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4 ABSTRACT: Molecular-level spectroscopy is crucial for sensing and imaging applications, yet
5 detecting and quantifying minuscule quantities of chemicals remain a challenge, especially
6 when they surface adsorb in low numbers. Here, we introduce a photothermal spectroscopic
7 technique that enables the high selectivity sensing of adsorbates with an attogram detection
8 limit. Our approach utilizes the Seebeck effect in a microfabricated nanoscale thermocouple
9 junction, incorporated into the apex of a microcantilever. We observe minimal thermal mass

10 exhibited by the sensor, which maintains exceptional thermal insulation. The temperature
11 variation driving the thermoelectric junction arises from the nonradiative decay of molecular
12 adsorbates’ vibrational states on the tip. We demonstrate the detection of photothermal
13 spectra of physisorbed trinitrotoluene (TNT) and dimethyl methylphosphonate (DMMP)
14 molecules, as well as representative polymers, with an estimated mass of 10−18 g.

15 KEYWORDS: molecular recognition, calorimetry, microfabricated thermocouple, photothermal spectroscopy, infrared sensor

16 One of the most crucial attributes of a chemical sensor is
17 its selectivity, which refers to the sensor’s ability to
18 differentiate between two chemical species with similar
19 molecular properties.1 Traditional molecular recognition
20 methods, based on room temperature reversible adsorption
21 on immobilized chemical interfaces (receptors) on sensor
22 surfaces, often suffer from poor selectivity due to the generic
23 nature of weak chemical interactions.2,3 Additionally, non-
24 uniformity in immobilized functional coatings can lead to
25 unacceptable sensor-to-sensor response variability.4−6 The
26 latter is even more pronounced in micro- and nanosensors
27 compared to macrosensors, such as quartz crystal micro-
28 balances (QCM), due to their smaller surface areas.6,7 The
29 limited selectivity of miniature sensors remains a significant
30 obstacle to their wider adoption and commercialization. As a
31 result, enhancing the sensitivity and selectivity of these sensors
32 has become a primary focus in the field,8−12 encompassing
33 both classical and emerging quantum sensors.13−16

34 In an effort to overcome the issue of insufficient chemical
35 selectivity, studies have focused on the combination of
36 microfabricated structures, including microcantilevers and
37 microstrings, with infrared (IR) spectroscopy.17−19 This
38 approach aims to enhance chemical sensors’ selectivity and
39 sensitivity by leveraging the microfabricated structures’ unique
40 properties and advantages of IR spectroscopy. Detailed
41 information about adsorbed materials’ chemical composition
42 and molecular structure can be obtained in the mid-IR region
43 (∼400−4000 cm−1) encompassing the characteristic absorp-
44 tion bands of various functional groups and bonds present in
45 organic and inorganic compounds.20 The NIR region

46(∼4000−12500 cm−1), while having its own advantages in
47certain cases, is dominated by overtones and combination
48bands of the fundamental vibrations, which can lead to broad,
49overlapping bands, making the interpretation of spectral
50features more challenging.21−23

51Microstructures, known for their sensitive transduction of
52temperature variations, provide an excellent platform for
53photothermal and photoacoustic spectroscopy.24,25 Layered
54structures with differing thermal properties can undergo
55deformation, when interacting both directly with IR radiation
56and indirectly through the nonradiative decay of adsorbed
57molecules excited by IR radiation. For instance, bimaterial
58cantilevers and microstrings have been reported to generate
59the spectrum of the radiation source, as well as the spectra of
60adsorbed molecules interacting with the excitation radiation,
61due to the development of asymmetric stress distribution.26,27

62The observed signals effectively display both the mechanical
63resonance spectrum of the oscillator (e.g., when the source is
64properly amplitude modulated) and the molecular resonance
65spectrum when the source is tuned spectrally. One advantage
66of these techniques is their receptor-free operation. However,
67the sensitivity relies on the thermal capacitance of the sensor,
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68 meaning that higher (heat) energies are needed to increase the
69 sensor temperature. Consequently, the technique’s sensitivity
70 is limited by the mass of the device.18,19

