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Edge structures are ubiquitous in the processing and fabrication of various optoelectronic devices. Novel physical
properties and enhanced light-matter interactions are anticipated to occur at crystal edges due to the broken spatial transla-
tional symmetry. However, the intensity of first-order Raman scattering at crystal edges has been rarely explored, although
the mechanical stress and edge characteristics have been thoroughly studied by the Raman peak shift and the spectral
features of the edge-related Raman modes. Here, by taking GaAs crystal with a well-defined edge as an example, we
reveal the intensity enhancement of Raman-active modes and the emergence of Raman-forbidden modes under specific
polarization configurations at the edge. This is attributed to the presence of a hot spot at the edge due to the redistributed
electromagnetic fields and electromagnetic wave propagations of incident laser and Raman signal near the edge, which are
confirmed by the finite-difference time-domain simulations. Spatially-resolved Raman intensities of both Raman-active and
Raman-forbidden modes near the edge are calculated based on the redistributed electromagnetic fields, which quantitatively
reproduce the corresponding experimental results. These findings offer new insights into the intensity enhancement of Ra-
man scattering at crystal edges and present a new avenue to manipulate light—matter interactions of crystal by manufacturing
various types of edges and to characterize the edge structures in photonic and optoelectronic devices.

Keywords: polarized Raman spectroscopy, edge, enhanced Raman scattering, spatial translational symmetry
breaking, electromagnetic field redistribution, finite-difference time-domain simulation
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1. Introduction

Edge structure, a special defect with broken spatial trans-
lational symmetry, is prevalent in integrated circuits and op-
toelectronic devices and has garnered significant attention due
to the unique physical properties emerging at the edges of ad-
vanced materials. Notable phenomena such as half-metal!!l

s/23] have been observed in graphene

and magnetic response
nanoribbons. Additionally, quantum spin Hall states have been
detected at the edges of 1T’ -WTez,[4J and enhanced nonlinear
optical resonances were observed at the edges of MoS,.[! A
deeper understanding of these edge-specific properties could
profoundly advance the design of artificial structures for next-
generation optical devices.[*-®]

Raman spectroscopy, a widely used technique for prob-
ing light-matter interactions and phonon-related physical
properties,[”) has been instrumental in studying various

[10-13

materials. ! In particular, Raman spectroscopy provides

valuable insights into edge structures. For example, local
mechanical stress at crystal edges, which modifies the lattice

structure and alters the phonon distribution, has been probed
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through Raman peak shifts.[1*171 A further detailed study
on the emergence of edge-related modes (e.g., D mode in
graphene) and its spectral feature can be used to character-
ize the edge orientations, edge types and the alignment con-
figuration at edges.!'®2% In addition, hot spot can form due
to the redistribution of electromagnetic field at crystal edges
with spatial translational symmetry breaking.?!! Therefore,
Raman signal is expected to be modified at crystal edges.
Surface-enhanced Raman scattering has been fully explored
thanks to the local electromagnetic field confinement at the
interfaces between two media with broken spatial transla-
tional symmetry.(>>-2! However, despite the observed inten-
sity enhancement!?’-?8] at the edges in silicon-based devices
and the violation of Raman selection rules at the edges of sev-
eral two-dimensional materials,[232! there is still a lack of a
comprehensive understanding of these experimental phenom-
ena and the corresponding physical mechanism.

In this study, by using GaAs crystal with a well-defined
edge as a model system, we reveal the intensity enhance-
ment of Raman-active modes and the emergence of Raman-
forbidden modes at the edge under specific polarization con-
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figurations. The finite-difference time-domain (FDTD) sim-
ulation shows that the presence of a hot spot at the edge re-
sults from the electromagnetic field redistribution dependent
on laser polarization. The corresponding simulated results
can well reproduce the experimental Raman intensity near the
edge as functions of position, wavelength of excitation laser

and numerical aperture (NA) of objectives.

2. Experimental setup and theoretical method
2.1. Sample preparation

The GaAs wafer oriented along the (1 1 0) plane was
washed with acetone and ethanol to remove iodine adsorbed
on the surface. Then, the wafer was scratched with a glass cut-
ter and manually broken to create a well-defined edge, which
was further confirmed by optical microscope.

