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Abstract

The strategic selection of lens geometry—spherical versus plane—decisively shapes the
opto-thermal performance boundary of deep ultraviolet light-emitting diodes (DUV-LEDs),
thereby governing their efficacy in application-specific photochemical processes. This study
demonstrates that spherical lenses, by virtue of their superior light-collecting geometry,
significantly enhance optical extraction efficiency and thermal management performance
compared to conventional plane lenses. These engineered performance characteristics
translate directly into divergent functional outcomes: spherical lenses enable rapid, high-
intensity processing, while plane lenses are better suited for controlled, sustained operation.
The findings establish a fundamental principle for DUV-LED packaging design: lens
geometry can be tailored to optimize efficiency for distinct photochemical tasks, providing
a clear pathway from device engineering to application-driven performance.

Keywords: deep ultraviolet light; plane lens; spherical lens

1. Introduction

Deep ultraviolet light-emitting diodes (DUV LEDs) demonstrate considerable appli-
cation potential across multiple fields, including sterilization, biochemical sensing, wa-
ter treatment, and air purification. Nevertheless, their broader adoption is impeded by
two persistent technical challenges: limited light extraction efficiency and insufficient
thermal management.

Optically, while conventional quartz glass encapsulation is necessary for durability, its
geometry critically determines the effectiveness of light extraction. Conventional planar
windows fail to effectively collect the highly divergent emission from DUV LED chips,
trapping a significant portion of light within the package and severely constraining external
quantum efficiency [1-5]. Electrically, DUV LEDs typically exhibit a low electro-optical
conversion efficiency of only 15-25%, with the remainder of input power being dissipated
as heat, thereby making thermal management a crucial determinant of device performance
and operational reliability [6,7]. The thermal behavior of DUV LEDs critically governs
their long-term reliability. Elevated junction temperatures not only diminish optical output
but also accelerate device aging and may induce irreversible degradation. As an integral
element of the packaging architecture, the lens design governs both optical field distribution
and thermal resistance characteristics [8,9]. Previous studies have established a positive
correlation between packaging thermal resistance and junction temperature, identifying
thermal resistance as a key factor influencing LED service life. Thus, minimizing thermal
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resistance and optimizing heat dissipation pathways have emerged as central research
priorities [10,11]. In line with this principle, this work systematically examines the influence
of spherical and plane lens configurations on the photothermal performance of DUV LEDs.

Based on the foregoing understanding, this study proposes an overarching hypothesis:
The strategic selection of lens geometry (spherical versus plane) enables the optimization
of opto-thermal parameters within a DUV-LED system. This optimized opto-thermal
performance profile is posited to directly determine the efficiency and quality of specific
photochemical maturation processes. Specifically, the intrinsic geometric differences be-
tween spherical and plane lenses are expected to induce differential modulation of the
DUV-LED'’s optical output intensity and junction temperature. These unique combinations
of opto-thermal parameters are then hypothesized to align with the distinct demands
of different photochemical maturation applications, such as achieving rapid oxidative
maturation or facilitating gradual, controlled aging.

To test this hypothesis, the present study is structured into two coherent and logically
sequential phases. First, we systematically investigate the influence of spherical versus
plane lens geometries on the optical output intensity and thermal performance of DUV-
LEDs, with the objective of identifying packaging solutions that synergistically enhance
both light output and thermal management. This phase encompasses a comparative
analysis of photothermal performance and a 1000-h accelerated aging test designed to
evaluate device reliability and elucidate degradation mechanisms.