71 The prevalent use of microcantilever probes in various
72 scanning probe microscopy (SPM) applications and the
73 growing interest in localized temperature measurements have
74 spurred the development of cantilevers with nanoscale
75 thermocouples integrated into their tip regions.28,29 For
76 instance, in scanning thermal microscopy (SThM), these
77 specialized probes are utilized for the thermal mapping of
78 samples.30−32 The embedded thermocouples possess low
79 thermal capacitance, meaning that they do not exhibit high
80 heat absorption and storage. SThM cantilevers, commonly
81 used for surface temperature measurement and thermome-
82 chanical actuation, exhibit a high room-temperature resolution
83 of approximately 40 mK.28 While this sensitivity is somewhat
84 inferior to that of an optimized bimaterial cantilever (∼10
85 mK), its active sensor area can be roughly 1012 times smaller.28

86 Because the thermocouple is located at the free end of the
87 thermal probe, it benefits from better insulation from the
88 cantilever’s massive (heatsink) base, providing higher thermal
89 resistance.
90 In this Letter, we aim to showcase a sensitive spectroscopic
91 technique based on the thermoelectric measurement of
92 physisorbed molecules on a nanothermocouple embedded
93 within a thermal probe. The thermoelectric effect consists of
94 two primary phenomena: the Seebeck effect and the Peltier
95 effect. The Seebeck effect refers to the generation of a voltage
96 difference in a material due to the presence of a temperature
97 gradient, while the Peltier effect is the reverse process, where a
98 voltage applied across a material creates a temperature
99 difference. We leverage the fact that the temperature difference

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

101the thermoelectric effect, while the temperature profile along
102the lengths of the materials can be optimized for improved
103performance.
104In our probe, two distinct metals are deposited as individual
105stripes on a silicon cantilever and meet near the free end of the
106cantilever to form a nanojunction (thermocouple). The other
107ends of the spatially separated metal stripes form contact
108 f1electrodes on the cantilever chip’s base (Figure 1). Assuming
109the base remains at room temperature due to its large thermal
110capacitance, the thermocouple junction forms an “active
111window” near the tip. When the junction’s temperature
112increases above room temperature, a voltage can be detected
113between the room-temperature metal electrodes on the
114cantilever’s base.
115Upon exposure to IR radiation, the nanoscale junction
116locally probes the heat generated by the nonradiative decay of
117physisorbed molecules on the tip, leading to a measurable
118electric potential difference. Qualitatively, we can describe the
119process by denoting the photothermally generated heat by ΔQ,
120assuming that it is contributed solely by the molecules at or
121near the tip thermocouple. Consequently, ΔQ is released into a
122tip volume Ωtc containing the embedded thermocouple. We
123expect the temperature change ΔT in Ωtc to be ΔQ/mC, where
124m is the mass of Ωtc and C is its heat capacity. In response to
125ΔT, a voltage difference ΔV is induced between the reference
126contact electrodes at the cantilever’s base, which is then
127amplified for readout and display. A well-insulated device with
128a small thermal mass can produce a large ΔT for a small ΔQ.
129Because ΔQ = ΔQ(λ,P), where λ is the illumination
130wavelength and P is the incident IR radiation power absorbed
131by the molecules, the absorption spectrum of the tip
132adsorbates may be obtained from the thermal probe readout.
133We will now proceed to experimentally demonstrate the

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.
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134 described “tip-adsorbed” photothermal spectroscopy (TAPS)
135 and theoretically analyze the underlying mechanism. Specifi-
136 cally, we computationally obtained reasonable agreement with
137 the experiments and suggested how to optimize the design.
138 As shown in Figure 1a, TAPS is implemented using a Si
139 cantilever (length 200 μm, width 50 μm, and thickness 3.5
140 μm) with a 25 nm radius thermocouple embedded in its
141 pyramidal tip. The metal leads of the thermocouple, deposited
142 on the cantilever, are thermally insulated by a thin SiO2 layer,
143 as explained in the Experimental Details section. Two different
144 methods were used to deposit the target material onto the
145 probe: (A) via AFM imaging, wherein islands of deposited
146 TNT on a surface are contacted by the probe; and (B) by
147 directly populating the tip with TNT and DMMP via physical
148 vapor deposition (PVD). Details of the sample deposition are
149 given in Section S1.2. Using the PVD, we also investigated
150 polymers polydimethylsiloxane (PDMS) and poly(methyl
151 methacrylate) (PMMA) owing to their unique IR absorption
152 peaks in the spectral window considered.
153 The excited molecular states decay by emitting photons
154 (radiative process) or, in the present case, predominantly by
155 producing heat (nonradiative decay). A quantum cascade laser
156 (QCL), tunable at 1145 ≤ υ [cm−1] ≤ 1410, was used as the
157 source. A calibration was performed by measuring the TAPS
158 signal caused by a known temperature, yielding 45 mV/K.
159 Because the output power of the employed QCL is not
160 constant across its spectral window (shown in the Supporting
161 Information), our background spectral correction receives
162 contributions from the signal with no adsorbate as well as from
163 the wavelength-dependent power profile of the source. To
164 further validate the TAPS spectroscopic signal transduction, we
165 performed Fourier transform IR spectroscopy (FTIR) in the
166 attenuated total reflection (ATR) configuration.
167 The results are listed in Figures 1−4. The QCL output beam
168 was amplitude modulated at 50 Hz to allow lock-in detection
169 of the probe response (see schematics in Figure 1c). Figure 1d
170 shows the TAPS response when the sensor has been exposed
171 to TNT. The TNT spectra were further explored with TAPS in

