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This mini-review focuses on the use of dilute III-V semiconductors for near-infrared (NIR) sensing and the detection of tuberculosis (TB) in both humans and animals. These composite materials could greatly improve the sensitivity and efficiency of NIR detection. Well, we start off with the effects of TB, old methods of detecting it, and the rise of NIR sensing technologies. The significance of dilute III-V semiconductors for NIR sensing is discussed and the fabrication, properties, and performance of these semiconductors with organic matrices is explored. In this study we test the efficiency of NIR sensors in detecting TB across different species, and discuss the problems and drawbacks that are inherent in the use of these sensors. Lastly, we offer some suggestions for the field of future research and development, stressing the importance of this need for constant innovation. The purpose of this is to hopefully show the possible uses of these hybrid materials, and how they can enhance NIR sensitivity, and open the door to new diagnostic platforms.
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1 INTRODUCTION
Tuberculosis (TB) is one of the foremost social determinants of health which has remained a leading international health issue causing illness and death across the globe to human and animals. TB is caused by Mycobacterium tuberculosis and results in severe respiratory and systemic infections in animals and humans and cross transmission between animals and human beings. TB is regarded one of the deadliest infectious diseases in the entire world and despite the present-day advancement in medical facilities and technologies, it’s amongst the leading ten causes of death globally, approximately 10 million people get affected by the disease in the year, 2020 along with 1.5 million deaths, TB is a serious global concern (WHO, 2020; WHO, 2021). The countries’ TB incidence rate for year 2023 as presented in Figure 1 also paint a picture of how severe TB is around the world.
[image: Figure 1]FIGURE 1 | Estimated TB incidence rates, 2023. Source: WHO, Global Tuberculosis Report 2023. Retrieved from (WHO, 2024).
1.1 Consequences and potential cross-over of TB from humans and animals
TB has social and economic implications. They most adversely affect the economically challenged populace, compounding poverty and destabilizing the economy. The consequences of losing the workforce productivity and rising healthcare costs are to overload the healthcare systems (Timire et al., 2024). TB that is resistant to the drugs is one of the major challenges. TB is on the rise thanks to multidrug-resistant TB (MDR-TB) and extensively drug-resistant TB (XDR-TB), which complicate the treatment and control of the disease (WHO, 2021).
The effects and the mode of transfer of tuberculosis both to humans and animals is a complicated process with involvement of several microorganisms, Mycobacterium bovis and M. tuberculosis being the most important. These mentioned pathogens affect health and are considered as the problem in relation to zoonotic transmission. Knowledge of the transmission and spreading of tuberculosis requires integrating human and animals’ ecological niches as well as various environmental factors (Conteddu et al., 2024; Duffy et al., 2024).
TB infection is transmitted through aerosols, mouth, remaining in the environment, wildlife and two-way and reservoir host zoonotic transmission. Consequently, it can be transmitted in several ways: Types of transmission includes Human to Human (Centers for Disease Control and Prevention, 2024), Animal-to-Human (Macedo et al., 2020), and Human-to-Animal [(Sawyer et al., 2023; Lombard et al., 2021)] transmission.
Environmental persistence plays a significant role in TB transmission, as M. tuberculosis and Mycobacterium bovis can survive in the environment, particularly in contaminated water or soil, allowing for indirect transmission (Zhang and Fan, 2022). Interspecies interactions, notably between cattle and wildlife, facilitates the spread of M. bovis, and seasonal fluctuations influence these dynamics (Ferreira et al., 2024). These varied transmission pathways underscore the widespread and persistent nature of TB, as depicted in Figure 2 which illustrates global trends in the estimated number of incident TB cases and the incidence rate from 2010 to 2023.
[image: Figure 2]FIGURE 2 | Global trends in the estimated number of incident TB cases (left) and the incidence rate (right), 2010–2023∗∗. Source: WHO, Global Tuberculosis Report 2024. Retrieved from (WHO, 2024) ∗∗The horizontal dashed line shows the 2025 milestone of the End TB strategy, which is a 50% reduction in the TB incidence rate between 2015 and 2025. Shaded areas represent 95% uncertainty intervals.
Tuberculosis alone remains as a human disease and a zoonotic disease require urgent attention and control in systematic manners. To develop a correct approach to measures of preventing the development of tuberculosis in humans and animals it is necessary to understand the ways of the sickness transmission. Considering the harsh impact of tuberculosis on the physic, the national economy and the society in general this disease is still a priority in the activities carried out in the sphere of international health. Transmission from humans to cattle has been documented and hence there is concern on the zoonotic aspect of TB together with the One Health approach in dealing with the TB in both species (Lombard et al., 2021). One Health strategy is a useful approach in TB control and involves the interaction between human, animals and environmental health to manage the transmission risks (Zhang and Fan, 2022).
1.2 Conventional and newly emerging methods of TB detection
Predominantly, TB in humans is diagnosed by clinic examination, laboratory tests and imaging. The conventional approaches to the detection of TB encompasses Sputum Smear Microscopy, Mycobacterial Culture and Molecular Biology Diagnostics (Xpert MTB/RIF assay, Loop Mediated Isothermal Amplification, and Digital Polymerase Chain Reaction) and Immunological Diagnostics (Tuberculin Skin Test, Cytokine release Interferon-γ assays, Immuno PCR, and Lateral Flow Urine Lipoarabinomannan Assay) (Dong et al., 2022).
Smear microscopy (Ziehl-Neelsen Staining and Fluorescent Microscopy) and culture techniques (Bacterial Culture and Drug Susceptibility Testing (DST)) are the most common methods used to identify TB and have been used for decades (Miller et al., 2017). However, these methods often suffer from limitations including low sensitivity (Shivakumar and Shettigar, 2022) (Wazahat et al., 2023), time efficiency (Dong et al., 2022; Mugenyi et al., 2024), and the need for skilled and laboratory infrastructure (Miller et al., 2017; Januarie et al., 2022). For example, although Bacterial Culture Techniques are regarded as the gold standard, cultures can take 2–4 weeks to provide results, delaying diagnosis and therapy (Mugenyi et al., 2024). Cultures may not identify all resistant strains immediately, but they are regarded as vital for determining drug resistance (ÖZTÜRK et al., 2023).
