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Abstract 

Molecular-level spectroscopy is crucial for sensing and imaging applications, yet detecting and 

quantifying minuscule quantities of chemicals remains a challenge, especially when they surface-

adsorb in low numbers. Here, we introduce a photothermal spectroscopic technique that enables 

the sensing and quantification of adsorbates with an attogram detection limit. Our approach utilizes 

the Seebeck effect in a microfabricated nanoscale thermocouple junction, incorporated into the 

apex of a microcantilever. We observe minimal thermal mass exhibited by the sensor which 

maintains exceptional thermal insulation. The temperature variation driving the thermoelectric 

junction arises from the non-radiative decay of molecular adsorbates' vibrational states on the tip. 

We demonstrate the detection of physisorbed trinitrotoluene (TNT) and dimethyl 

methylphosphonate (DMMP) molecules, as well as representative polymers, with an estimated 

mass sensitivity of 10-18 g and a temperature resolution of 40 mK. 

 

KEYWORDS: Molecular recognition, calorimetry, microfabricated thermocouple, photothermal 

spectroscopy, infrared sensor  
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One of the most crucial attributes of a chemical sensor is its selectivity, which refers to the sensor's 

ability to differentiate between two chemical species with similar molecular properties1. 

Traditional molecular recognition methods, based on room temperature reversible adsorption on 

immobilized chemical interfaces (receptors) on sensor surfaces, often suffer from poor selectivity 

due to the generic nature of weak chemical interactions2, 3. Additionally, non-uniformity in 

immobilized functional coatings can lead to unacceptable sensor-to-sensor response variability4-6. 

The latter is even more pronounced in micro-, and nano-sensors compared to macro-sensors, such 

as quartz crystal microbalances (QCM), due to their smaller surface areas6, 7. The limited 

selectivity of miniature sensors remains a significant obstacle to their wider adoption and 

commercialization. As a result, enhancing the sensitivity and selectivity of these sensors has 

become a primary focus in the field8-12, encompassing both classical and emerging quantum 

sensors13-16. 

 

Current chemical sensing methods for complex mixtures, such as sensor arrays modified with 

partially selective layers (e.g., electronic noses17), struggle to provide reliable results while 

exhibiting high sensor-to-sensor response variations18, 19. Consequently, there is a pressing need 

for miniature sensing mechanisms that do not rely on functional selective layers. Mechanically 

robust and environmentally stable sensors that depend on weak intermolecular forces 

(physisorption) for molecular adsorption are particularly sought after. Chemical reactions based 

on physisorption, or Van der Waals-type interactions are typically reversible. 

 

In an effort to overcome the issue of insufficient chemical selectivity, studies have focused on the 

combination of microfabricated structures, including microcantilevers and micro-strings, with 

infrared (IR) spectroscopy17, 20, 21. This approach aims to enhance chemical sensors' selectivity and 

sensitivity by leveraging the microfabricated structures' unique properties and advantages of IR 

spectroscopy. Detailed information about adsorbed materials' chemical composition and molecular 

structure can be obtained in the mid-IR (~ 400-4000 cm⁻¹ or 2.5-25 µm) encompassing the 

characteristic absorption bands of various functional groups and bonds present in organic and 

inorganic compounds22. The NIR region (~ 4000-12500 cm⁻¹, or 800-2500 nm), while having its 

own advantages in certain cases, is dominated by overtones and combination bands of the 
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fundamental vibrations, which can lead to broad, overlapping bands, making the interpretation of 

spectral features more challenging23-25. 

 

Microstructures, known for their sensitive transduction of temperature variations, provide an 

excellent platform for photothermal and photoacoustic spectroscopy26, 27. Layered structures with 

differing thermal properties can undergo deformation, both when interacting directly with IR 

radiation and indirectly through the nonradiative decay of adsorbed molecules excited by IR 

radiation. For instance, bi-material cantilevers and micro-strings have been reported to generate 

the spectrum of the radiation source, as well as the spectra of adsorbed molecules interacting with 

the excitation radiation, due to the development of asymmetric stress distribution28, 29. The 

observed signals effectively display both the mechanical resonance spectrum of the oscillator (e.g. 

when the source is properly amplitude modulated) and the molecular resonance spectrum when 

the source is tuned spectrally. One advantage of these techniques is their receptor-free operation. 

