#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue,

Anomalous Raman signals in multilayer hexagonal
boron nitride grown by chemical vapour deposition
on metal foil catalysts
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Hexagonal boron nitride (hBN), a two-dimensional (2D) wide bandgap material, serves as an ideal insulating
substrate and a protection layer for other 2D materials, such as graphene and transition metal
dichalcogenides (TMDs). Here, we report for the first time the emergence of an anomalous Raman peak
in single-crystal, multilayer pyramidal hBN grains grown on Fe—Ni alloy foil by chemical vapour
deposition (CVD). This peak is located near the characteristic Eyg band (1367 cm™) and shifts to higher
wavenumbers with the increasing number of hBN layers, peaking at ~1415 cm™ at the centre of hBN
grains. The appearance of this Raman peak is attributed to a blue shift of the E;; phonon caused by
compressive strain induced during the cooling step in the CVD process. Triangular hBN grains are

epitaxially grown on the alloy catalyst and hence are strongly affected by the volume change of the Fe—
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Accepted 13th August 2025 Ni alloy catalyst and by lateral compression induced by the steps of the Fe—Ni surface. The maximum

strain calculated from the peak shift is —1.23%, which is much higher than the values previously reported

DOI: 10.1039/d5na00283d for strained hBN, indicating a strong impact of the metal catalyst on the growing hBN structure. These

Open Access Article. Published on 18 August 2025. Downloaded on 3/10/2026 5:05:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/nanoscale-advances

Introduction

Hexagonal boron nitride (hBN) has an atomically flat surface
with a wide band gap of 5.9 eV,! as well as high thermal and
chemical stability>® and mechanical strength.* These properties
make hBN an ideal substrate and protection layer for other two-
dimensional (2D) materials, such as graphene and transition
metal dichalcogenides (TMDs). Especially, multilayer hBN
enables observation of the intrinsic physical properties of these
2D materials and boosts their carrier transport and light
emission,*® leading to the development of 2D electronics and
photonics. In addition, hBN itself is promising for various
applications, such as ultraviolet light emitters,” single photon
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results demonstrate the feasibility of strain engineering in hBN via CVD growth.

emitters," gas barriers,® ferroelectric devices™ and van der
Waals tunnelling barriers.*?

There are several methods to synthesize hBN layers. The
most common method is mechanical exfoliation, which
produces flakes with high crystallinity, but with limited size and
no control over their thickness. For the development of practical
applications based on 2D materials, chemical vapour deposi-
tion (CVD) growth has attracted great interest, as it allows the
growth of large-area hBN sheets.”**° Depending on the growth
conditions and the employed catalyst, CVD-grown hBN shows
varying crystallinity, grain sizes and defect densities. Therefore,
assessing the quality of CVD-grown hBN is important for
fundamental research as well as the development of
applications.

Among the available methods to analyse hBN, especially in
terms of quality and crystallinity, one of the most effective
methods is Raman spectroscopy. The E,, Raman band at
~1370 ecm™', originating from the in-plane vibrations of B
and N atoms moving in opposite directions,'” gives important
information on hBN. The intensity of the E,; band increases
linearly with the number of hBN layers, and the full width at
half maximum (FWHM) reflects the crystallinity. The FWHM of
hBN flakes exfoliated from single crystals is 8-9 cm™*,*® while
hBN with low crystallinity shows much larger FWHM values of
>30 em™ .1 In addition, as the E,¢ band is influenced by
interlayer coupling, its position also depends on the hBN

© 2025 The Author(s). Published by the Royal Society of Chemistry
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thickness; the E,, band downshifts from 1370 ecm™' to
1366 cm™ " as the thickness increases from monolayer to few
layer.”*** The E,, position is also highly sensitive to applied
strain, and it has been reported that tensile strain in hBN
downshifts the E,; band.”**

Here, we demonstrate the emergence of an anomalous
Raman peak in multilayer hBN grains grown by the catalytic
CVD method. This Raman peak is prominent in triangular
pyramidal grains and is located near the original E,, band,
shifting to higher wavenumbers with increasing hBN thickness.
Assuming that the origin of this Raman peak is an upshift of the
E,; phonon caused by compressive strain, we examined this
hypothesis by comparing the estimated strain from the peak
shift of the unstrained E,, band with the strain that could arise
during the cooling step of CVD due to the large mismatch in
thermal expansion coefficients between the metal catalyst and
hBN. We found that the strain values estimated by these two
approaches show good agreement, with the maximum
compressive strain being as high as —1.23%, which exceeds
previously reported values.

