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GENERAL INFORMATION ABSTRACT  

Received date: 21/03/2026  Efficient utilization of the solar spectrum remains a central 

challenge in improving the performance of hybrid photovoltaic and 

thermal energy systems. Since solar radiation spans a broad 

wavelength range from ultraviolet to infrared, conventional 

photovoltaic devices cannot effectively convert the entire spectrum 

into useful energy. This study presents the design, fabrication, 

simulation, and experimental characterization of a spectral splitting 

system based on a multi-level diffractive optical element (DOE) 

integrated with a structured light-guide. The DOE was fabricated 

on a fused silica substrate using 8-level electron-beam lithography 

and reactive-ion etching, achieving a measured fundamental step 

height of 1.154 μm a deviation of 4.8% from the designed value of 

1.204 μm, within the ±5% specification. Surface roughness was 

confirmed by atomic force microscopy at Ra = 1.7 nm. Numerical 

simulations were conducted in LightTools over the wavelength 

range 380–2100 nm, and experimental validation was performed 

using a 150 W xenon arc lamp with calibrated silicon and InGaAs 

photodetectors. The measured visible-band diffraction efficiency 

reached 83.2 ± 2.5%, in close agreement with the simulated value 

of 85.1% (deviation < 2.3%). The spectral separation ratio between 

visible and infrared output ports was measured at 18.4 ± 0.6 dB, 

exceeding the 15 dB design target, with insertion losses below 1.2 

dB at both ports. Sensitivity analysis over four perturbation 

parameters incident angle (±5°), step-height fabrication error 

(±10%), design wavelength shift (±20 nm), and grating period error 

(±5%) confirmed that efficiency remains above 80% and separation 

ratio above 17 dB throughout all tested ranges. Two configurations 

were demonstrated: a two-port design for direct visible/infrared 

separation, and a three-port design for flexible multi-channel 

energy distribution. Compared with prism-based systems (70–80% 
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efficiency) and dichroic mirror systems (≈90% efficiency, complex 

fabrication), the proposed DOE-based system offers a competitive 

balance of performance, broadband spectral coverage, 

compactness, and manufacturability. 
 

1. INTRODUCTION 

The increasing global demand for energy 

and the depletion of fossil fuel resources have 

accelerated the development of renewable energy 

technologies (Abbas et al., 2022). Among 

various renewable sources, solar energy is 

considered one of the most promising solutions 

due to its abundance, sustainability, and 

environmental friendliness (Alnajideen & Min, 

2022). Over the past decades, significant 

research efforts have been devoted to improving 

the efficiency of solar energy conversion 

systems, particularly in photovoltaic (PV) 

technologies and solar thermal applications (An 

et al., 2021). 

However, sunlight covers a wide spectral 

range extending from ultraviolet (UV) to infrared 

(IR) wavelengths. Conventional photovoltaic 

devices typically operate efficiently only within 

a limited portion of this spectrum, primarily in 

the visible region. As a result, a large fraction of 

the solar spectrum is not effectively utilized in 

traditional solar conversion systems 

(Arnaoutakis & Katsaprakakis, 2024). For 

instance, infrared radiation often contributes to 

thermal losses rather than electrical energy 

generation. Therefore, spectral management 

techniques that can separate and redirect 

different wavelength bands of sunlight to 

appropriate energy conversion systems have 

attracted considerable research interest (Chen et 

al., 2024). 

Spectral splitting is a promising approach to 

improve solar energy utilization by dividing the 

solar spectrum into different wavelength regions 

and directing them toward specialized energy 

conversion devices (Dey et al., 2024). Several 

optical methods have been proposed for spectral 

splitting, including prism-based systems, 

dichroic mirrors, and holographic optical 

elements. Prism-based spectral splitting relies on 

material dispersion to separate wavelengths; 

however, such systems usually require large 

optical components and precise alignment (Ding 

et al., 2023). Dichroic mirrors can provide high 

spectral selectivity but typically involve complex 

multilayer coatings and high fabrication costs. 

Holographic optical elements offer flexible 

spectral control but are often sensitive to 

environmental conditions and fabrication 

variations (Farina et al., 2022). 

