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ABSTRACT

Raman spectroscopy, as a rapid, nondestructive and powerful technique, has
been widely used to study two-dimensional (2D) materials. The emerging 2D van
der Waals layered MSizNsy (M = Mo or W) semiconductors show remarkable
electrical, optical, thermal, and mechanical properties. However, their Raman
signatures and defect-related features remain poorly understood. Here, we use
first-principles calculations and Raman spectroscopy to investigate the Raman
spectra of MSi:N4. The first-order phonon modes are unambiguously assigned,
while most of the second- order Raman peaks are preliminarily identified.
Furthermore, we observe an anomalous Davydov splitting in multilayer samples,
suggesting a distinctive interlayer vibrational coupling. By controllably
introducing defects into MSi:N4, defect-activated Raman features are identified,
providing a practical nondestructive approach for crystal quality assessment.
This work offers foundational insights into the Raman spectra of MoSi:N4 and
WSi;:N4, enabling rapid and nondestructive structural characterization and

facilitating their controlled synthesis.
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First-principles calculations and Raman spectroscopy preliminarily reveal the intrinsic
vibrational and defect-activated Raman features of two-dimensional van der Waals
layered MoSi:N4 and WSixN4, and uncover a potential anomalous Davydov splitting.

This work provides a foundation for fast structural identification and material quality

assessment.



1 Introduction

In the past two decades, two-dimensional (2D) materials have attracted tremendous
interest due to their remarkable quantum confinement effect and huge specific surface
area, and hold promise for intriguing applications, including electronics,
optoelectronics and energy technology [1, 2]. Raman spectroscopy, as a rapid and
nondestructive characterization method, plays an essential role in the structure
analysis of 2D materials by correlating phonon vibration with the structural
characteristics [3]. For example, the intrinsic G band in graphene corresponds to the
in-plane vibration of carbon with sp? hybridization, while the D band stems from the
disorders in the lattice [4]. The intensity ratio of D and G, Ip//G, has been widely used
to estimate the crystalline quality qualitatively [4]. Moreover, the layer number and
stacking of 2D materials can be identified through analyzing the shift and profile of
the feature peak or the intensity ratio of two specific peaks [5, 6]. With the rapid
development of 2D materials, Raman spectroscopy has enabled detailed structural
characterization (e.g., layer number [5,6], defect identification [5,7], polytypism [8],
and heterostructure [9]), and provided insights into physical properties such as doping

type [10,11], interlayer coupling [12, 13], magnetism [14] and thermal properties [15].

The MoSi2N4 materials family is a recently emerging class of van der Waals (vdW)
layered materials with a general formula MA2Z4, encompassing metals,
semiconductors, superconductors, topological insulators, ferroelectrics and
ferromagnets, owing to the diversity of elements and structures in MA2Z4 [16, 17].
Among this family, MoSi2Ns and WSi2N4 have been synthesized by chemical vapor
deposition (CVD) and they both are high-performance p-type semiconductors with
high intrinsic carrier mobility, excellent thermal conductivity, remarkable mechanical
strength, and outstanding environmental stability [16, 18]. To date, the structural
characterization of MS1xN4 has relied primarily on transmission electron microscopy,

which provides distinct atomic-scale structural information but is time-consuming and

4



typically limited to nanometer-level regions. Although Raman spectra of monolayer
(1L) MoSi>N4 have been reported in both theory and experiments [16, 19, 20],
discrepancies between experimental data and theoretical predictions persist. For
example, the observed prominent peaks at 350 and 926 cm™ in the experiment have
not yet been explained by the theoretical calculation. Moreover, defect-related Raman
studies for MoSi;N4 are absent, leaving a gap in the nondestructive assessment of
crystal quality. Moreover, though the Raman spectrum of 1L WSi:Ns has been
obtained under a 325 nm laser, the theoretical analysis and assignment of Raman

peaks for WSixNy are still blank.

Here, we conducted a systematic study of Raman spectra of MSi2N4, combining
first-principles calculations and Raman spectroscopy. We first clarified the Raman
scattering behavior of 1L and multilayer (ML) MSi2N4 via symmetry analysis and
first-principles calculations. Using CVD-grown 1L and ML MSi:N4 crystals as the
sample platform, we then measured Raman spectra under multiple excitation
wavelengths and polarization configurations to unambiguously assign their first-order
phonon modes and elucidate the evolution of symmetry from monolayer to multilayer.
Notably, a special Davydov splitting behavior was observed in both ML samples.
Furthermore, we identified the defect-activated Raman peaks through defect
engineering. Finally, by integrating calculated phonon spectra with experimental

results, we provided a preliminary assignment of the second- order Raman peaks.

2 Results and discussion

2.1 Raman Spectral Assignment of Monolayer MoSi2N4

Monolayer MSi;N4 shows a hexagonal structure with P-6m2 space group (No. 187)
and Dsn point group symmetry. It consists of septuple atomic layers,
N-Si-N-M-N-Si-N, occupying four inequivalent Wyckoff positions, which are labeled

Niop, Si, Nmig, and Mo in sequence, as shown in Fig. 1(a). Niwp and Nmiq denote the
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outer and inner N atoms, respectively. There are seven atoms in the unit cell of 1L
MSi2Ny, resulting in twenty-one phonon vibration modes: three acoustic branches and
eighteen optical branches. The phonon dispersion curves of 1L MoSi2N4 and WSi2Ny
are shown in Fig. 1(b, ¢), respectively. At the I' point of the Brillouin zone, the
eighteen optical normal vibrational modes (first-order phonon scattering) can be

denoted by the following irreducible representations:

[opric = 34y + 34", + 3E' + 3E"

where E (E' and E") and A (A" and A"2) modes correspond to in-plane and
out-of-plane vibrations, respectively. Based on their symmetry, the A'1 (A"i!, A"1? and
A'®) and E" (E"!, E"? and E"*) modes are Raman-active, the A", (A">!, A"»? and A">?)
modes are infrared-active, and the E' (E'!, E'? and E") modes exhibit both Raman and
Infrared activity (Table S1), supported by Bilbao Crystallographic Server [21, 22].
From all eighteen visualized vibration patterns shown in Fig. 1(d), it can be found that
each E' mode and E" mode has two degenerate vibration modes, corresponding to
vibrations along the =zigzag and armchair directions, respectively. Within a
backscattering geometry, the intensity of the E" modes is strictly forbidden
(Supplementary Note 1). Therefore, it is predicted that six first-order phonon
scattering peaks will be detected, including A"\, A'i?, A'\’, E'', E? and E". Their
Raman scattering process is shown in Fig. 1(e) (i). Additionally, second-order phonon
processes may also occur, including overtone modes (2X), defect-induced modes (D),
and combination modes (Xi+X2), and their Raman scattering processes are shown in

Fig. 1(e) ii-iv.
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Fig. 1 Crystal structure and phonon analysis of 1L. MSi>N4. (a) Schematic crystal structure
of 1L MSixNa. (b, ¢) Phonon dispersion relations of 1L MoSi>2N4 (b) and 1L WSi2N4 (¢). (d)
Schematic illustrations of the atomic displacement patterns in 1L MSi;N4. (¢) Raman
scattering processes: (i) First-order phonon scattering process, (ii~iv) second-order phonon

processes: (i) 2X peak, (iii) D peak, (iv) X £ X, peak.

