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ABSTRACT

Hexagonal boron nitride (hBN) supports a wide range of 2D technologies, yet assessing its crystalline quality over large areas
remains a fundamental challenge. Both antiparallel domains, an intrinsic outcome of epitaxy on high-symmetry substrates, and

associated structural defects have long evaded optical detection. Here, we show that interferometric second-harmonic generation
(SHG) imaging provides a powerful, non-destructive probe of lattice orientation and structural integrity in 2D hBN grown by
chemical vapor deposition. This approach reveals the ubiquitous formation of antiparallel domains and quantifies their impact

on crystalline order. SHG intensity also emerges as a direct optical metric of domain disorder, spanning three orders of magnitude

across films produced by ten different growth routes. Correlation with Raman spectroscopy establishes a unified framework for

evaluating crystalline quality. Beyond hBN, this method offers a high-throughput route to wide-area structural imaging in various

non-centrosymmetric materials, advancing their deployment in electronics, photonics, and quantum technologies.

1 | Introduction

Since the isolation of graphene [1], enormous efforts have been
devoted to growing high-quality 2D crystals such as graphene
[2], transition metal dichalcogenides (TMDs) [3] and hexagonal
boron nitride (hBN) [4], owing to their remarkable physical
properties and broad technological potential. Among them, hBN
has attracted particular interest for its wide bandgap [5, 6], high
thermal conductivity [7], chemical stability [8], and mechanical

robustness [9], making it indispensable as a dielectric in van der
Waals heterostructures and promising for diverse electronic [10,
11], optoelectronic [12], and energy applications [13]. Chemical
vapor deposition (CVD) on crystalline metal substrates with high-
symmetry facets has been a widely adopted route for synthesizing
2D crystals with large domain sizes, monolayer controllability,
and high crystallinity [14]. For graphene, this strategy has yielded
meter-scale single crystals on Cu(111) [15]. For hBN, however,
achieving comparable crystalline perfection over a large area has
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proven considerably more difficult, although a range of metals,
including Cu [16-18], Ni [19, 20], Fe-Ni [21], Au [22], Pt [23], Co
[24], and Ru [25], have been investigated as epitaxial substrates.
The challenge arises partly from its lower, threefold rotational
symmetry, which allows two crystallographically equivalent but
antiparallel orientations to nucleate on sixfold-symmetric metal
surfaces such as Cu(111) [17, 26]. When these domains merge,
grain boundaries form and compromise optical and electronic
properties [26]. To address this, high-index vicinal facets and
modified growth strategies have been explored, including for
hBN [17, 27] and MoS, [26], yet the field still faces an urgent
need for a non-destructive and efficient structural probe that
can evaluate large-area samples and capture domain disorders,
including antiparallel domains spanning multiple length scales.

Conventional atomic-resolution methods such as transmission
electron microscopy (TEM) [16-18] and scanning tunneling
microscopy (STM) [17, 18] provide atomic-scale structural infor-
mation but are limited in sampling area and require demanding
sample preparation. Low-energy electron diffraction (LEED)
[17, 22] offers millimeter-scale probing but cannot distinguish
antiparallel domains. Raman spectroscopy has been widely used
due to its structure-specificity and non-destructive nature [ 20, 28],
yet it cannot resolve orientational domains, let alone the polarities
of non-centrosymmetric crystals such as hBN and TMDs. The
vibrational method does not provide spectroscopic features for
structural disorder of hBN other than the Raman linewidth of
the E,, mode at 1366 cm~!, as it does for graphitic materials
exhibiting the disorder-induced D band [29]. Whereas photolumi-
nescence spectroscopy reveals emissions originating from atom-
scale defects [30], it is not specific to domain boundaries and is
limited by the technical requirements of excitation sources and
detection optics specialized for the UV range. Nonlinear optical
spectroscopy, such as second-harmonic generation (SHG), over-
comes these limitations when combined with phase-resolving
heterodyne detection [31-34]. Most of all, SHG is generally
sensitive to crystallographic orientation because of the lower
symmetry of the second-order electric susceptibility [35]. The
coherent nature of SHG signals renders the method highly sensi-
tive to the presence of antiparallel domains [34, 36] and stacking
order [35]. Heterodyne SHG spectroscopy, also measuring the
relative phase of SHG signals [31], enabled the determination
of absolute molecular orientation [32], stimulated SHG [37],
identification of electrical double layers [38] and a comprehensive
description of TMD heterostructures [33, 34, 39]. A similar
approach can be applied to sum frequency generation [40] and
degenerative optical amplification [41]. Recently, Mueller et al.
used resonant sum-frequency generation for crystallographic
imaging of hBN [42]. More broadly, heterodyne detection has
been utilized in other coherent nonlinear optical modalities, such
as coherent anti-Stokes Raman scattering (CARS) microscopy, to
suppress nonresonant background signals [43, 44]. Despite this
potential and recent advances, extremely low SHG signals [42]
and disorder across multiple length scales in hBN continue to
hinder scalable optical characterization and underscore the lack
of reliable, large-area metrics for crystalline quality.