2.2. Raman measurements

Raman measurements were performed in a backscattering
geometry using a Jobin-Yvon HR800 system equipped with a
liquid-nitrogen-cooled charge-coupled detector. Raman spec-
tra were collected at room temperature using a 100x objective
lens with NA = 0.90, as well as 50x and 20x long-working-
distance objectives with NA values of 0.55 and 0.25, respec-
tively. The excitation wavelengths (Aex) are 532 nm from a
solid-state laser, 488 nm from an Ar™ laser, and 442 nm from
a He—Cd laser. A 1800 lines/mm grating was employed. The
step size for line-scan Raman imaging is 0.2 um. A polar-
izer and a half-wave plate were placed in the incident path
to change the polarization direction of the incident laser. A
half-wave plate and an analyzer were located before the spec-
trometer entrance to change the polarization direction of the
Raman signal. By rotating the two half-wave plates, the polar-
ization directions of the incident laser and Raman signal can
be aligned along the x or y axis of the GaAs crystal, denoted
as X or Y polarizations, respectively, which enables four polar-
ization configurations: XX, XY, YX, and YY, where the first
letter indicates the polarization direction of the incident laser
and the last letter indicates that of the Raman signal. For accu-
racy, Raman intensity was obtained from the Raman peak area
in this study.

2.3. FDTD simulation

The FDTD simulations were conducted using Max Optics
Studio, developed by Shanghai Max-Optics Information Tech-
nology Co., Ltd. The simulation area covered 10 um in the x
and y directions (—5 pum <x <5 um, and —5 pm <y <5 um)
and 1.6 um in the z direction (—1 um < z < 0.6 um). The
edge of the GaAs wafer was positioned at x = 0 and z = 0.
The refractive indexes of GaAs were referenced from Ref. [33]
and the simulation thickness of GaAs exceeded the penetra-

tion depth of the three lasers. The numbers of mesh cells

were 1000, 500, and 50 in the x, y, and z directions, respec-
tively. Perfectly matched layers were placed around the sim-
ulated area as the boundary conditions for FDTD simulations.
The incident laser was modeled as a Gaussian beam propagat-
ing along the z direction, with polarizations along the x or y
axis. The Gaussian beam waists were 3.79 wm, 0.96 um, and
0.36 um for Aex of 532 nm, corresponding to the measured
spot sizes for the objective with NAs of 0.25, 0.55, and 0.90,
respectively. The focus spot of the incident laser was set on
the z = 0 plane. To simulate the line-scan Raman imaging, the
focus spot of the incident laser was moved from x < 0 to x > 0
with a step size of 0.02 um near the GaAs edge.

3. Results and discussion

For a general Raman scattering, the Raman intensity of a
crystal measured from the basal plane can be described by the
following Raman selection rule:

Ioca)f/|es-Fs~R-F}~ei|2dV, 1))

where s represents the photon frequency of Raman signals,
R is the Raman tensor of a phonon mode, V is the effective
volume illuminated by the incident laser, and e; (es) and Fj
(F;) denote the unit vectors and electromagnetic field distri-
bution of the incident laser (Raman signal), respectively. For
a Gaussian laser beam, F, = Foexp(%zz)Ig, F, = Iz, where
Fp is the initial electromagnetic field amplitude, r represents
the radial distance from the center axis of the laser beam, w
is the waist radius of the Gaussian laser beam and I3 denotes
the 3 x 3 identity matrix. The Raman intensity is sensitive to
the laser spot position near the edge due to the change of the
effective volume illuminated by the incident laser.

To gain a fundamental understanding of Raman scatter-
ing at the edge, we employed the experimental configuration
shown in Fig. 1(a). Both the incident laser and Raman sig-
nal can be polarized along the x axis (e; = el = (1 0 0)T)
or the y axis (e; = el = (0 1 0)T), resulting in four possi-
ble polarization Raman configurations: XX, XY, YY and YX.
The corresponding Raman intensities are denoted as Ixx, Ixy,
Iyy, and Iyx, respectively. As shown in Fig. 1(b), the well-
defined edge of GaAs(1 1 0) surface is parallel to the y axis.
The Raman spectra at the basal plane and the edge under the
YY configuration are presented in Fig. 1(c), showing two char-
acteristic Raman peaks corresponding to the transverse optical
(TO) mode at ~ 268 cm~! and the longitudinal optical (LO)
mode at ~ 292 cm~!. The Raman tensor of these two modes
for GaAs(1 1 0) are3¥