Subsequently, to demonstrate how this engineered opto-thermal performance enve-
lope directly dictates application outcomes, we employ the characterized DUV-LEDs in
a model photochemical process: the accelerated aging of yellow wine. Contemporary
mainstream aging technologies have evolved along two primary trajectories. The first is
traditional pottery jar aging. As a classical technique, this method relies on the microp-
orous structure of the clay jar to facilitate slow gas exchange between the wine and its
environment, thereby developing a rich and mellow flavor profile over months or even
years of natural storage. However, this process is significantly constrained by its prolonged
duration, substantial spatial requirements, high cost, and susceptibility of product quality
stability to environmental factors [12,13]. The second trajectory is modern accelerated aging
technology, which aims to overcome the bottlenecks of traditional methods. For instance,
biological modulation approaches are employed, involving the inoculation of selected
functional microorganisms (e.g., specific yeasts, esterifying bacteria) or the addition of
exogenous enzymatic preparations to directionally catalyze the synthetic pathways of spe-
cific flavor compounds, thereby achieving controlled flavor development and a shortened
production cycle. Nevertheless, existing acceleration techniques predominantly focus on
regulating biochemical processes and lack a precise means for the selective excitation of
photosensitive components in wine using high-energy photons [14,15]. This identified gap
provides an ideal testbed for validating our core hypothesis.

Therefore, by utilizing DUV-LEDs operating at 255 nm, 265 nm, and 275 nm in con-
junction with both optical configurations, we systematically investigate their aging effects
on yellow wine. The experimental results confirm that DUV treatment can rapidly impart
sensory attributes characteristic of traditionally aged wine to fresh samples, thereby offer-
ing an efficient and innovative aging technology. Through this approach, we successfully
establish a direct correlation between the lens-governed opto-thermal properties and their
efficacy in specific applications.

2. Materials and Methods

This study systematically evaluated the key performance metrics of deep ultraviolet
light-emitting diodes (DUV-LEDs) (Shenzhen Ruibao Light Technology Co., Ltd., Shenzhen,
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China) operating at three distinct wavelengths—255 nm, 265 nm, and 275 nm—including
relative output intensity (arbitrary units, a.u.), junction temperature, and device reliability.
For each wavelength, a comparative analysis was conducted between two lens packaging
configurations: a plane lens and a spherical lens.

As shown in Figure 1, both packaging structures were fabricated on an aluminum
nitride (AIN) ceramic substrate measuring 3.85 mm x 3.85 mm. The AIN ceramic substrate
was selected primarily for its high thermal conductivity, which promotes efficient heat
dissipation, as well as its excellent electrical insulation properties. The optical windows
were fabricated from synthetic fused silica (Suprasil 3001 or equivalent grade), ensuring
high transmittance (>90%) and excellent resistance to deep ultraviolet radiation. To achieve
a precise physical interpretation and guarantee reproducibility, the following key geometric
and optical parameters of the lenses are specified: the plane lens is a plano-parallel window
with a thickness of 1.0 mm; the spherical lens is a plano-convex hemispherical lens with
a radius of curvature (ROC) of 1.5 mm and a center thickness of 3.0 mm, resulting in the
final package height illustrated in Figure 1b. Furthermore, a broadband anti-reflection (AR)
coating optimized for the 250-280 nm spectral range was applied to the exterior (air-facing)
surface of both lens types. This coating reduces the Fresnel reflection loss at each lens—air
interface to below 1%, thereby equalizing and minimizing this loss factor across the two
comparative lens configurations. This controlled condition allows the subsequent analysis

to focus specifically on the effects arising from the intrinsic geometric differences between
the lenses.
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Figure 1. Schematic diagrams of DUV-LED packaging configurations. (a) Spherical lens packaging:
Plano-convex hemispherical lens (ROC = 1.5 mm) bonded to AIN substrate via UV-resistant silicone;
(b) Plane lens packaging: Plano-parallel window (thickness = 1.0 mm) with identical sealing and
substrate parameters. Heat 1: Heat from the chip — lens — surface air convection, which typically
accounts for less than 10% of the total heat dissipation. Heat 2: chip-generated heat — aluminum
nitride ceramic substrate — thermal interface material — heat sink — ambient air.

To ensure the hermeticity and long-term reliability of the package, a high-purity, deep-
ultraviolet-resistant silicone material was employed as the sealing medium to achieve a
hermetic bond between the quartz glass lens and the AIN ceramic substrate.