On the other hand, Chemical Probe Methods, Cell Envelope-Dependent Probes, BlaC-Specific Fluorogenic Probes, Probes Dependent on Sulfatase, Esterase, Protease, and Nitroreductase, Clustered Regularly Interspaced Short Palindromic Repeats, Mass Spectrometry, Immunosensors, and Next-Generation Sequencing Technology are among the new and promising diagnostic techniques for tuberculosis detection (Dong et al., 2022). Although Bacterial Culture Techniques are regarded as the gold standard, cultures can take 2–4 weeks to provide results, delaying diagnosis and therapy (Mugenyi et al., 2024). Cultures may not identify all resistant strains immediately, but they are regarded as vital for determining drug resistance (ÖZTÜRK et al., 2023).
Biochemical detection by Surface Plasmon Resonance (SPR) also has a significant role within the sensing domain to identify many biomarkers due to high sensitivity and real-time measurement execution. Biosensors based on SPR allow measuring the interaction of a great number of biological molecules, so they are widely used in the diagnosis of various diseases and monitoring the environmental conditions. Due to their capability of giving simultaneous and label-free detections they are useful in different areas (Homola et al., 1999). Incorporation of SPR with dilute III-V semiconductors helps researchers to design and develop more accurate and efficient TB diagnosis systems so as to enhance further development in the biomedical sensing technologies. And they can attain effective integration of these materials with SRP sensors by developing hybrid structures that enhance their performance and utilizing advanced integration techniques. For example, integration of GaN and other III-V semiconductors in SPR sensors has shown higher detection attributes because of these materials’ excellent electronic and opto-electronic features (Senapati et al., 2024). These developments enhance the sensitivity and specificity of SPR sensors. They expand the zones of practical utilization of the diagnostic fields, including TB detection (Kumari et al., 2024).
However, simple and basic methods are still relevant, especially in terms of determining the etiology of infection in developing countries. However, the need for rapid, accurate and inexpensive diagnostic tools remains an impetus for TB research and development.
1.3 Drawbacks associated with conventional TB detection methods
Even if traditional methods are essential for TB diagnosis and treatment, they have shortcomings. Each traditional approach for tuberculosis screening has particular disadvantages that limit its efficiency and accessibility. However, some proponents state that traditional modalities are still necessary in resource-limited settings because of the issues related to cost and standard protocols where technology may not be highly available, therefore a balanced approach between traditional and high-tech diagnostic techniques should be considered (Danasabe Isah and Aliyu Makusidi, 2020).
These-Several-significant disadvantages prevent rapid and accurate diagnosis. Smear microscopy and culture methods have low sensitivity, large false negative rates, and the inability to discriminate live from dead bacteria or antibiotic resistance (Dong et al., 2022). They are also time-consuming and inefficient in that patients may get diagnosed with diseases they do not have or delay seeking appropriate treatment, a situation that is worst in high disease burden settings (Danasabe Isah and Aliyu Makusidi, 2020). These limitations are especially obvious in high-burden settings and among vulnerable patients, such as HIV co-infected individuals with limited sputum output (Lin et al., 2023).
However, it is important to know these limitations and the associated key drawbacks summarized in Table 1 to further refine the tuberculosis diagnostics and better understand the ways to use the integrated approach to early diagnosis and treatment.
TABLE 1 | Summary of key drawbacks associated with these traditional methods.
[image: Table 1]1.4 Emergence of NIR sensing for detection and other purposes
NIR spectroscopy uses light absorption to analyze chemical composition in materials (Oñate et al., 2024). And NIR sensors illuminate the examined object with NIR light for non-invasive identification and characterization in different fields. NIR sensing is mostly defined to work in a wavelength of 700–2,500 nm. This range is particularly beneficial as many organic compounds exhibit distinct abs such that there is an ability to identify different materials.
The emergence of this sensing technology presents a promising solution to these challenges. The benefits of NIR sensing involve speed, non-contact nature, high resolution, accurate identification of TB at an early-stage (nan Zhang et al., 2021). This technology can be transformative in TB diagnostics as it can make diagnostics faster and portable for better performance rather than traditional techniques which do not work well in the resource-limited environments.
Its growing applications include food and agriculture (Jha, 2010), medical and pharmaceutical applications (Sakudo, 2016), environmental monitoring (Chandra et al., 2022), and emerging technologies and innovations, as recent advancements in NIR sensing technologies, such as miniaturization, portable devices, and the incorporation of artificial intelligence, have expanded its applications. Up-to-date NIR gadgets are portable which allow real-time evaluation in numerous settings making the technology more available (Gullifa et al., 2023), underlining its possibilities of evolution. Despite these developments, challenges are still ahead as the technologies are little developed in the application of NIR sensing, and the material characteristics have to be optimized and the detection sensitivity has to be improved for various streams.
The key advancements and applications of NIR sensing technologies:
• Organic photodiodes (OPDs) have even higher detectivity (7.4 × 10^11 Jones) and more wide range of sensitivity (500–900 nm), than previous ones and that is why OPDs are more suitable for optical communication and biometrics (Jan et al., 2024).
• These devices have primarily a linear dynamic range of about 74 dB which is suitable for several sensing applications.
• NIR luminescent materials, especially those containing rare earth and transition metal ions, have the potential bioimaging and photodetector properties due to their longer emissions on the operation of more than 1,000 nm (Li et al., 2024).
• Due to the ability to penetrate through the layers of living tissues, those applications embrace medicine diagnostics and environmental monitoring.
• NIR spectroscopy has been applied generally in environmental analysis by virtue of its non-destructiveness and its high sampling throughput that allows in situ investigation of soil and water (Wedding et al., 2011).
