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Abstract

Conventional ultraviolet microplasma sources typically lack a back-reflection structure,
resulting in radiative power loss from the backside. To enhance the emission efficiency of
ultraviolet microplasma devices around 220 nm, we propose a multilayer reflective coating
composed of alternating high- and low-refractive-index layers of Al2O3 and SiO2, within
a V-shaped groove. Key structural parameters, including the number of alternating film
layer pairs, groove width, and light source position, are investigated to show their effects
on ultraviolet reflection characteristics. The results show that reducing the groove width
greatly enhances light reflection. When the groove width is 6.5 µm, the device exhibits a
reflection efficiency of 47.82% and power enhancement of 91.66%, representing improve-
ments of 2.5-fold and 4.2-fold, respectively, compared to non-optimized cases. Device
performance is also influenced by the offset of the light source, which is more sensitive
along the horizontal direction. This study provides a practical solution for developing
high-efficiency ultraviolet emission devices.

Keywords: ultraviolet high-reflective films; groove-shaped device; emission enhancement

1. Introduction
Microplasma, a novel form of electrical discharge, have attracted considerable attention

due to their high energy density, elevated plasma density, and exceptional spatiotemporal
stability at the microscale [1–3]. Compared to conventional plasmas, microplasma can
be generated and sustained at or below atmospheric pressure with appropriate design,
enabling the formation of micrometer-scale discharges while significantly reducing system
complexity and cost. Microplasma has been extensively studied and applied across various
fields, including ultraviolet (UV) light sources [4–7], beam steering [8,9], microchemical
analysis systems [10], biomedicine [11,12], and material surface modification [13], due to
their excellent controllability and broad applications. Ultraviolet light sources operate
within a frequency range of 7.5 × 1014 Hz to 3 × 1016 Hz, corresponding to vacuum wave-
lengths of 10–400 nm. Ultraviolet radiation is classified into four distinct spectral bands
based on wavelength range and biological effects: UV-A (315–400 nm), UV-B (280–315 nm),
UV-C (100–280 nm), and vacuum ultraviolet (10–100 nm) [14]. Conventional UV-C sources
primarily employ mercury vapor lamps that emit light at a wavelength of 254 nm. Pre-
liminary studies suggest that ultraviolet light at 222 nm is equally effective in inactivating
viruses and bacteria while offering improved safety for human exposure [15,16].
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In recent years, microplasma arrays fabricated using microfabrication techniques have
developed rapidly [17–24], in which the spatial confinement and coordinated control of
plasma, enabled by the periodic arrangement of micron-scale discharge units, are needed.
For example, in 1997, Eden’s research group at the University of Illinois, USA, fabricated
a single-cavity plasma device with a cylindrical structure on a silicon-based substrate
using ultrasonic machining [17]. The device had a diameter of 200–400 µm and a depth of
0.5–5 mm. When filled with a gas mixture of 50 Torr Xe and 1 Torr I2, and operated at an
input power of 500 mW, it produced an output power of 270 mW, measured at a distance
of 1.4 cm from the device. In 2005, they proposed an inverted-pyramidal microcavity
plasma discharge device composed of a 200 × 200 array, with each microcavity in a size
of 50 × 50 µm2 [19]. When driven by a 20 kHz sinusoidal voltage, the device exhibited a
luminous efficacy of 7.2 ± 0.6 lm/W and a brightness of 525 ± 75 cd/m2. In 2017, they
engineered a microplasma array consisting of at least two interleaved microcavities [23].
The configuration, which employed two fused silica plates as front and rear windows,
produced a planar lamp in the size of 10 × 10 cm2, with an effective area of 80 cm2 and
a thickness of less than 6 mm. The device is operated in a 54% Xe/Ne gas mixture at
550 Torr, with an electro-optical conversion efficiency exceeding 20%. However, due to
the absence of a back-reflection structure, over 40% of the radiated power is lost through
the backside. This emphasizes the importance of adding reflective multilayers. In 2020,
Dzikowski et al. from Ruhr University Bochum, Germany, introduced a modular metallic
grating microcavity plasmonic array [24]. The array consisted of several hundred uniformly
distributed apertures, each with a diameter of 150 µm, and employed magnetic forces to
maintain the structural integrity of the assembly. Current research on ultraviolet light
source devices primarily focuses on the design of microcavity array architectures and the
enhancement of emission intensity. In contrast, systematic studies aimed at efficient UV
light collection, output amplification, and improved energy utilization remain relatively
limited. Consequently, effectively enhancing the output of ultraviolet light at specific
wavelengths is essential for improving the overall performance of plasma emission systems.

