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A B S T R A C T   

Photoacoustic spectroscopy (PAS) combines the advantages of high sensitivity, high specificity and zero back-
ground, which is very suitable for trace gas detection. Cantilever-enhanced photoacoustic spectroscopy (CEPAS) 
utilizes highly sensitive mechanical cantilevers to further enhance the photoacoustic signal and shows a gas 
concentration detection limit of parts per trillion. This review is intended to summarize the recent advancements 
in CEPAS based on different displacement detection methods, such as Michelson interference, Fabry-Perot 
interference, light intensity detection, capacitive, piezoelectric and piezoresistive detection. Fundamental 
mechanisms and technical requirements of CEPAS are also provided in the literature. Finally, potential chal-
lenges and further opportunities are also discussed.   

1. Introduction 

High-sensitivity trace gas detection is important in many fields, such 
as measurement of trace air pollutants, monitoring of gases produced in 
industrial processes, detection of toxic, harmful and explosive gas 
leakage, and human biomarkers test in breath to diagnose diseases 
[1–3]. Measurement methods of gas concentration are mainly divided 
into non-optical methods and optical methods [4]. Non-optical methods 
include chromatography, mass spectrometry, chemical sensors, semi-
conductor sensors, etc. Chromatography and mass spectrometry have 
high sensitivity, but the acquisition and processing time is long, which is 
not suitable for real-time measurement. Chemical and semiconductor 
sensors are portable and cheap, but the stability, specificity and sensi-
tivity are poor. Optical methods based on optical absorption detection, 
such as tunable diode laser absorption spectroscopy (TDLAS) [5], cavity 
ring-down spectroscopy (CRDS) [6] and photoacoustic spectroscopy 
(PAS) [7–13], have high sensitivity and sharp specificity. TDLAS and 
CRDS measure the attenuated laser energy by photodetectors after gas 
absorption. Generally, they are usually with large volume because the 
sensitivity is proportional to the optical path length. Compared with 
other optical methods, PAS converts light energy into acoustic energy 
and then detects the signal by acoustic sensors, which overcomes the 
wavelength response limitation of the photoelectric detector and is 
theoretically unaffected by the background light (except for some pho-
tothermal noise). Besides, the acoustic sensors are usually compact and 

inexpensive compared to photoelectric detectors. 
In order to further improve the signal to noise ratio (SNR) and 

sensitivity of PAS, several enhanced techniques have been developed in 
recent years, such as quartz-enhanced photoacoustic spectroscopy 
(QEPAS) [14–19] and cantilever-enhanced photoacoustic spectroscopy 
(CEPAS). The acoustic sensors utilized in QEPAS and CEPAS are quartz 
tuning fork and cantilever, respectively. In essence, QEPAS and CEPAS 
both use mechanical resonators to improve the sensitivity of acoustic 
detection. When the frequency of modulated acoustic wave and the 
natural frequency of mechanical resonator are equal, the output signal 
amplitude of PAS reaches the maximum. In QEPAS, the quartz tuning 
fork converts the vibration displacement into electric output through 
piezoelectric effect. The quality factor of the quartz tuning fork in the 
atmosphere can reach 10000, which produces great gain ratio at reso-
nant frequency and makes the sensor insensitive to ambient noise. 
However, QEPAS is easily affected by the vibration-translation (V-T) 
relaxation process of some certain kinds of gases, such as CO2 [20]. The 
commonly used standard quartz tuning forks are optimized for timing 
purposes, operating at ~32.7 kHz, instead of spectroscopic applications. 
The energy transfer of some gases cannot follow the fast molecular vi-
bration excitation due to its relatively long relaxation time, which re-
sults in a weak signal output [20–23]. In CEPAS, the resonant frequency 
of the cantilevers can be easily designed by adjust the length, width or 
height, in order to adapt to gases with different relaxation rates. 

It is important to note that the cantilever in CEPAS does not always 
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operate in resonant mode. The resonant frequency of the cantilever is 
proportional to the square root of its spring stiffness. Low-stiffness 
cantilevers are more prone to deformation, which enables the canti-
lever with low resonant frequency to obtain high sensitivity even in non- 
resonant working mode. In non-resonant mode, multiple wavelengths 
can be multiplexed to different frequencies to achieve simultaneous 
measurement of multi-component gases. In addition, the resonant fre-
quency is sensitive to environmental factors, while the sensitivity of the 
cantilever in non-resonant mode is less affected. 