To mitigate the risk of thermal degradation during extended operation, all LED devices
were thermally bonded to aluminum heat sinks (40 x 40 x 11 mm) using STARS-992 high-
performance thermal adhesive. The adhesive was cured at room temperature for four
hours to form a stable mechanical and thermal interface, thereby ensuring consistent
heat dissipation performance throughout the experiments. The junction temperature (Ty)
was measured using an LEDT-300B/H integrated thermal management system—a setup
specifically designed for the thermal characterization of LEDs—in conjunction with a
UNI-T DC power supply, which provided driving currents in the range of 20-60 mA.
The forward voltage method was employed for the measurements, leveraging the well-
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defined negative temperature coefficient characteristic of semiconductor junctions. As
the temperature increases, the forward voltage exhibits an approximately linear decrease,
enabling accurate determination of the junction temperature. All thermal measurements
were carried out inside a Date Compare environmental chamber, which maintained a stable
ambient temperature of 25.0 £ 0.5 °C, thus ensuring the reproducibility and consistency of
the experimental results.

Reliability assessments of the devices were carried out using an LR-253 constant
temperature and humidity aging test chamber. The aging tests were performed under
controlled environmental conditions of 25 °C and 50% relative humidity for a continuous
duration of 1000 h. We measured the relative output intensity (arbitrary units, a.u.) of the
DUV-LEDs using an FX4000-Ex high-resolution spectrometer. All devices were character-
ized under identical instrumental settings across the driving current range of 20-60 mA to
ensure a valid comparative analysis.

For the Yellow Wine maturation investigation, Hua Diao Yellow Wine was selected
as the sample matrix. The Yellow Wine samples were irradiated with deep ultraviolet
light over periods of 10, 20, and 30 days using the previously described DUV-LED de-
vices. Spectral changes throughout the aging process were monitored using an Edinburgh
spectrometer. All spectral measurements were conducted under consistent experimental
conditions to ensure reproducibility and to support an objective analysis of the effects of
deep ultraviolet exposure on the maturation of Yellow Wine, thereby enabling scientifically
robust conclusions.

3. Results and Discussion
3.1. Analysis of Optical Output from Different Lenses

In the packaging of deep ultraviolet light-emitting diodes (DUV-LEDs), the high
energy of deep ultraviolet radiation precludes the use of organic encapsulation mate-
rials due to their rapid photodegradation. Fused silica (quartz) is therefore adopted
as the encapsulation medium. To mitigate the Fresnel reflection losses inherent at any
dielectric-air interface, a broadband anti-reflection (AR) coating was applied to the exterior
surface of both lens types, reducing the reflectance to below 1% per surface across the
250-280 nm band.

Under this condition of equalized and minimized interfacial reflection, our experimen-
tal results reveal that packages employing spherical lenses consistently achieve a higher
optical output compared to those with plane lenses. This demonstrates that the perfor-
mance advantage of the spherical lens stems not from overcoming a reflection disadvantage,
but from its intrinsic geometric superiority [16-18].

As illustrated in Figure 2a, two lens architectures—spherical and plane—were imple-
mented in the DUV-LED packages in this study. The relative output intensity of both lens
types was systematically evaluated under different drive currents using a spectrometer-
based measurement system. Experimental data show that as the drive current was incre-
mentally raised from 20 mA to 60 mA, all tested DUV-LED devices exhibited a consistent
and notable increase in output intensity across the three emission wavelengths.

Specifically, at a wavelength of 255 nm, the relative intensity of the spherical-lens
device increased from 25,000 a.u. to 65,000 a.u., whereas that of the plane-lens device
rose from 20,000 a.u. to 59,000 a.u. At 265 nm, the spherical-lens configuration showed
an increase from 25,000 a.u. to 58,000 a.u., compared to an increase from 17,000 a.u. to
55,000 a.u. for the plane lens. At 275 nm, the spherical lens exhibited an intensity rise from
22,000 a.u. to 59,000 a.u., while the plane lens increased only from 17,000 a.u. to 51,000 a.u.
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Figure 2. Opto-thermal performance of DUV-LEDs with spherical and plane lenses. (a) Relative
output intensity (a.u.) as a function of driving current (20-60 mA) at 255 nm, 265 nm, and 275 nm;
(b) Junction temperature (T}, °C) as a function of driving current (20-60 mA) at the same wavelengths.