• This technology identifies contaminants/pollutants and assesses ecological condition, including new threats as micro plastics.
• Machine learning integration with NIR spectroscopy to increase material composition and pollutant detection is applied to foods and medication (Ozturk et al., 2023).
• Carbonized polymer dots (CPDs) are a promising optical material for NIR-II bio imaging, providing real-time, non-invasive disease imaging (Han et al., 2022).
• Their synthesis methods are inexpensive and produce the best imaging applications on the market.
From the materials currently employed in NIR sensing, dilute III-V semiconductors have been found to possess tremendous potential because of their optical characteristics and biocompatibility with tissues (Ayşe, 2018). These semiconductors allow the creation of highly efficient and compact NIR sensors that are essential for diagnostic processes undertaken at the patient’s home or office and for screening many people simultaneously (nan Zhang et al., 2021).
However, progress in the specific area of NIR sensing technologies has been remarkable, but there are major knowledge and utility deficiencies that have not been addressed. The lack of comprehensive, up-to-date mini-reviews that compare TB sensing using different dilute III-V semiconductors, failure to point out the current limitations of NIR sensing for TB detection and future research directions makes this mini-review essential.
2 FABRICATION OF NIR SENSORS
Some of the critical aspects which define the fabrication of NIR sensors are substrate, absorber layer, electrodes, and encapsulation. Hence, the kind of materials to use in these components is very vital to give the best performance and sensitivity to the NIR sensors.
a) Substrate: Materials commonly utilized in construction of NIR sensor include indium phosphide which is abbreviated to InP and gallium arsenide famously known by its abbreviation GaAs. These materials exhibit good lattice match and high electron mobility for high performance NIR photodetector applications.
b) Absorber Layer: The absorber layer has to be of very thin layer of Indium Gallium Arsenide (InGaAs) with high absorption coefficient in the NIR region. Others which can be used are Lead Sulfide (PbS) and Mercury Cadmium Telluride (MCT) depending on the particular use desired.
c) Electrodes: For a semiconductor material the electrodes are typically created from metals including Gold (Au), Silver (Ag) or Aluminum (Al) because they offer good electrical conductivity and can easily be supplied to the semiconductor.
d) Encapsulation: Coating material such as Silicon Nitride (Si3N4) and Silicon Oxide (SiO2) is employed in encapsulation barrier to shield the sensor and improve its lifespan.
The integration of dilute III-V semiconductors into NIR sensors employ advanced epitaxial deposition methods like MBE and MOCVD (Ayşe, 2018). These methods provide the ability to achieve highly accurate control of the thickness and composition of the semiconductor layers, thus providing the means by which high-quality materials with tailored electronic and optical characteristics could be grown. MBE enables fidelity in the precise deposition of atomic layers to grow high quality dilute III-V semiconductors. For example, GaInNAs layers can be realised using MBE to bandgap properties suitable for specific application in the range of the Near-Infrared. CVD is employed to deposit GaInNAs epitaxial layers of high quality on substrates. This also helps in achieving very high control on the kind and thickness of the semiconductor layers (Raut, 2023).
Some of the more recent techniques such as Hydride Vapor Phase Epitaxy (HVPE) offers a way to grow high quality semiconductor layers with sharp heterojunction interfaces. The HVPE technique is most advantageous in the high throughput rate or in applications that must be manufactured with lower cost production (Simon et al., 2019). For example, the schematic of the in-line HVPE reactor used to grow low-cost single-junction GaAs is depicted in Figure 3. Another method also commonly used simultaneously with epitaxial growth methods to implant nitrogen into III-V semiconductor is implantation of nitride ions and it results in a reduction of the bandgap and improved optoelectronic properties (Liu et al., 2023).
[image: Figure 3]FIGURE 3 | Schematic of the in-line HVPE reactor used to grow low-cost single junction GaAs solar cells, together with a substrate reuse technology. Adopted from (Simon et al., 2019).
3 DILUTE III-V SEMICONDUCTORS
III-V Semiconductors are alloys of compounds from group III and group V elements of the periodic table. Together these parts compose binary compounds such as GaAs or Gallium Arsenide, InP or Indium Phosphide, and AlN or Aluminum Nitride. These semiconductors possess good electron mobility, direct band gaps and a high thermal stability that favors its application in optoelectronics devices; light-emitting diodes (LEDs), lasers diodes, and high-speed electronics.
In Dilute III-V Semiconductors, the term “dilute” is used to describe the inclusion of a small concentration of magnetic atoms into the III-V crystal lattice (Zheng, 2008). These doping elements might be magnetic substrates like elements from the transition metal series or other elements that influence the material’s electronic and optical characteristics. For instance, Manganese is added to GaAs lattice to obtain GaMnAs, a material with desired magnetic characteristic, similarly Nitrogen is added to GaInAs to produce desired GaInAsN having a lower bandgap suitable for infrared uses (Ayşe, 2018). The diagram that shows the introduction of a small fraction of magnetic dopant element into the III-V crystal lattice is depicted in Figure 4. For this reason, unlike the conventional semiconductors, they have both magnetic and semiconductor characteristics.
[image: Figure 4]FIGURE 4 | Diagram for introduction a small fraction of magnetic dopant element into III-V crystal lattice [Adapted and modified from (Gupta et al., 2020)].
3.1 Preparation and properties of dilute III-V semiconductors
Dilute III-V semiconductors can be grown by various techniques including MBE and MOCVD. These methods enable precise control of the composition of the compound, dopants, and the quality of the crystalline lattice (Zheng, 2008). For instance, it is possible to minimise the band gap in III-V semiconductors through the introduction of nitrogen; the material can therefore be used in devices such as lasers and solar cells (Ayşe, 2018).
a) Structural Properties: Dilute III-V semiconductors often exhibit high crystalline quality and can be can be deposited as a thin film with low density of defects (Ayşe, 2018).
b) Optical Properties: These materials generally possess direct band gaps, which render the appropriate efficiency in optoelectronic processes (Cheng, 2023). For instance, the use of GaInNAs/GaAs quantum wells has been done to investigate on their optical characteristics.
