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Introduction/Purpose: Laser-excited remote phosphor (LERP) light sources have gained significant importance in lighting and display applications due to their unique brightness and color-rendering qualities. In addition to their well-known advantages in these areas, we found that they also offer largely unexplored potential for sensor applications, such as quantitative fluorescence analysis. This potential is especially relevant when sophisticated optics operating under space and cost constraints require low-etendue sources with highly stable spectral properties. In this paper, we present an example of such an application. The purpose of our research is to assess currently available phosphor materials and design a light source to our particular reference application.Methods: For this purpose, a characterization setup was developed that compares different phosphors excited by small laser spots, with diameters between 100 μm and 280 μm, in terms of emitted spectral radiance, incident laser power, and irradiance.Results: The investigation identified two suitable phosphors, including a phosphor that addresses the gap in the blue and green wavelength ranges. Furthermore, the importance of small laser spots was demonstrated, which allows reducing the laser power to simplify light source design and reduce costs.Discussion/Conclusion: This research proposes a functional set of phosphors for the abovementioned application and, at the same time, presents the current limitations of LERP light sources. We remain confident in the described application field for LERP sources and hope that the needs elaborated in this work will inspire further research and development of novel phosphor materials.Keywords: fluorescence, light sources, laser-excited remote phosphor, etendue, radiance, metrology, lab-on-a-chip, flying spot projector
1 INTRODUCTION
Fluorescence analysis is an important measurement technique, especially in medicine, but it is usually only available in a laboratory environment and requires educated personnel. To make the benefits of this technique more accessible and faster to the public, portable, cost-efficient, and fully automated devices must be developed. A key challenge in this new segment is finding a good compromise between the functionality of laboratory equipment and the cost of a mass market product.
A well-known example and leading application for this article is a lab-on-a-chip device implementing quantitative polymerase chain reaction (qPCR) tests to detect infections at the point-of-care, especially since the COVID-19 pandemic. Such devices work with the same high sensitivity as laboratory qPCR tests but have a significantly lower time-to-result as transportation times are eliminated. A qPCR test uses a fluorescence analysis to decide whether a test is positive or negative (Kralik and Ricchi, 2017). The procedure starts with labeling DNA strands under test (at least the DNA corresponding to the infection and a reference, e.g., human DNA) with specific fluorophore probes. The fluorophore probes are specific in two respects: first, the probe component can only bind to a specific DNA sequence, and second, the fluorophore component contains a dye with a unique absorption and emission spectrum. Since the dye of a fluorophore will remain quenched until the probe binds to its target DNA strand, the labeling process connects the concentration of target DNA strands with fluorescence intensity in known wavelength bands. It is the lab-on-a-chip analyzer’s task to optically address all fluorophores used. Sequentially, for each fluorophore, the analyzer irradiates the sample with light in a wavelength band matching the respective absorption spectrum and observes it in the wavelength range of expected fluorescence. If power is measured, the presence of the target DNA can be inferred.
To minimize uncertainty in the quantitative evaluation, it is essential to know the optical system of the analyzer well. In a spectral analysis, this applies to the power level and the spectrum. As most light sources drift spectrally due to the production process and thermal effects during operation, it is advisable to use a spectrally broad light source and define the spectrum with a passive spectral interference filter. For cost reasons, only blackbody radiators or wavelength conversion with a phosphor can be considered for a mass product to generate a sufficiently broad spectrum. Due to significant heat generation and short lifetimes (Beacher, 2011; Jaffe et al., 2009), blackbody radiators are usually not used for compact devices at the point-of-care. The drawback of phosphor-converted light sources is a limited radiance level (power per area and solid angle), limiting optical designs in terms of cost-effectiveness, miniaturization, and complexity. 1) The cost consideration is related to interference filters. The cost of an interference filter scales approximately with its cross-sectional area as the filter is manufactured via a wafer process. At the same time, radiation that passes through an interference filter must only have a maximum residual divergence to ensure proper filter function, according to the filter’s operating principle. To reduce the cross-sectional area and save costs without exceeding the maximum residual divergence, the radiance of the light source must be increased. 2) An example of miniaturization is already given in (1). A similar miniaturization potential can be achieved using volume holograms as spectral filters. Müller et al. (2023) demonstrated that holographic optical elements will redirect light with a more defined spectrum when the radiance of the used light source is increased. 3) Using white LEDs usually limits the optical design to a static optical system. Without a significantly brighter light source in the relevant spectral range from 450 nm to 640 nm, it is not possible to develop more complex optical systems as, e.g., a flying spot projector described by Müller et al. (2024), which would provide lab-on-a-chip devices a significantly higher degree of flexibility required for new innovations not foreseen when designing the instrument (Lux et al., 2021; Podbiel et al., 2020).
State-of-the-art brightest light sources on the market are laser-excited remote phosphor (LERP) light sources which are more beneficial than phosphor-converted LEDs due to a spatial separation of phosphor and pump light source and therefore better thermal management. Further, LERP light sources take advantage of the intrinsically higher radiance level of the laser in comparison to an LED. Since most laser phosphors are based on the development status of LED phosphors for general lighting, they are usually used to fill the green gap in direct LEDs (Carl Zeiss Microscopy GmbH, 2019) and were primarily developed for physiological applications such as automotive headlamps (Strauss, 2017; Willeke et al., 2016; Vogl, 2023; Shih et al., 2022), searchlights (Lee et al., 2023), and projectors (Li et al., 2021; Hu and Li, 2013; Hu et al., 2020). The brightest phosphors emit in the yellow and green spectral ranges. Although there is some interest in high-brightness red fluorescence for color-rendering-index improvement and enhancing the red channels in projectors, the search for a stable red phosphor continues, and high-brightness blue fluorescence remains a niche area. In Müller et al. (2024), we quantified and highlighted the demand for phosphor-converted light sources with high radiance at blue and red wavelengths by comparing phosphor-converted light sources available on the market with the requirements of the flying spot projector. The aim of the present article is to address the reported gap in radiance for blue and red wavelengths. Since there is no standard for phosphor performance evaluation, the comparison of research results from different suppliers or university groups is difficult (Li S. et al., 2022). Therefore, new ceramic and single-crystal phosphors from different suppliers are characterized and compared in a common characterization setup.