The cantilevers can be fabricated by micro-electrical-mechanical 
system (MEMS) technologies, which can dramatically reduce the size 
and cost and is potential for on-chip integration of the entire gas 
detection system. The displacement of the cantilever can be readout by 
many methods, such as optical, piezoelectric, piezoresistive and capac-
itive methods. Optical readout methods have extremely high sensitivity 
for displacement detection while other methods have more advantages 
in miniaturization and integration. 

In this review, we summarized the recent advances in several 
representative CEPAS, as well as their advantages and disadvantages. 
First, the theoretical basis of the CEPAS technique is introduced. Next, 
the principles and applications of different readout techniques used in 
CEPAS are reviewed. Finally, comparation, challenges and development 
prospects of CEPAS are highlighted in the conclusion section. 

2. Basic principle of CEPAS 

PAS is a kind of laser absorption spectroscopy based on photo-
acoustic effect. The basic principle is shown in Fig. 1. When the gas 
molecules absorb laser energy, their energy levels go from the ground 
state to the excited state. Then the excited state gas molecules go 
through a thermal relaxation process and increase the local pressure. If 
the laser energy is modulated, periodic thermal expansion will generate 
acoustic wave. In the early stage, PAS was realized by amplitude mod-
ulation (AM) through a mechanical chopper [24]. With the development 
of distributed feedback (DFB) lasers, wavelength modulation (WM) has 
become the dominant modulation method [25]. In AM-based PAS, the 
frequency of acoustic wave to be measured is equal to the frequency of 
laser modulation. The periodic heating of the photoacoustic cell walls 
and the optical windows will generate coherent acoustic noise in the 
same frequency, which cannot be suppressed by lock-in amplifier. This 
can be avoided in WM-based PAS by second harmonic detection (2 f 
detection), in which the frequency of acoustic wave to be measured is 

twice the frequency of laser modulation. A combination of sawtooth and 
sine waves is used to regulate the current of the DFB laser. The 
low-frequency sawtooth wave is used to scan wavelengths over a certain 
range, while the high-frequency sine wave is used to modulate the 
acoustic wave. 

The generated acoustic wave can be detected by acoustic sensors, 
like commercial microphones. In CEPAS, a sensitive cantilever is used as 
the acoustic sensor. Because of the large displacement response at its 
resonant frequency, the cantilever beam is particularly suitable for 
single-frequency acoustic wave measurement in PAS. In resonant 
working mode, the frequency of the sine wave is equal to half of the 
resonant frequency of the cantilever (2 f detection) in Fig. 1. In non- 
resonant working mode, the frequency of the sine wave will be much 
smaller to obtain a flat frequency response. The displacement signal of 
the cantilever is measured by a lock-in amplifier and the sine wave is 
used as a reference. The lock-in amplifier includes an integrator and a 
low-pass filter, which can extract the signal amplitude near a specific 
frequency. Finally, a high SNR photoacoustic signal is obtained and 
transmitted to a computer. 

There are two important parameters to evaluate the performance of 
the PAS system: the minimum detection limit (MDL) and the normalized 
noise equivalent absorption (NNEA). The MDL represents the minimum 
gas concentration that the system can detect. The MDL can be calculated 
by two methods. One is based on the SNR: the background noise level is 
the minimum detection limit under the actual test conditions. The other 
is according to Allan standard deviation: the lowest point of Allan 
standard deviation curve indicates the optimal detection ability that the 
system has the potential to achieve under filtering conditions [26]. The 
common units of the MDL include parts per million (ppm), parts per 
billion (ppb) and parts per trillion (ppt). The NNEA quantifies the per-
formance of the sensor independently from the laser power, the gas line 
absorption strength and the equivalent noise bandwidth of the lock-in 
amplifier, thus allowing the comparison of different PAS systems even 
if the test conditions are not identical. The NNEA can be calculated 
according to the formula: 

NNEA =
αP

SNR
̅̅̅̅̅̅
Δf

√

where α is the absorption coefficient of the gas absorption line in cm− 1, 
which can be calculated using the HITRAN database [27], P is the optical 
power in W, SNR is the signal-to-noise ratio and Δf is the detection 
bandwidth in Hz, which is usually determined by the lock-in amplifier. 