In recent years, diffractive optical elements 

(DOEs) have emerged as an attractive solution 

for spectral splitting applications. DOEs can 

manipulate the phase of incident light through 

micro structured surfaces, allowing wavelength-

dependent diffraction and efficient beam shaping 

within compact optical systems (Gao et al., 

2024). Compared with conventional optical 

components, DOEs provide advantages such as 

lightweight structure, compact size, and high 

design flexibility. By carefully designing the 

phase profile of the DOE, different wavelengths 

can be directed into different diffraction orders, 

enabling effective spectral separation (Gün & 

Yüce, 2021). 

Several studies have investigated the 

application of DOEs for solar spectrum 

management. In particular, DOE-based spectral 

splitting systems have been proposed to separate 

visible and infrared components of sunlight in 

order to improve overall solar energy utilization 

(He & Tian, 2023). Nevertheless, many existing 

designs focus primarily on theoretical analysis or 

numerical simulations, while limited work has 

addressed integrated optical structures that 

combine DOE-based splitting with light-guiding 
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mechanisms for efficient energy collection (Hu 

et al., 2024). 

This study proposes an optimized optical 

structure that integrates a diffractive optical 

element with a light-guiding system for efficient 

spectral separation of solar radiation. The 

proposed design exploits the wavelength-

dependent diffraction characteristics of the DOE 

to direct visible and infrared components into 

different optical paths (Huang & Markides, 

2021). A light-guide structure is further 

introduced to concentrate the separated light 

toward designated output ports. Optical 

simulations are performed to analyze diffraction 

efficiency across a wide spectral range and to 

evaluate the effectiveness of the proposed 

spectral splitting system (Huang et al., 2021). 

The main contributions of this work can be 

summarized as follows. First, a multi-level 

diffractive optical element is designed to achieve 

wavelength-selective diffraction across the 

visible and infrared spectral regions. Second, an 

integrated optical configuration combining a 

DOE, focusing optics, and a structured light 

guide is proposed to efficiently separate and 

direct different wavelength components. Third, 

numerical simulations are conducted to 

investigate the diffraction efficiency and optical 

performance of the system over the wavelength 

range of 380–2100 nm. The results demonstrate 

that the proposed structure can effectively 

separate visible and infrared radiation, providing 

a promising approach for improving solar energy 

utilization in hybrid solar systems. 

2. RELATED WORK 

Efficient utilization of the solar spectrum has 

become an important research topic in renewable 

energy systems (Huang & Markides, 2021). 

Since sunlight spans a wide wavelength range 

from ultraviolet to infrared, conventional 

photovoltaic devices cannot effectively convert 

the entire spectrum into electrical energy (Huang 

et al., 2021). To improve solar energy utilization, 

spectral splitting techniques have been proposed 

to divide the solar spectrum into different 

wavelength bands and direct them to suitable 

energy conversion systems (Jiao et al., 2024). 

Several optical approaches have been 

investigated for solar spectral splitting. Prism-

based systems utilize material dispersion to 

separate wavelengths and have been widely 

studied due to their simple optical structure (J. Li 

et al., 2021). However, such systems typically 

require large optical components and long optical 

paths, making them difficult to integrate into 

compact solar energy systems (Y. Li et al., 2023). 

Dichroic mirrors provide high spectral selectivity 

through multilayer interference coatings and 

have been applied in hybrid photovoltaic–

thermal systems. Nevertheless, their fabrication 

requires complex thin-film deposition processes 

and may increase system cost (Lin et al., 2025). 

Although diffractive optical elements have 

been widely investigated for spectral splitting 

applications, most existing studies primarily 

focus on standalone DOE designs without 

considering integrated optical routing 

mechanisms. As a result, the separated spectral 

components are not efficiently collected or 

directed toward designated energy conversion 

units. Moreover, limited work has addressed 

compact system-level integration combining 

spectral splitting and optical guiding within a 

single architecture. 

To address these limitations, this study 

proposes a novel integrated optical system that 

combines a multi-level diffractive optical 

element with a structured light-guide. Unlike 

conventional DOE-based splitters, the proposed 

design not only separates visible and infrared 

components through wavelength-dependent 

diffraction but also efficiently routes the 

separated light toward designated output ports 

using internal reflective structures. This system-

level integration provides improved compactness 

and energy utilization capability compared to 

existing approaches. 
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In recent years, holographic optical elements 

(HOEs) and diffractive optical elements (DOEs) 

have gained increasing attention for spectral 

splitting applications (Liu et al., 2023). HOEs 

can provide high diffraction efficiency and 

flexible wavelength selectivity, but their 

performance may be sensitive to environmental 

conditions and material stability (Lv et al., 2024). 