In addition to the phosphor, the design of the light source influences the achievable radiance level. Thermal management is one of the most important aspects as the achievable radiance is mostly limited by thermal quenching. One effective option is spreading the dissipated heat over a larger phosphor surface by moving the phosphor and laser spot relative to each other. This is possible due to a significantly smaller time constant of fluorescence decay than for thermal dissipation. Hagemann et al. (2019) achieved approximately 9000 cd/mm2 using a rotating wheel in comparison to approximately 2,200 cd/mm2 using a comparable static phosphor, as reported by Hagemann et al. (2020). Alternatives to a rotating wheel are to integrate the movement into the optical path with a tilted rotating mirror (Li et al., 2021), a two-dimensional scanning mirror, or a rotating wedged optical element (Li K. et al., 2022). Due to complexity, we believe that a static solution shows a higher potential for low-cost fluorescence applications. For static phosphors, Sun et al. (2023) combined active cooling with lateral heat spreading by embedding the phosphor additionally into the Peltier element and achieved an increase of 4.5 in the laser irradiance threshold. Correia et al. (2017) used lateral heat spreading by embedding a phosphor into a metal hole. In addition to lateral heat spreading, increased thermal conductivity perpendicular to the emitting surface is also beneficial. Correia et al. (2017) showed in simulations that a thinner phosphor plate can reduce the peak temperature, and Hagemann et al. (2020) measured higher radiance levels with thinner samples. Alternatively, the thermal conductivity perpendicular to the phosphor surface can be increased on the emissive side by attaching a transparent plate. Correia et al. (2017) demonstrated a decrease in temperature in simulations using a glass plate on top of a phosphor in a sodium glass binder and a reflective configuration. Zhang et al. (2019) experimentally obtained three times higher power density using a sapphire plate in a transmissive configuration on a phosphor in glass. Further research applying sapphire plates on phosphor-in-glass in transmissive configuration is given by Zheng et al. (2018), Peng et al. (2019), and Wei et al. (2019). Ma and Luo (2019) showed experimental results with a rather thick phosphor sample with low thermal conductivity in reflective configuration. While active cooling is a common technique and lateral heat spreading as well as the thickness of the phosphor are primarily the concern of the phosphor’s manufacturer, the literature suggests that cooling on the emission side offers significant benefits. However, in the literature, only phosphors with poor thermal conductivity, large thickness, or poor overall thermal management on the non-emission side were investigated. The presented article compares a static ceramic phosphor with high thermal conductivity in reflective configuration and good thermal management with and without a sapphire plate. In addition to the sapphire plate, the effect of an aperture made of stainless-steel foil is measured.
Another important factor is the incident laser spot area. Previous studies by Krasnoshchoka et al. (2020) showed a material-dependent expansion of the fluorescence spot size compared to the laser spot size, which remained approximately constant over the incident laser spot size. Important findings are that high absorption is beneficial for minimizing the spot size, while the scattering coefficient only shows a weak influence. Zheng et al. (2019) suggested high-scattering ceramics for luminescent spot-size confinement, and Lenef et al. (2013) explained that backscattering shows potential to confine the incident laser power. However, as no power was measured by Krasnoshchoka et al. (2020), it cannot be concluded that a smaller spot size results in a higher radiance level. Yuan et al. (2024) investigated the effects of the incident laser spot area on temperature, luminous flux, luminous efficacy, and luminous exitance of [image: image] and [image: image] phosphor in glass samples and demonstrated a phosphor-specific optimal incident laser spot area, maximizing the achievable radiance. A more obvious but not less important insight by Yuan et al. (2024) is that the required laser power to reach the saturation threshold increases with the incident laser spot size. Hence, for a cost-sensitive application, small incident laser spot sizes are of interest. Therefore, the presented publication investigates smaller incident laser spot sizes than those studied by Yuan et al. (2024) on a ceramic phosphor, starting from a radius of 50 [image: image]m with the aim of finding an optimal incident spot size that maximizes radiance under a limited incident laser power.
Radiance measurements are performed with a custom-built characterization setup for high power densities and Lambertian emission based on previous research (Hagemann et al., 2020; Lenef et al., 2013; Xu et al., 2019; Wei et al., 2019; Zhao et al., 2024; Krasnoshchoka et al., 2017; 2020). To stay aligned with our application scenario, we have opted against high-end solid-state laser modules with diffraction-limited optics, as referenced in the abovementioned literature. Instead, we use low-cost laser diodes with basic focusing optics, which are still able to drive the ceramic and single-crystal phosphor materials in reflective configuration to their irradiance limits. Additional differences to previous research are the investigation of radiometric instead of photometric properties, including the measurement of radiance at roll-over thermal quenching and the focus on small incident laser spots. To illustrate the potential of our research effort, new phosphor candidates are integrated into the flying spot projector, as described by Müller et al. (2024), and compared to state-of-the-art phosphor-converted light sources. As a state-of-the-art laser-excited remote phosphor, we consider the highly integrated surface-mount-device (SMD 500) from Kyocera.
The article starts with a brief overview of phosphor materials, followed by a description of the phosphor characterization setup, the phosphors themselves, and the tested light source design options.
2 FUNDAMENTALS OF PHOSPHOR MATERIALS
A phosphor for an etendue-limited optical system used in fluorescence analysis must fulfill specific requirements regarding excitation and emission spectra and the emitted radiance level of fluorescence. The emitted radiance level depends on several other properties, such as the thermal conductivity of the phosphor sample (Li S. et al., 2022; Hagemann and Seidl, 2021), the phosphor’s quantum efficiency (Li S. et al., 2022), thermal (Li S. et al., 2022; Maggay and Liu, 2017; Lenef et al., 2013; Silver et al., 2016) and concentration quenching (Li S. et al., 2022; Lenef et al., 2013), and scattering (Silver et al., 2016; Xu et al., 2022) and absorption properties (Krasnoshchoka et al., 2020).
Relevant influencing factors are the chemical composition of the phosphor host material, its activator, and the microstructure of the sample. The shape of the spectrum and the decay time influencing the concentration quenching strongly depend on the activator (Li S. et al., 2022; Xia et al., 2016; Lin and Liu, 2017). Relevant phosphors for our purpose usually use rare-earth ions such as [image: image] and [image: image] as dopants (Lin and Liu, 2017; Rahman, 2022; Li S. et al., 2022). Among them, [image: image]-activated phosphors are the best choice for high-radiance levels (Li S. et al., 2022). The peak of the emission spectrum can be further adjusted by the host matrix (Lin and Liu, 2017; Xia et al., 2016). As an example, the peak emission wavelength of [image: image] can be decreased by substituting yttrium ([image: image]) atoms with lutetium ([image: image]) atoms and increased using gadolinium ([image: image]) atoms (Xu et al., 2019). Important influences on quantum efficiency are the type of activator, its concentration, and the host matrix chemical composition including all impurities (Lenef et al., 2014). The activator concentration also influences the absorption. The higher its concentration, the higher the absorption (Lenef et al., 2020).