c) Thermal Properties: The thermal stability of dilute III-V semiconductors is of paramount importance since it characterizes the performance of a device. For example, ion beam sputtering and thermal reconstruction techniques are employed to improve their thermal performance qualities (Ghita et al., 2017).
d) Morphological Properties: Essential to fabrication of these devices, the chemical etching and thermal treatments can be utilized to manipulate the surface morphology of these semiconductors (Ghita et al., 2017).
3.2 Performance enhancement of dilute III-V semiconductors
Various performance enhancement modifications have been made in order to improve the electrical, optical, and magnetic properties of dilute III-V semiconductors. These include raising their carrier mobilities, lowering their defects, improving their magnetic characteristics, and making modifications by tuning the band gap, that ensures they are more efficient and effective for use across different applications.
a) Epitaxial Growth Techniques: Through the MBE and MOCVD common preparation processes that are used, doping levels, as well as the overall composition of the material, can be tightly controlled. These are basic methods of obtaining high quality material that can be followed up in one way or the other.
b) Band Gap Engineering: The introduction of specific dopants like Nitrogen to GaInAsN aims at reducing the band gap of the semiconducting material to attain adequate optical characteristics optimum for infrared application especially for the NIR sensing application. For instance, incorporation of Manganese into GaAs lattice and Nitrogen into GaInAs is reported (Ayşe, 2018), Zhao et al., also investigated and discussed the incorporation of Nitrogen into GaInNAs/GaAs quantum well structures along with the reduction of the band gap and improvement of their optical properties for NIR photodetectors (Zhao et al., 2005).
c) Defect reduction: The imperfections in the crystal structures of such semiconductors are normally alleviated through thermal treatments and chemical processes. This also enhances their carrier mobilities and decrease the recombination losses which are key aspects of the material that finds application in electronic as well as opto-electronics.
d) Strain Engineering: For changing and enhancing the electronic and material properties of the semiconducting materials mechanical strains are normally used frequently in conjunction with other methods.
e) Increasing Curie Temperature: Nevertheless, there several attempts that have been made to obtain room-temperature ferromagnetism which is crucial for spintronic related applications such as optimizing doping concentrations and material properties.
f) Improving Material Quality: Different growth and post-growth methods are employed to minimize defects and increasing the crystal quality and therefore straight away affecting the magnetic and electronic characteristics in the film.
g) Optimizing Doping Levels: The doping concentration determines the magnetic and semiconducting properties for spintronics and optoelectronics and it is very sensitive if the desired balance of the two is to be achieved. For example, GaMnAs is one of the most investigated dilute III-V semiconductors which exhibit ferromagnetic property at low temperature. Scientists pay attention to its elevation of Curie temperature and quality improvement through the reduction of defects and optimum doping (Matsukura et al., 2002).
The structured summary for these techniques is listed and summarized in Table 2 below. It is useful to review different goals and accomplishments of each approach and reference pertaining to each method.
TABLE 2 | Techniques for performance enhancement of dilute III-V semiconductors.
[image: Table 2]4 EVALUATION OF NIR SENSORS IN TB DETECTION
4.1 For human use
NIR sensors have shown considerable promise in the detection of TB in humans. These sensors u use near infrared spectrum to detect characteristic biomarkers of the TB infection. Research has shown that the use of NIR sensors enhances the possibility of recognizing TB in the shortest time possible, eliminating the traditional methods that take longer time for processing and are compounded with the need for laboratory facilities.
In other clinical research studies, NIR sensors have been tested and found to be highly sensitive and specific thus can be used in diagnosing TB in all settings, including in remote and inadequately-equipped areas. For instance, researchers have shown non-invasive saliva tests which employ NIR sensors for detecting TB biomarkers using NIR sensors; they also use volatile organic compounds in exhaled breath for TB identification, and, by sampling oral swabs, they can obtain rapid and accurate results in TB detection (Kasule et al., 2024). NIR sensors can be accommodated in mobile devices, which makes rapid testing at the site of probable infection possible and get immediate results, which is critical and basis for proper use of the limited resources in a resource-limited environments (Jiang et al., 2024).
Hence, the new generation NIR diagnostics offer more diagnostic value for tuberculosis: Particularly Aggregation-Induced-Emission Luminogen (AIEgen) labeling and photonic crystal sensors, have high sensitivity and specificity for tuberculosis diagnosis. AIEgen Labeling also shows the diagnostic sensitivity of 95.5% and diagnostic specificity of 100% and a diagnostic effectiveness of 95.7% in identification of M. tuberculosis in human sputum samples. (Dai et al., 2023). The mechanism illustrating the introduction of a newly developed AIEgen for point-of-care (POC) diagnosis of Mycobacterium tuberculosis infection is depicted in Figure 5.
[image: Figure 5]FIGURE 5 | Introduction of a newly developed AIEgen for POC diagnosis of a Mycobacterium tuberculosis infection. Adopted from (Dai et al., 2023).
Photonic Crystal Sensors has the large sensing parameter of up to 1738.7 nm/RIU and also the capability to differentiate the TB strains thereby making the sensors perfect for early diagnosis (Mohammed et al., 2023). NIR sensors demonstrate promise, however, there are concerns when it comes to their widespread application and intensive study in many forms of clinical applications. Table 3 presents an overview of the characteristics of NIR sensor technologies for TB diagnosis.
TABLE 3 | Summary of key features of NIR sensor technologies in TB detection.
[image: Table 3]4.2 For animal use
NIR sensing technology was found to be offering a worthwhile means of identifying the TB for the animals, especially the cattle. Its non-invasive nature and timely outcome can be useful in improving disease management procedures. TB can infect different animals, including livestock and wildlife, hence can pose a risk of zoonotic transmission to humans. Therefore, it is important to detect TB early in animas to avoid incidence and to promote overall animal welfare.