Here we present interferometric SHG polarimetry, which reveals
antiparallel domains spanning multiple length scales. By com-
bining polarization-resolved SHG with interferometric detection,
we optically resolve antiparallel domains and their boundaries in

CVD-grown hBN, uncovering their ubiquitous presence on high-
symmetry substrates. A mixed-domain model reveals that SHG
intensity is a sensitive optical metric of crystalline order, varying
over a few orders of magnitude depending on growth method. By
benchmarking against mechanically exfoliated hBN, we establish
correlations among SHG response, Raman intensity, linewidth,
and orientational disorder, thus providing a unified framework
for structural assessment. The demonstrated methodology is
broadly applicable to TMDs and other non-centrosymmetric
materials, offering a scalable approach to structural imaging and
quality assessment.

2 | Results and Discussion

2.1 | Structure-Sensitivity of Coherent SHG
Signals

Generated by a two-photon parametric process that does not
alter the quantum state of the system (Figure 1a), SHG signals
exhibit several unique characteristics compared with sponta-
neous Raman scattering. First, the second-order electric suscepti-
bility governing SHG is a third-rank tensor, which generally leads
to a less symmetric response than the linear counterpart [45].
Consequently, the nonlinear optical signals can be anisotropic
even when the linear response is isotropic, as is the case for
hBN belonging to the Dy, space group [35] (Figure 1a). Second,
SHG signals are coherent and formed by the superposition
of all second-harmonic (SH) electric fields within the probing
volume [33, 35, 46]. Thus, SHG intensity is proportional to the
square of the sample thickness when constructive interference is
maintained, as in AB-stacked bilayer (2L) hBN [47] (Figure 1b).
In contrast, SHG intensity vanishes, when half of the sample is
aligned antiparallel to the other half, as in AA’-stacked 2L hBN
(Figure 1b) [35]. A similar destructive interference occurs when
the excitation beam is focused at the boundary between two in-
plane antiparallel domains (Figure 1c, top). Notably, zero SHG
intensity has been the hallmark of domain boundaries between
antiparallel TMDs spanning micrometer-scale lengths [36, 48].
An even more intriguing case arises when the domain size is
much smaller than the beam spot. If the focal area contains
multiple domains (Figure 1c, bottom), the SHG intensity depends
on the relative population of the two antiparallel orientations,
becoming zero when both are equally represented. This feature
makes SHG particularly sensitive to the presence of antiparallel
domains. Finally, the coherent nature of SHG allows discrim-
ination between fields generated in antiparallel domains. As
illustrated in the top panel of Figure 1c, the two antiparallel
domains produce SH fields that are out of phase with each other.
The phase difference can be measured using interferometric
detection with a local oscillator field [33, 39]. These characteristics
render interferometric SHG spectroscopy and imaging a powerful
tool for orientational polarimetry.

2.2 | Widely Varying SHG Response of
CVD-Grown hBN

We show that the SHG signals of 2D hBN vary by up to three
orders of magnitude among samples synthesized by different
methods, unlike Raman scattering. For comparative studies for
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FIGURE 1 | Structuralsensitivity of coherent SHG signals. (a) Optical processes of SHG and Raman scattering (top) and nonlinear optical anisotropy

of 1L hBN (bottom). The polar graphs (bottom) show the orientation dependence of parallel-polarized SHG signals compared with that of Raman
scattering. (b) Constructive versus destructive SHG interference in AB- (left) and AA’- (right) stacked 2L hBN. Purple-shade arrows in the side-view
schematic (bottom) indicate the directions of SH fields generated in each layer. (c) SH interference in 1L hBN containing antiparallel domains that are

larger (top) and smaller (bottom) than the focal spot (diameter D) of the fundamental beam (wavelength 1). Because two antiparallel domains (blue and

red arrows in the bottom schematic) generate SHG fields (2w) with a phase difference (Ag,,,) of 7, complete destructive interference occurs when the

focal spot covers equal areas for the two domain types.

linear and nonlinear spectroscopies, ten types of large-area single
or few-layer hBN films grown under ten different CVD conditions
were prepared on Si substrates with an 85 nm-thick SiO, epilayer
(Table S1; also see Methods for details). Figure 2a,c show the
optical micrographs of a representative 3L hBN sample (denoted
as 3Ly, where Ul specifies the growth condition in Table S1) and a
reference monolayer (1Ly; ), respectively. The latter was mechani-
cally exfoliated (ME) from high-quality bulk crystals grown under
high pressure [49]. For 3Ly, we selected an area with tears and
folds (Figure 2a) as intact regions showed almost no optical
and topographic contrast. The apparent step height across the
folded area in the atomic force microscopy (AFM) height image
(Figure 2b) was ~2.5 nm, larger than the 3L thickness verified by
cross-sectional TEM [20]. This should therefore be interpreted as
an apparent AFM height, likely overestimated due to interfacial
gaps filled with foreign materials introduced during transfer and
folding [50, 51]. By contrast, the step height of 1Ly;; was ~0.4 nm
(Figure 2d), consistent with the interlayer spacing of hBN crystals
[52] and indicating a cleaner interface.