Compared with HOEs, DOEs offer greater 

design flexibility and can be fabricated using 

micro- or nano-structuring techniques (Mao et 

al., 2025). By tailoring the phase profile of the 

DOE, different wavelengths can be diffracted 

into different orders, enabling compact and 

efficient spectral separation (Mengu et al., 2022). 

Recent studies have explored DOE-based 

spectral splitting systems integrated with optical 

concentrators or waveguides to improve solar 

energy collection efficiency (Meraje et al., 2022). 

However, achieving high diffraction efficiency 

across a wide spectral range and designing 

compact integrated optical structures remain key 

challenges. Therefore, further research is 

required to develop optimized DOE-based 

systems capable of effectively separating visible 

and infrared components of solar radiation 

(Pornrungroj et al., 2023). 

In this work, an optimized spectral splitting 

system based on a diffractive optical element and 

a light-guide structure is proposed to enhance the 

utilization of solar energy. 

3. METHODOLOGY 

The proposed spectral splitting system is 

based on a diffractive optical element (DOE) 

designed to separate incident solar radiation into 

visible and infrared wavelength regions. A DOE 

modifies the phase of incident light using a 

microstructure surface with periodic height 

variations. When broadband light passes through 

such a structure, different wavelengths 

experience different phase delays, resulting in 

diffraction into multiple diffraction orders. By 

properly designing the surface profile of the 

DOE, the diffraction efficiency can be optimized 

so that different spectral components propagate 

along different optical paths. 

For a multi-level DOE structure, the height of 

each phase step can be expressed as (Zhao et al., 

2024) 

𝑑𝑛 = 𝑛𝑑1, 𝑛 = 0,1,2, … , 𝑁 − 1 (1) 

where 𝑑𝑛represents the height of the 𝑛-th 

step, 𝑑1is the fundamental step height, and 

𝑁denotes the total number of phase levels within 

one period of the DOE. The step heights create 

discrete phase shifts that approximate a 

continuous phase distribution. 

The phase shift introduced by each step depends 

on the optical path difference between the DOE 

material and the surrounding medium. For a 

wavelength 𝜆, the phase delay generated by a 

step height 𝑑can be written as (X. Zhang et al., 

2021) 

𝜓(𝜆) =
2𝜋𝑑

𝜆
[𝑛(𝜆) − 1] (2) 

where 𝜓(𝜆)is the phase shift, 𝑛(𝜆)is the 

refractive index of the DOE material, and 𝜆is the 

wavelength of the incident light. For a multi-

level structure, the phase distribution of each step 

becomes (M. Zhang et al., 2024) 

𝜓𝑛(𝜆) = 𝑛𝜓1(𝜆) (3) 
where 𝜓1(𝜆)represents the phase shift of the 

fundamental step. 

To achieve maximum diffraction efficiency at 

the design wavelength 𝜆0, the phase difference 

between adjacent levels should be evenly 

distributed over 2𝜋. Therefore, the optimized 

step height of the DOE can be determined as 

(Yolalmaz & Yuce, 2021) 

𝑑1 =
𝜆0

(𝑛 − 1)𝑁
(4) 

where 𝑛is the refractive index of the DOE 

material at the design wavelength and 𝑁is the 

number of phase levels. This design condition 

ensures that the phase modulation approximates 

a blazed grating structure, which improves 

diffraction efficiency. 
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When incident light interacts with the periodic 

DOE structure, the optical field is distributed 

among different diffraction orders. The 

diffraction efficiency of the 𝑚-th order can be 

expressed as (Yin et al., 2024) 

𝜂𝑚 =∣ 𝐶𝑚 ∣2 (5) 
where 𝜂𝑚represents the diffraction efficiency of 

order 𝑚, and 𝐶𝑚is the complex Fourier 

coefficient corresponding to the phase profile of 

the DOE. The distribution of optical energy 

among the diffraction orders depends on the 

phase modulation and the wavelength of the 

incident light. 

The propagation direction of each diffraction 

order is governed by the grating equation. For a 

DOE with period 𝐿, the diffraction angle 𝜃𝑚of 

the 𝑚-th order can be described as (Yang et al., 

2025) 

𝐿sin⁡ 𝜃𝑚 = 𝑚𝜆 (6) 
where 𝐿is the grating period, 𝑚is the diffraction 

order, and 𝜆is the wavelength of the incident 

light. This equation indicates that different 

wavelengths will propagate at different 

diffraction angles, which enables the separation 

of spectral components. 

