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The thermal lens technique relies on measuring the temperature increase in a sample caused by nonradiative relaxation 
of the energy absorbed from a light source. This technique is indeed highly sensitive due to the direct absorption 
of light and its immediate conversion into heat. Because of its high sensitivity, the thermal lens technique is widely 
used in fields like material science, nanotechnology, chemistry, and biosensing. It can be used to analyze the optical 
properties of materials, measure energy absorption, and even detection of impurities in samples. It is also useful for 
studying the dynamics of photochemical reactions, as it provides detailed information about how energy is absorbed 
and dissipated in the material. This article reviews the development of thermal lens spectrometry at ICTP in the many 
years following Gallieno Denardo’s passing, focusing on recent advances. This overview begins with an explanation 
of the technique’s underlying theory, followed by a discussion of its instrumentation and applications, highlighting the 
unique characteristics of the technique. It covers applications for environmental research, material characterization, 
and biomedical fields. The article concludes with proposals of TLS's for future development, focusing on its potential 
applications in emerging research fields. © Indian Spectroscopy Society. All rights reserved.
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1 Introduction 	  

	 The thermal lens (TL) effect was first observed by Gordon et al in 1965 [1], marking a key 
milestone in the development of laser spectroscopy. Their experiment utilized a simple single-beam setup 
to detect changes in a material’s refractive index, caused by localized heating from a laser beam. Since its 
inception, thermal lens spectrometry (TLS) has been extensively studied and applied for the thermophysical 
and chemical characterization of a wide range of materials. When light is absorbed by a medium, it 
generates heat, creating a temperature gradient that alters the material’s refractive index [2]. This change 
causes the light to focus or defocus depending on the propagation medium, like a lens bends light. Over 
time, the discovery of the TL effect led to more sophisticated experimental designs, incorporating multiple 
laser beams and advanced detection techniques to enhance the sensitivity and precision of measurements 
[3,4]. Initially used for nonfluorescent analytes, it has also been applied to fluorescent compounds [3]. The 
technique is very sensitive because even small changes in temperature can result in significant changes in 
the refractive index. Since the temperature rise is usually localized, the TL effect can be detected with high 
precision. Additionally, the ability to measure this effect with high spatial and temporal resolution makes 
the technique highly sensitive to minute variations in the sample. One of the key features of this technique 
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is that it involves nonradiative relaxation of the absorbed energy. This means the energy doesn’t escape the 
material as light or fluorescence but instead is converted entirely into heat. This results in a more direct 
and sensitive measurement of energy absorption, as all the absorbed light is retained within the material. 
Therefore, TL has a cumulative effect, resulting from the fact that while the relaxation process is rapid (on 
the order of 10–6 to 10–12 seconds), thermal relaxation is much slower (of the order of 10–3 seconds). This 
means that during a single thermal relaxation cycle, a single atom or molecule can be excited and release 
thermal energy up to 103 times, thereby contributing additional thermal energy during each TL excitation  
cycle. In addition, the TL effect has a phase component (e.g., Φ = 2π 