However, the sensitivity relies on the thermal capacitance of the sensor, meaning higher (heat) 

energies are needed to increase the sensor temperature. Consequently, the technique's sensitivity 

is limited by the mass of the device20, 21. 

 

The prevalent use of microcantilever probes in various scanning probe microscopy (SPM) 

applications and the growing interest in localized temperature measurements have spurred the 

development of cantilevers with nanoscale thermocouples integrated into their tip regions30, 31. For 

instance, in scanning thermal microscopy (SThM), these specialized probes are utilized for the 

thermal mapping of samples32-34. The embedded thermocouples possess low thermal capacitance, 

meaning they do not exhibit high heat absorption and storage. SThM cantilevers, commonly used 

for surface temperature measurement and thermomechanical actuation, exhibit a high room-

temperature resolution of approximately 40 mK30. While this sensitivity is somewhat inferior to 

that of an optimized bi-material cantilever (~ 10 mK), its active sensor area can be roughly 1012 

times smaller30. Since the thermocouple is located at the free end of the thermal probe, it benefits 

from better insulation from the cantilever's massive (heatsink) base, providing higher thermal 

resistance. 

 



 
4 

 

In this letter, we aim to showcase a sensitive spectroscopic technique based on the thermoelectric 

measurement of physisorbed molecules on a nano-thermocouple embedded within a thermal 

probe. The thermoelectric effect consists of two primary phenomena: the Seebeck effect and the 

Peltier effect. The Seebeck effect refers to the generation of a voltage difference in a material due 

to the presence of a temperature gradient, while the Peltier effect is the reverse process, where a 

voltage applied across a material creates a temperature difference. We leverage the fact that the 

temperature difference between the hot and cold leads plays a crucial role in driving the 

thermoelectric effect while the temperature profile along the lengths of the materials can be 

optimized for improved performance. 

 

In our probe, two distinct metals are deposited as individual stripes on a silicon cantilever and meet 

near the free end of the cantilever to form a nano-junction (thermocouple). The other ends of the 

spatially separated metal stripes form contact electrodes on the cantilever chip's base (Fig. 1). 

Assuming the base remains at room temperature due to its large thermal capacitance, the 

thermocouple junction forms an "active window" near the tip. When the junction's temperature 

increases above room temperature, a voltage can be detected between the room-temperature metal 

electrodes on the cantilever's base. 

 

Upon exposure to IR radiation, the nanoscale junction locally probes the heat generated by the 

non-radiative decay of physisorbed molecules on the tip, leading to a measurable electric potential 

difference. Qualitatively, we can describe the process by denoting the photothermally generated 

heat by ΔQ, assuming it is contributed solely by the molecules at or near the tip thermocouple. 

Consequently, ΔQ is released into a tip volume Ω𝑡𝑡𝑡𝑡 containing the embedded thermocouple. We 

expect the temperature change ΔT in Ω𝑡𝑡𝑡𝑡 to be ΔQ/mC, where m is the mass of Ω𝑡𝑡𝑡𝑡 and C is its 

heat capacity. In response to ΔT, a voltage difference ΔV is induced between the reference contact 

electrodes at the cantilever's base, which is then amplified for readout and display. A well-insulated 

device with a small thermal mass can produce a large ΔT for a small ∆Q. Since ΔQ = ΔQ(λ, P), 

where 𝜆𝜆 is the illumination wavelength and P is the incident IR radiation power absorbed by the 

molecules, the absorption spectrum of the tip adsorbates may be obtained from the thermal probe 

readout. We will now proceed to experimentally demonstrate the described "tip-adsorbed" 

photothermal spectroscopy (TAPS) and theoretically analyze the underlying mechanism. 
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Specifically, we computationally obtain reasonable agreement with the experiments and suggest 

how to optimize the design.   