Fig. 1. Basic principle diagram of a WM-based CEPAS system.  
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The unit of the NNEA is cm− 1WHz− 1/2. 
The key technologies of CEPAS are the design of high sensitivity 

cantilevers and high SNR displacement readout. Benefiting from the 
development of precision micro-machining technology and various 
displacement detection techniques, the measurement accuracy of CEPAS 
has been continuously improved. 

3. CEPAS based on different displacement detection techniques 

3.1. CEPAS based on optical detection 

Optical detection methods have been proved to be highly accurate 
and sensitive for vibration measurement. They can work in high tem-
perature, electromagnetic interference and other harsh environments. In 

Fig. 2. Michelson interference based CEPAS. (a) A schematic view. (b) The realistic structure of the photoacoustic cell with the cantilever and the Michelson 
interferometer manufactured by Gasera Ltd [29]. 
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CEPAS, optical detection is the most used displacement readout method 
and can be divided into three main types: Michelson interference (MI), 
Fabry-Perot interference (FPI) and light intensity detection.  

(1) Michelson interference 

In 2003, CEPAS was firstly reported by Wilcken and Kauppinen at 
University of Turku (Finland) and the motion of the cantilever was 
observed with a Michelson interferometer [28]. The sensitivity achieved 
with the optical cantilever microphone in the non-resonant mode was 
100 times higher than with the commercial capacitive microphone. The 
basic construction of the photoacoustic system with a Michelson inter-
ferometric cantilever microphone is shown in Fig. 2(a). The principle of 
the Michelson interferometer is that a detection laser beam is divided 
into two beams by a splitter, then the two beams are respectively re-
flected back by the cantilever and a reference mirror, and finally 
detected by photodiodes. The optical path difference can be measured 
by the interference of the two beams very accurately. When the modu-
lated laser is incident into the photoacoustic cell, the excited sound wave 
causes the cantilever beam to vibrate and then the displacement of the 
cantilever is detected by the Michelson interferometer. 

Based on the work of Kauppinen et al., Gasera Ltd. (Turku, Finland) 
was founded in 2004. Gasera has developed a number of spectrum 
products based on CEPAS, the most classic model of which is PA201. As 
shown in Fig. 2(b), Gasera’s custom gas measurement system is a gas cell 
with an integrated Michelson interferometer [29]. The sample cell 
(photoacoustic cell) is a long tube and the cantilever is positioned at the 
end of the narrow side tube attached at the middle of the sample tube. 
The interferometer is placed above the sample cell and the detection 
laser beam is directed downwards to the cantilever. This device can be 
combined with different types of laser sources, making it an extremely 
versatile tool for many researchers [29–49]. In 2007, Koskinen et al. 
used CEPAS to detect CO2 at 1572 nm with a DFB laser [30] and the 
NNEA reached 1.7 × 10− 10 cm− 1WHz− 1/2. McNaghten et al. reported a 
demonstration of simultaneous detection of multiple trace gases (CO, 
C2H2, CH4 and CO + CO2) by near-IR tunable diode laser (TDL) photo-
acoustic spectroscopy in 2012 [33]. Four fiber-coupled DFB TDLs with 
different wavelengths were used in the system and modulated at 
different frequencies. The NNEA ranging between 3.4 × 10− 9 and 
1.4 × 10− 9 cm− 1WHz− 1/2 were obtained for multispecies detection. 
Peltola et al. combined CEPAS and a mid-infrared continuous-wave 
optical parametric oscillator (OPO) laser to detect HCN and CH4 in 2013 
[36]. MDL of 190 ppt (with an averaging time of 1 s) and 65 ppt (30 s) 
were achieved for HCN and CH4, respectively, and the best NNEA (1σ) 
was 1.8 × 10− 9 cm− 1WHz− 1/2. Hirschmann et al. used OPO to measure 
multi gases in 2013 [35]. The OPO was tunable from 3237 to 3296 nm in 
steps of 0.1 nm and the multivariate MDL (3σ, 0.951 s) for benzene, 
toluene, p-, m- and o-xylene at 3288 nm was 4.3, 7.4, 11.0, 12.5 and 6.2 
ppb, respectively. In 2018, Tomberg et al. demonstrated the ability of 
CEPAS to reach a sub-ppt level sensitivity in HF gas detection, by using a 
high optical power of 950 mW [42]. The high stability of the experi-
mental setup allowed long averaging times up to 32 min and the MDL 
reached 0.65 ppt. In 2019, the same team combined CEPAS with an 
optical power build-up cavity, which enhanced the photoacoustic signal 
by a factor of ~100 [43]. The optical cavity consisted of highly reflective 
mirrors that repeatedly reflect light so that the light travelled back and 
forth in the photoacoustic cavity many times. The achieved MDL was 24 
ppt with a 100 s integration time and the NNEA was 1.75 × 10− 12 

