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Plasmonic absorbers with optical cavity are fabricated using deposition of thin gold 

films on both sides of nanoporous anodic aluminum oxide (AAO) microcantilevers. 

Photothermal/opto-calorimetric responses of the microcantilevers are investigated with 

respect to various pore sizes and gold coating thicknesses. Photothermal/opto-

calorimetric response of the AAO cantilever is significantly amplified when gold layer 

thickness is at 40 nm due to scattering and trapping of infrared (IR) radiation in the gold 

nanomesh/AAO nanochannels/gold layer structure. Unlike previous photothermal IR 

spectroscopy of adsorbed molecules with a bimetallic AAO cantilever, the reversed IR 

spectra are obtained due to significantly amplified baseline photothermal signal and IR 

absorption of free molecules. Molecular detection sensitivity is enhanced by an order of 
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magnitude compared with the previous photothermal IR spectroscopy of adsorbed 

molecules on a bimetallic AAO cantilever. The acetone vapor molecules are selectively 

recognized using the reversed IR spectra. 
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Conventional infrared (IR) spectroscopy has been widely utilized in various 

applications such as industrial process monitoring, environmental monitoring, forensic 

analysis, and medical diagnosis since it can selectively detect target molecules using 

molecular vibrational characteristics. Although IR spectroscopy is an attractive technique 

for label-free recognition of target molecules, it is not very sensitive as a sensor for trace 

detection. Therefore, developing techniques for enhancing detection sensitivity are 

essential for its use as high sensitivity sensors for trace detection. There have been 

several strategies to improve performance of IR spectroscopy-based gas/vapor sensors by 

developing high quality IR light sources and high-performance IR detectors, and by 

designing long-path optical gas/vapor cells.1 Rapid advances in the nano/micro-

fabrication technologies have enabled many research groups to explore highly sensitive 

IR detectors by coating versatile optical absorbers. For example, Fabry-Perot (FP) type 

metal-insulator-metal optical cavity, multi-layered resonant micro-cavity, photonic crystal 

structures, plasmonic nanostructures, nanoporous metal oxide structures, and vertically 

aligned nanotubes/wires have been introduced as high-performance optical absorbers.2-11 

Usually, optical absorbers have been designed and demonstrated to enhance IR 

absorption at specific spectral range. Recently, broadband IR absorption from the visible 

to mid IR regimes has been reported by fabricating plasmonic absorbers based on 

nanoporous templates.9, 10 These highly efficient, broadband plasmonic absorbers have 

potential applications in a wide range of areas that include photothermal/opto-
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calorimetric spectroscopy, IR imaging, solar energy conversion through 

thermoelectronics and thermophotovoltaics.  

Recently, we have demonstrated nanoporous microcantilevers having large surface 

area and high thermomechanical sensitivity as ultrasensitive thermal transducers for 

photothermal/opto-calorimetric IR spectroscopy, which allows highly sensitive and 

selective detection of chemical molecules.12-15 Here, we report the enhancement of 

photothermal/opto-calorimetric sensitivity of a nanoporous microcantilever by exploiting 

plasmonic absorbers with optical cavity. Thin gold films are deposited on both sides of 

anodic aluminum oxide (AAO) microcantilevers to convert them into plasmonic 

absorbers with optical cavity. An order of magnitude increase in the amplitudes of 

photothermal spectra of target molecules was observed due to enhanced 

photothermal/opto-calorimetric sensitivity of nanoporous AAO microcantilevers. 

Selective and sensitive detection of acetone vapor is demonstrated using the nanoporous 

AAO microcantilever with optical cavity. 