The photon energy of the incident laser has a significant impact on the Raman
signals of the MS12N4 material. When the photon energy of the incident laser matches
the electronic transition energy levels of the material, a resonance-enhanced Raman
effect occurs, thereby significantly increasing the intensity of characteristic peaks [23].
Monolayer MoSi2Ns and WSixNs are indirect semiconductors, featuring direct

transitions at the K point (Fig. Sl(a, c)), yielding two pronounced excitonic



resonances labeled A and B due to the spin-orbit coupling effect [16]. For MoSi2Na,
the UV-vis absorption spectrum showed six absorption peaks (A-H) (Fig. S2a, b) (See
Supplementary Note 2 for more details). Notably, the B (521 nm, 2.38 eV) and E (310
nm, 4.0 eV) absorption peaks nearly match the 532 nm and 325 nm lasers used in this
study, and possibly match the transition energies at points K and M (Fig. Slb, d),
respectively, implying the occurrence of exciton-resonance-enhanced Raman
scattering. These resonances will selectively enhance Raman scattering intensity via
electron-phonon coupling and modify their polarization selectivity, similar to MoS»
[24, 25]. For WSi;:Ny4, the UV-vis absorption spectrum of 1L WSi:Ns shows five
absorption peaks (A-E) (Fig. S2¢, d), among which the C absorption peak (318 nm) is
close to the 325 nm laser, possibly matching the transition energy at the I" point (Fig.
Slc, d). Consequently, a significant Raman resonance enhancement will occur only

under 325 nm excitation.
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Fig. 2 Raman spectra of 1L MSi:N4. (a, b) Optical images of CVD-grown 1L
MoSi2N4 (a) and WSiz2Ng (b) domains transferred on SiO»/Si substrate. (c, d)
Calculated Raman spectra of 1L MoSi2N4 (¢) and WSi2N4 (d). (e, f) The detected
Raman spectra of 1L MoSi>N4 on SiO2/Si under 532 nm excitation (¢) and WSi2N4 on

Si02/Si under 325 nm excitation (f).

To validate the theoretical predictions, we measured the Raman spectra of
CVD-grown 1L MoSi2N4 and WSiz2N4 (see Methods for more details). Fig. 2(a) and (b)
show 1L MoSi;N4 and WSi;N4 transferred onto SiO,/Si substrate. Their thicknesses,
measured by atomic force microscopy (AFM), were 1.13 nm and 1.16 nm (Fig. S3),
respectively, consistent with the reported monolayers [15, 16, 26]. Raman spectra of
1L MoSi:Ns and WSixNs were measured under multiple excitation wavelengths (325
nm, 532 nm, 633 nm, and 785 nm), as shown in Fig. S4. For 1L MoSi:N4, Raman
signals can be acquired using 532 nm and 325 nm lasers, whereas for 1L WSixNy,

detectable Raman signals are only observed under 325 nm excitation.

Fig. 2(c) shows the Raman spectrum of 1L MoSi>Ns4 based on first-principles
calculations. It can be observed that three prominent peaks are located at 277.7, 598.6,
and 1027.9 cm’!, corresponding to the A", E", and A'> modes, respectively (Table
S2), consistent with the reported results [19, 20]. However, the intensities of the other
three Raman-active modes, A"%, E'! and E®, are very weak, potentially precluding
their clear observation. Fig. 2(e) shows the Raman spectrum of 1L MoSi;N4 under
532 nm laser excitation, where 12 significant Raman peaks are displayed. (see Table
S2 for more details). For clarity, all detected peaks were labelled by PX in ascending
order of frequency. In Fig. 2(e), P2 (290.3 cm!), P6 (620.9 cm™), and P12 (1053.3
cm!) aligned closely with the calculated positions of the A'i!, E”, and A'1*> modes,
respectively, assigned to these intrinsic zone-center phonons. The other nine peaks (P1,
P3, P4, PS5, P7-P11 and P13-15) stem from second-order phonon scattering processes
(Table S2). Unfortunately, due to the Frohlich interaction [25], polarized Raman
spectroscopy cannot provide further evidence (Fig. S5). Under 325 nm excitation laser,

only P3, P6 (E"), and P10 were detected (Fig. S4(a)).

Like MoSixN4, 1L WSizNy is theoretically expected to have six identifiable Raman
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characteristic peaks. They are located at 155.4, 283.2, 593.0, 689.7, 821.2, and 1044.6
cm’! in the calculated spectrum, as shown in Fig. 2(d) and Table S3. There are ten
peaks in the Raman spectrum of 1L WSi;N4 under a 325 nm laser (Fig. 2(f)). P5 and
P10 are located at 601.5 and 1043.8 cm’!, respectively, and are in close agreement
with the calculated positions of E'? and A'\®. The other peaks arise from second-order
phonon scattering. The following Raman peak assignments for multilayer MSi2N4

provide additional support for those of the monolayer.

2.2 Raman Spectral Assignment of 3R-phase MoSi:N4 and WSi>2Ny

Raman spectra of multilayer materials usually show layer-number dependence and
can reveal the interlayer interaction [5, 12, 27, 28]. The MSi:N4 flakes with a lateral
size of about ten micrometers, which were synthesized by CVD (Fig. S6(a) and 7(a))
[29]. The stacking configurations of ML MoSi2N4 and WSi:2N4 were investigated by
atomic- resolution atomic-resolution integrated differential phase contrast scanning

transmission electron microscopy (iDPC-STEM) along the (10 10) direction. A

periodic shift of % between adjacent layers was observed in Fig. 3(a, b), indicating

the ABC stacking order of 3R phase.
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Fig. 3 Crystal structure and phonon analysis of ML MSi;N4. (a, b) Cross-sectional
iDPC-STEM images of 3R-phase MoSixN4 (a) and WSixNy (b). (c) Schematic crystal
structure of 3R-phase MSi:N4 with ABC stacking. (d, €) Phonon dispersion relations
of 3R-phase MoSi>N4 (d) and 3R-phase WSix2N4 (e), showing Davydov splitting of

several A1 modes (highlighted in green or orange). Scale bars: 1 nm in a and b.

3R-phase MSi:N4 belongs to the space group R3m (No. 160) with Csy point group
symmetry, as schematically shown in Fig. 3(c). The phonon dispersion relations of
3R-phase MoSi>2N4 and WSi2Ny are presented in Fig. 3(d, e). Under this Csy symmetry,
the irreducible representation for the optical normal modes at the I' point can be

represented as:

FOptiC:6A1 +6E

All twelve optical modes are both Raman- and infrared-active (Supplementary Note 1
and Table S1) for the 3R-phase MSi2N4 unit cell with a periodic three-layer structure,

supported by Bilbao Crystallographic Server [21, 22]. The symmetry reduction from
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Dsn (1L) to Csv (3R phase) activates specific vibrational modes, similar to 3R-phase
NbS: [30]. Notably, the three Raman-inactive A"> modes in the monolayer become
Raman-active in the 3R phase. Although the total phonon branches increase to 63,
most peak positions in 3R- phase MSi2N4 remain close to those of the monolayer
(Tables S2 and S3). However, several distinct branches, highlighted in orange or green
and labeled AP, are clearly resolved. These may arise from Davydov splitting of A,
modes due to interlayer interaction [28]. In addition, E* and E* are degenerate at the K

point.
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Fig. 4 Morphology characterization and Raman spectra of ML MoSi:N4 and
WSi:N4. (a, b) Optical images of ML MoSi:Ns (a) and WSixN4 (b). (¢, d) Atomic
force microscope (AFM) images corresponding to ML MoSizN4 (c) and WSi2N4 (d)
flakes shown in (a) and (b), respectively. (e, f) Raman spectra of ML MoSi2N4 under
633 nm excitation (e) and ML WSi;N4 under 532 nm excitation (f). (g, h) Linearly
and circularly polarized Raman spectra of ML MoSi;N4 under 633 nm excitation (g)
and ML WSi2N4 under 532 nm excitation (h). Scale bars: 10 pm in (a, b), 2 um in (c)
and 5 pm in (d).