The microstructure of a phosphor sample plays a major role in determining thermal conductivity and scattering properties. A cost-efficient method to prepare phosphors for a product is embedding phosphor particles in an organic silicon matrix (Liu et al., 2023). This method is most often used for phosphor-converted LEDs (Rahman, 2022), but it is inappropriate for laser excitation due to low thermal conductivity in the range of 0.2 W/(m ⋅ K) (Liu et al., 2023; Zhang et al., 2019; Raukas et al., 2013; Rahman, 2022). An improved thermal performance results when phosphor particles are embedded in glass (Rahman, 2022). Laser-excited remote phosphors in glass bulk and thin-film light sources have been demonstrated (Zhu et al., 2015; Wei et al., 2019; Zhang et al., 2021; Xu et al., 2021); however, the thermal conductivity of phosphors in glass of approximately 1 W/(m ⋅ K) (Li S. et al., 2022; Zhang et al., 2019; Wang et al., 2023) is considered to be too low for high power density laser excitation (Rahman, 2022), especially in the case of bulk phosphor in glass (Ma and Cao, 2021). With >5 W/(m ⋅ K) thermal conductivity (Yoon and Song, 2017), phosphors sintered as polycrystalline ceramics provide a better alternative to phosphors in silicon or glass with the downside of a more complicated fabrication process (Li S. et al., 2022). Another benefit of ceramics is their tunable microstructure, which helps adjust the scattering properties (Ma and Cao, 2021; Li S. et al., 2022). Due to their excellent thermal conductivity and high tunability, phosphor ceramics are a good choice for high power density laser excitation (Rahman, 2022; Hagemann and Seidl, 2021) and have been used in several scientific works (Willeke et al., 2016; Hu et al., 2020) and products (Strauss, 2017). The most common and commercially available ceramic phosphor is [image: image] with an emission peak in the yellow and green wavelength ranges (Rahman, 2022). In addition to [image: image], researchers also managed to realize other phosphors with emission peaks in the blue (Cozzan et al., 2016) and red (Li et al., 2016; Li et al., 2017) regime as ceramic phosphors. Alternatives for high power density laser excitation also used in applications (Shih et al., 2022) are single-crystal phosphors. Usually produced through the cost-intensive and rather complex Czochralski growth process (Li S. et al., 2022; Rahman, 2022), single crystals show a high thermal conductivity in the range of 11 W/(m ⋅ K) (Shih et al., 2022) and contain few impurities, enabling a high quantum efficiency even at high temperatures (Ma and Cao, 2021). However, the lack of grain boundaries as scattering centers leads to low light extraction efficiency (Ma and Cao, 2021) and low absorption (Li S. et al., 2022).
Due to their performance and commercial availability, our research uses [image: image]- and [image: image]-based ceramic and monocrystalline phosphors.
3 MATERIALS AND METHODS
This section is divided into two subsections: the first focuses on radiance measurements to identify the best-suited materials and a good design for an LERP light source, while the second discusses the application of the identified LERP light source in an etendue-limited flying spot projector, used as the illumination unit in a fluorescence analysis.
3.1 Radiance measurements
3.1.1 Phosphor excitation
For the characterization of phosphors, we chose some of the most powerful laser diodes, particularly PLPT9 450LB_E by Osram, with a peak wavelength at 445 nm and a maximum power of 5 W to build the characterization setup as closely as possible to a potential product. To increase the power beyond the maximum power level of an individual laser diode, we opted for angled phosphor excitation. For all our experiments, a combined laser power of 10 W has proven sufficient to exceed the irradiance limit. Using Ansys Zemax OpticStudio, a collimation and focusing optical system is designed for a laser diode based on standard lenses (ACL12708U-A, with f = 8 mm and d = 12.7 mm, and AL1225-A, with f = 25 mm and d = 12.5 mm by Thorlabs). Figure 1A shows the optical system. The intrinsically elliptical beam profile of the edge emitter was not corrected by anisotropic focusing or a pair of wedged prisms. Instead, the laser diode was rotated around the beam axis so that the short spot diameter (slow axis) was elongated by angled illumination, resulting in a more circular spot. Hence, with the correct orientation, a spot on the phosphor with less ellipticity than the original emitting area can be realized. Since the 1/e2-divergence of the laser shows a vice versa aspect ratio of 9° x 49°, the collimated laser beam will be mostly spread in the plane perpendicular to the phosphor surface. The large beam diameter in that plane shows potential to interfere with a condenser lens for fluorescence collimation used in later experiments. Considering the additional condenser lens, type ACL1210U-A by Thorlabs (f = 10.5 mm and d = 12 mm) for following experiments, the characterization setup is designed so that the laser light does not hit the phosphor condenser lens. This fact influenced the choice of the laser focusing lens, the phosphor condenser lens, and the illumination angle. The latter is chosen to be 60° with respect to the phosphor normal.
[image: Figure 1]FIGURE 1 | (A) Optic design for excitation of the phosphor sample (1) with two focused laser diodes (2, 2′) created using Ansys Zemax OpticStudio. The fast axis of the laser diodes lies in the image plane. (B) Rendered CAD model with SolidWorks 2022 showing the placement of the phosphor sample (1), laser excitation systems (2, 2′), a camera system with lens and a filter (3), a power meter and a filter for fluorescence measurement (4), a power meter and a filter for laser reference measurement (5), and a spectrometer with a cosine corrector (6).
As shown in Figure 1B, the phosphor is placed directly on an adapter plate on an optical breadboard. This setup assures ideal passive thermal management. The laser spot diameter on the phosphor is supposed to be in the range of 100 [image: image]m–300 [image: image]m, making a fine positioning in the x and y positions on the phosphor necessary to overlay all used laser spots and offer precise focusing options. This is achieved by incorporating the optical system of one laser, along with the laser itself, into a 16-mm cage system, which is placed on a stack consisting of three fine positioners, one for each direction.
3.1.2 Measurement instrumentation
To compare different phosphor materials, configurations, and spot sizes, the spectral radiance level of the fluorescence must be measured. Since phosphors emit isotropically (Raukas et al., 2013), they are Lambertian emitters, and their spectral radiance level [image: image] can be calculated by capturing the emitting area [image: image] and measuring the spectrum [image: image] and the radiant intensity [image: image] at a known angle [image: image] to the phosphor normal. For a Lambertian emitter, radiant intensity and radiance are related to each other, as shown in the following equation:
[image: image]
The spectral radiance [image: image] is calculated according to Equation 2 by weighting the integral radiance [image: image] with the spectrum [image: image]:
[image: image]
This implies that we assume that the emission is rotationally symmetric, the assumption of a Lambertian emitter holds, and the fluorescence spectrum is independent of any angle. The emitting area is captured using a camera positioned perpendicular in a 30-mm cage system over the phosphor, as shown in Figure 1B. We use a Basler Ace U acA1440-220um camera with a 0.5-mm spacer ring, paired with Basler Lens C23-1216-2M-S f12 mm. This setup achieves roughly 22 [image: image]m per pixel resolution. Additionally, the camera is equipped with ND filters (NEx0A by Thorlabs) and a long-pass filter (FGL495M by Thorlabs) with a cut-off frequency at 495 nm. The HR4Pro high-resolution spectrometer by Ocean Optics in combination with a cosine corrector (CCSA1 by Thorlabs) captures the spectrum at an arbitrary position. For radiant intensity measurement, a power meter head (S121C from Thorlabs) is used. It is equipped with the same long-pass filter as the camera and is positioned together with the camera in the 30-mm cage system at a distance of 100 mm and an angle of 30° to the phosphor normal using a customized holder to ensure precise positioning. Knowing the active area of the power meter, the radiant intensity I (α = 30°) can be calculated.