Experimental section
Synthesis and transfer of multilayer hBN

Multilayer hBN was synthesized by low-pressure CVD using
borazine (B;N3;Hg) as a feedstock. Fe-Ni alloy foil (Super Invar,
20 pm thickness, Nilaco), consisting of mainly Fe (~64%) and
Ni (~32%), was used as a growth catalyst.”® The pressure was
maintained at ~30 Pa during the CVD process. After annealing
the Fe-Ni alloy foil at 1000 °C for 40 min in a H, flow,
a controlled amount of borazine vapour was introduced by Ar
carrier gas for hBN growth at 1200 °C for 30 min. The furnace
was then cooled down to 700 °C at a cooling rate of 5 °C min™",
followed by rapid cooling to room temperature.

The hBN transfer from Fe-Ni foil to SiO,/Si was performed
using an adhesive tape whose adhesion force can be tuned with
ultraviolet (UV) light.>® After attaching the UV tape to as-grown
hBN, it was illuminated with UV light, and the tape/hBN was
delaminated by electrochemical bubbling. After washing the
tape/hBN stack with deionized water, the stack was attached to
a Si0,/Si substrate with an oxide layer thickness of 300 nm, and
the UV tape was slowly peeled off, leaving the multilayer hBN on
SiO,/Si. For comparison, we also transferred hBN by protecting
it with a thin film of polymethyl methacrylate (PMMA) instead
of UV tape. The PMMA/hBN stack was detached from the Fe-Ni
foil by either electrochemical bubbling or metal etching with
a FeCl;-HCI mixed solution. Finally, the PMMA film was
removed with acetone.

Characterization

Optical microscope and atomic force microscope (AFM) images
were obtained using a Keyence VHX-7000 and Bruker nano-
scope V, respectively. Scanning electron microscopy (SEM)
measurements were performed with a HITACHI S-4800 micro-
scope. Cross-sectional images were acquired with a trans-
mission electron microscope (TEM, Hitachi H-9500) and
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a scanning transmission electron microscope (STEM, JEOL
ARM200F) equipped with a CEOS corrector operating at 200 kV.
Electron energy loss spectroscopy (EELS) mapping was per-
formed using a K3 camera installed in a Gatan Continuum GIF
system. Raman spectra were measured with a Nanofinder 30
(Tokyo Instruments) using a 532 nm excitation laser, a 100x
objective lens (0.90 NA) and a 1800 line/mm grating, with
a spectral resolution of ~0.71 cm™". The laser power was set to
10 mW with an exposure time of 4 s per point. The laser spot
size was around 0.6 um, and the measurement step size was set
to 1 um for mapping scans. The Raman spectra were baseline-
corrected using the pybaselines Python package,”® and peak
separation was performed by curve fitting with pseudo-Voigt
functions using the least-squares method with the Imfit
Python package.?” Polarized second harmonic generation (SHG)
imaging was performed with a home-built micro-SHG spec-
troscopy setup configured on a commercial microscope (Ti-U,
Nikon). As the fundamental beam, plane-polarized pulses at
a wavelength of 800 nm, with a pulse duration of 140 fs, and
a repetition rate of 80 MHz were generated using a commercial
Ti: sapphire laser.