The high resolution and repeatability of advanced lithography and etching techniques
in micro–nano fabrication processes provide a solid foundation for the integration and
miniaturization of multifunctional devices. Reflective thin films for ultraviolet applications
can be highly effective via multilayer interference. In 2014, Sun et al. at the Shanghai
Institute of Optics and Fine Mechanics designed an Al2O3/AlF3 reflective coating [25]. A
reflectance of 98.1% was achieved in the 180–200 nm spectral range. In 2017, Narukage et al.
from the National Astronomical Observatory of Japan designed a MgF2/LaF3 reflective
filter [26], achieving a peak reflectance of 57% at 121.6 nm. However, the stability of
these reflective coatings is compromised by the degradation and contamination of fluoride
materials during storage. Although a ZrO2/Al2O3 bandpass filter was reported in 2023
for suppressing long-wavelength emissions in the 240–270 nm range from KrCl* excimer
lamps operating at 222 nm [27], it is even more noteworthy that recent advances since 2020
in fields, such as metasurface reflectors, temporal modulation, and 3D photonic crystals,
would inspire great progresses in device innovations [28–30].

In this paper, we study a groove-shaped ultraviolet high-reflective film based on
COMS-compatible fabrication, to enhance the luminous efficiency and upward output
of UV microplasma devices. Structural design and optimization are conducted. On one
hand, the groove width plays a crucial role in determining the reflective performance of the
groove-shaped device. When the groove width is set to 6.5 µm, the device achieves optimal
reflective performance, with a reflectance efficiency of up to 47.82% and a power enhance-
ment of 91.66%, representing 2.5-fold and 4.2-fold improvements, respectively, compared
to the non-optimized case. On the other hand, displacement of the light source has a
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pronounced effect on device’s performance. Horizontal displacement causes substantial
performance variations, while vertical displacement exhibits spatial selectivity.

2. Structural Design
We propose a groove-shaped device to build a microcavity for microplasma, while a

high-reflectivity multilayer coating is used to enhance the upward light extraction efficiency
of ultraviolet emission systems, with its cross-sectional view shown in Figure 1a. Here, W
denotes the groove opening width, and the apex angle is 68◦, which is determined by wet
etching of silicon. We design the multilayer reflective films composed of alternating layers
of Al2O3 and SiO2, centered at a wavelength of 220 nm. Al2O3 serves as the high-refractive-
index material, while SiO2 functions as the low-refractive-index material. Silicon wafers are
selected as the substrate, onto which Al2O3 and SiO2 can be alternately formed using the
atomic layer deposition process. The final structure includes a terminating layer of Al2O3

and can be represented as Si/(HL)mH/Air, where H denotes Al2O3, L denotes SiO2, m is
the number of alternating periods, and the total number of layers is 2m + 1. The optical
thickness of each film layer is set to λ/4n, where λ is the designed central wavelength in
vacuum, and n is the refractive index of the corresponding film material. Based on the
effective interface method [31] for multilayer films, the reflectance of the structure under
normal incidence and at the central wavelength can be obtained through a layer-by-layer
calculation as follows:

ρλ =

n0 −
(

nH
nL

)2m n2
H

nG

n0 +
(

nH
nL

)2m n2
H

nG


2

, (1)

where n0 is the refractive index of the incident medium, typically assumed to be 1, while
nH and nL are the refractive indices of the high- and low-index layers, respectively. A
larger contrast between nH and nL, along with an increased total number of layers, results
in higher reflectance of the multilayer film structure. According to the experimental
report [32,33], the refractive indices of Al2O3 and SiO2 at 220 nm are set to nH = 1.7975 and
nL = 1.5355, respectively.

Figure 1. (a) Schematic cross-sectional view of the groove-shaped device. (b) Simulated electric field
intensity distribution from a point source within the device.

To quantitatively evaluate the reflective performance, we investigate two cases: one
without the coatings and another with the reflective coatings. By comparing the electric field
distributions and far-field radiation patterns between these two cases, the improvement in
ultraviolet light reflection provided by the groove-shaped film can be clearly observed.