Optical characterization using reference 2D hBN samples
requires reliable thickness determination, which is less straight-
forward [53] than for graphene [54] or MoS, [55]. As shown in
Figure 2e, the optical contrast (OC) [56] did not resolve monolayer
thickness in hBN because of its negligible visible absorption
[53]. Here, OC was defined as (R - R,)/R,, where R and R,
are the red-channel intensities of sample and bare substrate
regions in optical micrographs such as Figure 2c. The OC
increased sub-linearly with thickness up to six layers, rather than
linearly, as also observed in TMDs [57]. This behavior contrasts
with earlier reports on hBN, where OC varied linearly up to
three layers [53]. Although SHG intensity (Figure 2e) facilitated
thickness identification owing to its even-odd alternation [35],
some samples with large OC spread could not be unambiguously
assigned. To complement this, we also measured Si-referenced

Raman intensity of the E,, mode at 1366 cm™, characteristic of

hBN [58]. Normalization to the substrate Raman signals minimize
extraneous variations, allowing monolayer-level resolution (red
circles in Figure 2e).

Representative unpolarized SHG spectra of 3Ly; and 1Ly are
shown in Figure 2f. Both exhibit quadratic dependence on the
power of the fundamental beam (inset), but strikingly, 3Ly,
yielded ~500 times weaker SHG than the exfoliated reference.
As described below, all CVD samples exhibited wide spot-to-spot
and sample-to-sample variations, unlike exfoliated references.
On average, normalized SHG intensities ranged from ~0.1% to
100% of the 1Lyy. Some types of crystalline disorders causing
such variations can be probed by polarized SHG spectroscopy
(Figure 2g). For odd-layer hBN (D}, space group), the polarized
SHG intensity follows sixfold azimuthal symmetry: I! (% ) «
cos?30 (sinz36), where I!w (ij) denotes SHG signals polarized
parallel (perpendicular) to the incident polarization [33, 35].
In Figure 2h, I!w of 3Ly; showed 60° periodic modulation but
with symmetry strongly distorted compared with that of 1Ly
(Figure 1a, bottom). Similar asymmetry appeared in other CVD
samples (Figure S1). While lattice distortion, as in strained MoS,
[59], may contribute, spatial inhomogeneity was identified as
the major cause: birefringence of the half-wave plate caused the
focal spot to wobble along a circle (diameter of 2.4 pm) during
angle scans (Methods). When replaced with another type of half-
wave plate (wobble diameter 0.4 um), the asymmetry was greatly
reduced (Figure S2).

Despite the widely varying SHG response, most CVD samples
exhibited a prominent E,, Raman mode (Figure 2i). Their peak
position, 1368.5 + 2.6 cm™!, matched that of the 1Ly, which is sus-
ceptible to substrate-induced strain and subject to peak shifts of a
few cm™. The Raman intensity varied within a factor of four com-
pared with the reference (quantitative analysis below). Except for
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FIGURE 2 | SHG and Raman characterization of 2D hBN. (a-d) Optical micrographs (a, c) and AFM height images (b, d): CVD-grown 3L hBN

(3Ly) in (a, b) and mechanically exfoliated 1L hBN (1Lyg) (c, d). The 1L region in (c) is barely visible and delineated with white dashed lines. A
monochrome image in the red-color channel provides enhanced contrast (Figure S10). Height profiles in (b, d) were obtained along the yellow dashed
lines in each image. The yellow dashed square in (a) marks the AFM-scanned area shown in (b). (¢) SHG (blue squares) and Raman (red circles)
intensities as functions of ME-hBN’s thickness (left y-axis). Optical contrast (gray diamonds) is also given on the right y-axis. (f) Representative SHG
spectra of 3Lyy; and 1Lyg. Inset quadratic dependence of SHG intensity on the average power of the fundamental beam (g) Schematic for the orientation

dependence of SH fields (EZm ). With 6 defined as the angle between the armchair direction (AC) and the y-axis, EZw is rotated by 306 relative to the

incident fundamental field (Ew) which is aligned along the y-axis. Two SH components, E|| and E+

s Were simultaneously detected using the dual-
polarization scheme (Methods). (h) Polar graph of parallel SHG intensity (III

EII L2 from 3Ly;. The solid gray line shows the expected cos?30 for
ideal 3L hBN. (i) E;; Raman spectra of six representative CVD-hBN samples compared with those of 1Lyg and bare SiO,/Si substrate. Peaks at 1300
and 1450 cm™! (asterisks) originate from the substrate; the feature near 1590 cm™ for 1L¢; (sharp symbol) corresponds to the G mode of carbonaceous

impurities. 1L¢; was supported on amorphous quartz, while the other samples were on SiO,/Si substrates.