In addition to the spectral radiance, for the design of a light source, the laser power used and the laser spot size are of interest. The laser power is measured using a monitoring power meter head (S120C from Thorlabs) placed at an arbitrary position and equipped with a laser bandpass filter (FBH450-10 by Thorlabs) at 450 nm [image: image] 10 nm. This relative measurement is translated into an absolute power using a reference measurement of each laser with a condenser and focusing lens calibrated at a defined current of 1 A. The spot size of the laser on the phosphor is captured before each measurement by removing the long-pass filter and adding the laser bandpass filter to the camera over the phosphor sample. With the spot area [image: image] and the power level [image: image], the average irradiance (laser power density) [image: image] in [image: image] can be calculated according to Equation 3:
[image: image]
The spot area [image: image] is defined by the half-maximum decrease. In a separate measurement with only the laser bandpass filter equipped, we assured that the laser spot size and shape do not vary significantly over laser power. To improve the spot size measurement for laser and fluorescence spots, a Gaussian fit is applied.
3.1.3 Measurement procedure
For each characterization experiment, the laser spot size on the sample is adjusted, and a picture of the spot is captured. After exchanging the laser bandpass filter with the long-pass filter on the camera, a picture of the phosphor sample is taken. This picture with a known reference geometry (most often, the phosphor sample itself) serves as camera pixel calibration. To find out the maximum spectral radiance, the laser power is ramped up in 0.05 A–0.1 A steps until the power meter with a long-pass filter shows a decrease in fluorescence with increasing laser power. Each power level is held for a few seconds to make sure that the signal is stable. The decrease in fluorescence marks the end of the characterization. After turning off the laser, a dark current spectrum is taken for spectral correction.
3.1.4 Phosphor materials and reference light sources
The investigated phosphor candidates are commercially available samples. Table 1 identifies the phosphor samples from Schott AG1 and Crytur spol. s.r.o.2 and lists relevant properties. All phosphor materials are investigated with a laser incident spot size of approximately 100 [image: image]m in diameter to quantitatively compare the spectral radiance level and identify the best-suitable phosphor candidate for each exemplary excitation channel of the fluorescence analysis. In addition to the phosphor materials, the laser-excited remote phosphor light source Kyocera SMD5003 is characterized using the previously described setup, without using the lasers in the setup, as the light source comes with built-in lasers.
TABLE 1 | Investigated phosphor materials.
[image: Table 1]It should be mentioned that properties of the phosphor such as the scattering coefficient, absorption coefficient, and the phosphor thickness and its thermal conductivity play a significant role considering the achievable radiance level, the required pump power, and irradiance. As these properties are already optimized for the given phosphor samples by the supplier, the presented article does not discuss these properties further. For interested readers, we refer to Section 2. Considering the effect of phosphor thickness, we recommend Correia et al. (2017); Hagemann et al. (2020).
3.1.5 Influence of the pump spot size
We expect that the laser power required to achieve roll-over increases with the spot size (Yuan et al., 2024). Having a cost-sensitive application in mind, we, therefore, specifically investigate rather small laser spot diameters in comparison to previous luminescence saturation studies in the literature (Hagemann et al., 2020; Lenef et al., 2013; Xu et al., 2019). Our goal is to find the optimal spot size that maximizes the radiance under laser power restriction. The spot size diameter is varied between approximately 100 [image: image]m and 280 [image: image]m. The range of investigated pump spot sizes is limited downward due to scattering effects, which increases the fluorescence spot size compared to the pump spot size by approximately 150 [image: image]m in diameter, as shown in Figure 4C. With the aim of designing a light source with a comparably small etendue and low pump power, the pump spot sizes are limited to 280 [image: image]m. All experiments are conducted using the GGD35 sample.
3.1.6 Sapphire plate and aperture
In addition to the plain phosphor sample, we characterize the GGD35 sample using an uncoated sapphire plate (#43–632 from Edmund Optics with a thickness of 0.5 mm) on top of the phosphor. This experiment aims to investigate the potential benefits of better thermal conductivity on the emissive side. Since the laser incidents the sapphire plate under approximately the Brewster angle, two perpendicular polarization states are investigated. Further experiments with GGD35 in combination with a 25-[image: image] m-thick stainless steel foil aperture with the sapphire plate additionally on top were conducted to achieve a steep decay of the fluorescence spot. A phosphor sample with only the aperture, without the sapphire plate, proved to be dysfunctional. Without a sapphire plate, the stainless steel foil deforms, gets in contact with laser irradiation, loses its thermal conductivity to the phosphor material, and partially melts.
3.2 Application in a flying spot projector
To illustrate the potential of the investigated light sources in applications, the GGD35 and SWD50 samples, using the same excitation setup described in Section 3.1.1, are integrated into a slightly modified version of the flying spot projector from Müller et al. (2024). The purpose of a flying spot projector for fluorescence analysis in a lab-on-a-chip device is to provide a higher degree of flexibility. This flexibility is important because such devices usually consist of two main parts with different development cycles. On one hand, there is the analyzer unit, covering the optics for the fluorescence analysis, and on the other hand, there are cartridges as disposables, covering the patient sample and reagents. As disposable components, cartridges have shorter development cycles than the analyzer unit. Hence, it is important to have adjustable interfaces that can accommodate innovations in cartridge design. One of these interfaces is the illuminated area. The challenge of the flying spot projector for fluorescence analysis in a lab-on-a-chip device is the combination of three requirements: first, a high radiance level is required in an etendue-limited optical system as the flying spot projector. Second, the fluorescence analysis requires a broadband light source to guarantee a stable excitation signal. Third, the point-of-care scenario imposes restrictions on cost, bulk volume, and safety standards. Müller et al. (2024) identified a commercial light source, Kyocera SMD 500, as a promising candidate to fulfill these requirements. As not all requirements are met by the commercial light source, GGD35 and SWD50 are integrated into the flying spot projector to evaluate their performance.
The optical design of the flying spot projector is shown in Figure 2. The laser-excited remote phosphor (1) is collimated using an aspheric condenser lens (2). The lens (3) creates an image of the source in a plane with adjustable aperture (4). The aperture (4) defines the utilized optical area on the light source (1) and, in combination with the NA of lens (2), defines the etendue of the system. At the same time, the aperture controls the spot size, which impacts the cartridge performance. With the pair of lenses (5) and (6), light is focused over a static mirror (7) and a two-dimensional rotatable mirror (8) toward the target plane (9). The rotatable mirror is controllable with software. Hence, the illuminated area is adjustable specifically for the loaded cartridge type without a hardware modification.