Multilayer flakes of ML MSi>N4, with thicknesses ranging from a few nanometers
to tens of nanometers, were obtained via mechanical exfoliation (Fig. 4(a~d) and S8).
Under multiple excitation wavelengths (325, 532, 633, and 785 nm), the multilayer
structures exhibit distinct Raman signals (Fig. S9(a, b)). Here, the Au substrate was
employed because it provides a flat background without any interfering peaks (Fig.
S10). Specifically, the Raman spectrum of ML MoSi:N4 acquired with a 532 nm laser
is similar to that of the monolayer and also undergoes resonance enhancement. In
contrast, 1L MoSixNs and WSicNs almost show no Raman response under
non-resonant excitation. This absence may be attributed to its low Raman intensity
and scattering efficiency, which may arise from its strong ionic bond characteristics,

similar to the case of 2-BN [31].

The Raman spectra of ML MoSi:N4 are more complex than those of the monolayer.
Under 633 nm excitation, seven first-order peaks were detected for ML MoSi:N4 (Fig.
4(e)). The peaks P1, P3, P10, P14, P20 and P21 are assigned to E?, A\, E*, A3/A %,
Ay® and A1® modes (see Table S2), with reference to the theoretically calculated peak
positions of first-order Raman scattering, corresponding to the E'', A"i!, E?, A">%/A'2,
and A">* and A'i*> modes in 1L MoSi>Ns. Among them, A"»* and A">® modes were
suppressed in the monolayers. In addition to these first-order peaks, seventeen peaks
are observed, which likely originate from second- order phonon scattering processes.
For example, P24 (1274.1 cm™) corresponds to the overtone of P11 located at 637.2

cm’!, similar to the D and 2D peak of graphene [5]. As shown in Fig. S11, several
14



peaks (notably P4, P9, P11, P12, P13, P18-20, P22-24) exhibit a pronounced
enhancement of intensity under 532 nm excitation, due to the exciton resonance
enhancement effect (Table S2). Since the laser energy matches the exciton transition
energy near K point, these peaks may be related to the scattering process at the K
point [32]. Additionally, a broad spectral feature appears in the 630-710 cm™! region,

which will be discussed in detail later.

To unambiguously assign the Raman characteristic peaks of 3R-phase MSi2Ny,
we performed polarized Raman spectroscopy using both linear and circular
polarization configurations. The schematic of the experimental setup is shown in Fig.
S12. The polarization selection rules are summarized in Supplementary Note 1 and
the polarization activity of the first-order Raman vibration is shown in Table 1. To
avoid the misleading effects of exciton resonance, we collected polarized Raman
spectra of ML MoSi>:N4 under non- resonant 633 nm excitation (Fig. 4(g), S13 and
S14). The results aligned closely with the theoretical analysis. Specifically, in the
cross-linear configuration (1), all as-identified first-order A; peaks (P3, P13, P14, P20,
P21) are suppressed. In addition, P2, P5-8, P12, P13, P15-19, P22-24, and the
630-710 cm! band-like peak were also suppressed, suggesting their A; mode
character. In the circular configurations, P1 and P10 show strong suppression under
co-circular polarization (c+o+), further confirming the identification of E? and E*
modes. Meanwhile, the cross-circular spectra (c-c+) exhibit a mode activity pattern
similar to that observed under cross-linear polarization (Il). The three peaks P4, P9,
and P11 exhibit no polarization selectivity under either linear or circular polarization.
Based on subsequent characterization and theoretical calculations, most of the
second- order peaks have been preliminarily identified (see Supplementary Note 3

for more details).

Table 1: Polarization activity of the first-order Raman vibration

Linearly polarized Circularly polarized
Raman mode
I|| IJ_ IG—G+ Ic;+c;+
Ay a? 0 a? 0
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Calculated phonon dispersion curves, combined with polarized Raman
spectroscopy measurements, were employed to identify the vibrational modes of ML
WSi:Ny (Fig. 4(f, h) and S15-17). Six first-order peaks (P1, P3, P6, P11, P15 and P16),
located at 158.9, 296.2, 604.5, 714.9, 1031.0, and 1072.6 cm™!, show good agreement
with theoretically predicted first-order modes, corresponding to E2, A;', E*, Ai3/A4,
Ay® and A° at calculated positions of 155.0, 282.9, 583.6, 687.0/690.5, 1027.2 and
1039.7 cm’!, respectively (Table S3). Many peaks (P5, P9, P12-14, P17-18) and the
broad band-like feature centered at 630-720 cm! exhibit A; symmetry. The peaks P2

and P4 exhibit no linear or circular polarization selectivity.

Davydov splitting is commonly observed in multilayer vdW layered materials,
arising from interlayer vdW interactions and vibrational coupling, such as in transition
metal dichalcogenides [28, 33, 34] and NiPS3; [35]. Here, an anomalously large
Davydov splitting is observed in MSixNa, deviating from the conventional expectation
that high-frequency modes exhibit smaller Davydov splitting than low-frequency
modes [12, 28]. In 3R-phase MoSi2N4, however, certain high-frequency A1 modes
exhibit exceptionally large splitting. Specifically, the A;*> mode reaches 48.0 cm™! (Fig.
3(d)), approximately six times the typical ~7.0 cm™! value for high-frequency modes
in MoS; [34], while others remain minimal (see Table S3 for detailed values). This
anomalous splitting was observed experimentally as a broad band highlighted in Fig.
4(e,f), which matches calculated Davydov  components (A*P~A%).
Low- temperature Raman measurements at 78 K on a 9L flake (Fig. S18b) failed to
resolve the Davydov splitting. Under non- resonant conditions, the signal was too
weak, whereas under resonant conditions the 2LA(K) mode masked the Davydov
splitting component. This broad band also exhibits the polarization selectivity of A;

mode (Fig. 4(g,h)). The abnormal Davydov splitting is further supported by reported
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calculated phonon dispersions [20], ruling out second-order phonon scattering

2LA(K). More details are given in Supplementary Note 4.

2.3 Defect-Activated Raman Modes via Ion Irradiation

Defect-activated Raman peaks in materials play a very important role in rapid
quality assessment. To systematically investigate defect-activated Raman peaks in
MSi2Ns, we introduced defects controllably using a focused helium ion beam. This
technology has been widely used in other 2D materials, such as graphene [36] and
MoS: [7]. A helium ion beam would break the lattice of MS1:N4 with high energy (Fig.
5(a)), and defect concentration can be controlled by irradiation dose. ML MSi;N4 was
used for stronger and more uniform Raman signals, and was placed on Au- coated
Si0,/Si substrates to suppress Si background. Considering the laser spot size (~1 pm)
and the convenience of measurement, the typical irradiated MSi:N4 flake is shown in
Fig. 5(b), with an irradiation width of 3 um. Raman spectra were collected using 532

and 633 nm lasers to track the spectral evolution during the increase of defect density.
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Fig. 5 Defect-activated Raman spectra of MSi:N4. (a) Schematic of He" ion beam
irradiation on MSi2Ns. (b) AFM image of a ML WSi:Ny flake transferred on an
Au-coated SiO»/Si substrate after irradiation, showing a 3 um-width irradiated region
at a dose of 198 ions/nm?. (c, d) Evolution of typical Raman spectra of ML MoSi>N4

with irradiation dose under 532 nm (c¢) and 633 nm (d) excitation. (e, f) Evolution of



typical Raman spectra of ML WSi:N4 with irradiation dose under 532 nm (e) and 633

nm (f) excitation.

Raman spectra for irradiated ML MoSi2Ns were collected using 633 nm and 532
nm lasers, as shown in Fig. 5(c, d), respectively. With increasing dose, the intensities
of the first-order peaks Ai', E*, Ai3/A%, A/°, and A,° diminished gradually and the
shape broadened significantly, indicating the degradation of crystal quality [7]. The E*
peak shows a measurable blue shift under a 633 nm laser, consistent with expectations
from the phonon dispersion relation (Fig. 3(d)). The excessive weakening and
interference of the other first-order modes prevented reliable analysis of their peak
positions. Six defect-activated characteristic peaks were detected at 633 nm (labeled
D1-D6), located at 237.8-295.4, 348.1, 392.4-404.7, 591.9, 632.6 and 927.0 cm!, and
four of the peaks (D2-D5) were detected at 532 nm (Table S2). Their intensities first
increased and then decreased with increasing dose, similar to the evolution of
defect-related peaks in MoS: [7]. Among them, D1 and D3 manifest as broad bands.
The positions of D2, D3, D5, and D6 peaks show a systematic blue shift with
increasing defect concentration, whereas the D4 peak remained stationary (Fig. S20).