The nanoporous AAO cantilevers are fabricated by microfabrication processes with 

the AAO layer on Al substrate. Nanopores of uniform sizes are fabricated by second 

anodization processes on Al substrate. The pore diameter is controlled by pore widening 

process after second anodization. Two different pore diameters (40 and 70 nm) are 

fabricated with pore-to-pore distance of around 100 nm. The fabrication detail of AAO 

microcantilevers can be found elsewhere.16,17 Figure 1 shows top and side views of 

scanning electron microscopy (SEM) images for the fabricated AAO microcantilever at 
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different magnifications. Each AAO cantilever in the array is 450 µm long, 90 µm wide, 

and 1.8 µm thick. The AAO cantilevers having average pore diameters of ~ 40 nm 

(AAO40) and ~ 70 nm (AAO70) are shown in Figure 1(b) and (c), respectively. Figure 

1(d) shows a side view of SEM image of well-ordered pores with AAO70. The top side 

of each microcantilever has well-ordered open pores and the bottom side is sealed by an 

aluminum oxide barrier layer, which provides large surface area on the porous top side 

and high surface stress on the flat bottom side. Effective Young’s modulus of AAO40 and 

AAO70 is determined to be ~ 35 and ~ 8 GPa from the resonance frequency 

measurements of the cantilever, respectively.16,17 The thin gold layer with thickness of 50 

nm, calculated optimal thickness of gold coating for the highest photothermal deflection 

sensitivity18, is deposited on the bottom side of the AAO cantilever. After taking 

reference photothermal/opto-calorimetric IR spectrum of the AAO cantilever, 20 (or 40) 

nm-thick gold layer is deposited using a thermal evaporator on the top side of the AAO 

cantilever. This process results in the formation of gold nanomesh/AAO 

nanochannels/gold layer structure, a plasmonic absorber with optical cavity. 

For the photothermal/opto-calorimetric IR spectroscopy, the AAO microcantilever is 

mounted inside a tilted quartz flow cell covered with a ZnSe window and placed in the 

head unit of MultiMode Atomic Force Microscope (AFM) (Bruker, Santa Barbara, 

CA).15 The quantum cascade laser (Daylight Solutions UT-6) is used as a high power IR 

source. The pulsed IR radiation of 100 kHz with 5% duty cycle from the UT-6 is 

electrically modulated at 20 Hz using a DS345 function generator (Stanford Research 
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Systems, Sunnyvale, CA) and is directed to illuminate the AAO cantilever. The IR 

wavelength is scanned from 5.675 µm to 6.39 µm (1762 cm-1 to 1565 cm-1 in 

wavenumber) with a step size of 5 nm (0.2 cm-1 in wavenumber). The photothermal/opto-

calorimetric IR spectrum is measured using an SR850 lock-in amplifier (Stanford 

Research Systems, Sunnyvale, CA) and the resonance frequency of the cantilever is 

measured with a LabVIEW program. The flow rate is regulated using digital mass flow 

controllers (MFCs) from Atovac (Suwon, South Korea). The acetone vapor is generated 

by passing dry N2 through a bubbler at room temperature (23˚C), and the vapor 

concentration is controlled by mixing the nitrogen carrier gas at a total flow rate of 100 

mL/min. 

A schematic illustration of the photothermal/opto-calorimetric IR spectroscopy with 

a gold-coated AAO cantilever is shown in Figure 2(a). The gold nanomesh layer is 

formed on the top side of the AAO cantilever and is illuminated with the pulsed IR 

radiation of the QCL. The incident angle is approximately 11 degree due to our cantilever 

holder for AFM imaging purposes. The porosity (P) of the AAO cantilever is calculated 

using pore radius (r) and well-to-well distance (d) with the following equation.16,17 

2
2

3

r
P

d

    
 

                                              (1) 

The porosity, fractional ratio of void area, for AAO40 (40 nm pore size) and AAO70 

(70nm pore size) are calculated to be 0.145 and 0.444, respectively. In addition, 

considering 2D uniform area on the top side of the AAO cantilever, void area ratio (void 
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pore area/gold nanomesh area) is calculated to be 0.29 (AAO40) and 0.88 (AAO70), 

which means that metal coverage is significantly different between AAO40 and AAO70.  