λp
 l dn 

dt ΔT), where the ratio of the sample 

path length l (typically around 10–3 m) to the probe wavelength λp (around 10–9 m) results in a high ratio, 
causing a significant phase shift. This amplifies the TL signal, even for small temperature changes ΔT and 
refractive index gradients dn/dT. These two factors, the accumulation of thermal energy and the enhanced 
phase shift, provide a clear explanation for the high sensitivity of the TL technique.
	 The TL technique is often used to study the optical properties of materials, particularly their 
absorption coefficient and thermal diffusivity [5,6]. The technique is also useful in characterizing 
nanomaterials, such as nanoparticles, thin films and polymers [7-9]. Since these materials often have unique 
optical properties due to their small size and surface effects, the TL effect can help in understanding their 
interactions with light and heat at a very fine scale. TL is particularly sensitive to changes in temperature, 
so it is an excellent tool for studying fast or highly exothermic chemical reactions. By observing the TL 
effect before, during, and after a reaction, chemists can gain insights into the dynamics of the reaction and 
how energy is absorbed and dissipated. The technique employs advanced mathematical models to extract 
detailed kinetic information from light-driven chemical processes, enhancing both understanding and 
quantitative analysis across diverse chemical systems [10]. The technique can be used to study the kinetics 
of photochemical processes by tracking how the temperature of a sample rises over time in response to 
continuous light exposure [10]. In complex chemical systems, the TL effect can help detect trace amounts 
of contaminants or impurities. Since even small impurities can significantly affect heat dissipation, this 
sensitivity is ideal for detecting such variations in chemical mixtures. A (0.6 –1 μm) thick Nafion layer on 
PET was detected after ferroin addition (≤ 4×10–10 mol cm–2), corresponding to absorbances of 1×10–5 – 5× 
10–4 [11]. 
	 TL has been explored for biosensing applications, such as detecting biological molecules or 
antibodies. When a biological sample absorbs light, it can produce a TL effect that indicates the presence 
of specific molecules. For example, in immunoassays, antibodies that bind to target molecules can cause 
localized heating, which in turn produces a measurable TL effect. Alsadig [12] reported an early AuNP 
nanobody sensing approach that used a mixed self-assembled monolayer of thiolated ssDNA and bio-
repellent TOEG6. This was combined with DNA-directed immobilization of DNA protein conjugates to 
form an advanced biosensing platform. In a subsequent step, ssDNA-modified AuNPs were considered for 
cancer biomarker sensing using complementary ssDNA conjugated to the C8 nanobody, which targets the 
extracellular domain of HER2, a receptor overexpressed in 15–30% of breast cancers. Hybridization between 
ssDNA/TOEG6@AuNPs and the C8-labeled DNA was detected by monitoring refractive index changes 
near the AuNP surface using the TL technique [12]. Because conventional LSPR lacked sufficient sensitivity 
to detect HER2-ECD binding, a miniaturized gel electrophoresis chip coupled with online TLS (MGEC-
TLS) was used, achieving ~100-fold higher sensitivity than standard SPR by correlating immunocomplex 
formation with nanoparticle mobility [12]. An electrophoresis-based method integrated with online TLS 
allows sensitive assessment of AuNP surface energy [13]. Asbaghi et al introduced a photothermal dual-
mode gel electrophoresis assay that determines DNA surface coverage on AuNPs, offering a new strategy to 
enhance AuNP-based biosensor sensitivity and to evaluate interactions between thiolated oligonucleotides and 
AuNPs [13]. This work establishes a versatile AuNP engineering platform with controlled size and surface 
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functionality, supporting the development of low-cost point-of-care diagnostic technologies to improve 
human health.
	 TL method was used to assess the thermoplasmonic properties of the nanoparticles and their ability 
to convert light into heat efficiently, which is key for photothermal therapy (PTT). This research focuses 
on the design and application of thermoplasmonic nanoparticles for enhancing cancer therapies [14]. The 
paper investigates how the morphology of these nanoparticles can be optimized to combine two distinct 
therapeutic strategies: immunotherapy and PTT [14].
	 TL technique has been widely used to monitor pollutants in air and water after the action of specific 
catalyst. For instance, specific pollutants or contaminants that absorb light might generate a TL effect that can 
be measured. This makes it a potential tool for real-time, sensitive detection of environmental toxins, such 
as heavy metals, antibiotics or organic pollutants and to follow photodegradation processes [15-17]. Based 
on the TL principle, highly sensitive sensors can be developed for various applications in environmental 
and chemical analysis. These sensors might be used for detecting low levels of hazardous substances or 
monitoring changes in the environment that might otherwise go unnoticed. 
	 In some high-power optical systems, such as laser cavities or amplifiers, TL can become an issue. 
The heating caused by intense laser light can distort the shape of the lens, affecting the focus or beam quality. 
Understanding the TL effect helps in designing systems that minimize these distortions [18]. Since the TL 
effect can be observed with high temporal resolution, it’s particularly useful in studying fast processes. 
Researchers can track the rapid rise and decay of heat within a sample, giving them insight into dynamic 
processes such as energy transfer, reaction times, or relaxation times. Therefore, TL enables temporal 
discrimination between the electronic and thermal contributions to the nonlinear refractive index [19]. 
 	 TLS has been used in conjunction with microscopy to visualize microscopic structures and 
processes [20]. When combined with a microscope, it allows researchers to examine the thermal properties 
of materials at the micro or nanoscale, offering insights into material heterogeneity or structural defects that 
might not be visible using traditional imaging techniques [20]. It’s also useful for measuring quantum dot 
encapsulation efficiency by liposomes [21]. Photothermal digital holography combined with phase-sensitive 
holography enables non-invasive imaging and characterization of hidden layers in multilayered samples [22-
24]. Extensive applications for chemical and biological/biomedical analysis have been found by integrating 
microscale analytical devices, particularly microfluidic chips. Theoretically, models have been developed 
to account for the effects of the sample’s environment on TL microscopy signals [25].
	 The TL technique offers several advantages, making it a powerful tool in various applications. Its 
high sensitivity is one of the key benefits, as the direct conversion of light to heat allows the detection of 
even the smallest temperature changes in a sample. Additionally, the technique is non-destructive, meaning 
that the sample remains unaltered and undamaged during measurement, which is ideal for sensitive or fragile 
materials. The versatility of the TL technique further enhances its utility, as it can be applied to a wide range 
of materials, including solids, liquids, and gases, making it suitable for both research and industrial purposes. 
Despite its advantages, TL technique has some challenges and limitations. One such issue is selectivity, as 
it relies on the excitation wavelength to target specific absorption bands. To measure various absorption 
bands, a tunable laser is required, which adds complexity to the system. This need for wavelength tuning can 
make the technique more difficult to use for accurate measurements and contributes to the bulkiness of the 
setup. The requirement for multiple laser sources or additional optical components further increases system 
size and cost, limiting its portability and practicality for certain applications. Additionally, the technique's 
complex interpretation can pose a challenge. While it is highly sensitive, analyzing the TL effect requires 
careful evaluation of both the temperature rise and the corresponding changes in refractive index to extract 
meaningful data, which can sometimes complicate the analysis process.
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	 The first part of this review offers a theoretical overview of the technique, providing a foundational 
understanding while presenting the latest developments in theoretical models and new advancements in 
instrumental implementations. Various TL configurations are discussed in detail to highlight improvements 
in sensitivity. Continuing, the review focuses on applications that leverage the unique features of TL 
technique, including its ultrasensitivity in fields like biochemistry, biosensing, and environment research. 
It also highlights its small space capabilities (e.g., nanotechnology, gel electrophoresis) and its use for 
determining thermal properties. Finally, potential future developments of the technique are examined.