More samples were measured and showed consistent results (Fig. S21).

The phenomenon of exciton resonance enhancement provides a reference for the
scattering centers of defect-phonon scattering and their scattering processes are shown
in Fig. 1(e) iii. For ML MoSi:Ny, four defect peaks (D2-D5) are observable under 532
nm excitation (Fig. 5(c)), while two additional peaks (D1 and D6) emerge under 633
nm excitation (Fig. 5(d)). Based on resonance selectivity [37], D2, D3, D4, and D5
are mainly attributed to phonon scattering near the K point coupled with defects,
whereas D1 and D6 are more likely associated with scattering at the M point. By
referencing the measured peak positions, calculated phonon dispersions, and
dose-dependent peak shifts, we tentatively assign D2 (348.1 cm™), D4 (591.9 cm™),
D5 (632.6 cm), and D6 (927.0 cm™) to the LA(K), E3(K) mode (568.8 cm™), E4(K)
mode (604.3 cm!), and A1°(M) mode (910.9 cm™), respectively. D1 and D3 appear as

broad bands, likely involving multiple defect-activated Raman scattering processes,
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and are tentatively assigned to ZA/TA(M-K) and E'(M-K) (Fig. S22). Through the
elemental-projected phonon analysis, the correlation between these peaks and defect
sites was tentatively revealed. As shown in Fig. S23, D1 and D2 may originate from
Mo-site defects, the D3 band from Si-site defects, and D4, D5, and D6 from Nmiq site
defects. It’s worth noting that D2, D4 and D5 can be detected in the unirradiated
region of the same flake, suggesting that the defects related to Mo- and N-site form
more easily during the CVD growth. This reflects their lower formation energies,

consistent with reported literature [38, 39].

The Raman spectral evolution of ML WSi:N4 is shown in Fig. 5(e, f) and S24,
similar to that of ML MoSi:N4. Under both 532 nm and 633 nm excitation, four
defect-activated features (D1-D4) are detectable in ML WSi;N4, with a systematic
blueshift (Fig. S25, 26 and Table S3). The D1 band (189.3-242.3 cm™) is attributed to
vibrations along the M—K path involving ZA and TA modes (194-246 cm™) (Fig. S26).
D2 (266.4 cm™) is assigned to the LA(K) mode near 255.2 cm’!. Both D1 and D2 are
tentatively associated with W-site defects (Fig. S27). D3 (640.0 cm™) and D4 (923.6
cm’!) are tentatively assigned to the E%K) mode (~624.5 cm™) and A°(M) (931.7
cm), respectively, tentatively related to Nmiq site defects. Interestingly, the intensities
of the characteristic peaks associated with Ny, sites and Si sites are relatively low in
both MoSi2N4 and WSixNs, which may be attributed to the strong Si-N bonds.

Moreover, it’s suggested that the intensity ratio of Ai' or E* and D (I Al JIp or Iga/Ip)

in both MoSi;:N4 and WSi:N4 can be used to assess the concentration of corresponding

defects qualitatively (Fig. S28 and Supplementary Note 5).

The first-order Raman peaks and defect-activated peaks were analyzed and
assigned, further combined with calculated phonon dispersions and
resonance-enhanced Raman phenomena, providing a reference for identifying
overtone modes (2X) and combination modes (X; £ X»2) in Fig. 1(e) ii and iv. For
example, in the spectra of ML MoSi:N4, (Fig.S29 (b,c)), the defect-activated peaks
D2 (LA(K), P4, 352.1cm™), D3 (E*(K), P5/P6, 398.4/409.2 cm™), D4 (E3(K), P9,
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591.2 cm™), and D5 (E4K), P11, 637.2 cm™) is attributed to phonon—defect scattering.
Their corresponding overtone modes, phonon-phonon scattering, are assigned to P9
(705.1 cm™), P22 (1187.5cm™), and P24 (1274.1 cm™), respectively. Consequently,
P9, P22, and P24 are identified as 2LA(K), 2E3(K), and 2E*(K), respectively. The
combination modes are tentatively identified as P18 (930~936 cm™!, LA(K) + E3(K)),
P19 (988.1 cm!, LA(K) + EXK)/E*((K) + E3*K)), and P23 (1227.8 cm™!, E}K) +
E*K)). The corresponding difference modes tentatively set as E4K) - EX(K)/E3(K) -
LA(K) (239.1 cm™), E3(K) -E*(K) (178.9 cm™). The E¥K) - LA(K) and the E¥K) +
E*(K) modes overlap with the Ai', A;° and Ai® modes, while the E3(K) -E*(K) mode
lies outside the measured spectral range. Furthermore, D6 peak (Ai1%(M) 927.0 cm™)
overlaps P18 (930~936 cm™!, LA(K) + E3(K)). More detailed assignments of the
observed Raman peaks of MSi;N4 are provided in Supplementary Note 3, Tables
S2-S3 and Fig. S29.

3 Conclusions

In summary, this work presented a systematic Raman spectrum study of 1L and
3R-phase MoSixNs and WSiNs. By integrating theoretical simulations and
experimental measurements, we have assigned the primary characteristic Raman
peaks for both materials, including first-order phonon scattering peaks (e.g., Ai'/A1,
E'/E for monolayers and multilayers, respectively) and some second-order phonon
scattering peaks (e.g., 2LA(K)). An anomalous Davydov splitting behavior is
observed and analyzed in the multilayer structures. Furthermore, defect-activated
Raman peaks are identified by combining controlled helium-ion irradiation, thereby
providing a practical method for non- destructive assessment of crystal quality. These
findings significantly advance the fundamental understanding of Raman spectra of
MoSi2N4 and WSi2N4, and provide a spectroscopic foundation in the synthesis and

application in advanced electronic devices.
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4 Methods

4.1 First-Principles Calculations.

The first-principles calculations were carried out using the Vienna Ab initio
Simulation Package (VASP) [40, 41] with the projected augmented wave (PAW)
method  [42] and  generalized  gradient  approximation  with  the
Perdew-Burke-Ernzerhof exchange-correlation functional (GGA-PBE) [43, 44]. The
plane-wave cutoff energy of 600 eV was used. A large vacuum space was set to 20 A.
Structures were optimized with a 24 x 24 x 1 k-mesh, convergence criteria of 10% eV
for energy and 10® eV/A for forces. Van der Waals corrections were included using
Grimme's DFT-D3 [45]. Band structure calculations were performed including
spin—orbit coupling. The joint density of states (JDOS) was obtained based on the
band structure using VASPKIT package [46]. Phonon dispersions and Raman spectra
were calculated using Phonopy [47], Phono3py package, and Phonopy-Spectroscopy
package [48] with the finite displacement method (3 x 3 x 1 k-mesh, 10 eV/A force
convergence). A 4 x 4 x 1 supercell was used for monolayers and a 2 X 2 x 2 supercell

for the 3R phase.
4.2 Growth and Transfer of MoSizN4 and WSi2Na4.

1L and ML MoSi:N4 and WSixN4 crystals were grown using our previously reported
CVD methods [16, 26, 29]. In detail, triangular 1L MoSi;N4 and WSi:N4 domains
were grown on solid Cu/Mo and liquid Au/W substrates, respectively. Then they were
transferred using a PMMA -assisted wet etching method. Multilayer domains were
grown by increasing the growth temperature and the supply of nitrogen source.
Subsequently, multilayer nanosheets were mechanically exfoliated using silicone-free

adhesive plastic films (ULTRON SYSTEMS, INC.) onto target substrates.