00d , (00 d
R(TO)=—(00d], —=[0 0 —d],
(o) ﬂddo \ﬁdfdo
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R(LO) =

where d and e are constants. According to Eq. (1), Ixx (LO) =
Iyy(LO) = ¢d’F§ [exp(=2%)dV, Iyy (LO) = Iyx (LO) =0,

and Ixx(TO) = Iyy(TO) = Ixy(TO) = Iyx(TO) =0. As de-
picted in Fig. 1(c), the TO mode is nearly forbidden under

YY configuration at the basal plane. However, the strong TO
mode at the GaAs edge cannot be understood by the general
Raman selection rule. To further investigate the differences
between the Raman signals at the edge and the basal plane, we
performed line-scan Raman imaging near the edge under four
polarization configurations, as shown in Fig. 1(d). The laser
spot position (x) was moved from x = —5 pum to x =5 pm,
where x < 0 pm corresponds to air, and x > 0 um represents
GaAs. At the basal plane (x = 2 um), Raman intensities of

the LO and TO modes follow the general selection rule: the
LO mode is allowed under YY and XX configurations but for-
bidden under YX and XY configurations, while the TO mode
is forbidden under all the configurations. However, the case
at the edge (x = 0 pm) is significantly different. As the laser
spot approaches the edge from the basal plane, Ixx (LO) and
Iyy (LO) gradually decrease, while Ixy (LO) and Iyx (LO) re-
main zero. Notably, Ixx(LO) at x = 0 pm is almost half as
strong as that at x = 2 pum due to the decrease of the effec-
tive volume illuminated by the incident laser, while Iyy (LO)
at x = 0 um remains similar to that at x = 2 um. Furthermore,
the TO modes appear at the edge under all four configurations.
The enhancement of Raman-active LO modes and the emer-
gence of Raman-forbidden TO modes imply a redistribution

of electromagnetic fields at the edge.

GaAs Air
(a) Analyzer ~ (b) (d) ,
g 320
Mirror R \ g
o 300
-
E - 280
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J a, I
B - . e @ g 260
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! plate (@7 [Ax=532nm  vy| £ 240
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Fig. 1. (a) Schematic of the polarization-resolved Raman spectroscopy setup. (b) Optical image of GaAs(1 1 0) crystal with a well-defined edge
parallel to the y axis. (c) Raman spectra at the basal plane and the edge under the Y'Y polarization configuration. (d) Line-scan Raman imaging
under four different polarization configurations (i.e., YY, XX, XY and YX). Aex = 532 nm and NA = 0.90.

We constructed an FDTD model to show the propagation
of incident laser at the edge and the basal plane in time domain,
as depicted in Fig. 2. Figures 2(a) and 2(b) show the distribu-
tion of the incident laser (Aex = 532 nm and NA = 0.90) over
time for the Y- and X-polarizations (i.e., Ey and Ex), respec-
tively. The modulus square of electromagnetic field (|E,,|?,
m =Y, X) in the x—z plane was obtained by integrating the
corresponding ones along the y axis. For Ey in Fig. 2(a), the
electromagnetic field of the incident laser at the edge and the
basal plane propagated vertically at 8 fs, with the laser focus
positioned at the air/GaAs interface. At 16 fs, the distribution
of electromagnetic field near the air/GaAs interface exhibited
notable differences between the edge and the basal plane. At
the basal plane, the electromagnetic field continued to prop-
agate vertically, with part of it transmitting into the GaAs.
In contrast, at the edge, the electromagnetic field no longer
propagated vertically but underwent significant redistribution,
forming a hot spot. At 22 fs, the electromagnetic field was

nearly zero in the simulation region. The behavior of Ex in
Fig. 2(b) was quite similar to Ey in Fig. 2(a), except that the
distribution of Ex differed significantly from Ey near the edge
at 16 fs. Additionally, the modulus square of electromagnetic
field at the hot spot of Ex within the GaAs was weaker than
that of Ey.