one type of sample (1L, ), which showed notable broadening, the
FWHM of E,, ranged from 13 to 24 cm™, consistent with literature
[28]. This fact suggests the process of extended disorders because
Raman linewidth, often linked to crystallinity, is relatively insen-
sitive to the types of defects detectable by cathodoluminescence
[28]. Assuming Raman intensity scales with the number of
crystalline unit cells, a fourfold decrease in Raman intensity for
3Ly; would correspond to a 16-fold decrease in SHG intensity,
given its quadratic dependence. The actual ~500-fold suppression
(Figure 2f) thus points to additional structural disorders strongly
attenuating SHG, despite a large fraction of crystalline units being
preserved.

2.3 | Domain Imaging by Polarimetric SHG

The distorted SHG polar graphs and spot-to-spot intensity vari-
ations suggested significant spatial inhomogeneity, which may
originate from point defects or extended structural disorders.
To address this, we performed dual-polarization SHG imaging
(Figure 3a) and mapped crystallographic orientation (6) using the

l
trigonometric relation: 6 = - tan 1‘ |2 " e where 6 varies from 0°

to 30° (Figure 2g) [35, 36]. It should be noted that the relation
cannot differentiate antiparallel domains. As shown below, each
type of hBN samples exhibited a distinctive distribution of
orientational domains. Figure 3b,c shows the images of I!w and
11 simultaneously acquired during raster scanning of a few-layer
polycrystalline sample (fLy;) grown on Ni substrates. Whereas
I!w and Iéw showed complementary intensity variations across
domain boundaries (dotted lines), their sum (IEZL) was more or
less uniform (Figure 3d). However, ~60% spot-to-spot variation
in I”“ (Figure 3e) suggests the presence of structural disorder.
By contrast, the variation in 1Ly;; was only ~1.3% (orange line in
Figure 3e; Figure S3e). Note that III+ is orientation-independent
(Figure S4). From the global variation of I! and I, we infer
that the upper right (lower left) region of Figure 3c generates
mostly horizontally (vertically) polarized SH fields. The 6-image
in Figure 3findeed revealed two dominant orientational domains.
The frequency graph in Figure 3g showed that their orientations,
defined in Figures 2g and 3f (inset), correspond to 9° and 24°
relative to the y-axis. Notably, the frequency graph of 6-image
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FIGURE 3 | Orientational SHG imaging of CVD hBN samples. (a) Schematic of dual-polarization SHG spectroscopy, enabling detection of two
orthogonal polarizations (E!w and Eziw). (b, ¢) Polarized SHG intensity images of fLy3: parallel (Igw, %w,
polarization aligned along the y-axis as depicted in the inset of (b). (d-o) Orientational analysis of three types of CVD-hBN samples: fLy; (d-g), 1Lg;
(h-k), fLk; (1-0). Each set includes images of I!;:L (d, h, 1), frequency graphs of Igzl images (e, i, m), orientation (6) images ({, j, n) and frequency graphs
of 6-images (g, k, 0). The brown arrows in (f) denote the average orientation of the two domains (see Figure 3g for the definition of 6). Frequency graphs

in (e, i, m) were fitted with Gaussian functions (red and green shades). The blue circles in (i, m) were obtained from the white circles in (h, 1), while the

b) and perpendicular (I, , c) to the fundamental

orange peak in (e) corresponds to 1Ly (Figure S3) shown as a distribution reference. The frequency graphs of 6 were also fitted with Gaussian functions:
FWHM = 4.6° and 4.7° (g), 0.8° and 0.9° (k), and 0.3-1.6° (0). The inset of (g) shows the frequency graph of 6 of 1Ly, serving as the instrument response
function (IRF, FWHM = 0.13°). Insets of (k, o) display the frequency graphs from single domains (white circles in h and 1), with FWHM of 0.16° (k) and

0.22° (0).

displayed a broad spread: the FWHM of the two components was
~4.6°, ~35 times larger than that of 1Ly (0.13° in Figure S3f). As
discussed below, the large orientational spread arises from lattice
disorder.

Unique SHG intensity patterns were also observed in 1L samples
continuously grown by Cu catalysts (denoted as 1Lg,). The I!;L
(Figure 3h) and polarized intensity (Figure S5) images indicate
that randomly shaped domains spanning ~10 um are separated
by meandering, thick boundaries that exhibit weak SHG signals
(Figure 3i). Notably, the frequency graph of 6-image in Figure 3j
revealed that the entire region, including the boundaries, is nearly
unidirectional. Figure 3k showed two orientational components
differing by only 0.9°. The minor population centered at 10.4°
corresponded to the stripes in Figure 3j (red arrows), attributable
to structural disorder caused by long-range undulations in Cu
catalysts [60]. Unlike fLy; (Figure 3g), the two components in
Figure 3k exhibited a reduced width of ~0.9°. As shown in the
inset of Figure 3k, the orientational spread within individual
domains (e.g., white circle in Figure 3h) was slightly larger than
that of 1Ly. These results indicate that 1Lg, consists of numerous
high-quality crystals stitched together in an apparently unidirec-

tional manner. As shown below, however, some are antiparallel
to others (Figure 1c), forming characteristic boundaries.