[image: Figure 2]FIGURE 2 | Optic design of the flying spot projector with (1) the laser-excited remote phosphor, (2,3,5, and 6) lenses, (4) an adjustable aperture, (7) a static mirror, (8) a rotatable mirror, and (9) the target plane.
Although the radiance measurements section directly compares phosphor samples with the Kyocera SMD 500 light source, this investigation considers the performance of the light source in combination with the optical system of the flying spot projector. The performance of Kyocera SMD 500 in the flying spot projector has already been characterized by Müller et al. (2024). In this article, we use the same measurement procedure as described in our previous research, adjust the aperture size corresponding to a spot size of approximately 2 mm along the small axis, following the approach described by Müller et al. (2024), and compare the resulting power levels of the spot on the target plane. The results of the Kyocera SMD light source from our previous publications are summarized in Figure 6B.
4 RESULTS
4.1 Radiance measurements
Since the fluorescence spot shows a Gaussian shape, it makes sense to calculate average radiance levels within the entrance pupil of the following optical system. In the following calculations, the entrance pupil area [image: image] in Equation 1 is assumed to be round with a diameter of 250 [image: image]m. This area is chosen since the area in combination with the lens for fluorescence collimation in Section 3.2 approximately fits the etendue of the flying spot projector, as described by Müller et al. (2024). Only for investigating the influence of the pump spot size, the entrance pupil area [image: image] is varied.
4.1.1 Phosphor materials
The maximum spectral radiance levels of different phosphor materials with respect to incident laser power and incident laser irradiance were determined. For each phosphor material, the relationship between the fluorescence radiance level [image: image] and incident laser power [image: image] and irradiance [image: image] is shown in Figures 3A, B. For the ceramic materials GGD35, SGA35, and SWD50, a clear peak in radiance [image: image] is visible, whereas the peak is present but less significant for the single-crystal phosphor Crytur red. As observed from the images of the fluorescence spot at peak radiance [image: image] in Figure 3D, Crytur red shows a higher background fluorescence level all over the phosphor. The higher background fluorescence is expected and in line with the literature (Lenef et al., 2014) due to a lower scattering coefficient of single-crystal phosphor compared to ceramics. The background fluorescence explains the slower slope since the temperature quenching only affects the center region of the spot. It is observed that the phosphor materials reach the maximum radiance [image: image] at different power [image: image] and irradiance levels [image: image]. Although this fact is not surprising, it is important for the selection of the number and power level of laser diodes for system design.
[image: Figure 3]FIGURE 3 | Results of phosphor material characterization. All results are evaluated assuming that the following optics sees a fluorescence spot size with a diameter of 250 [image: image]m. (A) Fluorescence radiance over laser power. (B) Fluorescence radiance over laser irradiance. (C) Maximum spectral radiance of phosphor materials and SMD 500. (D) Fluorescence spot at the maximum radiance level, normed to the respective maximum value.
Figure 3C shows the spectral radiance [image: image] of each material and the commercial SMD 500 laser-excited remote phosphor. The phosphor materials with strong emissions in the green–yellow regime show the highest peak spectral radiance limits. For GGD35 with a peak next to 500 nm, the peak spectral radiance level is more than a factor of 2 lower than that for SWD50 and SGA35. The Crytur red phosphor, which exhibits the most reddish hue, shows the lowest peak spectral radiance limit. In addition to the phosphor spectral radiance, Figure 3C shows four typical excitation wavelength bands used for fluorescence analysis. In comparison to SMD 500, the spectral radiance results of the investigated phosphor materials promise better performance in all bands.
With the setup described in Section 3.1.2, absolute radiance and irradiance values can be obtained in general, however, only with certain certainty. Therefore, Figures 3A–C show the uncertainty ranges of our measurements. These uncertainties are calculated based on the estimated uncertainties of power and spot size measurements and the accuracy of geometrical positioning. For the relative comparisons conducted in this article, the uncertainty is minimized as the same equipment is consistently used for all measurements.
4.1.2 Influence of the pump spot size
The effects of the incident laser spot size on power [image: image] and irradiance [image: image] are shown in Figures 4A, B. For both datasets, an exponential fit [image: image] is performed, where [image: image], [image: image], [image: image], and [image: image] are the fitted parameters. The results indicate that for relatively large spot sizes, there is an irradiance threshold, whereas for relatively small spot sizes, it seems that the threshold is given rather by power than by radiance. Krasnoshchoka et al. (2020); Xu et al. (2022); and Yuan et al. (2024) revealed that the spot size expansion from the laser spot to the fluorescence spot is approximately constant over the laser spot diameter. This is confirmed by our experiment, and we quantify the radial spot size expansion by a horizontal line fit to approximately 75 [image: image]m, as shown in Figure 4C.
[image: Figure 4]FIGURE 4 | Results of spot size analysis. All two-dimensional plots assume that the following optics sees an entrance pupil with a diameter of 250 [image: image]m. The heatmaps consider different apertures on top of the phosphor, determining the fluorescence area [image: image] for average radiance [image: image] calculation. Both heatmaps are corrected for outliers. (A) Laser power [image: image] at maximum radiance. (B) Laser irradiance [image: image] at maximum radiance. (C) Radial spot size expansion at maximum radiance [image: image]. (D) Maximum achievable radiance with respect to the incident laser spot and fluorescence spot used by following optics. (E) Maximum achievable radiance level per incident laser power with respect to the incident laser spot and fluorescence spot used by following optics.
In Figures 4B, C, three outliers are identified and marked in red. As all three diagrams in Figures 4A–C show data from the same measurements, the measurements producing outliers in one diagram are also marked in the others. These three outliers are not included in Figures 4D, E to better visualize the trend. Figure 4D shows the radiance [image: image] with respect to the incident laser spot diameter and the entrance pupil, as seen by the following optics from the fluorescence spot. The heatmap shows that the highest radiance level is achieved for the largest investigated laser spot. For an aperture size diameter of 250 [image: image]m, the radiance increases from 1.9 W/(mm2 ⋅ sr) for a 100 [image: image]m incident laser spot size diameter to 2.5 W/(mm2 ⋅ sr) for an incident spot size diameter of 280 [image: image]m corresponding to an increase of approximately 30%. As the fluorescence spot is well-described by a two-dimensional Gaussian distribution, a small aperture will select only the high-intensity region next to the peak, leading to higher radiance levels [image: image]. For an aperture of 100 [image: image]m in diameter, the radiance level seems to saturate for incident laser spots with a diameter larger than 220 [image: image]m.