 

As shown in Fig. 1a., TAPS is implemented using a Si cantilever (length 200 µm, width 50 µm, 

and thickness 3.5 µm) with a 25 nm radius thermocouple embedded in its pyramidal tip. The metal 

leads of the thermocouple, deposited on the cantilever, are thermally insulated by a thin SiO2 layer, 

as explained in the Materials and Methods section. Two different methods were used to deposit 

the target material onto the probe: (A) via AFM imaging, wherein islands of deposited TNT on a 

surface are contacted by the probe; and (B) by directly populating the tip with TNT and DMMP 

via physical vapor deposition (PVD). Details of sample deposition are given in S1.2. Using the 

PVD, we also investigated polymers polydimethylsiloxane (PDMS) and polymethyl methacrylate 

(PMMA) owing to their unique IR absorption peaks in the spectral window considered.  

 

The excited molecular states decay by emitting photons (radiative process) or, in the present case, 

predominantly by producing heat (non-radiative decay). A quantum cascade laser (QCL), tunable 

in 1145 ≤ 𝜐𝜐 [cm−1] ≤ 1410, was used as the source. A calibration was carried out by measuring 

the TAPS signal caused by a known temperature, yielding 45 mV/K. Since the output power of 

the employed QCL is not constant across its spectral window (shown in Supplementary 

Information), our background spectral correction receives contributions from the signal with no 

adsorbate, as well as from the wavelength-dependent power profile of the source. To further 

validate the TAPS spectroscopic signal transduction, we carried out Fourier transform IR 

spectroscopy (FTIR) in the attenuated total reflection (ATR) configuration.  

 

The results are shown in Fig. 1-4. The QCL output beam was amplitude modulated at 50 Hz to 

allow lock-in detection of the probe response (see schematics in Fig. 1c). Figure 1d shows the 

TAPS response when the sensor has been exposed to TNT. The TNT spectra were further explored 

with TAPS in Fig. 2(a) via the Method (A): AFM method, and in Fig. 2(b) via the Method (B): 

PVD method for comparison, and in Fig. 2(c) using the standard FTIR for validation. The observed 

photothermal band with a peak at 1376 cm-1 in Fig. 2 exhibits the characteristics of NO2 stretching 

vibration of the TNT. We note that in these measurements, the added mass was insufficient for the 

mechanical resonance frequency of the cantilever (first frequency of 135 kHz with an estimated 
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sensitivity of 1.2 ng/kHz, see Supplementary Information) to exhibit a shift. Assuming a 1.2 

ng/kHz sensitivity, a significantly higher mass than that observed in the thermoelectric 

measurements would be needed to detect a shift. The TAPS spectra generated using an IR laser 

may feature peaks that are not apparent in the FTIR spectra. Such differences are likely in part due 

to the different background correction procedures. In the FTIR bulk-level measurements, each 

acquired spectrum is corrected with that of the background (i.e., atmosphere and substrate without 

the specimen). In the proof-of-principle TAPS microscale measurements, to correct each spectrum, 

the probe must be removed, coated, and replaced. Additionally, in the TAPS setup, the QCL 

generates a linearly polarized beam in a single spatial mode, nominally TEM00 with a linewidth 

≤ 100 MHz at FWHM when measured over 1 s with a wavelength accuracy ≤ 1 cm-1. The FTIR 

system employed (Bruker VERTEX 70, Massachusetts), on the other hand, achieves sample 

excitation using a thermal source in an interferometric configuration that generates an unpolarized 

beam with a spectral resolution, here, selected to be 4 cm-1. Furthermore, in FTIR spectroscopy, 

one determines the absorption of IR light by a sample (Beer-Lambert) by measuring the remaining 

transmitted or unabsorbed photons using photodetectors. In the TAPS technique, on the other hand, 

one detects IR light by the cantilever responding to the heat generated through photon absorption. 

As such, TAPS represents a direct and complementary calorimetric technique, in contrast to the 

conventional detection of photons not absorbed by the sample.  