New techniques using NIR spectroscopy are also novel tagging techniques that hold promise for detection of Mycobacterium TB in cattle especially where standard procedures may not work well. For example, current studies present saliva diagnostic tests that identify biomarkers of TB with the help of NIR sensors. These sensors can quantify volatiles in the breath to establish the infection with TB and determine TB biomarkers in oral samples rapidly. A recent study in clinical trials showed that NIR sensors provided high sensitivity and specificity, which recommend the method for early TB diagnosis in a range of healthcare models, including remote and developing nations.
Previous studies revealed that NIR sensors can selectively detect TB biomarkers in animal tissues to aid veterinary medicine and wildlife management. For instance, NIR fluorescence imaging has been applied to measure the activity of TB drugs in live mice, thus, dynamic evaluating the bacterial load (Sommer and Cole, 2019). Furthermore, NIR sensors have been utilised in identification of Mycobacterium bovis DNA in nasal swabs and saliva of experimentally infected calves (Palmer et al., 2024). Table 4 summarizes the application of NIR sensors in livestock and their advantages and limitations. These advances suggest that NIR technologies have the ability to revolutionize the way that TB is diagnosed in people and animals (Dai et al., 2023). The possible integration of NIR technology could help boost the performance of the identification of TB in animals, which can be useful in containing possible outbreaks.
TABLE 4 | Application of NIR sensors in livestock and their advantages and limitations.
[image: Table 4]4.3 For use in others
The principle of NIR sensing technology is quite broad not only in the diagnosis of human beings and animals but also in environmental and pathogen analysis. In TB detection, NIR sensors show attractive enhancement in the diagnostic techniques through the use of certain optical properties to enhance the detection parameters of the target pathogen M. tuberculosis, which is paramount in early diagnosis of the disease. These sensors examine how chemicals absorb near-infrared light and how specific chemical bonds and molecules are present; thus, changes related to tuberculotic biochemical changes in the environment, including the soil or water, can be detected (Beć et al., 2021).
NIR sensing is also used in environmental monitoring to identify the presence of M. tuberculosis or Mycobacterium bovis in contaminated environments needed in the understanding of the location of TB reservoirs within the environment (Dai et al., 2023). In the same regard, NIR sensors quantify the amounts of organic matter and microbial loads in soil that might harbour TB pathogens (Pereira et al., 2024). It is also applied, for example, inindustrial processes that involve fermentation to produce antibiotics or other chemicals that are used in tuberculosis cure (Mobed et al., 2024).
Moreover, NIR sensors have potential in hospital environments, labs, and other facilities that potentially expose people to airborne TB, as estimators of how vulnerable the environment is to spewing TB across large areas. The opportunities, disadvantages, and challenges of NIR sensors for other (not human and animal) purposes are summarized in Table 5. They can also be incorporated in portable diagnostic devices on field surveys and often epidemiological investigations as they give fresh data.
TABLE 5 | Opportunities, disadvantages, and challenges of NIR Sensors for other (not human and animal) purposes.
[image: Table 5]5 CHALLENGES AND LIMITATIONS
5.1 Challenges associated with material compatibility and stability
The degradation of optical and electronic quality of GaInNAs when grown on GaAs substrates is influenced by several factors:
a) Lattice Mismatch: One of the most critical issues associated with the present high-index substrate is lattice mismatch. The lattice mismatch between the high-index substrates and dilute III-V semiconductors, such as GaInNAs on GaAs, generates a high density of dislocations and defects that affect the material’s electronic and optical properties (Shan et al., 2006). For example, When GaInNAs is grown on GaAs substrate, since the lattice constants of both materials differ, some strains will be created, resulting in dislocations that act as non-radiative recombination centers. These centers reduce the efficiency of photoluminescence and carrier lifetime, which are critical for optoelectronic appliances (Speck and Rosner, 1999; Ayşe, 2018).
b) Thermal Stress: Another serious concern is the tendency of these materials to degrade at high temperatures. Temperature plays a critical role in the degradation of material properties during device fabrication or during operation. (Ayşe, 2018), (Shan et al., 2006). Temperature-induced stresses in dilute III-V semiconductors can degrade their long-term reliability and performance by causing defect formation, dislocation glide, and material fatigue. These stresses can be caused by thermal cycling or high-temperature exposure, which result defect formation in the form of dislocations and/or cracks that degrade the mechanical reliability and electronic characteristics of the devices. Cumulatively, it leads to higher device failure rates, and reduced operational lifetimes (Ayşe, 2018).Thermal expansion coefficient variation between the substrate and epitaxial layers also results to stress and dislocations within the material (Fahrenkopf et al., 2024). The mismatch in thermal expansion coefficients between the substrate and epitaxial layers can cause the epitaxial layer to expand or contract at a different rate compared to the substrate during temperature changes. This induces thermal stress, leading to the formation of cracks and dislocations. These defects degrade the material quality and performance of NIR sensors, causing shifts in wavelength response and reduced sensitivity. For example, during thermal cycling, the difference in expansion rates can create mechanical stress, resulting in micro-cracks and delamination (Du et al., 2022).
c) Threading dislocations: In dilute III-V semiconductors NIR sensing, threading dislocations serve as recombination centers where carriers recombine non-radiatively. This results in a decrease in the internal quantum efficiency and, therefore, of device performance. The decrease in carrier lifetime and increased non-radiative recombination contributes to the decrease in the responsivity and increase of the noise levels of the NIR sensors. This in turn negatively affects the signal-to-noise ratio, making the sensors less sensitive to NIR signals (Nakamura, 1998).
Chemical property reactivity is also one of the issues, GaAsPN and the other semiconductors may degrade when it reacts with some metals used in the contact of devices (Gupta and Gupta, 2016). For instance, in case of GaAsPN, thermal cycles can make a significant change in the stress level of this material which in turn influences its lifetime reliability and performance.
5.2 Solutions and further studies