For light source design, the number and power level of the required laser diodes is important. To simplify design and reduce cost, both the number and the power level are to be kept low. This requirement leads to a new optimization goal that considers both radiance and incident laser power. Figure 4E plots the radiance [image: image] per laser power level [image: image] with respect to the laser spot diameter and used aperture size of the fluorescence spot. It is visible that small laser spots yield more radiance per laser power. For system design, these results imply that for a given laser power, such as 5 W from a single laser diode, an optimum spot size that maximizes the radiance level will exist.
4.1.3 Sapphire plate and aperture
Comparing the first two bars in Figure 5A, it appears that the sapphire plate only has a minor effect on the resulting radiance level, which is in the range of measurement uncertainties. Although the result does not seem very promising at first glance, the measured fluorescence level represents the benefit of using a sapphire plate, accounting for signal loss due to Fresnel reflections, as discussed in Section 5.
[image: Figure 5]FIGURE 5 | Results of design options. (A) Effect of the sapphire plate and aperture on power and the radiance level. (B) Normed fluorescence spot phosphor with the aperture and sapphire plate.
Another effect of Fresnel reflections is the increased roll-over incident laser power. We efficiently counteract this unfortunate increase in required laser power using the polarization properties of laser diodes. Operating close to the Brewster angle of the sapphire–air interface, the roll-over incident power level is effectively reduced even for a larger excitation spot via TM polarization, as shown in the third bar of Figure 5A.
Furthermore, the GGD35 phosphor sample with an aperture of diameter 300 [image: image]m and a sapphire plate was investigated. Figure 5B shows the resulting fluorescence spot. In comparison with Figure 3D, the aperture suppresses the extraction of background luminescence well and leads to steeper slopes. The fourth bar in Figure 5A shows that this setup leads to a lower achievable radiance level. The potential effects are discussed in Section 5.
4.2 Application in a flying spot projector
To compare the performance of a light source in combination with a flying spot projector, the spot size is adjusted to a fixed width in the x-direction. Figure 6A shows the four spots used for the calculation. The spot size diameter is defined as the distance between the points where the signal drops by 1/e of the maximum, and the diameters are 1.8 mm for blue, 2.1 mm for green, 2.0 mm for orange, and 1.9 mm for red.
[image: Figure 6]FIGURE 6 | Results of flying spot projector characterization with new phosphor materials. (A) Spots on the target plane for excitation channels. (B) Power levels of selected phosphor materials in comparison to the SMD 500 light source. (C) Resulting spectrum on the target plane weighted with the measured power level.
Using very similar spot sizes as for the measurements with the Kyocera SMD 500 light source, Figure 6B shows the comparison of the power level of the spot as a performance measure of the new phosphor materials to SMD 500 in the respective flying spot projector. For all channels, an increase in power is visible, as already expected during radiance characterization, as shown in Figure 3C. The strongest increase is given for the blue channel, showing the potential of the new phosphor material GGD35 for fluorescence analysis.
Figure 6C shows the corresponding spectrum in the excitation channels. It is remarkable that the blue channel is excited by fluorescence only as the spectrum does not show the narrow peak of the laser spectrum.
5 DISCUSSION
5.1 Radiance measurements
5.1.1 Phosphor materials
Phosphor materials were investigated with the goal of finding the ideal candidates or candidate for cost-efficient fluorescence analysis for low-etendue applications. The first requirement we concentrate on is the high spectral radiance level in the required wavelength bands. Figure 3C shows that the phosphor materials emit the highest spectral radiances in the yellow–green regime. The reason is that high-brightness phosphors are usually based on the mature [image: image] phosphor and its close derivatives with an emission maximum at yellow and green wavelengths. Approaches exist to either develop new derivatives of [image: image] phosphors for significantly shifting the peak wavelength or create phosphors based on an entirely new chemical compositions with an emission maximum in the red and blue regime (Cozzan et al., 2016; Li et al., 2016; Nitta et al., 2020; Xia et al., 2020). However, most often, the developed phosphors do not show higher spectral radiance levels than [image: image] even in its declining slope. GGD35, a derivative of [image: image], is a positive exception, with a strong wavelength shift leading to a peak next to 500 nm and a spectral radiance level higher than that of SWD50 and SGA35 below 480 nm. This makes GGD35 a good candidate for short-wavelength excitation channels for fluorescence analysis. Another derivative of [image: image] is the Crytur-red phosphor, the most reddish one, showing a beneficial broad spectrum but the lowest spectral radiances. Although red fluorescence already experiences higher thermal losses due to the increased Stokes’ shift, higher thermal quenching is typical for [image: image] derivatives with [image: image] (Bachmann, 2007). Another reason for the significant progress of yellow phosphors is their widespread use in applications related to human perception, ranging from general lighting over automotive headlamps to searchlights, where high brightness around the peak of the [image: image] curve at 555 nm is sought. Even in applications involving blue light as projectors, the demand for fluorescence blue light is relatively low since these applications rely on the strong emission and cost-efficient blue LEDs and lasers.
In comparison to the SMD 500, which was identified by Müller et al. (2024) as one of the brightest and fully integrated state-of-the-art phosphor-converted light sources, the spectral radiance results of the investigated phosphor materials promise better performance in all bands. Müller et al. (2024) found that the wavelength bands at 470 nm and at 630 nm are too poorly served with commercial phosphor-converted light sources, including SMD 500. With special regard to these bands, a combination of GGD35 and SWD50 is identified as the best-performing phosphor combination. This combination is used, as described in Section 3.2, as the light source in the flying spot projector. The drawback of a phosphor combination is the necessity of exchanging not only the excitation filter for fluorescence analysis but also the phosphor. Due to complexity, it can, therefore, be advantageous to only use a single phosphor. In that case, SGA35 is recommendable as its intensity is spectrally distributed in all four example wavelength bands.
Besides the emitted radiance, the invested laser incident power to reach a high radiance level is important since the laser power of a laser diode determines the electrical input power, the effort required for thermal management, influences the unit price of the laser diode, and is finally limited to currently approximately 5 W for a single laser diode. Higher power is only achievable with a combination of multiple laser diodes. Hence, for reasons of efficiency and complexity, as well as from a cost perspective, low-incident laser power is desirable. This leads directly to the results of the spot size investigation.