Notably, the enhancement in optical output provided by the spherical lens was most
pronounced at 265 nm. At a drive current of 30 mA, the intensity difference reached
a maximum of 9000 a.u., underscoring the superior optical output performance of the
spherical lens at this specific wavelength.

A comprehensive analysis confirms that across the three representative DUV wave-
lengths, devices packaged with spherical lenses consistently achieve higher relative output
intensities (a.u.) than those with plane lenses. Under identical operating conditions, the
spherical lens provides a minimum enhancement of 25% in relative intensity compared to
the plane lens. This improvement is primarily attributed to the superior light-collecting
capability of the spherical lens. Its curved surface and higher effective numerical aperture
allow it to capture and redirect a larger portion of the chip’s highly divergent emitted light,
thereby improving the overall coupling efficiency of light out of the package. the dominant
mechanism for the observed signal enhancement is the enhanced light extraction geometry
of the spherical lens itself.

3.2. Analysis of Operating Junction Temperatures for Different Lenses

This study presents a systematic comparative analysis of the thermal characteristics
of deep ultraviolet light-emitting diode devices operating at three distinct wavelengths:
255 nm, 265 nm, and 275 nm. As shown in Figure 2b, a consistent upward trend in
junction temperature was observed across all device configurations as the drive current
was increased from 20 mA to 60 mA. The detailed results are summarized as follows:
at 255 nm, the junction temperature of spherical-lens packaged devices increased from
31.63 °C to 40.17 °C, while that of plane-lens devices rose from 33.77 °C to 43.56 °C; at
265 nm, the junction temperature of spherical-lens devices increased from 32.64 °C to
39.88 °C, compared to an increase from 35.37 °C to 43.69 °C for plane-lens devices; at
275 nm, spherical-lens devices exhibited a temperature increase from 35.86 °C to 47.18 °C,
whereas plane-lens devices showed a rise from 38.55 °C to 50.48 °C.

These results indicate that under identical operating currents, devices packaged
with spherical lenses consistently maintain junction temperatures approximately 2-3 °C
lower than those equipped with plane lenses. This measurable temperature reduction
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underscores the superior thermal management performance afforded by spherical lens
encapsulation—a particularly vital advantage in high-power DUV-LED applications, where
efficient heat dissipation is essential for ensuring sustained device performance and long-
term operational reliability.

The thermal resistance of different packaging structures was quantified by integrating
measured electrical power data with substrate surface temperature (T¢), monitored via
thermocouple, using the standard formula Rth = (T — T¢)/P. Here, Tj is the junction tem-
perature and P denotes the total input electrical power dissipated as heat. As summarized
in Tables 1-4, which present representative data for 255 nm and 265 nm devices, the thermal
resistance of both configurations exhibited a decreasing trend as the current increased from
20 mA to 60 mA. Notably, under equivalent wavelength and current conditions, spheri-
cal lens packaging consistently demonstrated lower thermal resistance values than plane
lens packaging.

Table 1. 255 nm spherical deep ultraviolet lamp bead test data.

Tj (Junction Tc (Substrate Thermal

Current  Voltage Power (W)  Temperature)  Temperature)  Resistance

(mA) V) Q) Q) (CCIW)
20 5.307 0.104 31.63 26.32 51.06
30 5.398 0.157 33.7 26.97 4.87
40 5.475 0.217 35.96 27.45 39.22
50 5.546 0.275 38.1 27.96 36.87
60 5.61 0.334 40.17 28.32 35.48

Table 2. 255 nm plane deep ultraviolet lamp bead test data.