Figure 31 presents the I!;l image of a few-layer hBN grown
on polycrystalline Fe-Ni alloy catalysts (denoted as fLy,;). The
image shows that the continuous hBN film is composed of
numerous crystallites, each with relatively uniform intensity (see
Figure S5 for polarized intensity images). The broad intensity
distribution in Figure 3m, reflecting heterogeneity in thickness
and stacking order, is distinct from that in Figure 3i, which arises
mainly from domain mixing within the laser focal spot. The 6-
image in Figure 3n revealed more distinguishable domains than
the intensity image, with typical sizes on the order of 10 um,
comparable to 1L, (Figure 3h). However, unlike 1Lg;, the domains
of fLg, were randomly oriented (Figure 30), consistent with the
polycrystalline nature of the catalysts (Table S1). Importantly, the
orientational spread within each domain (insets in Figure 3k,0)
was narrow and comparable to that of 1L,,;. Note that the entire
distribution in Figure 30 summarizes the film-wide orientational
diversity, whereas the inset shows a single-domain orienta-
tional spread relevant in assessing the structural quality of each
domain.
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demonstrating that SHG phase inverts across two antiparallel domains. (d) 6-image of 1Lg;. (e) High-resolution 6-image of 1Lg;, from the green square

in (d). &, 8, and ¥’ in (e) correspond to a, 3, and y in (d), respectively. Pixels with SHG intensity < 30% of the average were defined as boundary regions
and shown in black (d & e). Unmodified images are given in Figure S6. (f) Line profiles across the white dashed line in (d): (from top to bottom) SHG
phase (¢sig), SHG intensity (Ispg = I!;J‘), Raman linewidth (T') and Raman intensity (Ig).

2.4 | SHG Interferometry for Antiparallel
Domains

Whereas SHG intensity and orientational imaging reveal substan-
tial spatial variations in CVD-grown hBN (Figures 2 and 3), inten-
sity polarimetry alone cannot distinguish antiparallel domains,
which led us to exploit interferometric SHG spectroscopy
[31-34]. As depicted in Figure 4a, two antiparallel domains
(e.g., 6 = 0° and 60° in Figure 4a) yield oppositely-facing SH
fields, which result in contrasting interferences when probed with
an external SH local oscillator (LO) [61]. We implemented in-
line spectral phase interferometry [33, 39] (Figure 4a) using an
a-quartz crystal to generate LO fields (Methods). In Figure 4b,
the interferograms of 1Ly reference sample at 6 = 0° and 60°
exhibited a half-period difference (7 in phase), which is consistent
with expectations and prior reports [32].

Using interferometric detection, we demonstrate the presence of
antiparallel domains in 1Lg;, which otherwise exhibit Raman and
SHG features consistent with high crystallinity. In Figure 4d,e,
pixels with SHG intensity < 30% of the average were assigned as
boundaries and colored in black (see Figure S6 for intensity and
raw orientation images). While the overall SHG intensity (I!;L)
was comparable to the reference, boundaries exhibited reduced
SHG signals despite orientations nearly matching surrounding
domains (Figure S6). To probe the structure of boundary regions,
we performed line scans along the white dashed line in Figure 4d.
The SHG phase (psyg) profile in Figure 4f revealed that two
boundary regions (a and y) were 180° out of phase with the

surrounding regions (8 and &), showing that the former is
antiparallel to the latter. A high-resolution image (Figure 4e)
further revealed that the apparent boundaries a and y in Figure 4d
are composed of smaller subdomains (¢’ and y’) with -like
phase values and thinner boundary areas. Then, it is likely that
any boundary region consists of many sub-domains belonging to
either of the two domain types depicted in Figure 1c: its SHG
signals are reduced via destructive interference between the two
groups, and its SHG phase is determined by the majority group.
These results indicate that two neighboring domains (e.g., @’ and
') separated by a closed boundary are antiparallel, supporting
a simple growth model in which antiparallel domains nucleate
independently and merge to form boundaries. As shown in
Figure S7, the same conclusion was drawn from a phase line
profile obtained from the orange dashed line in Figure 4d. As
shown in Figure 4c, the phase inversion was verified across
37 domain boundaries in two independently grown monolayer
samples (1Lg, and 1Lg;), in which similar boundary-associated
phase structures were observed. We also note that the boundary
spots exhibited distinctive Raman behavior (Figure 4f): although
their Izlzl dropped below 20% of the reference, their Raman
intensity (Iz) remained comparable to (a) or even exceeded
(y) that of 8 or . The ~50% Raman enhancement at y may
indicate the presence of additional hBN materials within the
focal area, such as wrinkles, folds or multilayer patches [62],
although we do not assign a unique structural origin from
the present data. Raman linewidth (I') was on average ~50%
broader than the reference, with even larger broadening at