Results and discussion

Fig. 1a shows a SEM image of as-grown hBN on Fe-Ni foil, in
which a number of triangular grains with lateral sizes of around
10-20 um are observed. These grains are well aligned, sug-
gesting the epitaxial growth of hBN within a grain of the metal
alloy. We transferred the as-grown hBN film to a SiO,/Si
substrate and characterized it by optical microscopy and AFM,
as shown in Fig. 1b and c for one of the hBN grains. These
images indicate that the triangular grain has a pyramidal shape
with its thickness increasing towards the centre of the hBN
grain. We performed the SHG measurements of the pyramidal
hBN grains, as shown in Fig. 1d. This SHG intensity mapping
shows that there are no grain boundaries inside the grain,
indicating its single-crystalline nature. In addition, the polari-
zation analysis (Fig. S1) indicates that the hBN grain has zigzag
edges. We observed an increase in the SHG intensity with the
number of hBN layers, indicating that the grain does not have
the most stable AA’ stacking.?®*?*® This is because AA’-stacked
hBN should exhibit low SHG intensity for an even number of
layers due to centrosymmetric stacking. Therefore, it is highly
likely that pyramidal hBN grains have a non-centrosymmetric
stacking order, like AB stacking. Non-centrosymmetric stack-
ing in multilayer hBN has attracted interest for memory appli-
cations due to its potential to exhibit ferroelectricity and
antiferroelectricity through interlayer sliding."** Further
studies on the stacking of triangular hBN grains are currently
underway.

Several wrinkles are observed in the AFM image (Fig. 1c).
These wrinkles run predominantly in three directions.
Considering the grain orientation determined by the SHG (see
Fig. S1e), the wrinkles are formed along the armchair direction.
Wrinkles oriented in the armchair direction have been reported
in the literature when hBN undergoes biaxial compression.*'*>
It is highly likely these wrinkles are formed upon cooling down
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(a) SEM image of as-grown multilayer hBN with a triangular pyramidal structure. Optical (b) and AFM (c) images of a hBN grain. (d) SHG

intensity mapping of a hBN grain. Left panel displays the optical image. (€) Raman spectra measured at the marked positions shown in (b). Red and
blue dashed lines are fitted curves, with the peak marked by an asterisk (*) being originated in the SiO, substrate.

during CVD due to the difference in the coefficients of thermal
expansion (CTE) of hBN and the underlying alloy foil, as di-
scussed later.

Fig. 1e shows Raman spectra of the triangular pyramidal
grain collected at the positions marked in Fig. 1b. An intense
E,, band was observed at 1367 cm ™!, proving the formation of
multilayer hBN. The intensity increased towards the centre of
the grain, in agreement with optical and AFM observations.
Interestingly, in addition to the original E,; band, we observed
a clear peak at higher wavenumbers (hereafter referred to as
“sub-peak”). The Raman spectra in Fig. 1le were fitted using
pseudo-Voigt functions with the three components observed in
the spectra: the E,; peak, the sub-peak and a broad peak orig-
inating from the SiO, substrate (1450.5 cm™'). While the E,,
band position did not change for the different measured points,
the sub-peak shifted to higher wavenumbers with increasing
hBN thickness. While the E,; band position shows only a minor
thickness-dependent shift, converging to the bulk value
(~1366 cm™ ") for thicker hBN,?*?* the sub-peak shifts more
markedly to higher wavenumbers with increasing thickness. We
will later discuss this observation in light of our hypothesis that
strain in hBN may underlie this behaviour. In addition, this
sub-peak becomes broader with increasing hBN thickness.
While the CVD growth of triangular multilayer hBN grains has
been previously reported, there are no reports on the observa-
tion of such a peak.**"¢

In contrast, the areas with uniform hBN thickness did not
show the sub-peak, with only the E,, band at 1367-1368 cm ™'
(Fig. S2). The E,, intensity in this area is weaker than that in
Fig. 1b and c, from which we estimate the hBN thickness to be
3-6 hBN layers, based on our previous characterisation. As the
sub-peak was also absent outside the triangular pyramidal grain

7540 | Nanoscale Adv., 2025, 7, 7538-7546

(point 1 in Fig. 1le), the presence of the sub-peak can be
a characteristic feature of triangular grains.