The light source excited by the microplasma has its radiation characteristics approxi-
mated as those of an ideal point source. The electric field distribution shown in Figure 1b
is obtained by simulating the radiation of a point source using finite-element modeling.
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Specifically, the point source is approximated using the line current setting. The field
distribution of the point source exhibits a standard spherical wavefront, consistent with the
propagation behavior of a point source in an ideal homogeneous medium.

3. Results and Discussion
3.1. Analysis of the Influence of Alternating Film Layer Periods

We calculated the reflection spectra under normal incidence over the wavelength range
of 180 to 260 nm for four different multilayer structures with alternating period numbers of
m = 5, 7, 9, and 11, using the Transfer Matrix Method. As shown in Figure 2, the reflectance
of the films increases significantly with the number of alternating periods.

Figure 2. Reflection spectra for different numbers of alternating film layer periods.

Specifically, when m = 5, the reflection peak is relatively broad and smooth, with a
reflectance of 54.41%. When m = 7, a secondary peak begins to emerge on the shorter-
wavelength side, and the reflectance increases to 68.24%. As m increases further, the
secondary peak structure becomes more pronounced, exhibiting multiple distinct periodic
sub-peaks. When m = 11, the reflectance reaches 85.93%, with a full width at half maximum
of 25.45 nm.

In addition to normal incidence, oblique incidence should also be considered. Figure 3
shows the variation in reflectance at different incident angles for m = 11. At an incident angle
of 10◦, the reflection spectrum exhibits only a slight shift compared to normal incidence.
The central wavelength of the main peak remains close to 220 nm, with a slight shift toward
the shorter wavelength region. As the incident angle increases to 30◦, the main peak shifts
further toward shorter wavelengths, and the peak reflectance exhibits a slight decreasing
trend. This phenomenon can be attributed to the decrease in the effective optical path
length within the multilayer films as the incident angle increases, causing a blue shift of the
central wavelength. Additionally, the reflectance coefficients of the polarized components
at the interfaces between high- and low-refractive-index materials vary with incident angle,
leading to a moderate reduction in overall reflectance. When the incident angle increases
to 50◦, noticeable changes occur in the spectral profile. The main reflection peak shifts to
around 200 nm, while a pronounced minimum appears near 220 nm. At an incident angle
of 70◦, the reflection spectrum shows further redistribution of peaks and valleys. The main
peak shifts toward 190 nm, with the peak reflectance reduced to 70%, and a secondary
minimum appears near 220 nm. This indicates that at large incident angles, the phase-
matching conditions within the multilayer stack are significantly restructured for different
wavelengths. Consequently, the primary high-reflectance band formed under normal or
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small-angle incidence may become redistributed into multiple secondary interference peaks,
thereby reducing reflectance at the design wavelength. In general, the reflective behavior of
the multilayer structure exhibits angular dependence. As the incident angle increases, the
reflection peak shifts toward shorter wavelengths, accompanied by a noticeable reduction
in peak reflectance.

Figure 3. Reflection spectra at different incident angles for m = 11. (a) Incident angle of 10◦. (b) Inci-
dent angle of 30◦. (c) Incident angle of 50◦. (d) Incident angle of 70◦.

In practice, the angle of incidence on the film surface varies depending on the positions
of the point light sources. Therefore, considering only normal incidence or a single oblique
angle is insufficient to characterize the real optical behavior. It is necessary to evaluate the
overall reflective performance of the multilayer system and further investigate its response
to radiation from the light source.

3.2. Analysis of the Influence of Groove Width

We use a frequency-domain electromagnetic wave analysis tool, which was built
in- house based on the finite element method to obtain the electric field distribution and
far-field radiation patterns. We conduct simulations at a wavelength of 220 nm, using
the corresponding refractive indices for all materials at 220 nm and applying perfectly
matched layers [34] at the boundaries of our computation window. A triangular mesh is
applied, with a minimum element size of 15 nm near interfaces and grooves. The near-field
electromagnetic response of the device is first computed, and the far-field radiation pattern
is then obtained using a far-field transformation. Each V-grooved discharge unit has a depth
of about 50 µm [35] perpendicular to the x–y plane as in Figure 1a, which is >200 times the
wavelength in vacuum, i.e., 220 nm, making field variation along z-direction negligible.
Thus, the electro-magnetic responses of the proposed device in the z-dimension can be
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viewed as effectively uniform. To examine the influence of the structural dimensions of the
V-shaped groove on reflective performance, we first consider a case with a groove width,
W, of 10 µm as an example. The resulting electric field distribution and far-field radiation
pattern are shown in Figure 4.