cm− 1WHz− 1/2 for C2H2 detection. This is the best reported NNEA of PAS 
so far, to our knowledge.  

(2) Fabry-Perot interference 

Michelson interferometer has high sensitivity and good stability, but 
the bulky volume and high cost limit its application in some specific 
fields. CEPAS based on Fabry-Perot interferometer is relatively compact 

[50–62]. A Fabry-Perot cavity is formed between the end facet of the 
fiber and the free end of the cantilever. Light propagates along the 
lead-in fiber, then partial light is reflected by the end facet of the fiber 
and the rest is reflected by the surface of the cantilever. The optical path 
of the two reflected beams are different so the interference signal is 
generated. The length of the Fabry-Perot cavity varies along with the 
vibration of the cantilever, which can be calculated according to its 
output light intensity or phase detected by a demodulation unit, and 
then the displacement of cantilever can be obtained. In 2013, Wei et al. 
firstly combined CEPAS with a Fabry-Perot interferometer [50]. A 
MEMS cantilever was fabricated by surface micro-machining technology 
and the interference signal was detected by a photodiode. Water vapor 
was chosen as the target sample gas and the NNEA was 1.08 × 10− 7 

cm− 1WHz− 1/2. Chen et al. reported a stainless steel Fabry-Perot canti-
lever fabricated by laser cut in 2018 [51–53], as shown in Fig. 3. The 
resonant frequency of the cantilever was 1.4 kHz and the Q factor was 
28.6. Then they introduced another demodulation method by a 
high-speed white-light interferometer, whose spectral sampling was 
synchronously triggered by a phased locked signal to maintain the 
working point of the probe laser at the quadrature point (Q-point) [54]. 
The gas detection limit of C2H2 was ~71 ppt with an averaging time of 
200 s and the NNEA was 1.1 × 10− 9 cm− 1WHz− 1/2. The sensitivity can 
be further improved by combining the acoustic resonance of the tube 
with the mechanical resonance of the cantilever [57]. By changing the 
temperature of the system, Chen et al. made the resonant frequency of 
the cantilever microphone and the acoustic resonant tube equal. The Q 
factor of the double resonance system increased from 28.6 to 46.3. The 
gas detection limit of C2H2 reached 27 ppt with an averaging time of 
200 s and the NNEA was 4.2 × 10− 10 cm− 1WHz− 1/2.  

(3) Light intensity detection 

Different from the optical interference detection method, the in-
tensity detection method is more direct and its system is simpler. Usu-
ally, a split detector, like quadrant photodiode, is used to detect the 
displacement of the cantilever. A probe laser illuminates the cantilever 
surface and then the laser beam is reflected to the split detector. The 
difference between the intensity on each section of the split detector 
yields a photocurrent proportional to the displacement of the cantilever. 

Westergaard et al. reported a CEPAS based on a stripped single-mode 
fiber [63]. The fiber itself was used as a cantilever and the emergent 
light of the fiber was detected by a split detector. Utilizing a 455 nm LED 
as the gas detection source, the MDL of NO2 was approximately 50 ppm. 
Rakovsky et al. presented a mica cantilever to detect highly corrosive 
gasses like HCl and HBr, as shown in Fig. 4 [64]. Acoustic pressure was 
generated by a pulsed 10 Hz infrared optical parametric oscillator/-
amplifier (OPO/OPA) laser and then acted on the mica cantilever. The 
split-photodiode detector was realized using a monolithic quadrature 
photodiode unit. Two adjacent photodiode segments were used for the 
probe beam position detection, which were placed ≈ 10 cm from the 
cantilever surface. Suchánek et al. compared a mica circular cantilever, 
a mica rectangular cantilever, and a multilayer graphene (MLG) canti-
lever for CEPAS [65,66]. A He-Ne laser together with a four-quadrant 
detector were used to detect the movement of the cantilevers. The 
MDL of methanol vapors were 0.8, 1.8, 0.9 ppm for these three kinds of 