B.
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FIGURE 5 | Mixed-domain model and Raman-SHG correlations for hBN crystallinity. (a) Mixed-domain model for 1L hBN with UP (blue) and

DOWN (red) domains. Parameters: number of domains (N), orientational spread (A8) and DOWN-domain fraction (R). (b) Simulated I!w as a function
of A6 for N = 10, 100, and 1000. (c) Simulated Ig . as a function of R (A = 0). (d-f) Linewidth of E;; Raman mode versus: Raman intensity (a), SHG
intensity (b) and orientational spread (c). Raman intensity was normalized by thickness. Shaded lines are drawn as a visual guide.

We also applied the interferometric SHG to samples with domains
much smaller than the focal spot. Sample 1Lg, exhibited a
nearly uniform orientation (Figure S8a) but significantly reduced
SHG intensity (~15% of the reference). Unlike the samples in
Figure 3h,], its SHG image (Figure S8b) lacked visible bound-
aries, suggesting that the effective domain size is smaller than
the probing area (~1 um?). Then, each focal spot contains
multiple orientational domains, some of which are antiparallel
to others. Interferograms from 25 random spots (Figure S8c)
showed that two exhibited a z-phase shift, even though the
region appeared uniformly aligned (6 = ~13°). This half-cycle
phase difference directly demonstrates that the two spots, each
comprising multiple domains, are effectively aligned antiparallel
to the others.

2.5 | Mixed-Domain Model for SHG Suppression

As shown in Figure 2f, the SHG intensity of CVD-grown hBN
can be lower than that of mechanically exfoliated hBN by up
to three orders of magnitude. Figure 4 further provides direct
interferometric evidence for the presence of antiparallel domains.
Motivated by these observations, we present a mixed-domain
model to quantify how orientational disorder and antiparallel-

domain mixing affect the far-field SHG intensity. In the top row
of Figure 5a, model hBN polycrystals are composed of randomly
oriented, equal-sized N domains within a focal area. The FWHM
of the orientational distribution (A6) was varied from 0° to 30°.
Figure 5b shows the normalized I!w calculated in the far field as a
function of A6. Although the intensity decreased with increasing
AB, the reduction was modest. For instance, an orientational
spread of ~1° observed for 3Ly, (Figure 5f) resulted in only
~0.1% reduction across different N values—far smaller than the
experimentally observed decrease by 500 times (Figure 2f). Even
the most disordered sample (1L.,) with several-degree spread
(Figure 5f) should still yield ~95% of the reference intensity,
which is far from ~0.1% (data not shown). These comparisons
imply that the reduction in intensity is due to a different type of
disorder.

To quantify the effect of antiparallel domains, we modified the
mixed-domain model to divide the domains into two groups:
UP and DOWN (Figure 5a, bottom row). The DOWN domains,
indicated by red arrows, constituted a fraction R and followed
a Gaussian distribution centered at 60° (equivalently 180°) with
FWHM of A6. The remaining UP domains (fraction 1 - R) were
centered at 0° with the same A8. Figure 5c plots normalized I!w
for N = 10, 100, and 1000 as a function of R when A6 is zero.
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As R increased, I!w decreased rapidly, reaching 0.1 at R = 0.35
(N = 1000). Reductions by two and three orders of magnitude
occurred at R = 0.43 and 0.47, respectively, which aligns well
with the experimental observation. Notably, smaller N values led
to greater fluctuations and larger minima, reflecting statistical
imbalance between UP and DOWN populations. In contrast, Igw
was given as (1-2R)? in the limit as N approaches infinity. Full-
scale calculations of Igw also showed a similar trend for finite
values of A6 (Figure S9).

2.6 | SHG-Raman Correlated Analysis of
Crystallinity

‘We next turn to a cross-sample comparison to translate the above
mechanistic insights into practical structural-quality metrics
for hBN. As noted in Figure 2f, CVD-hBN samples exhib-
ited much larger intensity variations in SHG than in Raman.
To quantify these trends and their correlations, we analyzed
four key observables extracted from 10 types of hBN samples
(Figure 5d-f): Raman intensity, SHG intensity, orientational
spread and Raman linewidth, the latter of which is known to
reflect structural disorder [28]. In Figure 5d, Raman intensity
normalized to a monolayer thickness ranged from 25% to 100%
of the 1L,;; reference. The linewidths of CVD-hBN were two
to three times larger than those of the reference. Generally,
narrower linewidths correlated with higher intensities, though
1Ly, showed somewhat smaller Raman linewidth relative to its
Raman intensity. Because Raman scattering in hBN is nonres-
onant, Raman intensity can be approximated as proportional to
the density (o) of the intact or slightly disordered unit cells. Thus,
reduced Raman intensity implies a larger fraction of severely
defective cells residing at the boundaries between antiparallel
domains and not contributing to Raman signals. Then, the
broadened linewidth can be attributed to spatial inhomogeneity
arising from structural disorder near the boundaries or phonon
confinement [63]. As domain boundaries have finite width, the
spatial extent of boundary regions increases as domain size
decreases, which agrees with the intensity-linewidth relation in
Figure 5d. This reasoning also suggests that 1L, has disorders
that disproportionately reduce Raman intensity without strongly
affecting frequency.