Figure 4. For W = 10 µm, (a) electric field intensity distribution and (b) far-field radiation pattern
are given.

Figure 4a shows the electric field distribution. Compared to Figure 1b, multiple
reflections of electromagnetic waves occur within the V-shaped groove, resulting in the
formation of complex standing waves and interference fringes, which indicate local field
enhancement. Due to the refractive index contrast between the high- and low-index
layers of the multilayer structure, the incident electromagnetic wave undergoes successive
partial reflections and transmissions at each interface. These processes cause effective
interference between the reflected and transmitted waves within the microscale groove,
thereby forming a stable standing wave field distribution. Figure 4b shows the far-field
radiation pattern. In the case without the coatings, it exhibits a hemispherical distribution
with uniformly distributed energy. In contrast, the presence of several sharp lobes in the
case with the reflective coatings suggests that multilayer reflections within the groove lead
to a complex far-field radiation pattern. Moreover, the magnitude of the far-field mode
shows that the lobe intensity in the case with reflective coatings, which spans angular
ranges of approximately 60–75◦ and 105–120◦, is nearly twice that of the case without the
coatings, further confirming that multiple reflections within the groove cause constructive
interference and upward enhancement.

To quantitatively evaluate the reflective performance of the groove, we further intro-
duce reflection efficiency and power enhancement. These are inspired by prior studies that
report relative metrics such as luminescence intensity and conversion efficiency [23]. By
integrating the far-field radiation patterns corresponding to the case without the coatings
and the case with reflective coatings, capturing all upward-emitted components, the as-
sociated radiated powers emitted above the groove are obtained and denoted as P1 and
P2, respectively. These quantities correspond to the output optical power above the device.
The reflection efficiency can be defined as follows:

η =
P2 − P1

P2
. (2)

This ratio represents the proportional contribution of the reflective structure to the
far-field radiation and reflects its effective utilization in the total radiated energy. It serves as
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a useful metric for evaluating the effectiveness of the proposed device in terms of reducing
losses and improving energy utilization. The power enhancement can be defined as follows:

G =
P2 − P1

P1
. (3)

This ratio represents the percentage increase in radiation for the case with reflective
coatings relative to the case without coatings, indicating the effectiveness of the groove-
shaped multilayer device in enhancing overall radiation. It can be used to evaluate the
ratio of the increased radiated power to the original radiated power.

The far-field radiation data are integrated, yielding the radiated powers P1 and P2 for
the cases without and with reflective coatings, respectively. By substituting these values
into Equations (1) and (2), the reflection efficiency and power enhancement for W = 10 µm
are calculated to be 42.87% and 75.03%, respectively. They are calculated for different
groove widths, as shown in Figure 5.

Figure 5. Effects of groove width on reflective performance.

When the groove width is reduced from 10 µm to 8.5 µm, the reflection efficiency
decreases to 19.77%, and the power enhancement drops to 24.64%. The corresponding
electric field intensity and far-field radiation pattern are shown in Figure 6. As shown
in Figure 6a, the multilayer film within the groove continues to change the electric field.
However, the interference fringes are significantly less distinct and concentrated compared
to the case with W = 10 µm. The electromagnetic waves exhibit increased divergence
near the groove opening. Along the reflection path, destructive interference becomes
more pronounced, indicating that the optical path differences at multiple positions no
longer correspond to integer multiples of the wavelength, thereby suppressing constructive
interference. Meanwhile, Figure 6b shows that both the amplitudes and the number of lobes
are greatly reduced. The radiation intensity in multiple directions is noticeably weakened,
showing that the conditions for multipath interference are no longer satisfied in this case,
leading to dispersion and attenuation of the radiated energy.
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Figure 6. For W = 8.5 µm, (a) electric field intensity distribution and (b) far-field radiation pattern
are given.

When the groove width is further reduced from 8.5 µm to 6.5 µm, the device exhibits
optimal reflective performance, with reflection efficiency and power enhancement reaching
peak values of approximately 47.82% and 91.66%, respectively. The corresponding electric
field intensity and far-field radiation pattern are shown in Figure 7. As shown in Figure 7a,
distinct and intense interference fringes are formed within the V-shaped groove, exhibiting
strong constructive interference. The electric field is highly concentrated around the groove
opening, exhibiting a high-density distribution. The wavefront displays good symmetry
and radiates outward in the vertical direction, showing that the energy undergoes multiple
reflections within the cavity and is effectively coupled and emitted in a stable direction.