Figure 2(b) shows photothermal/opto-calorimetric IR responses of AAO40 and 

AAO70 with/without a 20 nm-thick gold nanomesh. The IR responses (green and 

magenta line) of AAO40 and AAO70 without a gold nanomesh show similar profiles and 

amplitudes which agree well with our previously reported values.15 However, 

counterintuitively the photothermal amplitude of AAO70 with a 20 nm-thick gold 

nanomesh (red line) shows significant enhancement, whereas the photothermal amplitude 

of AAO40 with the same gold nanomesh (dark green line) shows a decrease. Considering 

the signal transduction mechanism of the photothermal/opto-calorimetric IR spectroscopy, 

we can expect that bimetallic deflection amplitude of the cantilever decreases when gold 

is deposited on both sides of the cantilever. Even though thermal stress in the gold 

nanomesh is not as much as that in flat gold layer on the bottom side of the AAO 

cantilever, it still should counteract the bimetallic deflection of the cantilever. In addition, 

we can expect that gold coating on the porous top side of a cantilever decreases IR 

response due to increased IR reflection. Photothermal/opto-calorimetric IR response of 

AAO40 with a 20 nm-thick gold nanomesh (dark green line) follows our expectation.  

To our surprise, we observe that the amplitude in the IR spectrum of AAO70 with a 

40 nm-thick gold nanomesh (blue line) is 30 times larger than that of AAO70 without a 

gold nanomesh on top of AAO70 (black line) as shown in Figure 2(c). The thickness of 

gold nanomesh to achieve the maximum photothermal IR response of AAO70 is 
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determined to be approximately 40 nm (See supplementary material, Supporting Figure 

S1). This higher IR absorption of AAO70 with a 40 nm-thick gold nanomesh is attributed 

to extraordinary optical transmission through sub-wavelength hole array (gold nanomesh), 

the coupling of surface plasmon polaritons between the gold nanomesh and the gold film, 

and optical cavity effect.19-23 Patterning of metal on top of absorption layer which is 

similar to our structure has shown strong light absorption (around 90%) in previous 

metamaterial, plasmonic, and perfect absorber studies.6-10, 19 Apparently, the gold 

nanomesh covered on top of AAO70 enhances IR light trapping and scattering inside 

AAO layer as speculated in the inset of the schematic illustration of Figure 2(a).19 The 

absorption and reflection properties can be controlled by surface coating, porosity, and 

thickness of AAO.10  

Figure 3 shows the photothermal/opto-calorimetric IR spectra of 10% vol. of acetone 

vapor on AAO70 with a 40 nm-thick gold nanomesh at room temperature. The 

characteristic IR peaks with the acetone molecules are obtained as differential amplitude 

signals (See supplementary material, Supporting Figure S2). The differential amplitude 

signal is obtained by subtracting photothermal amplitude of each cantilever under 10% 

vol. acetone vapor (sensing signal) from photothermal amplitude of each cantilever under 

100% N2 condition (reference signal). The differential amplitude signal of 10% vol. 

acetone vapor from AAO70 without a gold nanomesh (black line) increases at the 

characteristic wavenumber like absorption mode due to photothermal effect of adsorbed 

acetone molecules on AAO surface. The non-radiative decay process induces heating of a 
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bimetallic cantilever, which results in larger cantilever bending compared to the reference 

signal.24 However, differential amplitude signal of 10% vol. acetone vapor from AAO70 

with a gold nanomesh (red and blue lines) decreases at the characteristic wavenumber 

like transmission mode due to amplified baseline photothermal signal and IR absorption 

of free acetone molecules which results in smaller cantilever bending compare to the 

reference signal. The characteristic IR peak of C=O stretching appears at 1737 cm-1 for 

acetone molecule.15 The peak amplitude of AAO70 with a 40 nm-thick gold nanomesh is 

significantly larger than that of AAO70 with a 20 nm-thick gold nanomesh due to better 

IR trapping and scattering in the AAO nanochannels. 

Figure 4(a) shows variations in differential amplitude of IR spectra from AAO70 

with a 40 nm-thick gold nanomesh exposed to various concentrations of acetone vapor. 

More acetone molecules inside of AAO nanochannels at higher vapor concentrations 

results in higher IR absorption at characteristic wavenumber, which induces the peak 

reversion in the opposite direction to that observed for AAO70 without a gold nanomesh. 