4.3 Structural Characterization.
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The morphology and thickness of MSi:N4 were characterized using an optical
microscope (Nikon LV100D) and atomic force microscopy (AFM, MultiMode VIII,
Bruker, Inc.). UV-vis absorption spectra were measured using a Varian Cary 5000
spectrometer. The high-angle annular dark field (HAADF), iDPC, differential phase
contrast (dDPC) scanning transmission electron microscopy (STEM) imaging and
energy-dispersive spectroscopy (EDS) measurements were performed at 300 kV on a
FEI Titan Cube Themis G2 300 instrument equipped with a high-brightness
field-emission gun (X-FEG), double spherical aberration corrector, and a
monochromator. The cross-sectional STEM samples were fabricated by focused ion

beam (FIB) cutting on FEI Helios NanoLab DualBeam 235.
4.4 Raman Spectroscopy Characterization.

Raman spectroscopy was performed at room temperature using two confocal Raman
microscopes (LabRAM Odyssey and Jobin Yvon LabRAM HR800), with a 100x
objective and 600 or 1800 lines/mm gratings. 532 nm and 633 nm lasers were used as
the primary excitation source (spot size ~ 1 um, actual laser power summarized in
Table S4), without potential laser heating effects (Fig. S30). The Raman shift was
calibrated using the characteristic phonon peak of silicon at 520.7 cm'. The linearly
polarized and circularly polarized Raman spectra were collected by loading two
half-wave plates and a quarter-wave plate. The detailed methods are shown in Fig.
S12 and Supplementary Notes 6, 7. The temperature-dependent Raman spectroscopy
was performed using in-situ thermal stages of KT-Z165M4LT (Zhengzhou Ketan

Instrument Equipment Co., LTD.) with a 50% objective in vacuum.
4.5 He* Ion Irradiation Experiments.

Irradiation was performed using a Zeiss Orion NanoFab multi-ion beam system with a
30 keV He* beam. The ion dose ¢ was calculated as, o= Nlty/Ae, where I is ion

current, #, is unit irradiation time (2 ps), N is the number of cycles, A is irradiated
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area, and e is the elementary charge. The dose was controlled from 0.01 to 200

ions/nm? by adjusting N and A.
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Fig. S2. UV-vis optical absorption spectra and derivative spectra of 1L MoSi:N4 (a, b) and WSioN4

(c, d) films. For ease of comparison, an offset of 0.26 eV and 0.27 eV was applied to (b) and (d),

respectively.



Fig. S3. Atomic force microscopy (AFM) images of 1L MoSi2N4 with a thickness of ~1.13 nm (a)

and 1L WSi;N4 with a thickness of ~1.16 nm (b).
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Fig. S4. Raman spectra of (a) 1L MoSi2Ns and (b) 1L WSi:N4 under different excitation

wavelengths (325 nm, 532 nm, 633 nm, and 785 nm).
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Fig. SS5. Linearly and circularly polarized Raman spectra of 1L MoSi;N4 under 532 nm.
Under exciton resonance, the Frohlich interaction renders the Raman tensor forms of A and E
modes identical [1], so that polarization measurements cannot reliably separate first- and

second-order features, nor discriminate between E' and A'y symmetries.



HAADF
553330808883822323389991

3333355253033880000004448

¢,¢4.opoap5¢4‘
'y

pliiissiseannarereeenes ”‘**f"' 2ii0e

BRBRRRRNNNANNNRRIRRRII I

ISR AR R TR PR R RS

SPEEREERR N

d§dPTanEannees

SEISTYR RSN N

500 pm 500 pm 500 pm

Fig. S6. Structural characterization of as-grown 3R-phase MoSi:N4 crystals. (a) Optical
image of the as-grown 3R-phase MoSi:N; crystals on Cu/Mo substrates. Scale bars: 10 um. (b, ¢)
Cross-sectional STEM images of 3R-phase MoSi:Ns: (b) HAADF and (c) dDPC. (d) EDS
mapping of 3R-phase MoSi>N4, confirming the seven-atomic-layer structure (N-Si-N-Mo-N-Si-N)

of a monolayer.
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Fig. S7. Structural characterization of as-grown 3R-phase WSi:Ny crystals. (a) Optical image
of the as-grown 3R-phase WSicNs crystals on Cu/W substrates. Scale bars: 10 um. (b, c)
Cross-sectional STEM images of 3R-phase WSi2N4: (b) HAADF and (c) dDPC. (d) EDS mapping
of 3R-phase WSixN4, confirming the seven-atomic-layer structure (N-Si-N-W-N-Si-N) of a

monolayer.
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or WSi:Ny flakes with varying layer thicknesses transferred onto SiO»/Si substrates.
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Fig. S9. Raman spectra of ML MoSi:N4 (a) and ML WSi;N4 (b) under different excitation

wavelengths (325 nm, 532 nm, 633 nm, and 785 nm).
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Fig. S10. Comparative Raman spectra of multilayer MoSiz2N4 (532 nm (a), 633 nm (b)) and WSizN4
(532nm (c)) on Au and SiO2/Si substrates, including the bare Au reference. The intensity differences
between the two substrates are attributed to variations in layer number. The spectra highlight the strong
interfering signal from the SiO2/Si substrate versus the much weaker background on Au under

non-resonant excitation.
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Fig. S11. Raman spectrum of ML MoSi>N4 grown on an Au substrate, measured under 532 nm

laser excitation.
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spectroscopy.
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Fig. S13. Angle-resolved polarization Raman spectra of ML MoSi;N4 on a SiO»/Si substrate,

acquired under 633 nm laser excitation.
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Fig. S14. Linearly and circularly polarized Raman spectra of ML MoSi2N4 on a SiO»/Si substrate,

acquired under 633 nm laser excitation.
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Fig. S15. Raman spectrum of ML WSi;N4 grown on an Au substrate, measured under 633 nm

laser excitation.
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Fig. S16. Angle-resolved polarization Raman spectra of ML WSi:Ns on a SiO»/Si substrate,

acquired under 532 nm laser excitation.
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Fig. S17. Linearly and circularly polarized Raman spectra of ML WSi>N4 on a SiO»/Si substrate,

acquired under 532 nm laser excitation.
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Fig. S18. (a) Raman spectrum of ML MoSi:N4 under 633 nm excitation. The inset shows the
Full- width at half- maximum (FWHM) of the A;* mode. (b) Raman spectra of 9L MoSi»N; at

78 K under 532 nm and 633 nm.
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Fig. S19. (a) Raman spectra of 1-5 layer MoSi>2N4 on a SiO/Si substrate, acquired under 532 nm
laser excitation. (b) Vibrational patterns of the A;* and A;* modes of 3R-phase MSi;N4 (M = Mo,
w).

Under resonance- enhanced conditions, the 2LA(K) peak of monolayer MoSi>N4
exhibits a symmetric line shape. With increasing layer number, the linewidth broadens

and the peak becomes asymmetric, similar to the 2D peak in graphene [2].
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Fig. S21. Evolution of Raman spectra of ML MoSi>N4 with irradiation dose under 532 nm (a) and

633 nm excitation (b).
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Fig. S24. Evolution of Raman spectra of ML WSi;Ny4 with irradiation dose under 532 nm (a) and

633 nm excitation (b).
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Fig. S29 Preliminary Raman peak assignments for monolayer and multilayer MSi>N4 (M = Mo, W)
under different excitation wavelengths. (a) Raman spectra of 1L MoSi>N4 under 325 nm and 532
nm laser excitation. (b, ¢) Raman spectra of ML MoSi>N4 under 633 nm (b) and 532 nm (c)
excitation. (d) Raman spectrum of 1L WSi:N4 under 325 nm laser excitation. (e, f) Raman spectra
of ML WSi;N4 under 633 nm (e) and 532 nm (f) excitation. Preliminary assignments for most

observed Raman peaks are provided.
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Fig. S30 Laser heating effect on Raman spectra of 1L MoSi2Ns and ML WSi:N4 under 532 nm. (a)
Power-dependent Raman spectra of 1L MoSixNa. (b~d) A" (b), A1"” (¢) and LA(K) (d) Raman
peak evolutions extracted from (a). (¢) Power-dependent Raman spectra of ML WSi>Na. (f~h) A,

(), A1* (g) and A,° (h) Raman peak evolutions extracted from (e).