For a more detailed analysis, Raman mapping was per-
formed for the hBN grain shown in Fig. 1b and c. Fig. 2a
displays the intensity of the E,,; band, which follows a moun-
tain-like structure consistent with the optical and AFM
images. On the other hand, the E,; position was almost
constant, falling within the range of 1365-1367 cm ' (see
Fig. S3a). The peak position and area (integral intensity) of the
sub-peak are displayed in Fig. 2b and c, respectively. We can see
that the area of the sub-peak increases when moving from the
grain edge toward the centre. This increase of the area is mainly
due to a broadening of the peak (Fig. S3c), which will be inter-
preted later. The sub-peak shifts to higher wavenumbers toward
the centre of the trigonal grain, from ~1380 cm ™" at the edge to
~1410 cm™ " at the grain centre. This tendency of the Raman
sub-peak was widely observed in other pyramidal hBN grains, as
presented in Fig. S4-S6.

In Fig. 2d, the area of the sub-peak is plotted as a function of
its position, while the colour of the dots represents the intensity
of the E,; band. There is a linear relationship between the sub-
peak area and the intensity of the E,, band. This suggests that
the volume of the hBN layers which contribute to the sub-peak
increases with the main E,; component. However, as will be
discussed later, we consider that the E,; band and the sub-peak
might originate from layers experiencing different levels of
strain. Hence, their simultaneous increase suggests a consistent
proportion of strained to unstrained layers across regions of
varying thickness, supporting the strain gradient model
proposed later.

It is noted that the appearance of the sub-peak does not
depend on the transfer process and Raman measurement
conditions. As shown in Fig. S7 and S8, we also observed the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Raman mappings of hBN E,q intensity (a), sub-peak position (b) and area of the sub-peak (c). (d) Plot of the area of the sub-peak against its
position. The colours of the plots indicate the intensity of the Exg band. Here, the intensity and area mean the peak height and integrated area of

each peak, respectively.

sub-peak when the hBN was transferred with the PMMA-
support layer instead of the adhesive tape. Furthermore, we
also observed the sub-peak when the sample was transferred
onto a Si0,/Si substrate with a 90 nm oxide layer (Fig. S9), and it
appeared independently of the excitation wavelength, laser
power, and irradiation time used (Fig. S10). Therefore, we
believe that the origin of the sub-peak lies in the growth stage of
hBN.

In the following, we discuss the possible reason for the
emergence of the sub-peak in the Raman spectra of the trian-
gular grains with pyramidal shape. There are several possible
reasons, including the presence of other crystalline phases,
defects, impurities (doping) and strain. Boron nitride crystals
with cubic and wurtzite phases are known to exhibit Raman
peaks at 1056 cm ' (F,(TO)), 1304 cm " (F,(LO)) and at
950 cm " (A{(TO)), 1015 cm ™ * (A4(LO)), 1050 cm ™" (E4(TO)), and
1295 em ™" (E4(LO))," respectively. Therefore, the observed sub-
peak does not originate from these other crystalline phases of
boron nitride. Cross-sectional TEM and STEM images and the
elemental mapping for the grain in Fig. 3a are shown in Fig. 3b—
d. We observed a well-ordered layered structure of hBN, with an
average interlayer distance of 0.34 nm (Fig. 3c). No apparent
defects and disorders were observed. As will be discussed below,
the thickness of hBN seems to increase in steps of the Fe-Ni
substrate (Fig. 3c). The EELS mapping (Fig. 3d) proves that the
film consists of B and N atoms. Additionally, the EELS core-loss
spectrum exhibited strong 7* energy loss peaks at the K-shell

© 2025 The Author(s). Published by the Royal Society of Chemistry

edges of boron (~191 eV) and nitrogen (~401 eV) (Fig. 3e and
$11), indicating that the pyramidal grain has sp® bonding.*’
Thus, combined with the observation of the narrow Raman E,,
band (FWHM being 12.3 + 1.5 cm™ ") (Fig. S2b) and single
crystallinity of the pyramidal hBN grain (Fig. 1d and S1), we can
conclude that other crystalline phases and structural defects are
not the origin of the sub-peak.

