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a b s t r a c t   

A sensitive photoacoustic detection approach employing a silicon cantilever is investigated for power 
measurement of electromagnetic radiation. The technique which is actuated by pressure waves generated 
through radiation-induced heat depicts high sensitivity for a considerably large spectral range from 325 nm 
to 1523 nm. The implemented method shows linear response in the measurement of radiation power from 
15 nW to 6 mW demonstrating a dynamic range of almost six orders of magnitude. A numerical model has 
been developed to analyze and optimize the measurement sensitivity. The model allows studying different 
dimensions of the cantilever which is one of the key components of the radiation detection process. The 
numerical results are in good agreement with experimental results. The electromagnetic power detection 
technique shows future potential for industrial applications and scientific studies. 

© 2021 The Authors. Published by Elsevier B.V. 
CC_BY_4.0   

1. Introduction 

Photoacoustic (PA) effect is based on detecting pressure waves in 
a fluid medium, produced by the absorption of short-pulsed or 
modulated electromagnetic radiation [1,2]. Two key components, 
light absorbing medium and a pressure sensor [3–6], play major 
roles in such detection systems. Because of the constructional sim
plicity and detection sensitivity, the PA technique serves as a pow
erful tool for numerous applications in the field of high-resolution 
imaging, microscopy and in spectroscopic sensing of toxic, in
flammable and explosive gases or particulate environmental pollu
tants which pose major risk on health, safety and security [7–14]. For 
applications in the field of traceable measurement of radiation 
power, important prerequisites include a suitable radiation absorber 
material that responds to optical excitation along with a sensitive 
pressure detection technique that commonly employs electrical or 

optical methods [15,16]. The underlying mechanism is based on the 
measurement of pressure waves activated by radiation-induced heat 
generation in the optical absorber. 

One of the common pressure detection methods in PA uses ca
pacitive microphones. However, technologies with capacitive 
membrane microphones suffer from limitations such as the non
linear response of the membrane in sensing the external pressure. 
Apart from that, for sensitivity improvement, there is a limitation 
below which the gap between the membrane and the backplane of 
the capacitive condenser cannot be reduced to avoid viscous effect of 
the gaseous medium [15]. The optical pressure sensing approach, on 
the other hand, is realised by monitoring the light beam deflected 
from elastic membranes or micro-mechanical silicon-cantilevers  
[16,17]. Cantilevers avoid some of the drawbacks of capacitive mi
crophones, hence, they are used in applications requiring very high 
sensitivity. The periodical heat-induced volume expansion of the 
carrier fluid causes mechanical movement of the cantilever. A 
compact interferometer is used to detect such movement of the 
cantilever tip [16]. The amplitude of the generated PA signal is 
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directly proportional to the power of incident radiation. The tech
nique works at room temperature without any need for cryogenic 
cooling. 

Many different power detection techniques exist, yet they all 
have limitations in terms of spectral coverage and dynamic range. 
Most available semiconductor power detectors have spectral re
sponsivity, which depends on the operating wavelength [18]. Pyro
electric detectors are excellent in sensing electromagnetic radiation 
over a wide spectral range with the noise floor for power mea
surement near 1 µW [19,20]. Golay cell is a well-known detection 
technology which uses the PA principle. With proper window ma
terial, commercial Golay cells can cover a wide spectral range with 
the highest measurable power in the µW range [21]. 

In this work, the potential of a cantilever-based pressure sensor is 
studied in PA detection of radiation power. The proposed approach 
can be applied over the spectral range from Ultraviolet (UV) to near 
infrared (NIR). We have developed a numerical model to study the 
frequency response and signal strength of cantilevers of different 
dimensions to optimise the detection sensitivity. With the present 
method, the upper limit of detection can be made considerably high. 
To our knowledge, the analysis on optimising the detection sensi
tivity and improving the dynamic range of such systems for the 
applications of optical power detection has not been reported earlier. 
Benefits of the proposed PA power measurement method include 
good linearity and broad spectral range. Here we have characterised 
the method for the wavelengths between 325 nm and 1523 nm. 
Measurements have been carried out in the range 15 nW - 6 mW, 
demonstrating the dynamic range of almost six orders of magnitude. 