Ty (Junction Thermal

C(l::;l:;\t Vo(l‘t;;ge Power (W)  Temperature) iecnif)lelr:ttlﬁg)! Resistance
°O) (°C/W)
20 5.513 0.108 33.77 26.29 69.26
30 5.625 0.167 36.04 27.12 53.41
40 5711 0.226 38.34 28.13 45.18
50 5.779 0.287 40.95 29.18 41.01
60 5.837 0.348 43.56 30.02 38.91
Table 3. 265 nm spherical deep ultraviolet lamp bead test data.
Cument  VOllSge  poer () Temperature) | 1CSubstEte g (0N
0 perature) oy
20 5.684 0.116 32.64 26.86 49.83
30 5.778 0.172 34.03 27.7 36.80
40 5.847 0.231 35.75 28.71 30.48
50 5.901 0.292 37.73 30.03 26.37
60 5.946 0.353 39.88 31.22 24.53
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Table 4. 265 nm plane deep ultraviolet lamp bead test data.
Cuent VOlldge ooy () Tomperatare) 1€ Substmte g SO
) perature) o)
20 5.778 0.119 35.37 26.28 76.39
30 5.886 0.176 37.34 26.95 59.03
40 5972 0.237 39.43 27.74 49.32
50 6.042 0.299 41.6 28.63 43.38
60 6.099 0.363 43.69 29.39 39.40

The lower thermal resistance achieved with spherical lenses effectively suppresses
heat accumulation during operation, thereby slowing performance degradation caused by
temperature rise and contributing to improved device stability and extended service life.
In summary, the spherical lens packaging configuration offers significant practical value
for DUV-LED applications due to its superior thermal management capabilities.

Notably, although the absolute junction temperature difference is modest in magni-
tude, analysis based on the Arrhenius equation indicates that this 2-3 °C reduction can
enhance device reliability by more than 15%. Furthermore, the spherical lens configura-
tion achieves over 25% higher optical output power compared to the plane lens design.
These results collectively demonstrate the superiority of spherical lenses in achieving
enhanced optothermal synergy [19-21]. The simultaneous improvement in thermal man-
agement and light extraction efficiency renders spherical lenses a highly effective solution
for elevating the overall performance of DUV LEDs, as corroborated by Arrhenius-based
reliability modeling.

K = A x e Ea/(KgT) 1)

where K is the degradation rate constant, A is the pre-exponential factor, Ea is the activa-
tion energy (in eV), Kp is the Boltzmann constant (8.617 x 1075 eV /K), and T is the absolute
junction temperature (in K).

Derivation based on the Arrhenius equation:

Assuming the activation energy of LED failure Ea ~ 0.7 eV (a typical value), the
acceleration factor for the device lifetime as the junction temperature decreases from T; to
T, is given by:

2
where L represents the mean time to failure (MTTF).

3.3. Reliability Analysis

This study conducted a 1000-h accelerated aging test on deep ultraviolet light-emitting
diodes (DUV-LEDs) with emission wavelengths of 255 nm, 265 nm, and 275 nm under
ambient conditions (25 °C). As shown in Figure 3, the relative output intensity of all devices
increased approximately linearly with the drive current in the 20-60 mA range, with no
signs of saturation observed. After aging, devices packaged with plane lenses showed
a reduction in relative intensity of 4-20%, while those with spherical lenses exhibited a
decrease of 6-22%. Although the spherical-lens devices initially delivered higher out-
put intensity, their degradation rate was similar to that of the plane-lens devices. After
1000 h of aging, both packaging types demonstrated significant decay in optical perfor-
mance, with no statistically significant difference in their degradation rates.
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Figure 3. Relative output intensity of DUV-LEDs before and after 1000-h accelerated aging at
(a) 255 nm, (b) 265 nm, and (c) 275 nm. Tests were conducted under constant conditions of 25 °C, 50%
RH, and a driving current range of 20-60 mA.

Further investigation revealed that the decrease in output intensity is mainly caused
by a progressive oxidation process at the electrode interface. Specifically, ambient oxygen
(Oy) and water vapor (H,O) penetrate the device through microstructural defects or sub-
micron gaps in the encapsulation material. These species then engage in electrochemical
oxidation reactions with the metal layers of the p-type electrode (e.g., Ni/Au or Pd/Ru), as
exemplified by the representative reaction: Ni + O, — NiOx. This oxidation mechanism
leads to an increase in interfacial state density and elevated contact resistance, ultimately
resulting in the degradation of the device’s optoelectronic performance [22-25].