The average SHG intensity (Figure 5e) also displayed an inverse
relation with linewidth, indicating a general proportionality
between Raman and SHG intensities. This is expected since
Raman intensity scales with p, while SHG intensity scales with
©? due to its coherent nature. Based on the spread in Raman
intensity in Figure 5d, SHG intensity would be expected to vary
between ~6% and 100%. However, the observed variation spanned
three orders of magnitude. As shown by the mixed-domain
analysis (Figure 5a-c) and the interferometric phase measure-
ments (Figure 4), this discrepancy arises from the presence
of antiparallel domains. Figure 5f shows that the orientational
spread (e.g., Figure 3g), corrected for measurement noise (Figure
S3), positively correlates with the Raman linewidth. While the
linewidth varied by only a factor of 3, the orientational spread
spanned nearly two orders of magnitude, from 0.1° in ME-hBN
to ~5° in commercial CVD-hBN (1L(;). This indicates that the

average AC direction of each sampled area (~1 um?) in 1L, is ran-

domly disoriented by several degrees. From Figure 5, we conclude
that these four observables provide quantitative indicators of hBN
crystallinity, with SHG intensity and orientational spread being
even more sensitive to structural disorder. Together with the
interferometric SHG results in Figure 4, these metrics provide a
practical framework for identifying antiparallel-domain disorder
and benchmarking structural quality in continuous CVD-grown
hBN, beyond what Raman spectroscopy alone can resolve.

2.7 | Optical Quality Metrics for Synthesized hBN

The presence of antiparallel domains in continuously grown hBN
is not unexpected [64], because growth generally initiates at
multiple nucleation sites on catalyst surfaces without orienta-
tional preference. Nevertheless, reports of antiparallel domains
in continuous films have been rare, most likely due to the
technical challenges of their detection. Although high-resolution
TEM and STM provide direct structural information, they are
impractical at the relevant length scales. For growth on vicinal
facets of Cu [17] or Ge [27] intended to enforce unidirectional
alignment, the authors needed to monitor domain orientations in
the sub-monolayer regime before the completion of continuous
films. In this context, SHG spectroscopy and interferometry,
combined with Raman spectroscopy, provide a reliable and
scalable structural probe as follows.

First, the intensity and linewidth of the Raman E,, mode are
straightforward indicators of crystalline quality. As shown in
Figure 5d, CVD-grown samples varied from 25% to 100% in
intensity and 100% to 300% in linewidth relative to references.
Whereas linewidth alone reflects disorder, the intensity requires
normalization to a reference such as ME-hBN. When substrates
are optically equivalent, intensity differences as small as 10%
can be resolved. Second, orientational SHG imaging is effective
in visualizing crystalline domains and orientational disorder.
The spread in orientations within a single domain correlates
with structural disorder. Combined with interferometry, SHG
polarimetry can identify crystalline domains, including antiparal-
lel domains, as shown here. This approach is most effective when
the characteristic domain size is several times larger than the focal
spot, but remains informative for smaller domains when the net
SHG phase and intensity are interpreted together. Finally, SHG
intensity itself serves as a sensitive metric for antiparallel domain
size: as domains shrink further below the focal spot, the UP or
DOWN fraction approaches R = 0.5 statistically, leading to further
reduction in intensity (Figure 5c).

3 | Conclusions

We reported interferometric SHG spectroscopy capable of differ-
entiating antiparallel domains in 2D hBN, a structural feature
that has long eluded optical characterization. By employing
a dual-polarization polarimetric scheme, we achieved orien-
tational imaging over macroscopic areas inaccessible to con-
ventional atomic-resolution techniques. Across multiple distinct
CVD growth methods, we found that antiparallel domains
and their boundaries are pervasive even in films that appear
unidirectionally aligned on high-symmetry catalytic substrates.
We further established a quantitative framework for structural
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assessment by correlating SHG intensity with Raman signal
strength, spectral linewidth and orientational disorder. Numeri-
cal simulations based on a mixed-domain model revealed that the
three-orders-of-magnitude variation in SHG intensity is governed
by the destructive interference among antiparallel domains and
scales with their characteristic size. Altogether, this interfero-
metric SHG approach provides a high-throughput, wide-area
probe for evaluating crystalline quality. The methodology is
broadly applicable to other non-centrosymmetric 2D materials,
including transition metal dichalcogenides (TMDs), offering a
powerful platform for guiding growth optimization and domain
engineering.