2. Experimental setup and methods 

The schematic diagram of the experimental arrangement is 
shown in Fig. 1. The PA radiation-detection method is a combination 
of energy conversion processes: optical to thermal energy, which is 
followed by thermal to mechanical energy conversion. The experi
mental procedure is governed by three constitutive mechanisms: (i) 
Excitation using electromagnetic radiation; (ii) Temperature and 
pressure induced mechanical response; (iii) Optical detection of the 
mechanical response and generation of the output PA signal. To 
actuate the mechanical response, the system requires absorbing 
materials which efficiently convert optical energy to thermal energy. 
Studies have been carried out suggesting several black absorbing 
carbon-based materials such as carbon nanotubes, carbon black 
powders, carbon nanofibers [22–25], to name a few. 

Candle soot (CS) is also a good candidate because of its cost-ef
fective manufacturing process and strong PA response [26]. In the 
experimental setup here the laser radiation first passes through a 
chopper, which produces intensity modulation of electromagnetic 
radiation that falls on the CS absorber. Here the frequency of the 
beam chopping was kept fixed at 40 Hz to achieve good signal-to- 
noise ratio. Fig. 2 shows the measured spatial response map of the 
CS absorber surface which was used in this study. The spatial uni
formity was measured using a 442 nm laser source with a beam 
diameter of about 1.4 mm. 

The output PA signal as shown in the diagram of Fig. 1 represents 
the response of the cantilever to the intensity variation of the ra
diation source at the 40 Hz chopping frequency. By using variable 

Fig. 1. Schematic representation of the PA radiation detection system. The system consists of three subsystems to convert input radiation to heat by using CS (candle soot) 
absorber target, to produce mechanical response with the cantilever and, finally, to generate the PA signal from interferometric readout. There are two main gas domains: primary 
gas cell which directly heats up when the connected CS absorbs radiation and the balance chamber along with two capillaries that reduces the acceleration noise in the system. a. 
Velocity diagram of gaseous medium within the PA cell. The arrows represent how the induced pressure interacts with the cantilever to generate mechanical response. b. 
Cantilever being displaced due to the generated pressure within the PA cell. The highest displacement zone is concentrated at the tip of the cantilever. 
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neutral density (ND) filters the power of the input radiation was 
attenuated to study the detector’s response to varying power levels. 
The amplitude of PA signal for a given incident radiation can be 
expressed as: =S PPA PA where PA is the detection sensitivity and P
is the power of incident radiation. The sensitivity PA depends on the 
properties of the light absorber, the PA cell and the cantilever. Thus, 
the cantilever has a significant role in improving the PA system re
sponse. To improve PA we have focused on the cantilever design by 
mainly analyzing the suitable dimensions. In addition to the de
flection amplitude of the cantilever, the resonance frequency is also 
an important factor for achieving better overall system performance. 
In order to have system stability where small changes in modulation 
frequency do not induce large PA amplitude changes, the operating 
frequency is generally chosen lower than the resonance frequency of 
the system. Hence, a proper design of the cantilever is important to 
optimize both sensitivity and frequency response. 

3. Numerical model 

We have developed a numerical model of the experimental setup 
using COMSOL Multiphysics® v. 5.4.0.388. The PA cell with gas cell 
radius of 6.3 mm and height of 3.3 mm, contains the gaseous 
medium, e.g., air or helium (He), under a background pressure which 
is modified when the medium is exposed to periodic temperature 
variation. 