Figure 7. For W = 6.5 µm, (a) electric field intensity distribution and (b) far-field radiation pattern
are given.

As shown in Figure 7b, the number of lobes increases, and the radiation intensity is
significantly enhanced in multiple directions compared to Figure 4b. This phenomenon can
be attributed to the enhanced phase accumulation effect resulting from multiple reflections
within the cavity, which leads to more pronounced interference superposition. As a result,
stronger upward radiation characteristics and a more concentrated energy distribution
are observed in the far field. Furthermore, the enhancement of lobes also shows that
local coherent superposition is simultaneously achieved along multiple interference paths,
further improving overall radiation efficiency. Consequently, a groove width of W = 6.5 µm
can be considered the optimal design parameter, as it effectively enhances both reflection
efficiency and energy output.

As the groove width is further reduced to 4 µm, the reflective performance deteriorates
significantly. The reflection efficiency decreases to 17.69%, and the power enhancement
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drops to 21.49%. The corresponding electric field intensity distribution is shown in Figure 8.
The interference fringes in the V-shaped groove region appear sparse, with an overall
reduction in field strength. Although some reflection still occurs within the groove, the
reflected wavefronts fail to achieve phase matching, preventing significant coherent super-
position. As a result, the energy reutilization efficiency within the structure is substantially
reduced. This result indicates that when the groove becomes too narrow, the propagation
and reflection paths of the light waves are severely constrained, ultimately leading to a
substantial reduction in the structure’s ability to release reflected energy. This manifests as
a degradation in reflective performance.

Figure 8. For W = 4 µm, (a) electric field intensity distribution and (b) far-field radiation pattern
are given.

As shown in Figure 8b, although the intensity is slightly enhanced compared to the case
without the coatings, the overall radiation remains weak. The far-field energy distribution
exhibits a low-intensity diffusion pattern. This radiation pattern shows that under these
conditions, the reflected energy within the groove cavity cannot be effectively directed
outward. These characteristics indicate that when the groove width is reduced below a
certain threshold, the device can no longer establish an effective upward cavity-reflection
mechanism. Even though multiple reflections may still occur, the lack of constructive
interference leads to dispersed energy distribution. Ultimately causing low far-field output,
limited reflection efficiency, and minimal power enhancement.

Therefore, by appropriately tuning the geometric dimensions of the groove, the inter-
nal reflection paths, phase accumulation mechanisms, and interference effects of electro-
magnetic waves can be effectively controlled, resulting in a notable enhancement in the
device’s reflective performance.

3.3. Analysis of the Influence of Light Source Position

Under practical experimental conditions, the ultraviolet light source generated via
microplasma is often not precisely aligned with the geometric center of the groove-shaped
device due to inherent limitations in alignment accuracy. Therefore, we further investigate
the effects of source offset relative to the center of the groove structure. The results obtained
with a groove width of W = 10 µm and the light source positioned at the geometric center
of the device serve as the reference. Figure 9 shows the electric field intensity and far-field
radiation pattern resulting from a 1 µm offset of the light source along the x-axis, with the
groove width and other structural parameters at constant.
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Figure 9. For a 1 µm x-axis offset of the light source, (a) electric field intensity distribution and
(b) far-field radiation pattern are given.

When the light source is displaced along the x-axis, the wavefronts incident on the
left and right walls of the groove experience unequal optical path lengths, leading to an
initial phase difference. As shown in Figure 9a, the interference fringes on the right side
of the groove become denser with significantly enhanced local field intensity, whereas
those on the left side appear sparser with reduced field strength. This asymmetric field
enhancement primarily arises from the accumulated phase difference caused by variations
in propagation path lengths when the light source is displaced from the central position,
resulting in uneven coherent superposition of the reflected waves within the groove.

The corresponding far-field radiation pattern is shown in Figure 9b. It can be observed
that the radiation direction no longer exhibits the original symmetrical distribution. The
asymmetry in the lobe distribution arises from the optical path difference between the
two groove walls. The offset causes shorter optical paths for reflection on the nearer side,
resulting in denser and more intense lobes concentrated in 45–75◦. Conversely, reflection
from the farther side experiences longer paths, leading to sparser lobes distributed between
105 and 135◦. This phenomenon shows the complex radiation characteristics resulting
from the combined effects of propagation path length differences and interference at the
multilayer interfaces under source offset conditions.