5.1.2 Influence of the pump spot size
For a cost-effective application, Figure 4E shows the optimization criteria of radiance per incident laser power, which can be used in combination with Figure 4D to find an optimal balance between incident laser power and radiance for a specific application. If we assume that the increase in roll-over incident laser power with the spot size is approximately transferable to other phosphor materials, we can conclude that the operation close to the radiance limit with a single 5 W laser diode for GGD35 is possible up to an incident laser spot size diameter of approximately 250 [image: image]m; for SWD50 and SGA35, this is probably only achievable for spot diameters smaller than 150 [image: image]m or 100 [image: image]m. To give an example of the potential cost savings, we have compared the two laser diodes PLPT5 447 KA and PLPT9 450LB_E with 1.6 W and 5 W and observed a cost reduction potential of 45%.4 Unfortunately, no prices are publicly available for PLPT9 450LB_E A01 with 3.5 W, which would be relevant for spots in the range of 150 [image: image]m for GGD35 (Figure 4A). However, we assume prices between the ones for the compared laser diodes. The costs for the phosphor sample bonded to the heat spreader vary depending on the material and precise specifications. Still, it is valid to state that the laser diode will have a significant impact on the overall costs of the light source. Hence, cost reductions due to spot size optimization have a relevant impact. The cost-saving potential is even higher if the required laser power is close to the maximum laser power of a single laser diode as this limitation reduces the need for additional lenses and mounts as well.
Apart from an increased roll-over incident laser power, the incident laser spot size influences the maximum emitted radiance. Although one could expect an increase in radiance when making the laser spot smaller due to improved lateral heat spreading (thermal spreading resistance) (Ma et al., 2018a), radiance decreases for smaller spot sizes. An explanation can be derived from the spot size expansion plot in Figure 4C, showing an approximately constant expansion over the incident laser spot size in the range of 75 [image: image]m for the GGD35 sample. The constant spot size expansion distributes the emitted fluorescence light over a larger area. This reduces the radiance level. Additionally, for smaller spot sizes with better lateral thermal management and a closer proximity of excited Ce activators, concentration quenching becomes more relevant. Lenef et al. (2020) showed a significant concentration quenching for a [image: image] sample at 100W/mm2, indicating that concentration quenching might also be a reason for a radiance decrease using smaller spot sizes. The depletion of the ground state and, therefore, a higher transparency for the pump light due to high irradiance levels, as described by Lenef et al. (2020), are not considered to contribute to the loss in radiance. Finally, a smaller laser spot will also generate a smaller fluorescence spot. Depending on the ratio between the fluorescence spot size and the aperture, the shrinkage of the fluorescence spot can reduce the average radiance level inside the aperture.
An interesting effect observed in Figures 4A, B is the slowly decreasing power threshold extrapolated for relatively small spots [image: image] 100 [image: image]m and a constant irradiance threshold extrapolated for relatively large spots [image: image] 250 [image: image]m. Since most academic works use large incident laser spots, the constant irradiance threshold is well known from the literature and frequently used to characterize phosphor samples in scientific works (Xu et al., 2019; Zhao et al., 2024; Cao et al., 2022), as well as in product specifications (Schott, 2024). An only slowly decreasing roll-over incident laser power for small spots is also observed by Yuan et al. (2024). A constant or slowly decreasing power level threshold for small spots could be explained by a constant spot size expansion, leading to a distribution of incident laser power to a larger area (Krasnoshchoka et al., 2020; Xu et al., 2022; Yuan et al., 2024). Considering the effect of concentration quenching as well, we expect the power level threshold to maintain a decreasing slope for smaller spots. Since the spot size expansion is a result of the phosphor scattering properties (Zheng et al., 2019), the above stated regions for small and large spots are material-dependent. When characterizing a phosphor, one must keep in mind whether the incident laser spot is in the power threshold regime, in the irradiance threshold regime, or in between both regimes.
Apart from the incident laser spot diameter, the entrance pupil of the following optical system was varied. Not surprisingly, the fluorescence spot with approximately a Gaussian profile shows the highest radiance close to the center. Hence, the highest radiance levels are obtained by small apertures. However, one must keep in mind that the collected flux [image: image] will be reduced when lowering the aperture size. Furthermore, we see that for the smallest aperture of 100 [image: image]m, the radiance roughly saturates for spots larger 220 [image: image]m. This indicates that the laser spot size and the entrance pupil of the following optics must be matched to avoid wasting incident laser power.
5.1.3 Sapphire plate and aperture
From the results of experiments using an uncoated sapphire plate, we can conclude that the benefit described by Zhang et al. (2019), Correia et al. (2017), Peng et al. (2019), and Ma and Luo (2019) for configurations with poorer thermal cooling can principally be used for phosphor samples with excellent thermal conductivity and good thermal contact to a heat sink. This conclusion is valid as the signal loss due to Fresnel reflections must be added to our measurements. Assuming that the sapphire plate has a minimal air gap toward the phosphor, unpolarized light as the fluorescence light will experience a reflection loss of more than 15% on the path toward the reflector. In the main radiation direction, the loss is still greater than 14%. Hence, a sapphire plate with an anti-reflection coating shows potential to increase the radiance. Additionally, we expect that the effect of a sapphire plate increases further when the air gap between the sapphire and phosphor is removed since the removal of an air gap not only mitigates Fresnel losses but also reduces thermal resistance. Still, we expect the effect of a sapphire plate to be less significant than that in the referenced literature since they use a transmissive mode, which usually shows higher thermal resistances than the reflection mode (Ma et al., 2018b; Engl et al., 2017; Rahman, 2022; Li S. et al., 2022) or apply phosphor samples with a lower thermal conductivity than ceramics. The overall better thermal management in our experiment based on a thin (115 [image: image]m) phosphor sample with high thermal conductivity of a ceramic and the good thermal contact of a reflective configuration to a huge heat sink on the non-radiating side of the phosphor already removes more heat than in setups presented in the above-cited literature.
Furthermore, a significantly higher roll-over laser power level was measured for GGD35 in combination with a sapphire plate in comparison to GGD35 without the plate using the standard characterization setup. We have shown that we can counteract this high power level without using a coating on the sapphire plate just by tilting the laser diodes by 90° around the radiation axis. As the laser shows a strong polarization of 1:100, with the tilt, we changed the polarization of the incident laser beam at the air–sapphire–air interface. Operating close to the Brewster angle of sapphire air (60.5° with [image: image] 1.77), the laser passes through the sapphire plate with minimum reflection losses. Some reflection losses remain due to the focused nature of the laser beam at the interface. This setup is suboptimal with respect to the aforementioned compensation between footprint spread and beam ellipticity, but it is straightforward to optimize this later with anisotropic collimation optics. Furthermore, due to the isotropic fluorescence spot size expansion, ellipticity is reduced again for the fluorescence spot.
To sum up the findings regarding the use of a sapphire plate to increase radiance by a lower thermal resistance on the emitting side of the phosphor, we conclude that a sapphire plate must be used in combination with an anti-reflection coating, which leads to a potential increase of 15% in radiance. Adding additional thermal management to the heat sink might improve its benefit even further. The existence of Fresnel reflections on an uncoated sapphire plate was confirmed and can be prevented for incident laser rays by applying TM polarization under the Brewster angle.