For small perturbations around the steady background values, 
the dependent variables take the form 

= +p p p eb
j t (1)  

= +u u u eb
j t (2)  

= +T T T eb
j t (3)  

= + e ,b
j t (4) 

where p is the pressure, u is velocity field, T is temperature, ρ is fluid 
density and is angular frequency. The background pressure, velo
city, temperature and fluid density are pb, ub, Tb and b, respectively. 
It can be assumed that there is no contribution of background ve
locity, thus ub = 0. The values of Tb and pb were chosen to be 293 K 
and 1013.25 hPa, respectively. The corresponding acoustic responses 
are represented by the primed variables. The governing equations 
are the momentum equation, continuity equation and energy 
equation. In the frequency domain, by omitting the primed nota
tions, the equations are expressed as 

µ µ= + +u I u u u Ij p[ ( ( ) ) ((2/3 ) )( ) ]b
T

B (5)  

+ =uj ·( ) 0b (6)  

+ + = +u uC j T T T j p p K T Q( · ) ( · ) ·( ) .b p b b p b (7)  

Parameters µ, µB, Cp, I , Q and K are the dynamic viscosity, bulk 
viscosity, heat capacity at constant pressure, unit tensor, heat source 
and thermal conductivity, respectively [27]. In addition to the above 
equations, there is the linearized equation of state, = p T( )b pT
where p is the coefficient of thermal expansion and T is the iso
thermal compressibility. In the case of air and He as the gaseous 
media, the expressions for p and T can be considered under the 
case of ideal gas approximation where the value of p is the inverse 
of Tb and T is the inverse of pb. 

Table 1 summarizes the input parameters of the numerical 
model. The remaining input parameters include the density Si, 

Fig. 2. Spatial scan of the CS surface performed using 442 nm laser (a) The color distribution indicates the variation of the PA signal strength. (b) Normalized responsivity for the 
scanned region X = 0 – 14 mm and Y = 7 mm (indicated by horizontal line on the color map in (a)). (c) Normalized responsivity for the scanned region X = 7 mm and Y= 0 – 14 mm 
(indicated by vertical line in (a)). (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.) 

Table 1 
Constituting material parameters of the numerical model.     

Model parameters Air He  

K (W/m K) 0.02565 0.14929 
Cp (J/kg K) 1015.12 5196.49 

b(kg/m3) 1.2032 0.1663 
µ (Pa s) 1.817 × 10−5 1.973 × 10−5 

µB (Pa s) 1.81 × 10−5 1.96 × 10−5 
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Young’s modulus E and Poisson’s ratio of the cantilever material 
silicon, which are 2329 kg/m3, 170 × 109 Pa and 0.28, respectively. 
The thickness of the viscous boundary layer is given by 

µ= 2 /visc b . The layer thicknesses for air and He at 40 Hz, 20° C 
and 1013.25 hPa are thus 0.348 mm and 0.972 mm, respectively. The 
value of Prandtl number (Pr), =P /r visc therm

2 2 is 0.7 for air and 0.69 
for He, where = K C2 /therm b p is the thermal boundary layer 
thickness [28,29]. 

To validate the model, the frequency response of the system with a 
cantilever (cantilever-I) having dimensions 6 mm × 0.7 mm × 5 µm 
(length × width × thickness) was first compared with the experimental 
data. Table 2 and Fig. 3 show the comparison between the experi
mentally and numerically obtained data on the resonance frequency of 
the system. As shown in Fig. 3, the model is able to capture the in
crease in the resonance frequency when the medium is changed from 
air to He. This effect is also visible in the experimental data. 

To analyze the effect of the cantilever dimensions on the sensi
tivity of the PA detector, three additional cantilever geometries were 
studied by using the numerical model. Table 3 contains the dimen
sions, responses, and corresponding resonance frequencies of the 
cantilevers. Cantilever-II has the same length and width, but the 
thickness is twice that of cantilever-I. Hence, the effect of thickness 
can be checked from the obtained results in Fig. 4(a) and (b) and in  
Table 3, where the deflection amplitude is less compared to canti
lever-I for air and He, respectively, at 40 Hz chopping frequency. To 
check the effect of length, the results of cantilever-III and cantilever- 
II can be compared. Both cantilevers have the same width and 
thickness, but the length of cantilever-III is shorter compared to 
cantilever-II and the result depicts more deflection amplitude for the 
longer cantilever. Cantilever-III has the same length and thickness as 
cantilever-IV, but the width is less resulting in increased deflection 
amplitude compared to cantilever-IV. 