Supplementary Note 1. Theoretical analysis of Raman activity and polarization

selectivity of 1L and 3R phase MSi>:N4

Table S1: Character Table of Point Group D3, and Csy

Dsh Csy
Mult. Quadratic Mult. Quadratic
A'y x*+y?, 72 Ay x>ty?, 72
A" \ Ao \
A \ E x>-y%, Xy
A" z
E' x%-y?, Xy
E" XZ, yZ

According to Raman selection rules, the intensity of Raman scattering is governed by
the Raman tensor R, the polarization vector of incident light e, and the polarization
vector of scattered light e;. This relationship can be expressed as:

I |eg-R-e*#(1—1)
Under non- resonant conditions, the Raman tensors for 1L and 3R- phase MSixN4

take the following forms (based on their point groups):

a 0 0
RA'1:(0 a 0)
0 0 b
c 0 O 0 —c O
RE.:<0 —c 0>,<—c 0)
0O 0 O 0

0
0 0
00 0y /0 0 0
RE--=(0 0 d>,<0 d o)#(1—2)
00 —d

0 d 0

For 1L MSixN4

For 3R phase MSi>N4



0 g h, yg 0 O
RE=<g 0 0),(0 -g h)#(1—3)
h 0 O 0 h O

Here, a~h denote the nonzero Raman tensor elements. For linearly polarized light
propagating along the out- of- plane direction, e; and e; can be written as
(cosw, sinw,0) denotes the polarization angle 0 relative to a crystallographic axis c.
By combining Equations (1-1), (1-2) and (1-3), the polarization-dependent Raman
intensity for the A'y , E', and E" modes in 1L and A; and E modes in 3R-phase
MSi2Ny can be derived as a function of the polarization angle 6:

For 1L MSi2N4
1
Iy, = |a|? sin* @ + |b|? cos* 6 + = la||b| sin? (26) cosg,#(1 — 4)
Iy =c*#(1-5)
Ip= 0 #(1—6)

For 3R-phase MSi>N4

1
I4, = le|*sin* @ + |f|* cos* 6 +§|e||f| sin? (20) cos,#(1 — 7)

I = g*#(1-8)

For circularly polarized light propagating along the crystal’s out- of- plane direction,

: 1 .
e; and e; can be written as 5(1, + 1,0).

For 1L MSi;N4 under co-circular polarization (c+c+)

1 2
Iy, = |§(a+ i- ia)| = 0#(1—9)



1 2
Ig = |§(c+ i— ic)| = c?#(1 - 10)

For 1L MSi2N4under cross-circular polarization (6-6+)

2
= a’#(1—11)

1
Iy, = |E(a—i-ia)

2
= 0#(1 —12)

1
I = |E(C_ i-—ic)

For 3R-phase MSi;N4 under co-circular polarization (c+c+)

2
= 0#(1 —13)

1
Iy, = |E(e+i-ie)

I = g*#(1 — 14)
For 3R-phase MSi;N4 under cross-circular polarization (6-0+)

2
= e2#(1 — 15)

1
Iy, = |E(e—i-ie)

I; = 0#(1 — 16)



Supplementary Note 2. Analysis of UV-vis absorption spectra of monolayer

MoSi:N4 and WSi:N4

To extract absorption peaks, we adopted a combined analysis of UV-vis absorption
spectra and their first derivatives [3]. Among them, the zero- crossing point
(changing from positive to negative) is used to identify the main absorption peak, and
the minimum value of the first- order derivative is used to identify the shoulder peak.
Specifically, for MoSi;Ny, there are three zero- points and five minima located at
2.21, 2.38, 3.15, 3.73, 4.0, 5.34, 590, 6.11eV (Fig. S2a, b), labeled A to H in
sequence, respectively. Similarly, for WSi2N4, we extracted five absorption peaks A, B,

C, D and E located at 2.42, 2.77, 3.90, 4.6 and 5.06 eV (Fig. S2c, d), respectively.

The joint density of states (JDOS) quantifies the number of available electronic
transitions at a given photon energy, thus serving as a fundamental tool for analyzing
optical absorption [4]. Furthermore, the partial JDOS further restricts the analysis to
specific pairs of valence and conduction bands, thereby enabling the assignment of

observed peaks to particular interband transitions.

Fig. Sla and Slc show the band structures of monolayer MoSi>N4 and W Siz2Na.
Here, we selected four valence bands (Vi~V4) and six conduction bands (Ci~Cs)
closest to the Fermi level to calculate partial JDOS (Fig. S1b, d). Because of the
strong spin-orbit coupling (SOC) from the heavy Mo atoms, the top of the valence
band at the K point splits into two bands, Vi and V2. For monolayer MoSi2Na, the
absorption spectrum in Fig. Sla exhibits eight peaks, including A (2.21 eV), B (2.38
eV), C(3.15eV),D (3.73eV), E (4.0eV), F (5.34eV), G (5.90 eV) and H (6.11 eV).
To facilitate a direct comparison between the JDOS and the absorption spectrum, an
offset of 0.26 eV was applied to the data presented in Fig. S1b. The transitions are
assigned as follows: peak A corresponds to transitions from Vi to Ci/C, at K
corresponding to 2.24 eV, peak B from V2 to C1/C; at K corresponding to 2.32 eV, and
peak C from V1/V2 to Cs/Cs at I' corresponding to 3.25 eV, and peak E from V1/V; to
Cs/Ce at M corresponding to 4.03 eV. Peak F mainly originates from transitions from
the deeper valence bands V3/V4 to Cs/Cs near the A point corresponding to 5.33 eV.
Peak H could not be assigned within the selected energy window, likely involving

multiple higher-energy transition pathways. The D and G peaks are excluded from the



peak assignment analysis owing to their negligible intensities, and no corresponding
electronic transitions for these peaks could be resolved in the partial JDOS and band

structure.

For monolayer WSi:N4, the absorption spectrum in Fig. Slc clearly resolves five
peaks A (2.42 eV), B (2.77 eV), C (3.90 eV), D (4.6 eV), and E (5.06 ¢V). An offset
of 0.27 eV was applied to the data presented in Fig. S1d. Similar to MoSi2Na, the
valence band at K is split by SOC effect, but the split V> band does not exhibit a
significant transition probability at K (B* in Fig. S1d). Accordingly, peak A
corresponds to transitions from V; to Ci/C; at K (2.42 eV), and peak B corresponds to
transitions from Vi/Vy to Ci/C2 at I' (3.0 eV). Peak C mainly originates from
transitions from Vi/V, to Ci/C; at M (3.72 eV). Peak D mainly originates from
transitions from Vi to C3/Cs at K (4.72 eV). Peak E mainly originates from transitions
from V1/V; to Cs/Cs at K (5.09 eV). Notably, although the B* peak (V> to Ci/C; at K)
is predicted at 2.52 eV in the band structure, it is absent in the partial JDOS (2.79 eV).