• Scientists are looking for different ways of solving the problems such as the lattice mismatch and other challenges. For example, there is a realization that strain engineering methods will be used to tackle issues like lattice mismatch (Du et al., 2022). The introduction of a graded buffer layer to intermediate the substrate and the active layer then decreases the formation of defects because the strain can be distributed progressively (Du et al., 2022). A graded buffer layer also progressively alters its composition to cope with lattice mismatch and thereby minimize formation of dislocations.
For instance, the use of a GaAsN buffer layer can minimize the threading dislocation density of GaInNAs.
Gradually changing the composition in the intermediate layers can also make the stress between the different materials more lenient and minimize the defects or faults (Ungersboeck et al., 2006). This technique is being tried to optimize the GaInNAs based devices. Incorporation of superlattices of InGaAs and GaAsP has been proved to have strain controlling impact and give a high-quality material.
Furthermore, the synthesis of new material systems and the new growth technique for the effective confinement of dilute III-V semiconductors are under investigation to enhance the thermal stability as well as overall performance (Ondry et al., 1979). For example, when employing quantum dots, the strains can be localized and the effective lattice mismatch will be lower. Regarding growth techniques, MOCVD and MBE are being improved in the preparation of epitaxial layers with enhanced thermal and chemical stability at epitaxial layers.
Another approach is formation of surface passivation layers to prevent the semiconductor to get into chemical reactions and degradation (Zhou et al., 2018). It is crucial to enhance the stability of III-V semiconductor devices, and to do this Al2O3 and SiNx are utilized as passivating coatings (Huang et al., 2005). For instance, the atomic-layer deposition (ALD) of Al2O3 has been demonstrated to result in excellent electrical characteristics as well as low midgap interface state density in III-V heterostructures (Huang et al., 2005).
By overcoming these challenges through engineering and material science, the usefulness of dilute III-V semiconductors in NIR sensing in tuberculosis can be significantly improved, thus expanding on the current technology for better diagnosis.
6 RECOMMENDATIONS AND THE WAY FORWARD
In this mini-review, recent developments in the use of NIR sensing for diagnosis of TB using dilute III-V semiconductors were discussed. The discussion highlights matter such as MBE and MOCVD techniques for growth, thermal mismatch and chemical activity on performance, strain balancing layers related to material properties and advanced characterization techniques.
It is suggested in future research to improve performance and stability, to discover new growth procedures and to analyze unique compositions. The collaborations across disciplines provides the right platform to foster innovation.
To overcome these challenges, strain engineering and advanced characterization techniques should be used. Some approaches of strain balancing layers could help minimize the lattice mismatch, while HRXRD and TEM can help in the fabrication.
Future plans for NIR sensing for TB diagnosis focus on identifying highly sensitive, portable and cost-effective detecting instruments. Further research and development and more interprofessional cooperation are needed to decrease the TB burden worldwide.
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False Positives: Individuals with prior BCG
vaccination or other mycobacterial
infections may test positive, complicating
diagnosis (Trajman et al., 2013)