The frequency responses of the cantilevers in air and He are shown 
in Fig. 4(c)-(f). The resonance frequency is comparatively higher for 
cantilevers of shorter length, but all cantilevers have considerably high 
resonance frequencies compared to the operational frequency, which 
in our case, typically stays within 30–50 Hz. The cantilever dimensions 
can be tailored to improve the sensitivity (deflection amplitude) ac
cording to the obtained results of the model, by designing the canti
lever longer and thinner with smaller width. However, there are 
technological limitations which prohibit the flexibility in choosing the 
dimensions, as a long and thin cantilever can introduce additional 
signal noise and the possibility of mechanical damage under com
paratively higher gaseous pressure increases. The cantilever width 
could be made smaller to improve the PA signal strength but, in the 
simulations presented here width limit was kept at 0.7 mm for 
maintaining compatibility with the beam size of the displacement- 
sensing interferometer. Hence, the experiments were carried out using 
the cantilever-I design which gave the highest sensitivity. The fol
lowing sections contain the results on the performance of the PA 
power detector using the cantilever-I. 

4. Results and discussions 

The evolution of PA signal SPA with the increments of the incident 
radiation power at 1523 nm wavelength for gaseous medium air and 

Table 2 
Comparison between experiment and simulation for calculating the resonance frequency ( f0) of the PA detection system with cantilever-I.      

Material f |Sim0 . Hz f |Expt0 . Hz 
Relative difference × 100 %

f Expt f Sim
f Sim

( 0 | . 0 | . )

0 | .

Air 690 700 + 1.5% 
He 920 830 - 9.8% 

Fig. 3. Frequency response study of cantilever-I for (a) air and (b) He. The experi
mental data represent the PA response at different chopping frequencies. The dotted 
line depicts the result of numerical simulation which shows the amplitude of the 
cantilever displacement for different values of the modulating frequency. 

Table 3 
Responses and resonance frequencies of cantilevers of different dimensions for gaseous medium air and He.        

Cantilever Dimensions PA response (arb. units) at ~ 40 Hz f |Sim0 . (Hz) 

Air He Air He  

Cantilever-I 
Cantilever-II 
Cantilever-III 
Cantilever-IV 

6 mm × 0.7 mm × 5 µm 
6 mm × 0.7 mm × 10 µm 
4 mm × 0.7 mm × 10 µm 
4 mm × 1 mm × 10 µm 

0.83 
0.72 
0.53 
0.45 

0.79 
0.68 
0.48 
0.41 

690 
710 
910 
910 

920 
970 
1140 
1240    
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He, is shown in Fig. 5(a)-(b). The grey area in the graph represents 
the background noise which limits the lowest detectable power. 

Fig. 6(a)-(h) show linearity of the PA peak amplitude with respect 
to the incident power. The experimental data indicate the lowest 
detectable power of about 15 nW. Another important feature of this 
detection process is the large dynamic range. Fig. 5(b), (c), (f) and (g) 
show that the detection technique can be applied from 15 nW to 
6 mW to achieve a dynamic range of nearly six orders of magnitude 
in both air and He. The wavelength dependence of the PA detection 
sensitivity PA in air and He is shown in Fig. 7(a) and (b) at 325 nm, 
442 nm, 633 nm and 1523 nm incident radiation wavelengths. The 
arbitrary units of the PA signal are the same for all figures. 

Table 4 summarizes the sources of uncertainty components for 
the measurement. Apart from the uncertainty due to reproducibility 

of the results and linear fitting, the estimated sensitivities of Fig. 7 
have measurement uncertainties due to the reference detector ca
libration, spatial nonuniformity of the PA responsivity and spectral 
transmittance of the window. Reproducibility was tested by re
peating the measurement in another laboratory room. Relative un
certainties due to linear fitting were obtained from the data in Fig. 6. 
Silicon photodiode detector traceable to a pyroelectric detector has 
measurement uncertainty of 0.6% in the reference power measure
ment for 325 nm [30]. For 442 nm and 633 nm wavelengths, the 
reference power was measured using the same Silicon photodiode 
detector which is traceable to a predictable quantum efficient de
tector [31] with standard uncertainty of 0.25%. Indium gallium ar
senide (InGaAs) detector traceable to the pyroelectric detector has 
standard uncertainty of 1.15% for 1523 nm [32]. 