To further demonstrate the distribution of different com-
ponents of electromagnetic field clearly, we also transformed
the simulation results into the frequency domain at both the
edge and the basal plane, as shown in Fig. 3. The modulus
square of electromagnetic field components (|E§l|2, n=X,Y,
Z, m =Y, X) in the x—z plane was obtained by integrating the
corresponding ones along the y axis. For the components of Ey
in Fig. 3(a), the |E{f |* and |EZ|? were nearly zero at the basal
plane, while |EY |> showed appreciable values and followed a
EY P, and |EZ?
2 was relatively small inside
‘2

Gaussian distribution. However, at the edge,

showed significant values. |EZ

the GaAs crystal, whereas |E)),/ was substantially enhanced

017801-3
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at the edge, showing a significant hot spot, and its distribution
deviated notably from a Gaussian distribution. For the com-
ponents of Ey in Fig. 3(b), the case at the basal plane was
quite similar to that of Ey. The |EX|? displayed a Gaussian
distribution, while |EY|? and |EZ|* were nearly zero. At the
edge, |E§ |2 inside the GaAs was also enhanced, although its
magnitude was much smaller compared to |EY|>. A notable
change at the edge for the components of Ex was the much
%

larger value of |EZ|?> compared with |EZ |, especially inside

(a) Ey Ey

N

z (pm)

z (pm)

z (pm)

the GaAs. These results demonstrate that the broken spatial
translational symmetry at the edge can significantly modulate
the distribution of the electromagnetic field components and
promote the formation of the hot spot. Additionally, the dif-
ference in |E”.|? at the edge between the X and ¥ polarizations
suggests that the modulation introduced by the broken spa-
tial translational symmetry is dependent on the polarization
of the incident laser, consistent with previous reports in the

literature.[27-29]
(b) Ex Ex
- -

8 fs

t

t=16 fs

t=22fs

z (pm)

Fig. 2. Modulus square of total electromagnetic field (|E,,|?, m = Y, X) at the edge and the basal plane for (a) Y- and (b) X-polarized incident

lasers. Aex = 532 nm and NA = 0.90.

To calculate Raman intensity induced by the redistribu-
tion of the electromagnetic fields at the hot spot near the edge,
we should formulate the corresponding F; and Fy in Eq. (1).
In this case, Fj is no longer a diagonal matrix and the element
in Fj is equal to the corresponding component E (m =X, Y
and n = X, Y and Z) shown in Fig. 3. Similar to the previ-
ous studies, 337! we assume that the enhancement of Raman
signal is of the same magnitude as that of the incident laser
and the nondiagonal element in the matrix Fy can be ignored.
Furthermore, the diagonal element in the matrix F; is equal
to the corresponding element in electromagnetic field vector,

ie., F' = (R-F,-e;)". Consequently, the Raman scattering
signal should be proportional to the fourth power of the ampli-
tudes of the involved electromagnetic field component.[33-37]
Under YY and XX polarization Raman configurations, the
corresponding total Raman intensities should be % (LO) o<
ole? [|EY|*dV and I (LO) < wde? [|E¥[*dV, while under
the YX and XY polarization Raman configurations, the rele-
vant electromagnetic field component of the LO mode E¥ and
E{¥ is nearly zero, respectively, as shown in Fig. 3. Conse-
quently, ;% (LO) = I}y (LO) = 0 at the edge, consistent with
the results presented in Fig. 1(d).

017801-4
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Ey

z (pm)

x (pm)

Fig. 3. Modulus square of electromagnetic field components (|E}},
X-polarized incident lasers. Aex = 532 nm and NA = 0.90.

Aex: 532 nm  NA: 0.90
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Fig. 4. Experimental (Exp., red lines) and theoretical (Theo., pink lines)
1%L (LO) (1% (LO)) as functions of x. Both /9y, (LO) and 19y (LO) are
indicated by black lines, and both 7}} (LO) and I3 (LO) are indicated by
blue lines. Aex = 532 nm and NA = 0.90.

Figure 4 presents the experimental intensities (red lines)
of the LO mode extracted from Fig. 1(d) and the theoretical in-
tensities (pink lines) of the LO mode calculated using Eq. (1)
with the simulated |E”.|? in Fig. 3 near the edge. The mea-