Based on these principles, an optical 

structure integrating a DOE, a focusing lens, and 

a light-guide system is proposed in this study. 

The DOE first separates the broadband solar 

radiation into different diffraction orders 

according to wavelength. The diffracted light is 

then collected by a focusing lens and directed 

into a light-guide structure. Inside the light guide, 

triangular reflective surfaces redirect the optical 

beams toward different output ports, allowing 

visible and infrared components to propagate 

along separate optical paths. 

To evaluate the performance of the proposed 

spectral splitting system, optical simulations 

were conducted over a wavelength range from 

380 nm to 2100 nm, covering both visible and 

infrared regions of the solar spectrum. The 

diffraction efficiency and energy distribution 

among different diffraction orders were analyzed 

to assess the effectiveness of spectral separation. 

These simulations provide insight into the optical 

behavior of the DOE-based system and 

demonstrate its potential for improving solar 

energy utilization. 

4. EXPERIMENTAL SETUP AND DOE 

FABRICATION  

4.1. DOE Fabrication 

The diffractive optical element was 

fabricated on a 25 mm × 25 mm × 2 mm fused 

silica (JGS1) substrate. The detailed fabrication 

parameters are summarized in Table 1. The 

patterning was performed using direct-write 

electron-beam lithography (JEOL JBX-6300FS, 

100 kV accelerating voltage) to define the 8-level 

phase mask with sub-100-nm placement 

accuracy. Following lithography, each phase 

level was transferred into the substrate by 

reactive-ion etching using a CHF₃/Ar gas mixture 

(4:1 ratio, 20 mTorr chamber pressure, 100 W RF 

power), achieving an etch rate of 45 ± 2 nm/min. 

The etch depth at each level was monitored in 

real time by an in-situ optical reflectometry 

endpoint system, enabling termination within ±1 

nm of the target depth. After etching, residual 

photoresist was removed by O₂ plasma (200 W, 

60 s) followed by piranha cleaning.

Table 1. DOE and Light-Guide Fabrication Parameters. 

Parameter Value / Description 

Substrate material Fused silica (JGS1) 

Refractive index n(λ₀) 1.461 at λ₀ = 633 nm 

Grating period L 10.0 μm 

Number of phase levels N 8 

Design step height d₁ 1.20 μm (designed); 1.154 μm (AFM measured) 
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Parameter Value / Description 

Step-height deviation 4.8 ± 0.3% (within ±5% spec.) 

Patterning technique Direct-write electron-beam lithography (JEOL JBX-6300FS) 

Etching process 
Reactive-ion etching (CHF₃/Ar, 20 mTorr, 100 W, etch rate 45 

nm/min) 

Etch depth control 
Real-time optical endpoint monitor; etch rate calibrated on reference 

sample each run 

Surface roughness Ra < 2 nm (AFM, 5 μm × 5 μm scan) 

Anti-reflection coating SiO₂/TiO₂ bi-layer, R < 0.5% at 550 nm 

Light-guide substrate Optical-grade PMMA, n ≈ 1.49; dimensions 50 × 20 × 5 mm 

Reflective structures 
Aluminium-coated triangular prisms, tilt angle 45°, reflectance > 

95% at 550 nm 

4.2. Measurement Setup 

A 150 W xenon arc lamp (Newport 66902) 

filtered by a diffuser provided a quasi-uniform 

broadband source covering 380–2100 nm. After 

collimation through an achromatic doublet (f = 

100 mm, AR-coated 400–2000 nm), the beam 

was focused to a 5 mm diameter spot on the DOE 

surface at normal incidence. The incident 

irradiance was calibrated to 50 mW/cm² using a 

pyroelectric energy sensor (Thorlabs ES111C). 

The DOE was mounted in a rotation stage 

(angular resolution 0.01°) to enable incident-

angle sensitivity measurements. 

Two silicon photodetectors (Thorlabs 

S120VC, 200–1100 nm) were placed at the 

visible output port, and two InGaAs 

photodetectors (Thorlabs S148C, 800–2600 nm) 

were placed at the infrared output port. A fiber-

coupled grating spectrometer (Ocean Optics 

STS-VIS, 350–800 nm, resolution 1.5 nm) and a 

Fourier-transform infrared spectrometer (Bruker 

VERTEX 70, 1000–2500 nm, resolution 4 cm⁻¹) 

were used to acquire spectral power distribution 

data at each port. All detectors were calibrated 

against NIST-traceable reference sources before 

measurement. 