f2 172 Figure 2a via method A: AFM method, and in Figure 2b via
173 method B: PVD method, for comparison and in Figure 2c
174 using the standard FTIR for validation. The observed
175 photothermal band with a peak at 1376 cm−1 in Figure 2
176 exhibits the characteristics of the NO2 stretching vibration of
177 the TNT.
178 Photothermal signal represents the combined effect of
179 adsorbed mass, de-excitation pathways of the molecules, and
180 IR intensity. Therefore, our mass estimates are species-specific
181 and not absolute. The added mass was insufficient for the
182 mechanical resonance frequency of the cantilever (first
183 frequency of 135 kHz with an estimated sensitivity of 1.2
184 ng/kHz; see the Supporting Information) to exhibit a shift.
185 Assuming a 1.2 ng/kHz sensitivity, a significantly higher mass
186 than that observed in the thermoelectric measurements would
187 be needed to detect a shift. The TAPS spectra generated using
188 an IR laser may feature peaks that are not apparent in the FTIR
189 spectra. Such differences are likely in part due to the different
190 background correction procedures. In the FTIR bulk-level
191 measurements, each acquired spectrum is corrected with that
192 of the background (i.e., atmosphere and substrate without the
193 specimen). In the proof-of-principle TAPS microscale
194 measurements, to correct each spectrum, the probe must be
195 removed, coated, and replaced. Additionally, in the TAPS
196 setup, the QCL generates a linearly polarized beam in a single

197spatial mode, nominally TEM00 with a line width ≤100 MHz
198at FWHM when measured over 1 s with a wavelength accuracy
199≤1 cm−1. The FTIR system employed (Bruker VERTEX 70,
200Billerica, MA), on the other hand, achieves sample excitation
201using a thermal source in an interferometric configuration that
202generates an unpolarized beam with a spectral resolution, here
203selected to be 4 cm−1. Furthermore, in FTIR spectroscopy, one
204determines the absorption of IR light by a sample (Beer−
205Lambert) by measuring the remaining transmitted or
206unabsorbed photons using photodetectors. In the TAPS
207technique, on the other hand, one detects IR light by the
208cantilever responding to the heat generated through photon
209absorption. As such, TAPS represents a direct and comple-
210mentary calorimetric technique, in contrast to the conventional
211detection of photons not absorbed by the sample.
212 f3Figure 3a shows the TAPS spectrum of DMMP and its
213comparison with the FTIR spectrum (averaged 100 times per
214scan). The TAPS spectrum of PMMA is shown in Figure 3b,
215while Figure 3c shows the spectrum of PDMS. An excellent
216agreement is observed between the TAPS and FTIR results,
217demonstrating the high spectral selectivity of TAPS. The
218observed photothermal band with a peak at 1376 cm−1 in
219Figure 3a exhibits the characteristics of the P�O stretching

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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220 mode of DMMP, while the peak at 1264 cm−1 in Figure 3b
221 belongs to the C−O−C stretching of PMMA. The peak at
222 1268 cm−1 in Figure 3c is assigned to CH3 deformation in Si−
223 CH3 of PDMS. The line widths of the TAPS spectra appear
224 broader than those observed in the FTIR measurements. In
225 general, the broadening of the peaks in conventional solid and
226 liquid phase IR spectra, such as seen in the FTIR spectra here,
227 is caused by the relaxation and dephasing of the excited
228 vibrational states and indicates the complex, fast dynamic
229 interaction of the molecule with its environment. Broadening
230 effects can reduce spectral differentiation. With optimization
231 and machine learning,33 spectral differentiation could be
232 improved. Clearly, in the case of TAPS spectra, other