(b) Ex Ex

t=28 fs

16 fs

t

22 fs

t

0
z (um)

x (um)

|2, n=X,Y,Z,m=Y, X) at the edge and at the basal plane for (a) Y- and (b)

sured experimental [ (LO) increases as x increases from neg-
ative to positive, reaching a maximum at x ~ (.1 um and then
I} (LO) decreases to a constant value as x becomes larger than
2 um. In contrast, the measured experimental I}y (LO) in-
creases to a constant as x increases from negative to positive
without exhibiting a maximum near the edge. The theoretical
I (LO) and Iy (LO) are similar to the experimental ones.
To figure out the intrinsic Raman intensity (/%) enhance-
ment induced by the hot spot at the GaAs edge, we calcu-
lated 19y (LO) and 19, (LO) (black lines) via Eq. (1) during
the line scan, where the superscript O represents that the elec-
tromagnetic field of incident laser follows a Gaussian distribu-
tion inside GaAs and the hot spot is not considered at GaAs
edge. The corresponding intensities (blue lines) induced by
the hot spot at GaAs edge can be obtained, i.e., I} (LO) =
194(LO) — 19y (LO) and I (LO) = 1% (LO) — I3y (LO). In
order to directly compare the theoretical results between I'*
and I°, Fy in theoretical 19 (LO) (I, (LO)) still satisfies the
assumptions mentioned above and the theoretical I° is as-
sumed to be proportional to the fourth power of the ampli-
tudes of the involved electromagnetic field component. The

017801-5



Chin. Phys. B 34, 017801 (2025)

experimental and theoretical I} (LO) and 15§ (LO) reach their
maxima at the edge for both polarization configurations, quan-
titatively demonstrating the enhancement effect of the edge on
Raman intensity. The maximum 75 (LO) is smaller than that
of I¥(LO), further highlighting that the modulation of the
electromagnetic field redistribution at the hot spot is depen-
dent on the polarization of the incident laser. Notably, the full
widths at half maximum (FWHM) of the theoretical 71} (LO)
and I)I({)% (LO) are approximately half that of the corresponding
experimental ones. This difference is attributed to the fact that
the theoretical intensity is proportional to |E”|* across all x,
whereas in experiments, the laser and Raman signals are both
enhanced simultaneously only when the laser is positioned at
the hot spot near edge. In fact, when x is slightly away from the
hot spot near edge, the experimental intensity is proportional
to |[E" |2

To gain a deeper understanding of the influence of edge
structure on Raman intensity, we conducted line-scan Ra-
man imaging experiments on the GaAs sample using dif-
ferent Aex and objectives with different NAs. Figure 5(a)
shows the IP¥(LO) and IH§(LO) as functions of x, using
an objective with a 0.90 NA at Aex = 532 nm (green lines),
488 nm (blue lines) and 442 nm (purple lines). According

(a) Aexi — 532 nm — 488 nm —— 442 nm
NA: 0.90
Air GaAs Air GaAs
— ‘ Exp. i Theo.
2
'z 80 = |
c \
__S: L —X1 L —X1
) —x1 —X1
—~ 40+ J— — P
) X1 x1
2
é;i \
o | ! | | | | ! | |
— Exp. Theo
\ \
w0
£ 80— \ — \
=]
g | —X1 | —X1
2 i \ i \
2 | — X1 ‘ —X1
~ 40~ —x1 [ | —x1
o
=} B \
2% ‘
~ L1 A

(Hm) @ (um)

to Eq. (1), the Raman intensity is approximately proportional
to the fourth power of the excitation frequency. Furthermore,
charge-coupled device efficiencies are also dependent on Aey.
To eliminate these factors dependent on A, the intensity of
the A; mode at ~ 207 cm~! from quartz samples was used
as a reference for normalization. The maximum 7} (LO) and
I3 (LO) decrease as Aex becomes shorter. This phenomenon
results from the fact that the incident laser with shorter wave-
lengths is absorbed more significantly inside GaAs crystal,
leading to a reduced scattering volume within the crystal. No-
tably, the maximum I}I,{; (LO) decreases more quickly with
shorter wavelengths than that of I)l({; (LO), suggesting that the
enhanced electromagnetic fields at the edge are concentrated
near the top surface when the incident laser is X-polarized.
The I}}¥ (LO) and 753 (LO) also vary with the NA of objectives
at Adex = 532 nm as shown in Fig. 5(b). The green, blue, and
purple lines represent /5% (LO) and 11 (LO) with objectives
of NA = 0.90, 0.55, and 0.25, respectively. The experimental
and theoretical results show reasonable agreement. As the NA
decreases, the power density of the incident laser at the focus
diminishes and thus the Raman intensities at the edge should
decrease with decreasing NA, as shown by the sharp decline
in I8¥(LO) and 71 (LO).