The reflection efficiency and power enhancement at different offset values of the light
source along the x-axis are calculated, as shown in Figure 10.

Figure 10. Effects of light source offset along the x-axis on reflective performance.
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It is observed that as the light source offset increases, the reflection efficiency slightly
decreases, reaching a minimum of 29.57% at an offset of 1 µm. Simultaneously, the power
enhancement drops significantly to 41.99%, indicating that the structural symmetry is
disrupted at this offset, leading to phase interference along the reflected light paths and
subsequently reducing the far-field energy output.

When the offset is further increased to 2 µm, both metrics show partial recovery, with
the reflection efficiency rising to 40.99% and the power enhancement reaching 69.47%.
However, neither returns to the initial values. The corresponding electric field intensity and
far-field radiation pattern are shown in Figure 11. The interference fringes of the electric
field become increasingly asymmetric, with reflection paths enhanced on the side closer to
the offset and weakened on the opposite side. As shown in Figure 11b, the number of lobes
increases significantly on the side closer to the offset, accompanied by enhanced radiation
intensity in multiple directions. This may be attributed to changes in the incident angle of
light at fixed positions on the multilayer surface as the offset increases, causing improved
reflective performance compared to the case with a 1 µm offset.

Figure 11. For a 2 µm x-axis offset of the light source, (a) electric field intensity distribution and
(b) far-field radiation pattern are given.

However, as the offset continues to increase, the reflective performance drops sharply
once again, indicating that the effective reflective region of the structure is spatially bounded.
Beyond this range, the radiated energy can no longer be efficiently controlled. This result
shows that the groove exhibits high sensitivity to the light source position, and its alignment
accuracy directly affects the performance of the reflected radiation.

In addition to the x-axis offsets, we also perform simulations and analyses for light
source offsets along the y-axis. When the light source is offset by 1 µm along the y-axis,
the electric field intensity and far-field radiation pattern are shown in Figure 12. The light
source is positioned closer to the bottom region of the groove, significantly shortening
the propagation distance of the initial incident wavefront to the sidewalls and thereby
reducing the internal reflection path length of the electromagnetic waves. This change in
the propagation path directly causes an overall upward shift of the interference fringes
inside the groove, which signifies more energy being funneled toward the groove opening.
The regions of enhanced field intensity move noticeably toward the groove opening, and a
strong interference-enhanced band appears near the opening region.
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Figure 12. For a 1 µm y-axis offset of the light source, (a) electric field intensity distribution and
(b) far-field radiation pattern are given.

Meanwhile, as shown in Figure 12b, when the light source is offset along the y-axis,
the lobe intensity in the far-field radiation shows no significant change compared to the
case where the light source is positioned at the geometric center of the groove. However,
it is noteworthy that the number of lobes along the 90◦ direction increases significantly,
accompanied by a denser spacing between lobes. This variation in lobe distribution
shows that the downward offset of the light source shortens the initial reflection paths
between the groove walls, thereby enhancing the coherent superposition of electromagnetic
waves near the groove opening. Consequently, the radiation becomes more strongly
concentrated in the direction perpendicular to the groove opening, leading to a more
pronounced upward radiation pattern. The reflection efficiency at this offset is calculated to
be 42.34%, with a corresponding power enhancement of 73.43%. This result indicates that
the device’s reflective performance undergoes only a slight reduction and remains within
an acceptable range.

Figure 13 shows the variations in reflection efficiency and power enhancement under
different y-axis offsets of the light source. It is observed that the structure exhibits a
periodic response during the y-direction offset process, with performance peaks appearing
at multiple offset positions. Specifically, when the offset reaches 0.25 µm, the reflective
performance is slightly improved compared to the initial position. As the offset increases to
0.5 µm, both the reflection efficiency and power enhancement drop significantly, reaching
31.6% and 46.2%, respectively. At an offset of 1 µm, both metrics rise again, with the
reflection efficiency reaching 45.81% and the power enhancement increasing to 84.55%. As
the light source is further offset to 1.5 µm, the performance declines once more. However,
at 2 µm, a substantial improvement is observed, with the reflection efficiency and power
enhancement reaching 52.96% and 112.59%, respectively, which represent the highest values
within the scanned range. Subsequently, a local peak also appears at an offset of 2.75 µm,
while at 2.5 µm and 3 µm, the reflective performance exhibits varying degrees of decline.