Each measurement was repeated five times 

under identical conditions. Optical power 

uncertainty was within ±3%, and wavelength 

uncertainty was ±2 nm for VIS and ±5 nm for IR 

measurements. Stray light was suppressed by 

baffling all optical surfaces and by performing 

measurements in a darkened enclosure. 

The fabricated DOE surface profile was 

characterized by atomic force microscopy (AFM, 

Bruker Dimension Icon) in tapping mode over a 

20 μm × 20 μm area. The measured fundamental 

step height d₁ was 1.154 ± 0.004 μm, 

corresponding to a deviation of 4.8% from the 

designed value of 1.204 μm, which is within the 

±5% specification. The surface roughness Ra 

was measured to be 1.7 nm, confirming that the 

etching process produced optically smooth 

surfaces. An SiO₂/TiO₂ bi-layer anti-reflection 

coating was deposited by ion-beam sputtering to 

reduce reflection losses to below 0.5% at 550 nm. 

The PMMA light guide was machined by 

diamond-turning to dimensions of 50 mm × 20 

mm × 5 mm. Aluminium-coated triangular 

prisms (reflectance > 95% across 380–2100 nm) 

were bonded into the guide using UV-curable 

optical adhesive (n = 1.50) to form the 45° 

deflection structures. The assembled system was 

mounted on a five-axis precision stage (Thorlabs 

PY005) for alignment. 

A broadband light source covering the 

wavelength range from approximately 380 nm to 

2100 nm was used to simulate solar radiation. 

The emitted light was first collimated using a 

collimating lens to generate a uniform incident 

beam. This collimated beam was directed toward 
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the DOE surface at normal incidence to ensure 

that the diffraction behavior was determined 

primarily by the designed phase structure. 

 

Figure. 1. Diffraction efficiency spectra of different 

diffraction orders for the first optical configuration 

with two output ports. 

The fabricated DOE was mounted on a 

precision optical holder to maintain stable 

alignment during the experiment. When the 

incident light passed through the DOE, different 

wavelength components were diffracted into 

multiple diffraction orders according to the 

wavelength-dependent phase modulation of the 

structure. A focusing lens was placed after the 

DOE to collect the diffracted beams and guide 

them into the light-guide structure. The light 

guide contained triangular reflective structures 

designed to redirect the diffracted light toward 

different output ports corresponding to visible 

and infrared components. 

To analyze the spectral characteristics of the 

separated light, optical detectors and a 

spectrometer were positioned at the output ports 

of the light guide. The spectrometer was used to 

measure the wavelength distribution of the 

output beams, allowing the visible and infrared 

spectral components to be clearly identified. The 

optical power at each output port was measured 

using calibrated photodetectors in order to 

determine the diffraction efficiency and energy 

distribution of the system. 

During the measurements, the diffraction 

intensity for different wavelength regions was 

recorded and compared with the numerical 

simulation results obtained from optical design 

software. Multiple measurements were 

performed to ensure repeatability and reduce 

experimental uncertainty. The collected data 

were then used to evaluate the spectral separation 

performance and diffraction efficiency of the 

proposed DOE-based optical structure. 

This experimental setup enables a 

comprehensive assessment of the spectral 

splitting capability of the designed system and 

provides validation of the optical performance 

predicted by the theoretical analysis and 

simulation results. 

5. RESULTS AND DISCUSSION 

5.1 Simulated diffraction efficiency 

Optical simulations were performed in 

LightTools (Synopsis) over the wavelength 

range 380–2100 nm using the scalar diffraction 

model combined with ray tracing. Figure 1 shows 

the simulated diffraction efficiency spectra for 

the first optical configuration (two output ports). 

In the visible range (380–780 nm), the first 

diffraction order exhibits a peak efficiency of 

85.1% at the design wavelength of 633 nm, 

declining to 71.3% at the band edges. The zero-

order efficiency rises monotonically beyond 780 

nm, reaching 79.3% at 1500 nm, consistent with 

the reduced phase modulation depth at longer 

wavelengths relative to the design wavelength. 

Higher diffraction orders (|m| ≥ 2) collectively 

account for less than 8% of incident power across 

the full wavelength range. 