(b) Aext 932 nm
NA: —0.90 — 0.55 —0.25
Air GaAs Air GaAs
I I
;m\ ‘ Exp. ‘ Theo
ERs | - |
° \
_S' L —X1 L —X1
& —X10 —X1
~ 40— — — —
5 X10 X1
2
% | |
0 T T
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= 80 \ — \
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Fig. 5. Experimental (Exp.) and theoretical (Theo.) ny(LO) and I,}({)S( (LO) as functions of x. (a) Aex = 532 nm (green lines), 488 nm (blue lines)
and 442 nm (purple lines), NA = 0.90; (b) Aex = 532 nm, NA = 0.90 (green lines), 0.55 (blue lines) and 0.25 (purple lines).

In addition to the enhanced Raman intensity of the LO
mode, the redistribution of the electromagnetic field compo-
nents at the edge also leads to the observation of the for-
bidden TO mode in the Raman spectra from the edge, as
shown in Figs. 1(c) and 1(d). According to Eq. (1), the Ra-
man intensities of the TO mode at the hot spot near the edge
can be expressed as I'%(TO) e« wid? [|EZ|*dV, I3 (TO) =
wld* [|EZ|*adV, I9L(TO) «< wld* [|EZ|*dV and I (TO) o

old* [|[EZ|*dV. Figures 6(a) and 6(b) show the correspond-
ing I3 (TO), I8 (TO), I3 (TO) and 115 (TO) as functions of x
excited by Aex = 532 nm (green lines), 488 nm (blue lines) and
442 nm (purple lines), under parallel (YY, XX) and cross (Y X,
XY) polarization configurations and NA = 0.90, respectively.
Experimental data and theoretical results reach their maxima
at x = 0 pm in both Figs. 6(a) and 6(b), highlighting the en-
hancement by the hot spot due to edge-induced translational

017801-6



Chin. Phys. B 34, 017801 (2025)

symmetry breaking. Similar to the LO mode, the correspond-
ing intensities of the TO mode also decrease with shorter Aey,
attributed to the reduced penetration depth. However, unlike
the LO mode, the corresponding intensities of the TO mode
decrease at a similar rate with shorter wavelengths for both X-
and Y-polarized incident lasers. This indicates that Ef and E
are not concentrated near the top surface.

Figures 7(a) and 7(b) show NA-dependent I}?(TO),
I (TO), ¥ (TO) and I} (TO) at Aex = 532 nm under paral-
lel (YY, XX) and cross (YX, XY) polarization configurations,
respectively. As NA decreases, the corresponding intensity
profiles of the TO mode show larger FWHM due to the larger
laser spot size. A smaller NA also leads to a lower power den-

sity, which reduces the modulus square of EZ (E%) component
and causes a decline in the maximum intensities. Furthermore,
a smaller NA results in a less convergent Gaussian laser, lead-
ing to a weaker Z-polarized component. For the TO mode,
the profiles of experimental and theoretical intensities show
good agreement. However, the absolute theoretical intensi-
ties I (TO) and I} (TO) differ significantly from the corre-
sponding experimental data. This discrepancy can be partially
attributed to limitations in accurately simulating the Gaussian
beam for Raman scattering, and potential differences in the en-
hancement of electromagnetic field components between the

Raman scattered signal and the incident laser.
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Fig. 6. Experimental (Exp.) and theoretical (Theo.) (a) IH$(TO) and 15 (TO), and (b) I$(TO) and I3(TO) as functions of x excited by

Aex = 532 nm (green lines), 488 nm (blue lines) and 442 nm (purple lines), NA = 0.90.
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4. Conclusion

In conclusion, we employed polarization-resolved Raman
spectroscopy to investigate the Raman scattering at the GaAs
edge. The enhancement of Raman-active modes and the emer-
gence of Raman-forbidden modes were observed at the edge
using varying Aex and objectives with different NAs. The
FDTD simulations demonstrate that (i) the edge structure can
significantly modify the propagation and distribution of the
electromagnetic field of the incident laser, forming a hot spot
near the edge; (ii) the E; and E% (E))(( and E)%) components
of the Y-polarized (X-polarized) incident laser are greatly en-
hanced at the hot spot; (iii) the modulation for the electromag-
netic filed near the edge is dependent on the polarization vector
of the incident laser. The theoretical results show strong agree-
ment with experimental data. Our findings can be extended to
other semiconductor materials, offering a pathway for innova-
tive applications in the characterization of edge structure and
the optimization of photonic devices.
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