Figure 4(b) shows the variation of peak amplitude in the IR spectrum of acetone vapor on 

AAO70 with no, 20 nm-thick, and 40 nm-thick gold nanomesh as a function of acetone 

vapor concentration. The peak at characteristic wavenumber for all AAO cantilevers 

increase linearly with the concentration of acetone vapor. The adsorbed mass of acetone 

molecules on AAO70 can be calculated by the equation of frequency shift and mass 

relation at second mode of resonance frequency because the first-mode of resonance 

frequency of AAO70 shows low variations due to its low effective Young’s modulus.15 
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Figure 4(c) shows adsorbed mass of acetone vapor on AAO70 with a 40 nm-thick gold 

nanomesh as a function of acetone vapor concentration. There are no significant 

differences in the adsorbed mass of acetone vapor between AAO70 with and without 

gold coating on the top side of AAO70 (See supplementary material, Supporting Figure 

S3). Normalized differential amplitudes of each cantilever with adsorbed mass of acetone 

molecules are calculated to be approximately 0.37, -0.45, and -5.5 V/ng for AAO70 with 

no, 20 nm-thick, and 40 nm-thick gold nanomesh, respectively. Therefore, the detection 

sensitivity of AAO70 with a 40 nm-thick gold nanomesh is enhanced by around an order 

of magnitude compared to that of a bimetallic AAO70 cantilever (AAO70 without a gold 

nanomesh). 

In summary, photothermal/opto-calorimetric responses of the AAO microcantilever 

are highly amplified by the plasmonic absorbers with optical cavity. Plasmonic absorbers 

with optical cavity are fabricated using gold deposition on top and bottom sides of 

AAO70 cantilever. Enhanced photothermal sensitivity of nanoporous AAO 

microcantilevers is observed with the amplified amplitudes of photothermal IR spectra. 

Conventional photothermal responses show increases in the differential amplitude of IR 

spectra as a function of vapor concentration due to heat generation during non-radiative 

decay process on the surface, whereas the photothermal responses by the plasmonic 

absorbers with optical cavity show decreases in the differential amplitude of IR spectra as 

a function of vapor concentration due to significantly amplified baseline photothermal 

signal and IR absorption of free molecules. The detection sensitivity of AAO70 with a 40 
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nm-thick gold nanomesh is enhanced by an order of magnitude compared to that of a 

bimetallic AAO70 cantilever. In addition, the acetone vapor molecules are selectively 

recognized using the reversed IR spectra and the adsorbed mass is determined with 

variations in the frequency of the AAO cantilever. 

 

Supplementary Material  

Three supporting figures are presented in supplementary material. 
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List of Figures 

Figure 1 (a) SEM image of AAO microcantilever array. Top view of enlarged SEM 

images on the AAO cantilevers with pore diameter of 40 nm (b) and 70 nm (c). (d) Side 

view of AAO with 70 nm pore diameter.  

 

Figure 2 (a) Schematic illustration of the AAO microcantilever with a gold nanomesh on 

top of AAO pore. Enhanced IR light trapping and scattering through extraordinary 

transmission and multiple reflection inside of optical cavity. (b) Photothermal amplitudes 

in the IR responses of the AAO70 and AAO40 without gold coating (magenta and green) 

and with a 20 nm-thick (red and dark green) gold nanomesh. (c) Photothermal amplitudes 

in the IR responses of AAO70 without gold coating (black), and with a 20 nm-thick (red) 

and a 40 nm-thick (blue) gold nanomesh. 

 

Figure 3 Differential amplitudes in the IR spectra of AAO70 with various thicknesses of 

gold nanomesh at 10%  vol. (24×103 ppm) of acetone vapor. 

 

Figure 4 (a) Differential amplitudes in the IR spectra of AAO70 with 40 nm-thick gold 

nanomesh at various vapor concentrations of acetone: 1.2×103 ppm (0.5 vol%, black), 

2.4×103 ppm (1 vol%, red), 12×103 ppm (5 vol%, green), and 24×103 ppm (10 vol%, 

blue). (b) Peak amplitudes in the IR spectra of AAO70 with no (black), 20 nm-thick (red), 

40 nm-thick (blue) gold nanomesh as a function of acetone vapor concentration. (c) 
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Adsorbed mass of acetone vapor molecules on AAO70 with a 40 nm-thick gold 

nanomesh. The error bars show the standard deviation of 3 measurements. 
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