Impurities in hBN can locally alter lattice vibrations, through
atomic substitution or changes in the bond length. Previous
research reported that the intentional doping with Mg and GeO,
during the growth process alters the Raman spectrum.***°
However, the EELS spectrum (Fig. 3e) indicates that the amount
of possible impurities is lower than our detection limit. More-
over, the observed shift of the sub-peak relative to the E,, band
is much larger than that reported in previous literature for
doping.***° Therefore, it is also unlikely that the Raman sub-
peak is related to impurities existing in the hBN lattice.

We hypothesize that the strain induced during the CVD
process, especially when cooling down from the high growth
temperature (1200 °C) to room temperature is the main origin
of the Raman sub-peak. It is acknowledged that compressive
strain tends to shift the E,; band to higher wavenumbers.***
The sub-peak appears at the higher wavenumber side of the E,,
band, suggesting an upshift of the E,, phonon caused by
compressive strain. As will be discussed later, we attribute the
presence of both the E,, and the sub-peak in the same spectra to
a vertical gradient of in-plane strain across the hBN layers,

Nanoscale Adv., 2025, 7, 7538-7546 | 7541
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Fig. 3

(a) SEM image of a triangular pyramidal hBN grain used for the cross-section imaging. (b) Cross-sectional TEM image of the hBN grain

grown on Fe—Ni foil. The TEM specimen was cut along the yellow line in (a). The hBN is protected from FIB process by pre-deposited amorphous
carbon (a-C) layer. (c) Bright-field (BF) STEM image. (d) EELS elemental mapping of as-grown hBN. (e) EELS loss spectrum of the hBN collected
from the area marked in the inset. Inset is the high-angle annular dark field (HAADF)-STEM image of the cross-section.

increasing from the bottom to the top. The Fe-Ni alloy has
a positive CTE, expanding upon heating and contracting during
cooling. In contrast, the in-plane CTE of hBN is negative,
resulting in opposite behaviour. Owing to the difference
between the CTEs of hBN and Fe-Ni, the as-grown hBN is
supposed to experience compressive force from the Fe-Ni alloy
during the CVD cooling process. The presence of compressive
strain in the pyramid-shaped grains is further evidenced by the
high density of wrinkles observed on the grain surface (Fig. 1c).
In addition, it is worth noting that the strain remains in the
multilayer hBN grains even after transfer to SiO, substrates,
indicating that the strain is preserved in the multilayer films.
Here, we estimate the magnitude of the compressive strain
applied to hBN using two approaches: (i) the difference in the
CTE values of hBN and the Fe-Ni alloy and (ii) the shift of the
observed sub-peak from the Raman E,¢ band. The strain arising
from the difference in the CTE values is estimated by consid-
ering the different volume changes of hBN and the underlying
Fe-Ni foil. In this case, the strain induced in a two-dimensional
material by the substrate can be expressed as follows:*"*

7542 | Nanoscale Adv, 2025, 7, 7538-7546

Tevp
&= JT {aap(T) — ctsubstrate (1)} AT (1)
0

where Tcyp is the growth temperature, T, is the room temper-
ature, and a,p and ogupserate represent the TECs of the 2D
material and growth substrate, respectively. Eqn (1) can be used
to calculate the strain introduced during the cooling down step
after the growth at high temperature. For the CTE value of hBN,
we used the following equation** (Fig. S12a):

anpn(T) = (=296 x 10 +3.83 x 10°T) [1°C]  (2)

The CTE of Fe-Ni alloy varies depending on its composition
(i.e. Fe/Ni ratio). The Super Invar alloy used in this study is
known to exhibit stepwise behaviour (Fig. S12b) following the
empirical relationship:*

aSuper Invar ( T) =

—25.07 x 10 +2.32 x 10°T (~ 140°C)
~10.36121 x 10° +76.25 x 10°7 (140 — 340°C)  (3)
12.96039 x 107 +7.23 x 10°T (340°C ~) [1/°C]

© 2025 The Author(s). Published by the Royal Society of Chemistry
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We plotted the strain calculated from eqn (1)—(3) in Fig. S12c.
The maximum strain introduced in hBN is estimated to be
—1.83% for Teyp = 1200 °C and T, = 27 °C.