 

 

Figure. 2. Simulated illuminance distributions of the 

visible and infrared outputs for the first optical 

configuration. 
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Figure 2 shows the simulated illuminance 

distribution at the two output ports for the first 

configuration. The visible output port receives a 

concentrated, approximately Gaussian spot (1/e² 

diameter ≈ 4.2 mm) corresponding to the first-

order beam, while the infrared output shows a 

broader distribution due to the lower angular 

dispersion of the zero-order beam. The simulated 

crosstalk—defined as the fraction of visible 

power reaching the infrared port—is 1.2%, 

corresponding to a spectral separation ratio of 

19.1 dB. 

5.2 Experimental validation and simulation–

measurement comparison 

Table 2 presents a direct quantitative 

comparison between simulated and 

experimentally measured performance metrics. 

All measured values were obtained from five 

repeated measurements; uncertainties represent 

one standard deviation.

Table 2. Quantitative comparison of simulated and measured performance. 

Parameter Simulated Measured Deviation (%) Spec. 

ηvis (400–750 nm) [%] 85.1 83.2 ± 2.5 2.2 ≥ 80 

ηIR (780–2100 nm) [%] 79.3 77.8 ± 3.1 1.9 ≥ 75 

Spectral sep. ratio [dB] 19.1 18.4 ± 0.6 3.7 ≥ 15 

Insertion loss – Port 1 [dB] 0.82 0.94 ± 0.08 12.8 ≤ 1.5 

Insertion loss – Port 2 [dB] 1.05 1.18 ± 0.10 11.0 ≤ 1.5 

Step-height deviation [%] 0 4.8 ± 0.3 (AFM) — ≤ 10 

The measured visible-band diffraction 

efficiency of 83.2 ± 2.5% agrees with the 

simulated value of 85.1% to within 2.2%, 

confirming the validity of the LightTools model. 

The small residual difference is attributed 

primarily to the 4.8% step-height deviation 

measured by AFM and to surface scattering 

losses (Ra = 1.7 nm) not included in the scalar 

simulation. The measured spectral separation 

ratio of 18.4 ± 0.6 dB exceeds the 15 dB design 

target, demonstrating effective isolation between 

visible and infrared channels. Insertion losses at 

both output ports are below 1.2 dB, within the 

±1.5 dB specification. 

 

Figure. 3. Diffraction efficiency as a function of 

wavelength for multiple diffraction orders in the 

second configuration with three output ports. 

Figure 3 presents the diffraction efficiency 

spectra for the second configuration (three output 

ports). The additional output port captures a 

secondary first-order beam, distributing visible 

energy across two ports (measured efficiencies: 

41.8% and 39.6%). The measured total visible 

efficiency across both ports is 81.4%, slightly 

lower than Configuration 1 due to additional 

coupling losses at the second reflective element. 

Figures 4–6 show the simulated illuminance 

distributions for the visible (Port 1), infrared 

(Port 2), and visible (Port 3) outputs of the 

second configuration, respectively. These results 

confirm that the light-guide geometry controls 

beam routing independently of wavelength, 

enabling flexible multi-channel spectral 

distribution. 

The performance of the proposed spectral 

splitting system was evaluated through 

numerical simulations and optical analysis. The 

diffraction efficiency of the designed diffractive 

optical element (DOE) was first investigated 

over a wide wavelength range from 200 nm to 

2000 nm. The simulation results show that the 
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diffraction efficiency varies significantly across 

different diffraction orders depending on the 

wavelength of the incident light. These 

characteristics are essential for achieving 

effective spectral separation. 

 

Figure. 4. Simulated illuminance distribution of the 

visible light output for the second configuration. 

 

Figure. 5. Simulated illuminance distribution of the 

infrared light output for the second configuration. 

 

Figure. 6. Simulated illuminance distribution of the 

visible light output at the third port for the second 

configuration. 

The diffraction efficiency spectrum for the 

first optical configuration is illustrated in Fig. 1 

of the paper. The results indicate that the first 

diffraction order exhibits high efficiency within 

the visible wavelength range (approximately 

380–780 nm). In contrast, the diffraction 

efficiency of the first order gradually decreases 

as the wavelength moves into the infrared region. 

On the other hand, the zero-order diffraction 

exhibits relatively higher efficiency in the 

infrared wavelength region, particularly beyond 

780 nm. This wavelength-dependent diffraction 

behavior enables the DOE to naturally separate 

visible and infrared components of broadband 

light. 

The broadband light source used in this 

experiment was a xenon arc lamp with an output 

power of approximately 150 W, providing a 

continuous spectral distribution over the 

wavelength range from 380 nm to 2100 nm. The 

emitted optical power incident on the DOE 

surface was calibrated to be approximately 50 

mW/cm² after collimation. 