Cost: IGRAS are generally more expensive
than TSTs, which may limit their use in
resource-limited settings (Weyer et al,
2011)

Sensitivity Issues: This method may miss
up o 50% of cases, especially in patients
with low bacillary loads or extrapulmonary
TB (WHO, 2016)

Sputum smear microscopy has a low
sensitivity, often failing to detect TB in
patients with low bacterial loads (Dong
etal, 2022) (Pai et al., 2023)

‘Time-Intensive: Culture-based methods
require 3-4 weeks for results, delaying
treatment initiation (Dong et al,, 2022)
‘The slow turnaround of conventional tests
contributes to ongoing transmission and
increased morbidity (Danasabe Isah and
Aliyu Makusidi, 2020)

Non-Specificity: While helpful for
suggesting TB, X-rays cannot confirm the
diagnosis and may indicate other lung
diseases (Centers for Disease Control and
Prevention, 2024)

Cost and Accessibility: NAATS can be
expensive and require specialized
equipment, making them less accessible in
resource-poor environments (Narasimhan
etal, 2023)

awback 2

False Negatives: Immunocompromised
individuals (e.g, those with HIV) may not
mount an adequate immune response, leading to
false-negative results (Vittor et al., 2014)

Limited Usefulness in Children: IGRAS are less
validated for children under 5 years old, leading
to uncertainties in diagnosis (Mandalakas et al.,
2011)

‘Time-Consuming: Preparing and examining
slides can take time, delaying diagnosis (Boehme
etal, 2010)

Laboratory Infrastructure: Requires specialized
Iaboratory conditions and personnel, which may
not be available in all settings (WHO, 2016)

Radiation Exposure: Although low, exposure to
radiation is a concern, particularly in
populations needing frequent screening (Vo

et al, 2021)

Limited Sensitivity for Non-Pulmonary TB:
These tests may be less sensitive in detecting
extrapulmonary TB compared to pulmonary TB
(Pai and Ling, 2008)