Table S2: The theoretically calculated and experimentally measured Raman peak positions

of MoSi;N4 (Unit: cm™)

1L MoSixNg 3R phase MoSi>Ng
Mode/Lab. Cal. Exp. (532 nm) Mode/Lab. Cal. Exp. (633 nm)
E" 126.8 E! 127.5
B! 168.5 EX(P1) 168.7 172.7
E"(K)-E"/(K)/E (P1) 179.8
ZAK/M)/TAK/M) (D1) 246-293 237.8-295.4
B4(K)-EX(K)
239.1
/EXK)-LA(K) (P2)
AP 275.6
Al (P2) 2777 290.3 A (P3) 278.2 292.8
LA (K) (P3) 3459 350.8 LA(K) (P4/D2) 3322 352.1
E"(K) (P4) 412.1 396.3 E! (K-M) (P5+P6/D3) 368.2 398.4,409.3
A" 376.4 A2/APP 377.5
P7 4323
E? 534.6 B’ 535.0
P8 553.7
E"(K) (P5) 568.8 590.8 E3(K) (P9/D4) 568.8 591.2
E'" (P6) 598.6 620.9 E*(P10) 599.0 618.9
E2(K) (P7) 611.1 634.9 E4(K) (P11/D5) 604.3 637.2
APP (P12) 637.6 654.0
A® Ay* Davydov 637.6-694.9 630-710
A2 685.4 AP/AP 685.7/686.8
2LA(K) (P8) 695.2 2LA(K) (P13) 705.1
A"? 685.9 At (P14) 694.9 712.9
P15 739.0
P9 785.1 Pl6 784.7
E®/E" 821.1 BS/E® 822.1/822.6
P17 823.8
D6 (A 5(M)) 910.9 927.0
LA(K)+E"™(K) (P10) 920.3 LA(K)+E}(K) (P18) 930-936
LA(K)+E?(K) LAK)+E4K)
987.9 988.1
E"(K)+E"(K) (P11) /EAK)+EX(K) (P19)
ApPP 990.1
A" 1015.0 AP (P20) 1023.7 1025.6
A" (P12) 1027.9 1053.3 AL/AP (P21) 1028.6 1052.9
2E"(K) (P13) 1188.6 2EX(K) (P22) 1187.5
E"(K)+E*(K) (P14) 1226.3 E3(K)+ E4(K) (P23) 1227.8
2E7(K) (P15) 1274.3 2E4(K) (P24) 1274.1




Table S3: The theoretically calculated and experimentally measured Raman peak positions

of WSi;N4 (Unit: cm™).

IL WSizNy 3R phase WSizNy
Mode/Lab. Cal. Exp. (325 nm) Mode/Lab. Cal. Exp. (532 nm)
E" 130.6 E! 131
E! 155.4 E? (P1) 155.0 158.9
Pl 195.6 ZA/TA(M-K) (D1 band) 194-246 189.3-242.3
LAM) (P2) 267.1 267.1 LA(K) (P2/D2) 255.2 268.5
AP 281.5
AY! 283.2 Al (P3) 282.9 296.2
P3 3223 AP 336.8
A"y 338.8 A2 337.8
E4K)-LA(K) (P4) 378.2
2LAM) (P4) 552.9 2LA(K) (P5) 539.5
E™ 561.2 E? 552.2
E3(K) 588.4 604.5
E? (P5) 593.0 601.5 E* (P6) 583.6 605.0
P7 613.9
E2(M) (P6) 624, 635 636.6 E4K) (D3) 624.5 634.8
Ar¥/A* Davydov 633-690 630-720
APP (P8) 633.4 651.6
A'? 682.9 AP 687.0
AP 687.5
P9 707.0
A"? 689.8 Ar*(P10) 690.4 714.9
P7 761.1
E? 821.0 E° 818.6
E" 821.2 E° 819.2
EXK)+LA(K) (P11) 872.7
A'P(M) LA(K)+E*(K) (P12) 918.7
915.7
LA(K)+E"(K)(P8) A5(M) (D4) 931.7 9223
P13 938.2
P9 986.6 AP 987.7
A"p? 1022.1 A’ (P14) 1027.2 1031.0
A'S (P10) 1044.6 1043.8 A15/A%P (P15) 1039.7 1072.6
2B3(K) (P16) 1203.8
EXK)+E4(K) (P17) 1246.8
2B4(K) (P18) 1286.4




Table S4: Measured actual laser power below the objective lens under different

wavelengths (Unit: pW)

Wavelength LabRAM Odyssey Jobin Yvon LabRAM HR800
50X 100 X 50X 100 X
532 nm 246 186 166 120
633 nm 288 260 299 259
785 nm 1190 805 \ \

The actual laser powers below the objective lens were measured by a laser power

meter (PM160, THORLABS GmbH, wavelength range: 400-1100 nm) for the 532

nm, 633 nm, and 785 nm lasers. The 325 nm laser exceeds the power meter's detection

range and therefore cannot be measured. The actual laser power fluctuates within a

range of +10%.



Supplementary Note 3. Preliminary identification of second-order Raman peaks

in MSi:N4

The first-order Raman peaks and defect-activated peaks have been analyzed and
assigned in the main text, providing a reference for identifying overtone modes (2X)
and combination modes (X1 + X2), whose scattering processes correspond to
scenarios (i1) and (iv) in Fig. 1(e), respectively. In ML MoSi;N4, the defect-activated
peaks D2 (LA(K), P4, 352.1 cm™), D3 (E'(K), P5/P6, 398.4/409.2 cm™), D4 (E*(K),
P9, 591.2cm), and D5 (E4K), P11, 637.2cm™) are attributed to phonon—defect
scattering. Their corresponding overtone modes, phonon-phonon scattering, are
assigned to P9 (705.1 cm), P22 (1187.5 cm™), and P24 (1274.1 cm™') in Fig. S29 (b,
¢), respectively. Consequently, P9, P22, and P24 are tentatively assigned as 2LA(K),
2E3(K), and 2E*%K), respectively. The corresponding combination modes are
identified as P18 (930-936 cm’!, LA(K) + E*K)), P19 (988.1cm”, LA(K) +
E*K)/E'(K) + E3(K)), and P23 (1227.8 cm™!, E*(K) + E%K)). The corresponding
difference modes are E%K) - EYK)/E*(K) - LA(K) (239.1 cm™), E3(K) - EY(K)
(178.9 cm™) in Fig. SI1. The E4K) - LA(K) and the E%K) + E*(K) modes overlap
with the Ai', A;° and Ai® modes, while the E3(K) - E¥K) mode lies outside the
measured spectral range. Furthermore, D6 peak (A1°(M) 927.0 cm™) overlaps with
P18 (930-936 cm™!, LA(K) + E3(K)).

Based on the Raman spectra of ML samples, the Raman peaks of 1L. MoSi2N4 can
be fully identified (Fig. 2 (e)). P3, P4, PS5, and P7 are defect peaks in Fig. S29 (a),
LA(K), E'(K), E"%(K), and E'*(K), respectively. P8, P13 and P15 are the overtone
peaks of P3, P5 and P7, namely 2LA(K), 2E*(K) and 2E"*(K). P10, P11 and P14 are
combination peaks, LA(K) + E"*(K), LA(K) + E*(K)/E"(K) + E"*(K) and E*(K) +
E"%(K), respectively. P1 is the difference mode E"*(K) - E"!(K).

The 325 nm excitation energy is close to the M-point electronic transition energy of
MoSi:Ny4, thus enhancing Raman scattering near the M point at this wavelength.
Therefore, P3(341.4 ¢cm™) and P10 (918.7 cm) under the 325 nm excitation are
preliminarily assigned to the LA(M) (320.2 cm™) and A'i’(M) (910.9 cm™) modes



(Fig. S29a), respectively, whose frequencies are close to those of LA(K) and A'13(K)
in Fig. S22.