2 Theory

	 Various theoretical explanations of the TL effect under different experimental conditions are 
discussed in the literature and have been thoroughly reviewed in numerous books and review articles [3, 
26-32]. These models are based on a straightforward parabolic approximation [1], where the TL induced by 
continuous wave (CW) excitation is considered as an ideal thin lens. The parabolic model offers a reasonable 
approximation for the overall behavior of TL. However, the refractive index change beyond the excitation 
zone is not parabolic, meaning the TL cannot be treated as a thin lens. A more precise quantitative description 
of the TL has been provided by accounting for its aberrant characteristics, and by applying diffraction theory 
to derive expressions for changes in laser beam intensity and the corresponding TL signal [33]. The aberrant 
model is especially crucial in dual-beam TL experiments, particularly when dealing with a mode-mismatched 
configuration. A general model for a dual-beam, mode-mismatched TL was later developed by Shen et al 
[34] based on the Fresnel-diffraction approximation for the sample located at a fixed position Z. The model 
introduced the mode-mismatching parameter which is the ratio of the probe and pump beam radii within 
the sample m = (ω1p ⁄ωe)2 and the parameter that describes the sample's position relative to the probe beam 
waist Z1 (υ = z1 ⁄zp), considering that zp is the confocal parameter of the probe beam, ωe the radius of the 
excitation beam within the sample, and z2 the distance from the sample to the detector position. The probe 
beam waist within the sample is defined as shown in the schematic of Fig 1:

             ω1p = ω0p 1 + (z1/zp)2	 (1)

Fig 1. Schematic illustration of parameters in dual-beam mode-mismatched thermal lens spectroscopy.

	 Later on, Marcano et al developed a model for Z-scan experiment based on the same approximation, 
but the sample was scanned around the waist of the excitation beam [35]. However, the radius of the detector 
aperture was ignored, giving wrong values of the TL signal when the detector is positioned at very small  
distance, z2 (z2<100 cm). Therefore, a modified approach was proposed by Rahman et al [36], incorporating 
the effects of the aperture radius (ρ0) and the detector position (z2). In this model, the TL signal is calculated 
as follows:
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where the parameters of the equation are given by:

	 H(z, τ) = 
1

1 + 2m(z) τ)2 + υ(z)2
	 (3)
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p

	 (10)
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	 (11)

           Y(z) = 
 2πωp 

λp L
	 (12)

	 t' =  1
1 + 2t/tc (z)

	 (13)

ap, ae represent the waist positions of the probe and pump beams, respectively. tc(z) = ω2
oe/4D is the 

characteristic time constant of the TL signal, D = k/cp ρ is the thermal diffusivity of the sample, k is the 
thermal conductivity, cp is the specific heat, and ρ is the density of the sample. The amplitude of the TL 
signal is given by:                                                                                 

	 Φ0 =  
Pe αl
λp k

 
dn 
dT	 (14)

where Pe is the power of the excitation beam, λp is the wavelength of the probe beam, α is the absorption 
coefficient of the sample and dn/dT is the temperature dependence of the refractive index.

3 Result and Discussion

	 Along with the pursuit of higher sensitivity, the development of dual-beam instruments was 
driven by the need to enable multiwavelength capability in TLS measurements. The use of continuously 
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or line-tunable lasers for sample excitation was employed. Efforts were also made to enable tunability 
in thermal lens instruments using incoherent white-light sources. Developing efficient TL configurations 
using incoherent white-light sources enhances the tunability of TL instruments. To improve sensitivity 
and address the limitations of low power output from incoherent sources, such as lamps (Fig 2) [37] and 
LEDs (Fig 3) [38], various approaches have been explored. One such method involves using a multi-lens 
system [39,40] achieved through a double-pass probe beam configuration. These instruments were used to 
obtain absorption spectra of weakly absorbing samples [37,41], as well as spectra resulting from overtone 
vibrational transitions [38].

Fig 2. Scheme of the pump-probe white light system with double-pass probe beam. LS: 
excitation source, L1: collector lens, L2: collimating lens, L3: focusing lens, C: chopper, IF: 
interference filter, BS: beam splitter, S: cell sample, M1, M2, M3, M4: mirrors, PL: probe 
laser, L4, L5: collimator lenses, D: silicon detector, A: Arduino board.

 

Fig 3. Scheme of the pump-probe LED excitation system with double-pass probe beam configuration.