To experimentally estimate the in-plane strain stored in the
hBN layers, we analysed the measured Raman shift between the
sub-peak (interpreted as the blue-shifted E,, mode of the
strained bottom layers) and the E,, band originating from the
unstrained upper layers. Assuming isotropic thermal deforma-
tion of the metal in the in-plane direction, biaxial strain is
supposed to be applied to the pyramid-shaped hBN grains. The
relationship between the biaxial strain applied to hBN and the
E,, band shift is expressed by the following equation:**

Aszg

e=——"
0
ZYEzgwﬁzg

4)
where ¢ is the biaxial strain value, Awg,, is the shift of the E,,
band position, YE,, is the Griineisen parameter of the E,, band,
and wg, ” (1367 cm™") is the frequency of the E,; band without
strain. The Griineisen parameter was reported in a previous
study using a three-point bending test to introduce uniaxial
strain, where values of 1.04 for multilayer (>10 layers) samples
and an average of 1.88 for 2-4 layers samples were obtained.*
From eqn (4) the maximum compressive strain induced in the
multilayer hBN grain is found to be —0.68 + 0.02 (yg, = 1.88) to
—1.23 + 0.04% (vg, = 1.04) corresponding to the maximum
shift of 35 & 1.25 cm ™' with respect to the E,, band position.
The calculation details are presented in Fig. S12d. We also
calculated the strain for three other triangular pyramidal hBN
grains, with the maximum strain at the centres ranging from
—0.68 to —1.62% (Table S1). The calculated strain based on the
Raman shift is slightly smaller than that estimated from the
CTE differences between hBN and Fe-Ni (—1.83%). In addition
to inaccuracies in the used Griineisen parameter, this can be
explained by the presence of wrinkles in the hBN sheet (see
Fig. 1c), because the wrinkle formation can partly release
compressive strain applied by the underlying metal catalyst.
Additionally, the calculation method in eqn (1) assumes perfect
transfer of the strain from the Fe-Ni substrate, but hBN may not
fully follow the contraction of Fe-Ni due to slippage or other
factors. Therefore, we can conclude that the sub-peak mainly
originates from the strained hBN layers.

The shift of the sub-peak from the original E,; band shown
in Fig. 2b suggests that significant strain is concentrated near
the centre of the pyramid-shaped grains. Fig. 4 illustrates the
formation and compression processes of the pyramidal hBN
grain during the CVD cooling. During the CVD process, hBN is
formed via segregation of B and N atoms from nucleation sites
on the metal foil. The observed strain concentration at the
centre of these grains can be attributed to several complemen-
tary mechanisms. The compressive strain tends to concentrate
at the centre of the grain due to its triangular geometry and the
rigid structure consisting of many hBN layers. As shown in the
cross-sectional STEM image (Fig. 3c), the increase in the
thickness of hBN from the edge to the centre of the triangular
grains arises from steps in the underlying Fe-Ni substrate. At
the sites where pyramidal hBN grains grow, inverted pyramid-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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shaped pits are likely present on the Fe-Ni surface, with
lateral dimensions decreasing with depth. We consider that
hBN grows conformally within these pits, creating a pyramidal
grain structure where lower layers have smaller lateral sizes and
upper layers become progressively wider, as illustrated in Fig. 4.
We consider that the strain in hBN upon cooling is mainly
induced through these steps of the substrate (green arrows in
Fig. 4). This can explain why the sub-peak is absent in flat
regions of the hBN (outside the triangular flakes).

Another possible reason for the large strain at the grain
centre is the large shrinkage of the metal foil at a nucleation site
as compared with other surrounding areas, as the amount of B
and N atoms dissolved in the metal foil can be very high
(because most likely the B and N atoms remain at interstitial
sites of the Fe-Ni lattice) so that B-N segregation induces a large
volume change mostly at the nucleation sites (orange arrows in
Fig. 4).