In ML WSi,Na, the defect-activated peaks D2 (LA(K), P4, 268.5 cm™), D3 (E4K),
634.8 cm!) and D4 (A1%(M), 922.3 cm™!) are identified. Their corresponding overtone
modes are assigned to P5 (2LA(K), 539.5 cm™) and P18 (2E*K), 1286.4 cm™) in Fig.
S29 (e, f), respectively. By analogy with MoSi>Ns, P16 (1203.8 cm™) and P17
(1246.8 cm™) are attributed to 2E*(K) and E3(K) + E4K), respectively, although their
parent defect peak E*(K) overlaps with E* (P6, 605.0 cm™). Further identification of
combination and difference modes yields P12 (E4K) + LA(K), 918.7 cm™), P4 (E*(K)
- LA(K), 378.2cm), and P11 (E3(K) + LA(K), 872.7 cm™). The difference mode
E3(K) - LA(K) (expected at 337.8 cm™") is not observed. By contrast, this mode can be
observed in the 1L WSi:Ny4 spectrum. Based on the above analysis, the Raman peaks
of the 1L WSiz2Ny are identified (Fig. 2f and S29d). Due to the alignment of the 325
nm laser with the energy level of the M-point transition, the second-order scattering
process is more likely to occur at the M-point. P2, P4, P6 and P8 are tentatively
assigned as LAM) (267.1 em'), 2LAMM) (552.9 cm™), E*(M) (636.6 cm!) and
A'*(M) (915.7 ecm™). The corresponding assignments are summarized in Tables S2,3

and Fig. S29.



Supplementary Note 4. Abnormal Davydov splitting behavior

The low-frequency breathing modes are the low-frequency manifestation of
interlayer van der Waals forces, and the Davydov splitting modes are the
high-frequency manifestation of interlayer van der Waals forces. The relationship

between them is as follows [5]:

o002, #2 - D)

Among them, wpq,, wo, and w;p, are the frequency of the Davydov splitting peak

A, the frequency of the lowest Davydov splitting peak, and the frequency of the

low-frequency breathing mode LB;, respectively. Combined with the LCM model [6],

K i-1
wLBz\/W[I_COS(Wﬂ)]#(Z — 2)
Among them, p is the mass per unit area, c is the speed of light, N is the number of
layers, and K is the interlayer interaction force constant. Equation 2-3 can be derived

from equations 2-1 and 2-2

a)Dal-a)f)a]: (wDa,+wDaj) (wDal_a)Dal)
~teos (S ) cosSpmipz - 3)
2lu7z-202 cos N | -COoS N T

From equations (2-3), for a given sample thickness, the bandwidth of the Davydov
splitting peaks in the high-frequency A1 mode is predicted to be narrower than that of

the low-frequency ones.

Our first-principles calculations of the MoSi2N4 phonon dispersion curves revealed
that specific A1 modes undergo exceptionally large Davydov splitting (Fig. 3d, e).
Calculated splitting widths for the Ai!, A%, A3, A%, Ai°, and A° modes are 2.5, 0.7,
48.0, 9.4, 33.7, and 0.3 cm!, respectively (Supplementary Table S2). The A%, Ai#, and
A1® modes displayed anomalous behavior because the bandwidths of the Davydov

splitting peaks in the A1 mode were larger than those of A;' and A2,



Our experimental Raman spectroscopy provided direct evidence for anomalous
Davydov splitting to a certain extent. In the ML MoSi2N4 Raman spectrum acquired
under 633 nm excitation, we identify a broad band (P12, highlighted in red) at
630-710 cm™! likely originating from the pronounced Davydov splitting of the A,
mode (Fig. 4e). This band is attributed to the densely packed Davydov- split
components of the A1 and A1* modes, as supported by the following evidence. Due to
the Csy symmetry of 3R-phase MSixNs4, all Davydov splitting components are Aj
modes and Raman-active. The corresponding atomic displacement patterns for the
layered structure of A;* and Ai* were illustrated in Fig. S19 (b). The
polarization- dependent spectra (Fig. 4g) show that this broad band strictly follows
the polarization selection rules of the A; mode, in agreement with group theory
predictions. Within the spectral window of 630-710 cm!, an N-layer sample is
therefore expected to produce 2N Davydov splitting components. This behavior
differs from 2H-phase TMDs due to Dsn symmetry. Only half of the split components
are Raman-active in the 2H phase TMD, and the remainder are infrared-active [5].
The calculated frequencies of the A and A* modes of MoSi2N4 are 685.7 and 694.9
cm’!, respectively, indicating that the two modes may overlap. Therefore, Davydov
splitting components of A;* and Ai* of MoSi,N4 appeared too dense to distinguish and
formed a continuous band. A similar phenomenon is observed in the experimental
Raman data for ML WSi:2N4, as indicated by the P9 peak (Fig. 4f, highlighted in blue).
These findings are consistent with prior theoretical work by A. S. Oreshonkov et al.,
which reported the same results in the calculated phonon dispersion curves of

2H-phase bulk MoSixN4 [7].

An alternative origin of the 630-710 cm™! region of ML MoSi:N4 was considered: a
second-order scattering band 2LA(K) (705.1 cm™). However, in ML WSi:Ny, the
2LA(K) peak (539.5 cm™) is far from the Davydov splitting region (640-720 cm™).
Therefore, the second-order scattering band 2LA(K) can be excluded. This further

confirms the presence of an anomalous Davydov splitting in 3R-phase WSi2Na.

While the definitive origin of the 630-720 cm™!' spectral region may involve



overlapping contributions from both Davydov splitting components and higher-order
scattering in 3R-phase MoSi;N4, the unique vibrational behavior of MSi:N4 implies
that the interlayer coupling behavior may be different from that of classical vdW

materials.



Supplementary Note 5. The evaluation of defect concentration by Raman

characteristic peak intensity ratio

Previous works demonstrate that the intensity ratio of the first-order Raman peaks
to defect-activated peaks (Ix/Ip) is a semi-quantitative indicator in 2D materials [8-10].
In our experiments, He" ion irradiation allowed defects to be introduced controllably
by varying the irradiation dose. The average interdefect distance L is defined as
Lp = C/+/o, where o and C are the irradiation dose and He*- ion irradiation damage
constant [8]. As shown in Fig. S28a~d, the intensity ratios of A;'/LA(K), A;!/E¥K),
EYLA(K), and E¥E*K) of ML MoSi:N4 under 532 nm excitation all decrease with
increasing defect concentration. These ratios exhibit a reasonable linear correlation
with the logarithmic function of Lp (Fig. S28e). Meanwhile, the intensity ratio
I(A1"/I(LA(K)) under 633 nm excitation shows an ideal linear relationship with Lp in
Fig. S28f. These results demonstrate that the intensity ratios of the first- order Raman
peaks to defect- activated peaks provide the possibility for qualitative evaluation of

defect concentration under both resonant and non- resonant conditions.



Supplementary Note 6. Laser heating effect on Raman spectra of MSi>:Ny

To account for potential laser heating effects, we collected Raman spectra of 1L
MoSi2N4 and ML WSixNs under 532 nm with laser powers from 93 to 930 pW.
Although the Ai'' mode exhibits a stronger temperature sensitivity [11], the peak
positions of Ai', A%, A/, A® and LA(K) modes extracted from the
power- dependent spectra (Fig. S30) show no discernible shift as the laser power
increases. This indicates that, within the power range of 93-930 uW, laser- induced
heating does not cause measurable peak- position shift. Even though the laser power
increases from 0.13 mW to 3.00 mW, the shift of A;'"' mode is less than 2 cm™! for the

suspended monolayer MoSi;N4 [11].



Supplementary Note 7. Measurement method of angle- resolved polarized
Raman spectroscopy

Angle- resolved polarized Raman spectroscopy was employed to assign the
vibrational modes and determine the crystallographic orientation (see Fig. S12 for the
optical path diagram). In the linearly polarized configuration, two half- wave plates
(P1 and P2) are inserted into the optical path. P1 was placed in the excitation path and
rotated from 0° to 360° in 10° increments to continuously vary the polarization
direction of the incident laser, while P2 was fixed in the collection path to serve as an
analyzer. For circularly polarized measurements, an additional quarter- wave plate
(P3) was inserted above the objective to convert the linearly polarized incident beam
to circular polarization. By rotating P1, the polarization state of the incident light
could be tuned, while P2 and P3 together acted as a fixed analyzer in the collection

path.
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