave lasers: a 488 nm pump and a 532 nm probe (Supplementary Information Fig.
S7). The vertically polarized pump beam first travels through an optical isolator. The pump
beam is focused into an electro-optic modulator (EOM), and a horizontally polarized beam is
transmitted through a beam splitter (BS) and through a polarizing beam splitter (PBS). A
microscope objective then focuses the beam onto the sample. The lock-in amplifier transmits a
periodic signal to the EOM. The EOM then creates a periodic heat flux with a Gaussian spatial
distribution on the sample surface. The probe beam first travels through an optical isolator and
then through the BS, which coaxially aligns the probe beam with the pump beam. The probe
beam, which is horizontally polarized, then travels through the PBS and passes through the
quarter wave-plate, where the circularly polarized light is then focused by a microscope
objective onto the sample (on the pump spot) to monitor the periodic fluctuations in reflectivity
at the sample surface caused by the oscillating sample temperature. The post-sample is then

reflected through the quarter-wave plate and reflected by the PBS to the photodetector.

First-principles calculation

The non-linear response functions of the heterostructure were obtained by evaluating the
time-dependent electronic current computed by propagating the Kohn-Sham equations in real
space and real time, as implemented in the Octopus code®06162 with the adiabatic LDA
functional®. All calculations were performed using the fully relativistic Hartwigsen, Goedecker,
and Hutter (HGH) pseudopotentials®. In the simulations, we use three-layer h-BN on top and
three-layer on the bottom to model the effect of interfaces. The laser pulses are treated
classically in the dipole approximation (induced vector fields are imposed to be time-dependent
but homogeneous in space) using the velocity gauge and we use a sin-square pulse envelope.
The h-BN multilayers are sampled with six layers, including top three and bottom three layers,
respectively. The real-space cell was sampled with a grid spacing of 0.4 Bohr and the Brillouin
zone was sampled with a 42x42x21 k-point grid to sample the Brillouin zone, which yielded
highly converged results for h-BN. The BN bond length is taken here as the experimental value
of 1.445 A. We consider a laser pulse of 25-fs duration at full-width half-maximum (FWHM)
with a sin-square envelope, and the carrier wavelength A is 800 nm, corresponding to 1.55 eV.

The HHG spectra are directly calculated from the time-dependent current J(r,t) by a discrete
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Fourier transform after a temporal derivative as

HHG(o) = |FT (%f d3r J(r, t))|2 (4)

Data availability

The data that support the findings of this study are available from the corresponding author

upon reasonable request.
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Fig. S1: Structural characterizations of a 10 nm h-BN film. (a), (b) B 1s core and N 1s core X-

ray photoelectron spectroscopy shows the characteristics of B-N peaks.
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Fig. S2: (a), (b) Raman spectra at several places of a thin h-BN film showing a hump around

~1360-1380 cm™, corresponding to the transverse optical Ezq vibrations for in-plane B-N bond

stretching in sp? bonded h-BN. (c) Raman spectra of a thick 300 nm BN/SiC film shows a clear

E2g h-BN peak.
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Fig. S3: (a)-(e) Several nano-domains with clear crystalline fringes (d-spacing of ~0.33 nm)
are also observed, corresponding to interplanar d-spacing of (0002) h-BN.
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Fig. S4: Schematic of the second harmonic generation (SHG) excitation and collection from
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Fig. S6: Comparative SHG response of h-BN thin films grown on SiC, c-Al.O3 and GaN

substrates, by using the same growth conditions, showing much larger SHG signal on SiC.
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Frequency-domain thermoreflectance (FDTR) details:

The detailed derivation of the mathematical model can be found elsewhere*®%°, The phase
lag of the probe beam, measured with respect to the reference signal from the lock-in amplifier,
is compared against the calculated phase lag of the sample surface temperature to a periodic
Gaussian heat source at the sample surface*®. Mathematically, the solution to the calculated
phase lag (based on individual materials physical properties of interest, in our case k and G,)
can be expressed as a complex number Z(w, ), such that the output of the lock-in amplifier for

a reference wave e'®o ¢ is given by
Aei(wot+¢) — Z(wo)eiwot (Sl)

where w, is the modulation frequency, A is the amplitude, and ¢ the phase of the fundamental
component of the probe signal with respect to the reference wave*.