This result carries important implications for long-term application and lens selection.
It suggests that the optical output advantage of spherical lenses may gradually diminish
over extended operational time if the hermeticity of the packaging is not further improved.
Consequently, for applications requiring peak intensity over short- to medium-term dura-
tions, spherical lenses remain the optimal choice. In contrast, for applications prioritizing
consistent output and minimal maintenance over very long lifetimes, plane lenses—with
their slightly lower initial efficiency but more stable degradation trajectory—may offer a
more reliable option.
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Thermal performance analysis reveals that after 1000 h of aging at ambient tem-
perature, deep ultraviolet LED devices with wavelengths of 255 nm, 265 nm, and
275 nm—packaged in both spherical and plane lens configurations—maintain excellent
thermal stability across operating currents ranging from 20 to 60 mA. As illustrated in
Figure 4, the junction temperatures measured at identical currents increased slightly across
all devices following the aging process. However, this post-aging increase was minimal,
ranging from 0 to 1 °C, which falls within the experimental measurement uncertainty
of £0.5 °C and was not statistically significant (p > 0.05). This consistent thermal be-
havior is attributed to the optimized thermal management design of the devices, which
incorporates two key elements: first, a high-thermal-conductivity AIN ceramic substrate
(k =170 W/m-K) serves as the primary heat-spreading material [26-28]; and second, an
integrated high-efficiency heat sink structure is employed. Together, these components
effectively mitigate heat accumulation. It is noteworthy that AIN exhibits high thermal
stability—the 1000-h aging period at room temperature did not induce any substantial
alteration in its crystal structure or thermal conductivity (rate of change < 1%) [29-32].
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Figure 4. Junction temperature (T}, °C) of DUV-LEDs before and after 1000-h accelerated aging.
(a) 255 nm; (b) 265 nm; (c) 275 nm. Tests were conducted under constant conditions of 25 °C, 50% RH,
and a driving current range of 20-60 mA.

These results clearly demonstrate that under the described experimental conditions,
room-temperature aging primarily leads to a reduction in optical output power (4-22%)
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S1

in deep ultraviolet LEDs, without significantly impairing their thermal performance. The
underlying reason is that aging at room temperature mainly affects the optoelectronic
interfaces (such as through electrode oxidation), whereas critical thermal management
components—namely the AIN substrate and heat sink—retain their structural and func-
tional integrity throughout the aging process.

4. Aging Treatment Using Packaged Deep Ultraviolet LED

Based on the photothermal characteristics and reliability results presented in
Sections 2 and 3, specific DUV-LED configurations were selected for the photochemi-
cal maturation experiments of yellow wine. Section 2 demonstrated that spherical lenses
provide at least a 25% higher optical output than plane lenses at wavelengths of 255 nm,
265 nm, and 275 nm. All configurations also exhibited reliable thermal performance, with
spherical lenses reducing the junction temperature by 2-3 °C. The 1000-h aging tests in
Section 3 further confirmed excellent thermal stability and acceptable degradation rates for
both lens types across all three wavelengths.

Yellow wine irradiation experimental model. The yellow wine irradiation model is
shown in Figure 5. The experimental configuration was as follows: a 10.0 mL volume of
Hua Diao yellow wine was sealed within a standard quartz cuvette with a 10 mm optical
path length. A DUV-LED (packaged with a spherical or plane lens) was mounted on the
inner surface of the cuvette cap, with a fixed distance of 5.0 mm maintained between the
LED lens and the surface of the yellow wine solution. To isolate photochemical effects from
confounding variables, the cuvette was sealed with a PTFE (polytetrafluoroethylene) liner
and the entire assembly was placed inside a temperature-controlled incubator maintained
at 25.0 & 0.5 °C, thereby eliminating the influence of solvent evaporation and thermal
fluctuations on the aging process.

e N N N N

52 S3 54 S5 Sé6

Figure 5. Yellow wine irradiation experimental model. Schematic of the DUV irradiation setup
for yellow wine: 10.0 mL Hua Diao yellow wine sealed in a 10 mm optical path quartz cuvette. A
DUV-LED (spherical/plane lens packaged) was mounted on the inner surface of the cuvette cap,
maintaining a fixed distance of 5.0 mm from the yellow wine solution surface.