233broadening mechanisms are at play, warranting further
234exploration.
235We also note that when using the PVD-prepared cantilevers,
236the adsorbates located away from the tip may affect the
237junction temperature, given the QCL beam diameter of 2.5
238mm. To support the argument that the Seebeck signal
239originates mainly from the thermocouple region of the
240cantilever, we displaced the laser beam to alter the excitation
241region. No thermoelectric signal could be observed when the
242thermocouple surface was excluded. The lack of a potential
243difference when exposing the cantilever surface but not the
244thermocouple demonstrates that the spectroscopic signal
245originates mainly from the tip. The cantilever’s SiO2 layer
246provides a barrier to the transfer of heat to the thermocouple
247leads. Because the (cold) reference point for the thermocouple
248is limited to the comparatively massive base of the cantilever, it
249remains at ambient temperature (here, room temperature of
250293 K). The mass of the cantilever is ∼19 ng while the base of
251the cantilever is ∼75 μg. The experiments demonstrate that the
252tip is the main sensitive area, and the base of the cantilever has
253a negligible contribution to the Seebeck voltage. These
254arguments are corroborated by our analysis of the computa-
255tionally obtained solutions, as detailed in the model below.
256To develop a model for the observed effect, we investigated
257the factors that could contribute to the TAPS signal.
258Importantly, how the photothermally generated temperature
259varies with the quantity of adsorbed material must be
260determined. The thermocouple temperature can be measured
261with a sensitivity of 0.01 °C using a low-noise electronic
262module (VertiSense, AppNano, Mountain View, CA), typically
263used as a thermal imaging amplifier in SThM. A simple noise
264analysis gives Nthermal ∼ 130−900 nV, which is sufficiently
265smaller than the TAPS signal (Supporting Information). The
266 f4result, displayed in Figure 4a, verifies the expected dependence
267of temperature increases with the increase in the quantity of
268the adsorbates. A positive correlation was also found between
269the TAPS signal and the laser power, as shown in Figure 4b.
270We note here that the use of the QCM-based gravimetric
271measurement, yielding a relatively low sensitivity, provides an
272estimate of the “adsorption rate” rather than an absolute mass
273calibration.
274To further elucidate both the thermal and thermoelectric
275responses of the TAPS sensor and to illustrate how the system
276can be tailored for optimal performance, we conducted a
277computational analysis. By modeling the entire sensor system,
278the system’s behavior can be investigated under parametric
279conditions. The tip is made of SiO2 and incorporates two metal
280substructures made of constantan and nichrome that form the
281two thermoelectric junctions. Obtaining the stationary thermal
282response of the cantilever part (sans the tip) is trivial and is not
283treated here, as it is not critical to the thermoelectric events.
284Assume the sensor consists of N layers occupying the spatial
285domains Ωi, i = 1−N. Prior to experiments, the sensor is at
286room temperature, an ambient pressure of 1 Pa, and zero
287relative humidity so that the initial condition may be taken to
288be T(x,t)|t=0 = T0 = 293.15 K, for each sensor point ∀x ∈ Ωi,
289prior to the arrival of the first QCL pulse. All boundaries
290(normal vector n), except for the tip boundary, are assumed to
291have zero heat flux ϕ; that is, they are thermally insulated (n·ϕ
292= 0). We assume no other sources of radiation interacts with
293the adsorbates. Note that the domains Ωi here account for all
294of the fabrication material layers occupied by sensor domain Ω.
295Given that any temperature rises above T0, caused by the QCL

Figure 3. TAPS versus FTIR spectroscopy: (a) DMMP, (b) PMMA,
and (c) PDMS. All analytes were deposited via physical vapor
deposition.
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296 pulses, follows T(t)/T0 = 1 + δ(t), where δ is small and
297 depends on the amplitude modulation of the QCL beam, we
298 assume any radiative heat transfer to be negligible. Addition-
299 ally, because the probe’s surface area is also small, we neglect
300 any heat transfer by convection. Preliminary computational
301 results can readily show that the heat transport through Ω
302 occurs on time scales faster than ms. For the undriven
303 cantilever subject only to noise, dissipative effects, other than
304 the Joule heating, such as thermoelasticity do not contribute to
305 the temperature distribution. Therefore, for the QCL
306 amplitude modulation frequencies considered in this work,
307 fQCL ∼ 50 Hz, we need to solve only the stationary (∂tT → 0)
308 heat equation sourced by the field-induced and temperature-
309 induced (Seebeck) currents J and no Peltier term:

·[ ] = · = [
]·[ ]

k T T T V

T S T T V

x x J E x x

x x x x

( , ) ( ) ( , ) ( )

( , ) ( , ) ( ) ( )310 (1)

311 where V is the electric scalar potential of the field E, and σ and
312 k are the electric and thermal conductivities, respectively, while
313 S denotes the Seebeck coefficient of a domain. Here, V = 0 is
314 understood as the initial value of the potential, corresponding
315 to the temperature uniformity. With no other charges present,
316 we note the current is conserved; thus

· = ·[ ] =J T V S T x( ) ( ) 0317 (2)

318 where at the sensor outer boundaries, we assume no transport
319 (n·J = 0). We assume V = 0 V for the potential on the end
320 boundary (terminal) of the constantan layer, while the start
321 boundary (tip radius R = 25 nm) may be modeled as an
322 unconnected perfect conductor. While heat loss due to
323 conduction through the wire and silicon dioxide layer is fully
324 accounted for, we note that here the radiative heat loss
325 (considering the nanosized sensor at T ≈ T0) is generally
326 much smaller than losses due to conduction or convection. A
327 simple estimation using cantilever parameters shows that
328 conduction through the base and the chip is the dominant
329 mode of heat transfer for TAPS (see the Supporting
330 Information)
331 If the IR radiation is instantly absorbed by the absorbates,
332 which leads to δ = 3.4 × 10−3, or a tip temperature just one
333 degree above the initial temperature, a reasonable assumption

334based on the experimental observations, we obtain the
335temperature and thermoelectric potential distributions by
336solving the thermoelectric equations (see the Supporting
337Information for details). We will first consider an overall metal
338electrode arrangement likely to be implemented in sensors
339such as that experimented with here. The results are shown in
340 f5Figure 5. For a pyramidal tip, a good estimate of the thermal
341response is computed in Figure 5. These results require 3D
342meshing of the model tip. Because for a conical tip only
343negligible deviation is expected when compared to a pyramidal
344tip, we also compute the conical case in which the cylindrical
345symmetry can be utilized to reduce the computational burden.
346The results are shown in Figure 5. These results are consistent
347with the experimental observations and demonstrate how the
348design of more specialized sensors can be achieved.
349In conclusion, the presented photothermal generation of
350spectral data by TAPS is found to facilitate robust metrology
351for small adsorbate quantities. The results suggest that the
352observed attogram detection limit for molecular recognition of
353physisorbed molecules can be improved with additional
354nanofabrication optimization and design innovation, including
355the exploration of new materials for thermal management in
356the neighborhood of the tip region. Given that the QCL
357technology could offer line widths as narrow as 0.00002 cm−1

358or ∼0.5 MHz,34 spectral optimization can be further explored.
359The employed thermal probe, fabricated to incorporate a
360nanothermocouple, can therefore be viewed as a sensor
361platform for the detection of an exceedingly small number of
362adsorbates. Concluding that only the molecules adsorbed on
363the thermocouple tip surface of the thermal probe produce the
364observed IR spectral response is a major finding and impetus in
365favor of such a platform. In addition, because excitation/
366deexcitation times are orders of magnitude smaller than the
367time of temperature measurements, an extremely small number
368of molecules could be detected by increasing the fluence of the
369excitation source. Therefore, by optimizing the thermal mass,
370thermal conductance, irradiation time, and IR fluence, this
371method can provide exciting opportunities for developing high-
372performance sensors with very high sensitivity, selectivity, and
373ease of operation. The presented computational results
374demonstrate that design based on incorporating such material

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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375 and geometry optimization strategies is possible via parametric
376 studies of a 3D model that accurately accounts for all nanoscale
377 material layers and shapes. For example, we envision the
378 fabrication of multiple junctions within an advanced tip or one
379 in which a Peltier subsystem could also be integrated with the
380 Seebeck subsystem to allow for the creation of a higher
381 temperature gradient.
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