 

Figure 3a shows the TAPS spectrum of DMMP and its comparison with the FTIR spectrum 

(averaged 100 times per scan). The TAPS spectrum of PMMA is shown in Fig. 3b, while Fig. 3c 

shows the spectrum of PDMS. An excellent agreement is observed between the TAPS and FTIR 

results, demonstrating the high spectral selectivity of TAPS. The observed photothermal band with 

a peak at 1376 cm-1 in Fig. 3a exhibits the characteristics of P=O stretching mode of DMMP, while 

the peak at 1264 cm-1 in Fig. 3b belongs to the C–O–C stretching of PMMA. The peak at 1268 cm-

1 in Fig. 3c is assigned to CH3 deformation in Si-CH3 of PDMS. The line widths of the TAPS 

spectra appear broader than those observed in the FTIR measurements. In general, the broadening 

of the peaks in conventional solid and liquid phase IR spectra, such as seen in the FTIR spectra 

here, is caused by the relaxation and dephasing of the excited vibrational states and indicates the 

complex, fast dynamic interaction of the molecule with its environment. Clearly, in the case of 

TAPS spectra, other broadening mechanisms are at play, warranting further exploration.  
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We also note that when using the PVD-prepared cantilevers, the adsorbates located away from the 

tip may affect the junction temperature, given the QCL beam diameter of 2.5 mm. To support the 

argument that the Seebeck signal originates mainly from the thermocouple region of the cantilever, 

we displaced the laser beam to alter the excitation region. No thermoelectric signal could be 

observed when the thermocouple surface was excluded. The lack of a potential difference when 

exposing the cantilever surface but not the thermocouple, demonstrates that the spectroscopic 

signal originates mainly from the tip. The cantilever's SiO2 layer provides a barrier to the transfer 

of heat to the thermocouple leads. Since the (cold) reference point for the thermocouple is limited 

to the comparatively massive base of the cantilever, it remains at ambient temperature (here room 

temperature of 293 K). The mass of the cantilever is ~ 19 ng while the base of the cantilever is ~ 

75 µg. The experiments demonstrate that the tip is the main sensitive area, and the base of the 

cantilever has negligible contribution to the Seebeck voltage. These arguments are corroborated 

by our analysis of the computationally obtained solutions, as detailed in the below model. 

 

To develop a model for the observed effect, we investigated the factors that could contribute to the 

TAPS signal. Importantly, how the photothermally generated temperature varies with the quantity 

of adsorbed material needs to be determined. The thermocouple temperature can be measured with 

a sensitivity of 0.01 ℃ using a low-noise electronic module (VertiSense, AppNano, California), 

typically used as a thermal imaging amplifier in SThM. The result, displayed in Fig. 4a, verifies 

the expected dependence of temperature increases with the increase in the quantity of the 

adsorbates. A positive correlation was also found between the TAPS signal and the laser power, 

as shown in Fig. 4b. 

 

To further elucidate both the thermal and thermoelectric responses of the TAPS sensor and to 

illustrate how the system can be tailored for optimal performance, we conducted a computational 

analysis. By modeling the entire sensor system, the system's behavior can be investigated under 

parametric conditions. The tip is made of SiO2 and incorporates two metal substructures made of 

constantan and nichrome that form the two thermoelectric junctions. Obtaining the stationary 

thermal response of the cantilever part (sans the tip) is trivial and is not treated here as it is not 

critical to the thermoelectric events. Assume the sensor is made up of 𝑁𝑁 layers occupying the 
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spatial domains Ω𝑖𝑖, 𝑖𝑖 = 1 − 𝑁𝑁. Prior to experiments, the sensor is at room temperature, ambient 

pressure of 1 Pa, and zero relative humidity so that the initial condition may be taken to be: 

𝑇𝑇(𝒙𝒙, 𝑡𝑡)|𝑡𝑡=0 = 𝑇𝑇0 = 293.15 K, for each sensor point ∀𝒙𝒙 ∈ Ω𝑖𝑖, prior to the arrival of the first QCL 

pulse. All boundaries (normal vector 𝐧𝐧), except for the tip boundary, are assumed to have zero 

heat flux 𝝓𝝓, that is, are thermally insulated (𝐧𝐧 ∙ 𝝓𝝓 = 0). We assume no other sources of radiation 

interacts with the adsorbates. Note that the domains Ω𝑖𝑖 here account for all the fabrication material 

layers occupied by sensor domain Ω. Given that any temperature rises above 𝑇𝑇0, caused by the 

QCL pulses, follow: 𝑇𝑇(𝑡𝑡)/𝑇𝑇0 = 1 + 𝛿𝛿(𝑡𝑡) , where 𝛿𝛿  is small and depends on the amplitude 

modulation of the QCL beam, we assume any radiative heat transfer to be negligible. Additionally, 

since the probe’s surface area is also small, we neglect any heat transfer by convection. Preliminary 

computational results can readily show that the heat transport through Ω occurs on time scales 

faster than ms. For the undriven cantilever subject only to noise, dissipative effects, other than the 

Joule heating, such as thermo-elasticity do not contribute to the temperature distribution. 