In the case of continuous-wave pump and probe beams
Z(wo) = ,BH((‘)O) (52)

where g is a factor including the thermoreflectance coefficient of the sample and the power of
the pump and probe beams*. H(w,) is the thermal frequency response of the sample weighted
by the intensity of the probe beam*°. The weighted sample frequency response, H(w,), is
obtained by solving the heat diffusion equation for a Gaussian heat source (the pump beam)
impinging on a multilayer stack of materials and weighting the resulting temperature
distribution at the top surface by the Gaussian intensity distribution of the probe beam*°.

As an example, for a single slab of material in the frequency domain, the temperature 6,
and the heat flux f; on the top side of the slab are related to the temperature 8,, and the heat flux

f on the bottom side through

[Bb]z cosh(qd) _—151nh(qd) [et] (S3)

fi fud fi
—k, g sinh(qd) cosh(qd)

where d is the layer thickness, k, the cross-plane thermal conductivity and
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k2 + pciw (S4)
ky

q* =
where H is the Hankel transfer variable, p is the density, c is the specific heat capacity, and k;
is the radial thermal conductivity.? The heat flux boundary condition at the top layer f; is given
by the Hankel transform of a Gaussian spot with power A, and 1/e? radius of the pump beam

on the surface w,

_ A (—}[zw§> (S5)

Multiple layers are handled by multiplying the matrices for individual layers together

o[22

where M, is the matrix for the bottom layer*®. An interface conductance G is treated by taking
the limit as the heat capacity of a layer approaches zero and choosing k, and d such that G =

k,/d . Since we treat the nth layer as semi-infinite, Eq. (S5) reduces to

—-D
0; = Tft (57)

The final frequency H (w) in real space is found by taking the inverse Hankel of Eq. (S6) and
weighting the results by the probe intensity distribution, which is taken as a Gaussian spot with

1/e? radius of the probe beam on the surface w,

_ar2
H(wy) = _f exp[ H (Wo + W1)l dH (S8)

This result is inserted into Eq. (S2), where the measurement of individual materials physical
properties is performed as an inverse problem, minimizing the error between the lock-in phase

data and the phase of Eq. (S2) via a non-linear least-squares algorithm?°,
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Uncertainty Analysis:

We used the analytical method to estimate the uncertainty of our fitted data based on the
parameters and measurement®. We assumed uncertainty of 3% for the volumetric heat
capacity®, and 4% for the thicknesses of the Au transducer layer and AIN epilayer. To explore
uncertainties of multiple unknown parameters, Jacobian matrices were used in the calculation.
We selected the analytical method because it accumulates uncertainties from the parameters
and measurements in the Jacobian matrices. The consideration of correlation would not
overestimate the uncertainty®®. Given the measured signal @ and known parameter matrix X,
the variance-covariance matrix of unknown matrix Xy is

var(Xy) = Uy)u) ™Yy Wwar(®) + Jevar(X)Je Dy Uplu) ™" (S9)
Here, var(®) and var(X.) are the diagonal matrices whose elements are variances of
measured signal and known parameters, respectively. J. and J, are the Jacobian matrices of

known and unknown parameters accordingly with the form:

/3f(a)1,X) |X* .. af(leX) IX*\
0x4 oxn
J = : : (S10)
\af(wM,X) IX* e af(leX) |X*/
0x4 oxn

where f(wy, X) is the function to calculate the phase lag between pump and probe signals, w;,
i =1,---,M are the frequency that takes the measurement, x;, j = 1,---, N are the parameters
and X* is the matrix of the fitted data®. The diagonal elements of var(X,) are the variances of
the unknown parameters. Thus, this analysis consists of the propagation of errors and the
variance among different measurement spots (i.e., the standard error of the six different spot

locations, which is incorporated in var(®)).
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