Consequently, DUV-LEDs operating at 255 nm, 265 nm, and 275 nm, each equipped
with both spherical and plane lenses, were ultimately chosen as the irradiation sources. This
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component selection, grounded in validated system performance, elevates the subsequent
experiments from a standalone case study to a targeted and deliberate verification of
suitability for the intended application.

This study was initiated with a systematic assessment of the feasibility of employing
deep ultraviolet (DUV) radiation technology in the aging process of Yellow Wine. Yel-
low Wine, utilizing ultraviolet—visible (UV-Vis) absorption spectroscopy. As depicted in
Figure 6a, the Yellow Wine samples demonstrated pronounced absorption within the ultra-
violet spectrum below 360 nm, with a particularly strong and continuous absorption band
observed between 200-280 nm. This spectral behavior indicates that several organic con-
stituents in the Yellow Wine—such as phenolic compounds, carbonyl-containing molecules
(e.g., aldehydes and ketones), and aromatic species—possess substantial absorption capac-
ity within the DUV range. Such absorption is capable of inducing a series of photophysical
and photochemical processes, including electron excitation, molecular dissociation, and
free radical reactions. These results establish a theoretical basis for the subsequent use of
DUV LED sources in achieving targeted and controlled aging processes.

Upon completion of the ultraviolet absorption characterization, a series of metic-
ulously controlled experiments were designed to evaluate the influence of optical lens
configurations on the efficiency of deep ultraviolet photocatalytic aging. Deep ultraviolet
LEDs with three distinct central wavelengths (255 nm, 265 nm, and 275 nm) and two lens
geometries (spherical and plane) were selected as irradiation sources. The experiments
were conducted over three treatment durations—10 days, 20 days, and 30 days—to system-
atically investigate the temporal evolution of the chemical properties of Yellow Wine. To
ensure a consistent baseline of total radiant energy across all comparative experiments, the
irradiation procedures involved independently adjusting the driving current (or voltage)
for each lens configuration so that the total optical power reaching the sample surface
attained a pre-defined, unified standard. This calibration step effectively eliminated en-
ergy input disparities arising from inherent source efficiency variations. Consequently,
any observed differences in aging outcomes can be directly and exclusively attributed to
variations in the spatial distribution of photons—that is, the optical field—defined by the
lens geometry.

The evolution of the characteristic emission peak at 460 nm under different lens
types and treatment durations is shown in Figure 6b—d. For irradiation at 255 nm, the
plane lens group exhibited emission intensities of 31,000 a.u., 32,500 a.u., 35,000 a.u., and
36,000 a.u. after 0, 10, 20, and 30 days of treatment, respectively. In comparison, the
spherical lens group showed values of 31,000 a.u., 34,000 a.u., 37,000 a.u., and 34,500 a.u.
under the same conditions. At 265 nm, the plane lens produced peak intensities of
31,000 a.u., 32,400 a.u., 34,000 a.u., and 36,500 a.u., whereas the spherical lens resulted in
values of 31,000 a.u., 32,500 a.u., 37,250 a.u., and 33,000 a.u. Across the corresponding time
points. For the 275 nm group, the plane lens yielded intensities of 31,000 a.u., 32,000 a.u.,
34,000 a.u., and 36,000 a.u., compared to 31,000 a.u., 33,000 a.u., 40,000 a.u., and 35,000 a.u.
for the spherical lens over the same period.