Therefore, for the QCL amplitude modulation frequencies considered in this work, 𝑓𝑓𝑄𝑄𝑄𝑄𝑄𝑄~50 Hz, 

we only need to solve the stationary (𝜕𝜕𝑡𝑡𝑇𝑇 → 0) heat equation sourced by field-induced and 

temperature-induced (Seebeck) currents 𝑱𝑱 and no Peltier term: 

 

∇ ∙ [𝑘𝑘(𝒙𝒙, T)∇𝑇𝑇(𝒙𝒙)] = −𝑱𝑱.𝑬𝑬 = −[−𝜎𝜎(𝒙𝒙, T)∇V(𝒙𝒙)− 𝜎𝜎(𝒙𝒙, T)𝑆𝑆(𝒙𝒙, T)∇T(𝒙𝒙)] ∙ [−∇V(𝒙𝒙)], (1) 

 

Where V  is the electric scalar potential of the field 𝑬𝑬 , and 𝜎𝜎 , 𝑘𝑘  are the electric and thermal 

conductivities, respectively, while 𝑆𝑆 denotes the Seebeck coefficient of a domain. Here, 𝑉𝑉 = 0 is 

understood as the initial value of the potential, corresponding to temperature uniformity. With no 

other charges present, we note the current is conserved, thus:  

 

∇ ∙ 𝑱𝑱 = ∇ ∙ [−𝜎𝜎Ω(T)∇V − 𝜎𝜎Ω𝑆𝑆Ω∇T(𝒙𝒙)] = 0, (2) 

 

where at the sensor outer boundaries, we assume no transport (𝐧𝐧 ∙ 𝑱𝑱 = 0). We assume 𝑉𝑉 = 0 V for 

the potential on the end boundary (terminal) of the constantan layer, while the start boundary (tip 

radius 𝑅𝑅 = 25 nm) may be modeled as an unconnected perfect conductor. Prior to presenting the 
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solutions, we note that using simplifying assumptions (see supplementary materials for details), 

the thermoelectric potential for a 1D problem may be given as: 

 

� 𝑑𝑑𝑑𝑑
𝑉𝑉

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟
= ∆𝑉𝑉 = � [𝑆𝑆𝐵𝐵(𝑇𝑇) − 𝑆𝑆𝐴𝐴(𝑇𝑇)]

𝑇𝑇

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟
𝑑𝑑𝑑𝑑.         (3) 

 

This simple result generates a rough estimate of Δ𝑉𝑉 = −60 𝜇𝜇V (or 60 𝜇𝜇V), if swapping the 

materials) when using 𝑆𝑆𝐵𝐵(𝑇𝑇) ≈ 𝑆𝑆𝐵𝐵�𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟� = −35 × 10−6  VK-1 for constantan, and 𝑆𝑆𝐴𝐴(𝑇𝑇) ≈

𝑆𝑆𝐴𝐴�𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟� = 25 × 10−6  VK-1 for nichrome. If the IR radiation is instantly absorbed by the 

absorbates, which leads to 𝛿𝛿 = 3.4 × 10−3, or a tip temperature just one degree above the initial 

temperature, a reasonable assumption based on the experimental observations, we obtain the 

temperature and thermoelectric potential distributions by solving the thermoelectric equations (see 

supplementary materials for details). We will first consider an overall metal electrode arrangement 

likely to be implemented in sensors such as that experimented with here. The results are shown in 

Fig. 5. For a pyramidal tip, a good estimate of the thermal response is computed in Fig. 5. These 

results require 3D meshing of the model tip. Since for a conical tip, only negligible deviation is 

expected when compared to a pyramidal tip, we also compute the conical case in which the 

cylindrical symmetry can be utilized to reduce the computational burden. The results are shown in 

Fig. 5. These results are consistent with the experimental observations and demonstrate how the 

design of more specialized sensors can be achieved. 