	 Online TL microscopy coupled with gel electrophoresis can represent a powerful tool for separating 
and detecting a wide range of biomaterials. Miniaturization of TL instruments enables low sample 
consumption and allows their use in combination with microfluidics or gel electrophoresis microchips [42]. 
Gel electrophoresis combined with TL detection is an advanced technique that brings together two powerful 
methods: gel electrophoresis and TLS [42]. Combining gel electrophoresis with TL detection offers a high-
sensitivity method for analyzing biomolecules that might be difficult to detect with traditional techniques. This 
work aims to validate the feasibility and practicality of the proposed approach by evaluating its separation 
capability using synthesized Fe3O4-Au core-shell nanoparticles (NPs), which serve as a proof-of-concept, 
as shown in Fig 4.
	 The ability to detect low concentrations and weakly absorbing species without the need for labels or 
complex sample preparation opens new possibilities for biomolecular research and diagnostics—particularly 
when integrated with modern miniaturization platforms such as microfluidic chips. In this study, the authors 
employed a miniaturized gel electrophoresis chip coupled with TLS to enable rapid, sensitive, and real-time 
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monitoring of ssDNA surface coverage on AuNPs [13]. Unlike conventional methods for determining surface 
coverage, the design presented in this work does not require long signal acquisition times or tedious post-
treatment steps, including chemical modifications. This implementation demonstrates excellent electrophoretic 
analysis of DNA strands attached to AuNPs and enables rapid nanoparticle separation in gel. Compared to 
traditional gel electrophoresis techniques, this system can acquire results in significantly shorter running 
times (< 6 min) while consuming far fewer chemicals.

Fig 4. Scheme of the miniaturized gel electrophoresis chip coupled with TL detection.

 
Fig 5. Fitting of experimental values with Eq (2) for pinhole radius (ρ0) 0.2 0.3; 0.4; 0.5 
mm, with zp = 100 cm, ze = 0.05 cm, ap = –20, ae = 0, D = 0.90.10–3 cm2. s–1, ωpo = 0.04 
cm, ωeo = 0.001 cm, t = 0.5 s.
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	 To evaluate how aperture size influences the TL signal, the TL signal was plotted as a function of 
L for different values of ρ0. Figure 5 shows the z-scan of the TL signal for various values of ρ0 (i.e., 0.2 
mm, 0.3 mm, 0.4 mm, and 0.5 mm) versus L. There is  a good agreement between the theoretical model 
and the experimental results [43], confirming the validity of the corrections applied to the aperture radius 
in Eq (2) of the exact theoretical model [36].