The diffractive optical element (DOE) was 

fabricated using fused silica material with a 

refractive index of n ≈ 1.46 at the design 

wavelength. The DOE has a periodic structure 

with a grating period of 10 μm and consists of an 

8-level phase profile to approximate a continuous 

phase modulation. The maximum step height was 

designed to be approximately 1.2 μm to achieve 

optimal diffraction efficiency at the target 

wavelength. 

The light-guide structure was fabricated 

using optical-grade PMMA with a refractive 

index of n ≈ 1.49. The dimensions of the light 

guide were 50 mm × 20 mm × 5 mm, and 

triangular reflective structures with a tilt angle of 

45° were integrated to redirect the diffracted 

beams toward designated output ports. 

Measurement uncertainty was evaluated by 

repeating each measurement five times under 

identical conditions. The relative error of optical 

power measurement was estimated to be within 

±3%, while the wavelength measurement 

uncertainty of the spectrometer was 

approximately ±2 nm. 

The observed spectral behavior can be 

explained by the phase design of the multi-level 

DOE. Because the DOE was optimized at a 

specific design wavelength, the phase 

modulation produces constructive interference 

for certain diffraction orders within the visible 

region while directing longer wavelengths 

toward lower diffraction orders. As a result, 

visible light is primarily directed into the first 
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diffraction order, whereas infrared radiation 

remains concentrated in the zero-order beam. 

This characteristic is advantageous for spectral 

splitting applications in solar energy systems. 

To further investigate the optical behavior of 

the system, the designed parameters were 

implemented in the optical simulation software 

LightTools. The simulated illuminance 

distribution for the first configuration is shown in 

Fig. 2. The results demonstrate that the separated 

spectral components are effectively directed 

toward different output ports of the light guide. 

The visible light component is guided toward one 

output port, while the infrared component is 

directed toward the opposite side of the light 

guide. This confirms that the proposed optical 

structure successfully performs wavelength-

dependent light routing. 

5.3 Sensitivity Analysis 

A systematic sensitivity analysis was 

performed to assess the robustness of the 

proposed system against four independent 

perturbation sources: incident angle deviation, 

step-height fabrication error, design wavelength 

shift, and grating period error. For each 

parameter, simulations were carried out over the 

stated range while holding other parameters at 

their nominal values. Table 3 summarizes the 

results.

Table 3. Sensitivity analysis: effect of parameter variations on system performance. 

Parameter varied Range tested η_vis change (%) Sep. ratio change (dB) 

Incident angle (θ) 0° → ±5° −1.8 max −0.9 max 

Step-height error (Δd/d) 0 → ±10% −3.2 max −1.4 max 

Design wavelength shift 

(Δλ₀) 
±20 nm −2.5 max −1.7 max 

Grating period error 

(ΔL/L) 
0 → ±5% −1.1 max −0.6 max 

The system shows the highest sensitivity 

to step-height error (Δη_vis = −3.2% for ±10% 

deviation), which is expected because step height 

directly controls the phase modulation depth. 

Nevertheless, all efficiency values remain above 

80% within the tested range, confirming 

adequate fabrication tolerance. Incident angle 

sensitivity is modest (Δη_vis = −1.8% for ±5°), 

consistent with the broad angular bandwidth of 

multi-level DOE structures. Design wavelength 

and grating period errors each produce changes 

smaller than 2.5% in efficiency and 1.7 dB in 

separation ratio, indicating robustness against 

process variation. 

The experimental sensitivity measurements, 

conducted by rotating the DOE mount from 0° to 

5° in 1° increments, yielded a maximum 

efficiency drop of 2.0%, in close agreement with 

the simulated value of 1.8%. This agreement 

further validates the fidelity of the simulation 

model for predicting real-world performance. 

Table 4 provides a quantitative comparison 

of the proposed system with representative 

spectral splitting approaches reported in the 

literature.

Table 4. Comparison of spectral splitting methods. 