Fig. 3. Schematic structure and images of a Fabry-Perot cantilever [52].  
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cantilevers, respectively. 
Different from the above reports, Li et al. introduced a compact all- 

optical cantilever sensor without using a split photodiode detector 
[67]. The device, consisting of a silicon cantilever, a rib waveguide and 
two optical fibers, was constructed based on a silicon-on-insulator (SOI) 
substrate, as shown in Fig. 5. The detection light from the input fiber was 
coupled into the waveguide and then collected by a photodetector at the 
end of the output fiber. The transmitted light intensity will variate as the 
cantilever vibrates. The minimum detectable acoustic pressure of the 
cantilever sensor was experimentally demonstrated as 35 nPa/Hz1/2 at 
the resonant frequency (150 Hz). 

3.2. CEPAS based on Non-optical detection 

Although optical detection methods provide very good sensing per-
formances for CEPAS, their potential integration in a compact system is 
limited by the complicated optical system. Silicon cantilevers fabricated 
by MEMS technology can be integrated with complex CMOS electronics. 
Recent progress in laser sources shows that mid-infrared lasers for gas 

spectroscopy can be integrated on silicon [68,69]. In the future, it is 
possible to integrate a silicon resonator, a semiconductor laser, and 
signal processing circuits on the same chip. Therefore, it is important to 
study non-optical on-chip displacement detection methods. The most 
common transduction methods in MEMS are based on capacitive, 
piezoelectric, and piezoresistive effects and all of them have been 
implemented in CEPAS.  

(1) Capacitive detection 

If a cantilever is placed close to a parallel electrode, the displacement 
of the cantilever will cause a capacitance change. In a MEMS sensor 
fabricated by silicon-on-insulator (SOI) technology, the buried oxide is 
often used as a sacrificial layer to define the separation between canti-
lever and counter electrode. No additional layer (like electrodes and 
functional materials) needs to be added on the cantilever, which 
maintain the cantilevers’ mechanical performance. In capacitive trans-
duction, the electric signal is inversely proportional to the distance be-
tween the electrodes so the electrodes gap is usually a few micrometers. 
However, small gap will cause great viscous damping called squeeze film 
effect [70]. In CEPAS, capacitive cantilever should be carefully designed 
to achieve a good performance [71]. Therefore, in the following, some 
capacitive resonators that are not in the traditional cantilever form will 
be introduced. 

Chamassi et al. implemented a cantilever on a SOI wafer and 
designed a 8-shaped resonator in order to increase the Q factor and the 
overlapping area with the acoustic wave excitations [72]. The cantilever 
and the 8-shaped resonator presented a resonance frequency of 52 kHz 
and 14 kHz and a quality factor of 4 and 149, respectively. The signal 
ratio of the 8-shaped resonator was around 15 times of the simple 
cantilever. The 8-shaped resonator was used to detect C2H4 and achieves 
an MDL of 45 ppmv and a NNEA of 2.155 × 10− 5 cm− 1WHz− 1/2. 

Trzpil et al. introduced a H-shaped silicon resonator with capacitive 
detection to decrease the squeeze film of the traditional cantilever, as 
shown in Fig. 6 [73]. The H-shaped resonator was divided into several 
parts: zone 1 was designed to maximize the photoacoustic energy 
collection, zones 2 was designed to maximize the capacitive trans-
duction, zone 3 connected zone 1 and zone 2, zone 4 held all the 
structure. They added a hole below zone 1 to decrease the viscous 
damping and particularly avoid the squeeze film effect. Zone 2 was 
composed of several long and thin clamped-free cantilevers and the 
distance between the zone 2 and the substrate was 3 µm to achieve high 
capacitance detection sensitivity. The resonant frequency of the H-sha-
ped resonator was 44.79 kHz and the quality factor came up to 266. The 
performance of the H-shaped resonator was compared with a QEPAS 
system (32.7 kHz, Q=13000) in the detection of CH4. The NNEA of 
H-shaped resonator and QEPAS was 5.5 × 10− 7 cm− 1WHz− 1/2 and 
1.3 × 10− 7 cm− 1WHz− 1/2, respectively. Although the silicon-based 
micro resonator is in its early stage of development, its performances 
are comparable to the on-beam QEPAS performances.  