The data indicate that under identical wavelength and duration conditions, the spheri-
cal lens consistently produced higher peak intensities at 460 nm compared to the plane lens,
corroborating its superior optical energy output. This enhanced energy correlates with in-
creased photocatalytic reaction rates and more accelerated aging effects. The improvement
is attributed to the superior focusing capability of the spherical lens, which elevates the
energy density per unit area and promotes key photochemical pathways such as alcohol
oxidation and esterification.
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Figure 6. UV-Vis Absorption and Fluorescence Emission Spectra of Yellow Wine Before and
After DUV-LED Irradiation.(a) UV-Vis absorption spectrum of unaged Hua Diao yellow wine
(200—400 nm), showing strong ultraviolet absorption; (b—d) Fluorescence emission spectra of wine
samples irradiated with 255 nm (b), 265 nm (c), and 275 nm (d) DUV-LEDs (spherical and plane lens
packaged) for 0, 10, 20, and 30 days, respectively.
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It is noteworthy that after 30 days of irradiation, all spherical lens groups exhib-
ited a reduction in peak intensity: from 37,000 to 34,500 a.u. at 255 nm, from 37,250 to
33,000 a.u. at 265 nm, and from 40,000 to 35,000 a.u. at 275 nm. This suggests that prolonged
high-energy exposure may lead to photodegradation or overoxidation of certain Yellow
Wine components, ultimately counteracting the aging benefits. In contrast, the plane lens
groups demonstrated a steady increase in signal intensity over the entire period, reflecting
a more moderate and controllable photochemical process suitable for extended aging.

The mechanistic analysis indicates that these differences stem from the distinct photon
flux distributions and energy transfer efficiencies associated with the two lens types. The
spherical lens creates localized high-energy zones, which may facilitate the generation of
reactive free radicals (e.g., -OH), thereby potentially catalyzing non-enzymatic browning
reactions such as the Maillard reaction and Strecker degradation [33,34]. In contrast, the
plane lens provides a more uniform and lower fluence density, favoring gradual molecular
transformations and supporting sustained aging kinetics.

In conclusion, through multi-wavelength and multi-temporal analysis, this study
demonstrates the critical role of lens geometry in DUV photocatalytic aging. Spherical
lenses are optimal for short-term, high-intensity aging, whereas plane lenses are better
suited for prolonged, controlled maturation. These findings provide valuable insights
and a scientific foundation for developing precision optical aging technologies in Yellow
Wine processing.

5. Conclusions

This study demonstrates that the spherical lens geometry, primarily through its high
numerical aperture and efficient light-collecting design, significantly enhances the opti-
cal output power of DUV-LEDs by >25% compared to conventional plane lenses. This
gain is realized alongside a well-managed overall optical loss within the package system.
At a wavelength of 265 nm and a drive current of 30 mA, the spherical lens exhibits a
pronounced optical advantage, yielding an intensity increase of 9000 a.u. relative to the
plane lens—thereby offering a viable pathway for optimizing high-power DUV LED op-
tical systems. Furthermore, experimental results reveal that the spherical lens reduces
the junction temperature by 2-3 °C through improved thermal resistance. According to
Arrhenius-based reliability modeling, this temperature reduction can extend device life-
time by more than 15%, underscoring its practical significance for applications requiring
prolonged operation, such as disinfection and water purification.

After 1000 h of aging tests, the AIN ceramic substrate-based packaging displayed
notable thermal stability, with junction temperature variation constrained within 0-1 °C.
Nevertheless, optical output declined by 4-22%, which is attributed primarily to electrode
oxidation. Thus, enhancing packaging hermeticity represents a critical direction for future
research aimed at improving overall device longevity.

In the context of Hua Diao Yellow Wine aging, spherical lenses—owing to their higher
optical output—achieved optimum aging outcomes within 20 days. However, extended
irradiation to 30 days led to reduced efficacy, suggesting potential over-aging. In contrast,
plane lenses produced more stable and linear aging performance. These results support a
dual-strategy approach for the Yellow Wine industry: spherical lenses can enable rapid,
short-term maturation, whereas plane lenses are better suited to controlled, long-term
aging processes that prioritize quality consistency.
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