4 | Methods
4.1 | Preparation and Characterization of Samples

Ten different CVD methods were employed to synthesize 2D hBN
samples with distinct structural characteristics, as summarized
in Table Sl1. All methods produced continuous films, either
monolayers or a few layers. Monolayer hBN films from a com-
mercial source (2D Semiconductors) were included. High-quality
n-layer reference samples (nL,,z) were prepared by mechanical
exfoliation [58] of bulk crystals synthesized under high-pressure
and high-temperature conditions [49]. Optical excitation and
collection from samples supported on SiO,/Si substrates are
modulated by multiple reflections and thus depend on SiO,
thickness [65]. For quantitative comparison of optical signals, all
samples, unless noted otherwise, were transferred or exfoliated
on Si substrates with 85-nm SiO, epilayers.

4.2 | Topographic Measurements and Thickness
Determination

Topographic characterization was carried out using a com-
mercial AFM unit (Park Systems, XE-70). Height and phase
images were obtained in noncontact or tapping mode using
Si tips with a nominal radius of 8 nm (MicroMasch, NSC-15).
Because of their small thickness, AFM height measurements
were not always reliable for determining the number of layers.
For CVD-grown samples, thicknesses were determined from
cross-sectional electron microscopy. For mechanically exfoliated
references, thickness was determined by Si-referenced Raman
signals, after pre-screening by optical contrast and SHG intensity
(Figure 2e).

4.3 | Optical Contrast Measurements

OC was calculated from optical micrographs with RGB color
channels: OC = (R - R;)/R,, where R and R, are the average
red-channel intensities of the sample and bare substrate regions,
respectively. While other color channels showed similar trends,
the red channel provided the largest contrast values (Figure S10).

4.4 | Raman Measurements

Raman spectra were obtained using a home-built micro-Raman
setup described elsewhere [66]. A plane-polarized 514 nm excita-
tion beam was focused onto the sample through an objective lens

(40x, numerical aperture = 0.60), producing a focal spot of ~1.0
um. Back-scattered Raman signals were collected with the same
objective and directed to a spectrograph (Princeton Instruments,
SP2300) combined with a liquid nitrogen-cooled CCD (Princeton
Instruments, PyLon). Excitation power was maintained below 10
mW.

4.5 | SHG Spectroscopy and Interferometry

SHG measurements were performed with a home-built micro-
SHG spectroscopy setup configured upon a commercial micro-
scope (Nikon, Ti-U) as described elsewhere [33]. The funda-
mental excitation was provided by a plane-polarized tunable
Ti:sapphire laser (Coherent Inc., Chameleon), delivering 140 fs
pulses at 80 MHz. The beam was focused onto the samples using
microscope objectives (40x, numerical aperture = 0.60; 100X,
numerical aperture = 0.90), yielding effective focal spots with
FWHMs of 1.3 + 0.2 pym (40x) and 0.48 + 0.8 um (100x). Back-
scattered SHG signals were collected with the same objective
and guided to a spectrometer equipped with a thermoelectrically
cooled CCD (Andor Inc., DU971P). To vary the azimuthal orien-
tation, samples were rotated with a precision of 0.2° about the
surface normal using a rotational stage, or the polarization of the
excitation beam was varied with a half-wave plate. A linear polar-
izer was placed before the spectrometer to select the polarization
component parallel to that of the incident fundamental beam.
For dual-polarization measurements, the polarizer was replaced
with a Wollaston prism, enabling simultaneous detection of two
orthogonal polarization components.

The in-line spectral phase interferometry based on the above SHG
spectroscopy setup was described elsewhere [33]. Briefly, LO SHG
pulses (2w, ) were generated by focusing the fundamental beam
at a 100 um-thick z-cut a-quartz crystal (Figure 4a), which could
be rotated to vary the polarization of 2w ;. For the interferometric
measurements, the linear polarizer was also used to select the
parallel component of the SHG signals. To avoid excessive time
delay between LO and sample SHG pulses, a Cassegrain-type
reflective objective (52%, numerical aperture = 0.65) was used.
The time delay was maintained in the range of 1-3 ps. Spectral
interferograms were recorded with the spectrometer and CCD.
A grating with 1800 lines/mm was used to achieve optimal
spectral resolution. SHG phase was determined using the Fourier
transform and filtering [33].

4.6 | Statistical Analysis

For the comparative analysis in Figure 5d-f, measurements
for each modality (SHG and Raman) were performed under
identical experimental conditions. Parameters were extracted
from randomly sampled spots or regions within each sample. The
number of sampled points, varying by sample and parameter,
typically exceeded 10. Error bars represent the standard deviation
across sampled points, reflecting intra-sample spatial variation.
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