These results show that the groove exhibits a certain degree of spatial selectivity to
offsets along the y-axis. Variations in reflection paths and phase-matching conditions
at different offsets jointly determine whether interference enhancement or suppression
occurs within the structure. In particular, an offset of 2 µm appears to create more favor-
able conditions for coherent superposition, thereby enhancing reflective performance and
significantly boosting power output.

According to the analysis of Figures 10 and 13, the groove is more sensitive to offsets
along the x-axis, while exhibiting a certain degree of spatial selectivity along the y-axis under
the condition of ensuring efficient coupling and reflection of the point source. Nevertheless,
regardless of the light source position, the structure consistently maintains relatively good
reflective performance within a certain range.
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Figure 13. Effects of light source offset along the y-axis on reflective performance.

3.4. Analysis of the Influence of Multiple Light Sources

To examine real conditions more accurately, we further investigate the electromagnetic
response of the coatings in a 10 µm-wide groove by arranging multiple point sources.
Specifically, nine point sources are placed in a tilted square array, positioned at the center,
the four corners, and the midpoints of the four sides of the square.

Figure 14 shows the corresponding electric field distributions. Without the coatings,
the multiple point sources generate interference fringes, while about 34% of UV light is
absorbed by the silicon substrate. In contrast, with the reflective coatings, we see enhanced
standing wave patterns both inside and above the groove. Notably, previously downward
UV light undergoes multiple internal reflections and is redirected upward.

Figure 14. Electric field intensity distribution for multiple point sources. (a) Without the coatings.
(b) With the reflective coatings.

The corresponding far-field radiation patterns are shown in Figure 15. Compared to
the case without coatings, significantly enhanced upward radiation is found. In particular,
the intensities at 45◦ and 135◦ increase by nearly threefold. This shows that the groove
facilitates constructive interference within specific angular ranges, thereby enhancing
upward radiation. Further calculations reveal that the reflection efficiency and power
enhancement of this configuration increase to 42.35% and 73.41%, respectively. These
results further confirm the effectiveness of the V-grooved reflective coatings in enhancing
UV light extraction, suppressing backward losses, and improving the overall utilization
efficiency of the emitted light.
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Figure 15. Far-field radiation pattern of multiple point sources.

We evaluated the reflective performance of the device under varying spacing between
point sources, as shown in Figure 16. The results show that even in the lowest-performing
configuration, the reflection efficiency remains close to 40%, and the power enhancement
exceeds 60%. This indicates that the proposed structure exhibits stable reflective per-
formance under different point source arrangements, effectively enhancing ultraviolet
emission across a range of excitation conditions.

Figure 16. Effects of point source spacing on reflective performance.

We fabricate the V-shaped grooves and deposit the multilayer reflective coatings.
From Figure 17, one can see that the proposed device is successfully fabricated with highly
uniform and conformal coatings formed. In practical implementations, arrays containing
hundreds or thousands of such grooves will be fabricated on a chip, providing cumulative
UV output sufficient for applications such as disinfection and sensing. However, due to the
lack of some necessary equipment, ultraviolet microplasma excitation cannot be conducted
at this stage. When operated in microplasma mode, the coatings may have performance
degradation due to possible heating, sputtering, transformation, and contamination.
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Figure 17. Deposition results of the reflective multilayer coatings. (a) Characterization of the V-shaped
groove under scanning electron microscope. (b) Detailed view.

4. Conclusions
In summary, this paper presents the design of a V-shaped groove integrated with

a reflective multilayer coating and demonstrates that groove width plays a critical role
in determining the control capability of the optical field. At a groove width of 6.5 µm,
the structure achieves optimal reflective performance, with a reflection efficiency of up
to 47.82% and a power enhancement of 91.66%, corresponding to improvements of ap-
proximately 2.5-fold and 4.2-fold, respectively, compared to non-optimized groove widths.
In addition, the offset of the light source significantly affects reflective performance, with
offsets along the x-axis causing particularly large fluctuations. Therefore, in practical appli-
cations, it is essential to prioritize the precise alignment of the light source along the x-axis
to maintain structural symmetry and consistency of reflection paths. Meanwhile, moderate
adjustments of the y-axis position can further optimize the far-field radiation direction
and enhance the control over energy, thereby achieving efficient and stable ultraviolet
emission enhancement.
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