In addition to the sapphire plate, we also investigated the effect of an aperture between the sapphire plate and phosphor for fluorescence spot size definition. Our results show that the aperture decreased the achievable radiance. Although our argumentation of Fresnel losses holds, this cannot be the only reason for the decrease in radiance. The aperture has a diameter roughly three times larger than the laser spot. As a result, neither the aperture nor the sapphire plate are in close contact with the hottest part on the phosphor surface. Hence, the heat spreading effect of the sapphire plate is reduced. Furthermore, the combination of the aperture and sapphire plate creates an air inclusion of a small volume, preventing effective convection.
As inspiration for further research, strategies to improve the achievable radiance level not covered in the presented paper are summarized in the following. One interesting option applied by Crytur is shaping the fluorescence with single-crystal phosphor itself to overcome the limitation of a Lambertian emission (Kubat et al., 2023; Philip et al., 2023). An approach also relying on low-scattering phosphors is the luminescence concentrator effect based on total internal reflection. Luminescence concentrators, usually used in combination with LEDs, create radiance levels in the same range as LERP light sources (de Boer et al., 2017; Hoelen et al., 2016; Jaffe et al., 2009; Ford et al., 2024; Sathian et al., 2017; Lopez et al., 2023). Schulz (2019) investigated methods to increase the luminance of LEDs and applied light recycling. With light recycling, flux that is not contained in the etendue of the subsequent optics can be directed back onto the emitting area by an external cavity and will, with a certain probability, be scattered onto the relevant etendue region. Schulz increased the luminance via light recycling with a factor between 1.2 and 1.4. Rather than maximizing radiance, we believe that achieving a more defined spot with steeper slopes and a limited emitting area is an important aspect for light source design. Here, we see either the application of a reflective film with an obscuration on top of the phosphor or the physical isolation of a phosphor volume as promising. A variant of the latter consisting of a low-scattering phosphor embedded into high-scattering non-fluorescent ceramic was built by Lenef et al. (2022).
5.2 Application in a flying spot projector
The findings of a flying spot projector with GGD35 and SWD50 are compared with the results of our previous research (Müller et al., 2024) using the commercially available and highly integrated LERP light source SMD 500 in a flying spot projector with a similar optical design. The presented results show an improvement in all four channels. Three different reasons are identified: first, the phosphor efficiency and quenching properties might be weaker than those of the investigated phosphors. Second, the SMD 500 is a highly integrated device, meaning that both exciting laser diodes are near the phosphor. Since the lasers and the phosphor have significant losses (approximately 12.9 W thermally dissipated of 14.4 W input power, according to the datasheet of Kyocera SMD 500), both parts heat each other. Better thermal dissipation can be guaranteed on the cost of a larger setup by making full use of the remote aspect, placing the lasers a few centimeters away from the phosphor and using lenses for light confinement. Third, and most importantly, for this article, the performance in dedicated wavelength bands is improved by choosing the spectrally best phosphor candidate for each channel.
Note that the blue channel is provided by phosphor fluorescence. This contrasts with conventional RGB projectors or light source modules, where the phosphor serves to fill the green gap only, while the blue excitation light from the laser or LED is used for the blue channel. This is especially beneficial in terms of spectral stability. Using a typical white LED for excitation, as many resource-efficient devices for fluorescence analysis do, the emission of the blue LED chip would be used to excite in the first channel. As already described, direct LEDs are susceptible to spectral drift. With the broader and, therefore, more stable phosphor spectrum, this phosphor can guarantee a lower uncertainty in a product.
To illustrate the benefit of an increased power level over all channels, the duration for the evaluation of a qPCR test is calculated. Assumptions are that the qPCR test evaluates 30 cycles; the four channels from blue to red in Figure 3C are evaluated, and the exposure time of the camera-based detection system would take 500 ms per channel if the excitation power is 7.5 mW, as stated by Müller et al. (2024). If the actual excitation power measured in the flying spot projector, shown in Figure 6B, is lower, then the exposure time of the camera must be increased linearly to compensate for the lower signal. If the power level is higher, we ignore the excess to avoid photobleaching of the fluorophores. For the Kyocera light source, the duration is 4 min and 54 s; for the investigated phosphor materials, it is 1 min and 24 s; and in the ideal case, it is exactly 1 min. The setup with SMD 500 would take 3.5 times longer than the setup with GGD35 and SWD50. However, it is questionable whether SMD 500 would work at all with the low power level of 0.5 mW in the blue excitation channel due to the expected lower signal to noise ratio.
Looking at the optical design of the flying spot projector in Figure 2, there is potential to simplify the setup by removing elements (3) and (4) if the aperture can be placed directly on the phosphor material itself.
6 CONCLUSION
The presented article covers laser-excited remote phosphor light sources for fluorescence-based analysis for low-etendue and cost-sensitive applications as LERP light sources have the potential to increase the performance of medical devices at the point-of-care, making them smaller and more accessible. Current research shows improvements in terms of available phosphor materials with shifted peak wavelengths and LERP light source design strategies as sapphire plates on the emission side of the phosphor. Since no standard for phosphor characterization is available yet, each research group established their own characterization setup most often using a camera, a spectrometer, and a power measurement device, along with spectral filters. The lack of a common standard makes the comparison of different research results difficult. Furthermore, among optimization strategies in LERP light source design, several open questions remain, such as the potential of a sapphire plate on highly conductive phosphors with good thermal management, the potential of light shaping with the phosphor sample, the incorporation of luminescent concentrator effect, light recycling, and the application of an aperture. Among the open questions, the presented article compares four commercially available ceramic and single-crystal phosphor samples with different peak emission wavelengths and a commercial highly integrated LERP light source and investigates the effect of small excitation spots in the range of 100 [image: image]m to 280 [image: image]m on radiance, roll-over incident laser power, and irradiance, as well as the potential of a sapphire plate on a ceramic phosphor in reflective configuration and a heat sink at room temperature. All experiments were performed with the same characterization setup to maintain comparability between measurements. The comparison of phosphor materials shows a promising candidate for blue fluorescence excitation channels and the benefit of a true remote setup in comparison to the highly integrated commercial light source. A small spot leads to a lower radiance level; however, small spots can be important when only a limited laser power is available. Furthermore, it was shown that an uncoated sapphire plate could improve the radiance level by approximately 5%. A potential increase of approximately 10%–20% can be achieved using an anti-reflection coating on the sapphire plate.
With the presentation of cost-sensitive, etendue-limited fluorescence analyses, we have shown the need for laser phosphors with strong emission in the blue and green wavelength ranges and demonstrated that spectral radiance and incident laser power are important parameters to characterize phosphors for this application. We believe that the comparison of different YAG:Ce derivatives and investigations on small excitation spot sizes and a sapphire plate for cooling on the emitting side will serve as a basis for future research in the field of LERP light source design. For researchers working on optical systems for quantitative fluorescence analysis, the identification of the GGD35 phosphor for fluorescence excitation in the blue and green wavelength ranges represents a significant advance.
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