(2) Piezoelectric detection 

Piezoelectricity has been widely used for both cantilever actuation 
and detection. Some piezoelectric materials like ceramics, single crystals 
and polymers can translate the deformation of cantilever to voltage 
variation. One advantage of piezoelectric detection method is that no 
additional power is needed for the sensing. With the development of 
piezoelectric materials, different piezoelectric sensors have been used in 
CEPAS [74]. 

In 2004, Ledermann et al. reported a Pb(Zrx, Ti1− x)O3 (PZT) canti-
lever for CO2 detection [75]. Fig. 7 shows the structure and principle of 
the PZT cantilever. The piezoelectric PZT films were deposited on the 
silicon structure. The area of the cantilever was 2 × 2 mm2 and the 
thickness was 10–15 µm. Narrow slits of 3–5 µm around the cantilever 
were designed to improve the sensitivity at low frequencies. The 

Fig. 4. Schematics of a CEPAS system based on light intensity detection [64].  

Fig. 5. Schematic and of working principle of the cantilever with an integrated 
rib waveguide [67]. 
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acoustic response of the microphone reached 170 mV Pa− 1 and the noise 
level was 150 μV Hz− 1/2. Concentration of CO2 down to 330 ppm was 
measured and the acoustic detection limit was estimated to be 1.6 mPa 
Hz− 1/2 at a modulation frequency of 20 Hz. 

In 2018, Liu et al. introduced a novel sensing approach based on low 
cost polyvinylidene fluoride (PVDF) film for PAS [76]. PVDF film pos-
sesses good flexibility, crash worthiness, high-voltage resistance, water 
resistance, and chemical stability, which may have potential applica-
tions under harsh or specific environmental conditions. A miniature 
acoustic resonator (AR) with a thin hole in the middle was designed for 
coupling acoustic wave to the PVDF film (Measurement Specialties, 
0.2 mm thick) for PA signal detection, as shown in Fig. 8. The signal 
produced from the PVDF film was amplified by a preamplifier (EG&G, 
Model 5113) with a gain of 1000. Second harmonic signal of ambient 
H2O vapor absorption was measured using the developed PVDF-PAS and 
the modulation frequency was 2963 Hz. The MDL was 5 ppmv with a 
lock in amplifier time constant of 70 s. The NNEA was calculated as 
2.4 × 10− 7 cm− 1WHz− 1/2, taking into account the laser power and 
bandwidth.  

(3) Piezoresistive detection 

Piezoresistive cantilevers use the resistance change of materials 
under stress to measure the deformation of cantilevers. The piezor-
esistive cantilevers can be integrated with CMOS for signal processing 
and integrated for array-based operation easily. 

Lhermet et al. reported a micro photoacoustic cell with integrated 

piezoresistive cantilever microphone [77–79]. This is the 
third-generation device of miniature photoacoustic components at 
CEA-LETI (a laboratory in French Atomic Energy and Alternative Energy 
Commission). Fig. 9 shows the structure of the device and the readout 
principle. The MEMS cell consisted of a photoacoustic chamber and a 
closed expansion volume, separated by a channel where a cantilever 
beam was placed. The cantilever beam would rotate around a flexible 
hinge when the modulated laser established a pressure fluctuation in the 

Fig. 6. The structure of the H-shaped capacitive silicon resonator [73]. (a) Scheme of the resonator under photoacoustic excitation. (b) Scanning electron micro-
scopy picture. 

Fig. 7. The structure of the PZT cantilever [75]. (a) Piezoelectric effect in MEMS cantilever. (b) Optical image of a 2 × 2 mm2 cantilever.  