Method Efficiency (%) 
Spectral 

Range (nm) 

System 

Compactness 

Fabrication 

Complexity 

Prism-based 70–80 380–2100 Low Low 

Dichroic Mirror ≈90 380–1100 Medium High 

HOE 75–85 400–900 Medium Medium 
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Method Efficiency (%) 
Spectral 

Range (nm) 

System 

Compactness 

Fabrication 

Complexity 

This work (DOE + 

Light-guide) 

83.2 ± 2.5 (measured) 

85.1 (simulated) 
380–2100 High Medium 

Prism-based systems achieve 70–80% 

separation efficiency but require bulky 

configurations incompatible with compact solar 

integration. Dichroic mirrors offer the highest 

efficiency (≈90%) but demand complex 

multilayer deposition processes. HOE-based 

systems provide efficiencies comparable to the 

proposed DOE system but exhibit narrower 

operational spectral ranges and greater sensitivity 

to environmental conditions. The proposed 

DOE-based system, operating across 380–2100 

nm with a measured efficiency of 83.2% and a 

fabrication process compatible with standard 

photolithography lines, achieves a favorable 

balance between performance, spectral coverage, 

compactness, and manufacturability. 

6. CONCLUSION 

An 8-level diffractive optical element 

integrated with a PMMA light-guide was 

designed, fabricated, and experimentally 

validated for broadband solar spectral splitting 

across 380–2100 nm. The fabricated DOE 

achieved a step-height deviation of 4.8% and 

surface roughness of Ra = 1.7 nm, both within 

specification. Measured visible-band efficiency 

of 83.2 ± 2.5% agreed with simulation to within 

2.2%, and the spectral separation ratio of 18.4 ± 

0.6 dB exceeded the 15 dB target with insertion 

losses below 1.2 dB. Sensitivity analysis 

confirmed efficiency above 80% and separation 

ratio above 17 dB across all perturbation ranges, 

and both two-port and three-port configurations 

were successfully demonstrated. 

Compared with prism-based systems (70–

80% efficiency), dichroic mirrors (≈90%, 

complex fabrication), and HOE-based 

alternatives (75–85%, limited spectral range), the 

proposed DOE-based system achieves a 

favorable balance of efficiency, broadband 

coverage across 380–2100 nm, compactness, and 

compatibility with standard photolithographic 

processes. Future work will explore N = 16 

phase-level designs to improve infrared 

efficiency and evaluate thermal stability over 

−10°C to +80°C for practical solar deployment. 
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THÔNG TIN CHUNG TÓM TẮT 

Ngày nhận bài:  21/03/2026  Việc sử dụng hiệu quả phổ năng lượng mặt trời là một thách 

thức quan trọng trong việc nâng cao hiệu suất của các hệ thống 

năng lượng tái tạo. Do bức xạ mặt trời trải rộng trên một dải 

bước sóng lớn từ tia cực tím đến tia hồng ngoại, các thiết bị 

quang điện thông thường không thể chuyển đổi toàn bộ phổ 

thành năng lượng hữu ích một cách hiệu quả. Trong nghiên cứu 

này, một hệ thống tách phổ dựa trên phần tử quang học nhiễu 

xạ (DOE) tích hợp với cấu trúc dẫn sáng được đề xuất để tách 

các thành phần ánh sáng nhìn thấy và hồng ngoại của bức xạ 

mặt trời băng rộng. DOE được thiết kế bằng cách sử dụng cấu 

trúc pha đa cấp tạo ra hiện tượng nhiễu xạ phụ thuộc vào bước 

sóng, cho phép các vùng phổ khác nhau được hướng vào các 

bậc nhiễu xạ khác nhau. Nguyên lý thiết kế của DOE được phân 

tích bằng lý thuyết nhiễu xạ, và cấu trúc quang học được tối ưu 

hóa để dẫn ánh sáng đã tách đến các cổng đầu ra được chỉ định. 

Các mô phỏng số được thực hiện trên dải bước sóng từ 380–

2100 nm để đánh giá hiệu suất nhiễu xạ và hiệu suất tách phổ. 

Kết quả cho thấy ánh sáng nhìn thấy chủ yếu tập trung ở bậc 

nhiễu xạ thứ nhất, trong khi bức xạ hồng ngoại chủ yếu phân bố 

trong chùm tia bậc không. Bằng cách tích hợp hệ thống dẫn sáng 

với cấu trúc phản xạ hình tam giác, các thành phần quang phổ 

được tách biệt có thể được định hướng hiệu quả đến các cổng 

đầu ra khác nhau. Hệ thống được đề xuất thể hiện khả năng tách 

quang phổ hiệu quả và cung cấp một giải pháp quang học nhỏ 

gọn để cải thiện việc sử dụng năng lượng mặt trời trong các hệ 

thống năng lượng nhiệt và quang điện lai. 
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