Drawback 3

Subjectivity: Interpretation of induration
size can vary between healthcare
providers, affecting consistency (Nevada
Division of Public and Behavioral Health,
2018)

No Differentiation: Like TSTs, IGRAs
cannot distinguish between latent TB

infection (LTBI) and active TB disease
(Goletti et al., 2022)

Operator Dependency: Accuracy is highly
dependent on the skill of the technician,
which can lead to variability in results
(Boehme et al, 2010)

Contamination Risks: Cultures can be
contaminated, leading to false-negative or
false-positive results (Asgharzadeh et al.,
2015)

Limited Access: Access to radiography
‘may be limited in low-resource settings
(Vo et al, 2021)

Potential for False Positives: In certain
contexts, NAATS may yield false positives
due to the detection of non-viable
organisms (Paul E Klapper and van Loon,
2010)
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Applications of

1) Bovine Tuberculosis (bTB): Bovine TB, caused by
Mycobacterium bovis,significantly impacts cattle health
and the agricultural economy. NIR sensing has been
explored as a tool for early detection and monitoring of
bTB (Feng et al., 2021)

2) Milk Analysis: NIR sensors can analyze milk samples to
detect the presence of M. bovis or associated
biomarkers, allowing for screening of infected animals
within herds (Tsenkova and Munéan, 2021)

3) NIR-based assays, such as ELISA test, achieved high
sensitivity and specificity for bovine tuberculosis,
‘making them suitable for field use (Moens et al., 2023)

4) Genetically engineered NIR fluorescent reporter strains
enable real-time visualization of Mycobacterium
tuberculosis in live animals, facilitating effective
evaluation of drug efficacy (Sommer and Cole, 2019)

n livestock Advantages

2) Cost-Effectiveness: Compared to traditional
diagnostic methods, NIR sensing can reduce costs
associated with laboratory testing and transport of
samples (Bellon-Maurel and McBratney, 2011)

b) It offers a non-invasive approach to detecting TB by
analyzing spectral fingerprints of Mycobacterium
tuberculosis, distinguishing it from other bacteria like
E. coli (Pesala et al,, 2012)

mitations challenges
a) Sensitivity: While NIR sensing has shown promise,
its sensitivity to low pathogen loads remains a
challenge, particularly in early-stage infections
(Nifler et al, 2020)

b) Field Implementation: The practical deployment of
NIR sensors in agricultural settings requires
appropriate training and infrastructure, which may
not be readily available in all regions (R. M. et al.,
2010)

©) Capital Investment: The initial cost of NIR
equipment can be prohibitive, especially in
developing countries (R. M. et al., 2010)
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Epitaxial Growth

Band Gap Engineering
Defect Reduction
Strain Engineering

Increasing Curie
Temperature

Improving Material
Quality

Optimizing Doping Levels

MBE, MOCVD

Doping with clements like nitrogen
‘Thermal annealing, chemical treatments
Applying mechanical strain

Optimizing doping levels, improving
material quality

Enhanced growth techniques, defect
‘management

Precise control over doping
concentration

High-quality crystal growth with precise
doping control

‘Tuning band gap for specific applications
Reducing defects in crystal lattice
Modifying electronic properties

Achieving room-temperature
ferromagnetism

Higher crystallinity and fewer defects

Balancing magnetic and semiconducting
properties

Enhanced material quality

Optimized optical properties
Improved carrier mobility
Enhanced performance

Practical applications in
spintronics

Enhanced electronic
properties

Improved device
performance

Matsukura et al.
(2002)

Zhao et al. (2005)
Zhang et al. (2021)
Sun et al. (2010)

Matsukura et al.
(2002)

Park et al. (2020)

Schott et al. (2004)






OPS/images/fsens-05-1521727-t003.jpg
chnology
AlEgen Labeling
Photonic Crystal Sensors
Non-Invasive Saliva Test

Mobile NIR Sensing

Key features

High sensitivity (95.5%) and specificity (100%) for TB detection in sputum samples

High sensitivity (1738.7 nm/RIU), ability to distinguish between TB strains

Uses NIR sensors to detect TB biomarkers from saliva samples

Portable devices for on-site testing and immediate results
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Opportunities of NIR sensors Disadvantages and challenges

1| Rapid and non-destructive: Advantageous for continuous monitoring without Sensitivity issues: Detecting low concentrations of mycobacterial DNA or proteins in
destroying samples, making it suitable for field applications (Gullifa et al,, 2023) | environmental samples can be challenging, limiting the effectiveness of NIR sensors
in certain contexts (Nifler et al., 2020)

2| Versatility: The ability to analyze various types of samples, including liquids and
solids, broadens the scope of their applications in TB-related research and

monitoring (Munawar et al., 2021)

Calibration and Standardization: NIR data interpretation requires careful calibration
and standardization to ensure accuracy, which can complicate the deployment of
this technology in diverse settings (Liu et al, 2014)
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