Fig. 8. Schematic of the PAS based on the PVDF cantilever [76].  
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photoacoustic chamber. This cantilever motion produced a significant 
longitudinal stress inside two suspended piezoresistive p-doped Si 
nano-gauges and was thus transduced into resistance variations. The 
cantilever was 3.9 µm high, 750 µm long and showed a resonant fre-
quency of 6.5 kHz in the cell. Measurements of CH4 and CO2 were 
performed to assess the gas-sensing capabilities of the device. The MDL 
for CH4 was estimated at 1.4 ppm (54 s integration time) and the NNEA 
was 5 × 10− 8 cm− 1WHz− 1/2, using an interband cascade laser (ICL) 
tuned to the 2979 cm− 1 absorption line. The MDL for CO2 was estimated 
to be 900 ppb (1 s integration time) and the NNEA was 3 × 10− 7 

cm− 1WHz− 1/2, using an QCL tuned to the 2302 cm− 1 absorption line. 
The photoacoustic sensor was built by stacking two 200 mm wafers and 
the overall area was 5.5 mm × 5.5 mm, which showed a very high 
integration. 

A transistor can be directly embedded at the base of the piezor-
esistive cantilever to transduce its deflection and can dramatically 
improve its sensitivity [80,81]. Talukdar et al. reported an AlGaN/GaN 
heterojunction field effect transistor (HFET) embedded GaN micro-
cantilever for PAS, as shown in Fig. 10 [82,83]. They used commercial 
wafers with III-V nitride epitaxial layers on Si (111) substrate and an 
AlGaN/GaN heterojunction field effect transistor (HFET) as a piezor-
esistive deflection sensor, which was called ‘piezotransistive’ sensor in 
their publication. The strong piezoelectric property of HFET can cause 

large variation in 2-dimensional electron gas (2DEG) at the interface 
with applied mechanical strain. The resonant frequency of the cantilever 
was ~45 kHz and the Q factor was ~200 in the air. The microcantilever 
can be used as air based ultrasonic sensor [82]. The noise limited 
pressure measurement resolution of the cantilever at resonant frequency 
was calculated as 1.96 μPa for 1 Hz bandwidth. The microcantilever can 
also be used as a surface wave detector, which is capable of measuring 
surface wave amplitudes in the tens of femtometer range [83]. Finally, 
two different analytes, polystyrene (PS) and research development 
explosive (RDX), were tested using a surface-based photoacoustic 
spectroscopy technique. These analytes were deposited near the base of 
a microcantilever and a laser was focused on them and pulsed at the 
resonance frequency of the microcantilever. The absorption spectrums 
of both the analytes (300 ng) were detected, which showed good SNR 
and closely matched the absorption peaks reported earlier. 

4. Conclusions 

This review compares different displacement detection techniques 
for CEPAS systems, which can be divided into optical detection and non- 
optical detection. The optical detection methods mainly include 
Michelson interference, Fabry-Perot interference and light intensity 
detection and the non-optical detection methods include capacitive, 

Fig. 9. The photoacoustic sensor of CEA-LETI [79]. (a)Structure of the silicon-integrated sensor (left) and photo of the manufactured chip (right). (b) Principle of the 
micro PAS system with a piezoresistive readout cantilever. 
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piezoelectric and piezoresistive detection. The MDL and the NNEA of 
different methods are summarized in Table 1. 

Michelson interference method achieves a best MDL of 0.65 ppt and a 
best NNEA of 1.75 × 10− 12 cm− 1WHz− 1/2, which shows the first-class 
performance among all of the detection techniques in CEPAS. Howev-
er, the use of complex Michelson interferometer results in high cost and 
bulky volume. CEPAS based on Fabry-Perot interference method is 
relatively compact and the MDL can still maintain an outstanding level 
of dozens of ppt. A disadvantage of Fabry-Perot interference is that the 
probe laser needs to work at the quadrature point, which is easily drifted 
with the ambient temperature. Different from the optical interference 
detection method, the light intensity detection method is more direct 
and the optical system is simpler. But the MDL of CEPAS based on light 
intensity detection can only reach ppm level nowadays, because the 
light intensity is easily affected by the laser power fluctuation and the 
sensing system stability. Capacitive detection is a common readout 
method in MEMS sensors but the capacitive cantilevers for CEPAS suffer 
from large squeeze film damping because of the narrow electrodes gap. 
This disadvantage limits the sensitivity of the capacitive detection, 

which results in an MDL of only dozens of ppm. Piezoelectric detection 
has the advantages of self-power supply and low cost. With the devel-
opment of piezoelectric materials, the sensitivity of piezoelectric canti-
levers is also improved. The sensitive structure of piezoresistive 
cantilevers usually use semiconductor materials such as silicon, which is 
attracting for integration. A transistor can be directly embedded at the 
base of the piezoresistive cantilever to transduce its deflection and can 
dramatically improve its sensitivity. These non-optical detection 
methods show a best NNEA level of 10− 7 ~ 10− 8 cm− 1WHz− 1/2, which is 
2–3 orders of magnitude lower than the common optical interference 
methods. 