4 Summary and future outlooks

	 Future developments in TL technique will likely focus on enhancing its sensitivity and spatial 
resolution. The use of nanomaterials and nanostructures can significantly improve the technique’s ability to 
detect even smaller temperature changes. Since materials at the nanoscale often exhibit unique optical and 
thermal properties, combining them with advanced TL could enable researchers to study fine details that 
were previously challenging to measure. Furthermore, integrating super-resolution imaging techniques could 
allow the TL effect to be observed at the nanoscale, making it particularly useful for studying the thermal 
properties of individual nanoparticles or molecular structures. As laser technology advances, time-resolved 
TL measurements will become even more valuable. Future systems could enable real-time tracking of fast 
photochemical or photothermal processes, providing deeper insights into the dynamics of energy transfer, 
chemical reactions, or phase transitions. Researchers are also looking to achieve femtosecond to picosecond 
resolution, allowing them to capture ultra-fast phenomena in molecular photochemistry, material science, 
and quantum research [44]. This level of precision would open doors to understanding energy dynamics on 
timescales previously difficult to achieve with conventional methods. The future of TL will likely involve 
its integration with other analytical methods to enhance its versatility. For instance, combining TL with gel 
electrophoresis, fluorescence spectroscopy, Raman spectroscopy, or atomic force microscopy (AFM) would 
provide a richer, more detailed understanding of a material’s properties [13]. This multimodal approach 
would allow researchers to study not just thermal and optical characteristics but also structural and chemical 
properties in a single experiment. Additionally, hybrid sensors that incorporate TL along with other detection 
techniques could be developed for use in fields like biosensing, environmental monitoring, and industrial 
quality control, offering a more comprehensive tool for real-time analysis [38,45].
	 One area that holds significant promise for the future is the development of advanced computational 
models for analyzing TL data. With the power of machine learning and AI, it will become easier to 
simulate the TL effect more accurately and interpret complex data more efficiently. These tools could help 
researchers predict and optimize the behavior of materials under different conditions, making it easier to 
extract meaningful insights from TL measurements. Moreover, techniques like inverse problem-solving could 
be developed to deduce material properties, such as thermal conductivity, thermal diffusivity or absorption 
coefficients, from observed TL effects without the need for direct measurements of these properties. In the 
realm of material science, TL will continue to evolve as a critical tool for characterizing novel materials. As 
new materials like 2D materials (e.g., graphene), high-temperature superconductors, and advanced polymers 
are developed, the need for precise thermal characterization will increase [46]. 
	 TL has a bright future in the field of biosensing, where it could be used for high-resolution, non-
invasive single-cell analysis. By tracking temperature changes within individual cells, researchers could gain 
valuable insights into cellular metabolism, drug responses, or disease biomarkers, especially in areas like 
cancer research [14]. TL could also play a role in medical diagnostics, particularly for detecting abnormal 
tissue growth or tumors that exhibit different thermal signatures than healthy tissue. When combined 
with other imaging modalities like digital holography microscopy, TL could become a powerful tool for 
detecting early-stage diseases or monitoring tissue responses in real time [22]. As concerns over pollution 
and environmental degradation grow, TL could be increasingly used for real-time environmental monitoring. 
The technique could be employed to detect trace amounts of pollutants in air or water, such as heavy metals, 
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organic contaminants, or greenhouse gases, based on their ability to absorb light and generate localized 
heat [37]. The high sensitivity of TL makes it particularly well-suited for detecting these pollutants at low 
concentrations, offering a more efficient, non-destructive method of environmental analysis. Another exciting 
future development is the miniaturization of TL systems, which would make the technique accessible for 
field-based applications. Portable TL sensors could be deployed in remote locations or industrial settings 
to conduct real-time analysis without the need of bulky laboratory equipment. This could open new 
possibilities for environmental monitoring, industrial quality control, and even field-based research. As 
quantum technology advances, TL could play a significant role in the characterization of quantum materials, 
such as quantum dots and topological insulators [21]. These materials exhibit unique optical and thermal 
properties that could be better understood through the TL technique. Understanding the thermal properties 
of these materials could help improve the efficiency and functionality of future quantum devices.
	 Optical encryption has attracted significant research interest due to the growing demand for secure 
information. Its appeal lies in the advantages of optical processing, including the multiple degrees of 
freedom of light and the potential for lightspeed operation. These features make it a compelling alternative 
to conventional algorithm-based cryptosystems. In this context, TL effect emerges as an important parameter 
for optical data processing applications, including encryption [47].

5 Conclusion

	 The future of the TL technique is promising, with potential advancements that could push the 
boundaries of sensitivity, resolution, and applicability across many fields. As technology evolves, its 
integration with new materials, advanced sensors, and computational models will continue to unlock new 
possibilities for research and industry, from materials science to medical diagnostics and environmental 
monitoring. As these developments unfold, the TL technique could become a central tool in the next 
generation of high-precision analytical methods. 
	 In conclusion, the TL technique represents a powerful and versatile tool with immense potential 
for future advancements across various fields. Its ability to detect minute temperature changes with high 
sensitivity makes it invaluable for applications in material science, biosensing, medical diagnostics, 
environmental monitoring, and beyond. As technology evolves, the integration of nanomaterials, time-resolved 
measurements, multimodal sensing, and advanced computational models will enhance its precision and 
broaden its range of applications. Whether it is contributing to advancing quantum technology, or enabling 
real-time, non-invasive cellular analysis, the future of TL holds great promise for both scientific research and 
practical innovation, paving the way for deeper insights and more efficient solutions in numerous industries.
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