 

In conclusion, the presented photothermal generation of spectral data by TAPS is found to facilitate 

robust metrology for small adsorbate quantities. The results suggest that the observed atto-gram 

sensitivity for molecular recognition of physisorbed molecules can be improved with additional 

nanofabrication optimization and design innovation including the exploration of new materials for 

thermal management in the neighborhood of the tip region. Given that the QCL technology could 

offer line widths as narrow as 0.00002 cm-1 or ~ 0.5 MHz35, spectral optimization can be further 

explored. The employed cantilever (thermal probe), fabricated to incorporate a nano-

thermocouple, can therefore be viewed as a sensor platform for the detection of an exceedingly 

small number of adsorbates. Concluding that only the molecules adsorbed on the thermocouple tip 
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surface of the thermal probe produce the observed IR spectral response, is a major finding and 

impetus in favor of such a platform. In addition, since excitation/de-excitation times are orders of 

magnitude smaller than the time of temperature measurements, an extremely small number of 

molecules could be detected by increasing the fluence of the excitation source. Therefore, by 

optimizing the thermal mass, thermal conductance, irradiation time, and IR fluence, this method 

can provide exciting opportunities for developing high-performance sensors with very high 

sensitivity, selectivity, and ease of operation. The presented computational results demonstrate that 

design based on incorporating such material and geometry optimization strategies is possible via 

parametric studies of a 3D model that accurately accounts for all nanoscale material layers and 

shapes. For example, we envision the fabrication of an advanced tip in which a Peltier subsystem 

could also be integrated with the Seebeck subsystem to allow the creation of a higher temperature 

gradient. 

ASSOCIATED CONTENT 

Additional details on the nanothermal probe, TAPS experimental arrangement, photothermal 

spectroscopy, the comparison of performance between the bi-material cantilever and nanothermal 

probe, a detailed analysis of experimental data on another set of nanoprobes, QCL power profile, 

calculations of adsorbed mass on the nanoprobe, and the computational model are given in the 

Supplementary Information. This material is available free of charge via the Internet at 
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Figures:  

 
Figure 1. Tip-Adsorbed Photothermal Spectroscopy (TAPS). (a) Schematics of the embedded 

thermocouple on the tip of the thermal probe (image acquired with a focused ion beam during 

fabrication). (b) Illustration of the molecular adsorption on a 50 nm diameter tip. (c) Schematics 

of the experimental setup. (d) TAPS measurement of the PDMS.  

  
 



 
12 

 

 
Figure 2. Comparison between TAPS and FTIR spectra of TNT. TAPS spectra exhibit additional 

features not observed in the FTIR spectrum. The TAPS spectra shown correspond to the two 

deposition methods (A) and (B), that is, AFM-image and PVD, respectively. The experimental 

setup amplifies the TAPS signal from µV to mV. (c) FTIR spectrum of TNT obtained under 

attenuated total reflection (ATR) condition. The single vibrational peak observed corresponds to 

the stretching of NO2. 
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Figure 3. TAPS versus FTIR spectroscopy. (a) DMMP, (b) PMMA, (c) PDMS. All analytes were 

deposited via physical vapor deposition. 
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Figure. 4. (a) Photothermally induced temperature changes in TAPS as a function of time and 

calculated adsorbed PDMS mass on the tip of the probe as a function of time. The adsorbed mass 

is estimated from the adsorption rate determined using a QCM in an identical setup. (b) 

Temperature changes in TAPS as a function of QCL output power. The experiments were 

conducted with a thermocouple with 384 ag of PDMS. Error bars are shown in blue.  
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Figure 5. Computational study of the thermoelectric properties of TAPS. The temperature (top) 

is visualized by opening a section of the tip to display the interior distribution. The lower part of 

the tip and the cantilever are excluded for visual clarity. A single contour level at 293.22 K is 

provided to better elucidate the significant temperature discontinuity caused by the various 

layers. The dashed circle indicates the location of the thermoelectric junction. Owing to the 

nonzero Seebeck coefficients of the annotated materials, the computed temperature distribution 

induces an electric potential distribution (bottom). The single contour at -29.45 𝜇𝜇V illustrates the 

behavior of the potential formed near the junction. Experimental setup amplifies the signal to 

mV.  
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