Optical detection methods provide very good sensing performances 
for CEPAS. The ppt level detection limit is ideal for precise trace gas 
measurements, which can be applied in metrology, atmospheric moni-
toring, industrial process detection, hazardous substances detection, 
breath diagnosis, etc. The sensitivity of optical-based CEPAS could be 
further improved by increasing the optical path and the optical power in 
the photoacoustic cell, for example, using an optical cavity with 
reflecting mirrors. CEPAS based on non-optical detection has the 

Fig. 10. AlGaN/GaN HFET-embedded GaN microcantilever. (a) SEM image of the structure. (b) Photoacoustic spectroscopy of analytes (PS) with HFET readout [83].  

Table 1 
Comparison of CEPAS with different displacement detection methods.  

Ref Method Target gas Laser type Wavelength (nm) Power (mW) MDL (at a specific averaging time) NNEA (cm− 1WHz− 1/2) 

[30] MI CO2 DFB 1572 30 0.3 ppm (100 s) 1.7 × 10− 10 

[33] MI CO 
C2H2 

CH4 

DFB 1568 
1534 
1618 

2.93 
1.71 
0.81 

249.6 ppm (2.62 s) 
1.5 ppm (2.62 s) 
293.7 ppm (2.62 s) 

3.4 × 10− 9 

3.6 × 10− 9 

1.4 × 10− 9 

[36] MI HCN 
CH4 

OPO 3002 
3270 

500 
600 

190 ppt (1 s) 
65 ppt (30 s) 

1.8 × 10− 9 

/ 
[42] MI HF OPO 2476 950 2.5 ppt (15 s) or 

0.65 ppt (32 min) 
5.19 × 10− 10 

[43] MI C2H2 DFB 1532 7.5 24 ppt (100 s) 1.75 × 10− 12 

[50] FPI H2O DFB 1392 7.8 / 1.08 × 10− 7 

[54] FPI C2H2 DFB with DEFA 1533 1000 71 ppt (200 s) 1.1 × 10− 9 

[57] FPI C2H2 DFB with DEFA 1533 1000 27 ppt (200 s) 4.2 × 10− 10 

[66] Light intensity CH3COCH3 

CH3COOH 
CH3OH 

CO2 laser 9240 
10,240 
9500 

170 
~ 
1000 

24.8 ppm 
0.54 ppm 
0.8 ppm 

/ 

[72] Capacitive C2H4 

CH4 

QCL 
DFB 

10,922 
1653 

4 
6 

45 ppm (21 s) 
242 ppm (10 min) 

2.155 × 10− 5 

4.664 × 10− 5 

[73] Capacitive CH4 DFB 2325 3.86 264 ppm (10 s) 5.5 × 10− 7 

[76] Piezoelectric H2O DFB 1395 9 5 ppm (70 s) 2.4 × 10− 7 

[77] Piezoresistive CO2 QCL 4343 4.88 0.9 ppm (1 s) 3 × 10− 7 

[78] Piezoresistive CH4 ICL 3357 4 1.4 ppm (54 s) 5 × 10− 8  
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potential to integrate the entire system on a single chip and to be mass- 
produced. The tiny and cheap CEPAS sensors can be used in smart sys-
tems and portable detection devices on a large scale. However, as the 
sensor volume decreases, the influence of the viscous and thermal sur-
face losses effects becomes prominent. The photoacoustic cell and the 
cantilever should be designed carefully to balance miniaturization with 
high performance. In addition, the high performance on-chip laser 
source and its integration with photoacoustic system are still 
challenging. 

Finally, if the CEPAS sensors are used for continuous monitoring over 
long periods of time, the stability of the sensor system should be studied. 
The use of mechanical cantilever makes the sensor more susceptible to 
environmental factors such as temperature and air pressure. Especially 
when both the cantilever and the photoacoustic cell work in resonant 
state, the frequency drift and amplitude drift of the whole system should 
be suppressed or compensated to improve the long-term stability of 
CEPAS. 
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