Finally, the strain distribution from thick to thin hBN layers
might be further influenced by the temporal sequence of layer
formation during cooling. The bottom layers near the grain
centre nucleate and grow at higher temperatures than the top
layers formed later, subjecting the earlier-formed layers to
greater thermal contraction during the continued cooling
process. This likely generates a vertical (c-axis) gradient of in-
plane compressive strain. This interpretation is supported by
the simultaneous presence of the E,, band (~1367 cm™ "),
attributed to unstrained hBN layers, and the sub-peak at higher
wavenumbers, associated with blue-shifted E,, phonons from
the strained layers, across the whole pyramidal grain. This is
also supported by Raman measurements performed on as-
grown hBN on the Fe-Ni foil. In general, the Raman signal of
hBN becomes significantly weaker when measured directly on
the Fe-Ni substrate, likely due to strong interactions between
hBN and the metal surface. For the pyramidal grains, the E,,
peak was barely detectable in the thin outer regions. While the
E,¢ peak was observed near the centre of the grain, the sub-peak
was not detected (Fig. S13). This suggests that the lower hBN
layers, which are expected to be under higher strain, exhibit
suppressed Raman signals due to stronger interactions with the
metal, and that the observed signal likely originates from the
unstrained upper layers.

Assuming the hypothesis that each layer experiences
a different degree of in-plane strain along the vertical direction,
the sub-peak, which was analysed as a single peak, could
represent a superposition of several slightly blue-shifted E,,
components from the strained lower layers. As the hBN thick-
ness increases, more strained layers contribute to this signal,
each with varying strain levels, leading to the observed broad-
ening of the sub-peak (Fig. S3).

These mentioned mechanisms collectively
contribute to the observed strain increase at the centre of the
pyramidal structures. However, it is worth noting that this sub-
peak was observed only in triangular pyramidal grains with
parallel stacking configurations and was not detected in grains
with antiparallel stacking, which are presumed to have AA’
stacking (Fig. S14). This suggests that the stacking order may
also influence the phonon behaviour in multilayer hBN

seem to
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Fig. 4 Schematic showing the formation of a multilayer triangular pyramidal hBN grain via segregation of B and N atoms, and the compressive
strain applied to the hBN grain from the underlying Fe—Ni alloy catalyst in the cooling step. The red shades in the hBN layers represent the
compressive strain. Blue and red atoms indicate B and N atoms, respectively.

structures. In addition, previous studies have reported phonon
polariton peaks on the high wavenumber side of the E,, phonon
in hBN, whose positions shift with the distance from the flake
edge.**" These features bear resemblance to the characteristics
of the sub-peak observed in this work. However, phonon
polaritons in hBN have so far been observed only near flake
edges under near-field or electron-beam excitation, and it
remains unclear whether they can be excited by visible light
with a relatively large spot size as used in our Raman
measurements. Therefore, while compressive strain remains
the most plausible origin of the sub-peak, the possible influence
of stacking configuration and phonon polariton effects will be
further examined in future studies.

Finally, we note that the compressive strain determined from
the Raman shift (—0.68 to —1.62%) in this study is much higher
than the values reported in previous literature. The maximum
compressive strain observed in the previous studies, except for
high-pressure experiments, is —0.25% (see Table S2).2%24#1.42.45-51
Therefore, the CVD growth can offer a new route toward strain
engineering of hBN as well as other 2D materials.

Conclusions

We demonstrate that large compressive strain is introduced in
single-crystalline hBN with a triangular pyramidal structure.
This strain gives rise to an additional peak in the Raman
spectrum, which shifts from 1380 cm™" at the grain edges to
1415 cm™ " at the grain centre, while the position of the main Esg
band remains unchanged (1367 cm™"). This large strain can be
attributed to the difference in the CTE values of hBN and the
growth substrate, in our case the Fe-Ni alloy catalyst. The
maximum strain estimated from the Raman shift ranges from
—0.68 to —1.62%, which is of the same magnitude as the strain
determined from the difference in CTE values between hBN and
the Fe-Ni foil. This strain is notably large compared to that
reported in other experiments involving compressive strain.
These findings are significant for understanding the stress state
of hBN and suggest that controlling the strain (or strain

7544 | Nanoscale Adv,, 2025, 7, 7538-7546

engineering) can open new avenues for enhancing material
properties and device applications.
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