Fig. 4. Results of the numerical simulation for (a) air and (b) He on the change of signal strength in the frequency region from 20 Hz to 160 Hz for cantilever-I (red filled square) 
compared to cantilever-II (blue half-filled square), cantilever- III (green half-filled triangle) and cantilever-IV (black half-filled circle). (c)-(f) Frequency response of cantilever-I, II, 
III and IV. The resonance frequency becomes higher when the system is operated with He as the gaseous medium as compared to air.(For interpretation of the references to colour 
in this figure, the reader is referred to the web version of this article.) 
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The nonuniform spatial responsivity as indicated in Fig. 2 causes 
uncertainty in the PA sensitivity estimation because of the different 
beam diameters of the employed wavelengths. The 1/e2 beam dia
meter varied between 0.8 mm and 1.0 mm for other wavelengths 
than 442 nm where the beam diameter was 1.4 mm. In order to 
calculate the correction factor due to the larger beam size for 
442 nm, the data of the responsivities measured at different spatial 
points with 0.5 mm scanning interval were employed. Two con
centric Gaussian-like beam profiles of the same total power with 
diameters of 0.8 mm and 1.4 mm were placed at the measurement 
position. The corresponding responses were calculated based on  
Fig. 2 with additional responsivity values interpolated between the 
measured responsivities. The calculated response for the 0.8 mm 
beam profile was larger than that for the 1.4 mm beam profile by a 
factor of 1.027. Using reasonable variation of the related parameters, 
the correction factor was estimated to have a standard uncertainty of 
0.009. Hence, a correction factor of 1.027  ±  0.009 was determined 
for the value of PA measured at the wavelength of 442 nm to be 
compatible with the data at other wavelengths. The effect of varia
tions in beam diameter at 325 nm, 633 nm and 1523 nm is covered 
by the uncertainty of 0.5% related to the measurement reproduci
bility. 

Spectral transmittance of the Potassium Bromide (KBr) window 
plays an important role in the estimation of the detection sensitivity. 
The transmittance at 1523 nm was taken as the reference with re
spect to which the transmittance at shorter wavelengths was cor
rected. Hence, corrections due to the window transmittance by 
1.068, 1.039 and 1.019 with a standard uncertainty of 0.003 were 
applied to the sensitivities at the wavelengths of 325 nm, 442 nm 
and 633 nm, respectively, relative to the sensitivity at 1523 nm. 
Adding quadratically the different uncertainty components of PA

yields the combined relative standard uncertainties given in Table 4. 

Fig. 5. PA peak amplitude increment with the increase of incident radiation intensity 
for gaseous medium (a) air and (b) He. The grey region represents the background 
noise signal. 

Fig. 6. Generated PA response with incident radiation power from ~ 15 nW to ~ 6 mW at 40 Hz chopping frequency under gaseous medium air (row 1: (a) - (d)) and He (row 2: 
(e) - (h)). The excitation wavelengths are: 325 nm (column 1), 442 nm (column 2), 633 nm (column 3) and 1523 nm (column 4). The dashed lines represent the linear fit (all linear 
regressions are passing through the origin). The values of R2 for all the datasets are close to 1 suggesting good linearity. The PA signal amplitude (SPA) has higher detection 
sensitivity ( PA) for He compared to air for the wavelengths between 325 nm and 1523 nm. 
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5. Conclusions 

In conclusion, we have implemented a cantilever-based PA ra
diation detection system, which is capable of detecting radiation 
power level ranging from 15 nW to ~ 6 mW, indicating a linear dy
namic range of nearly six orders of magnitude. We have developed a 
numerical model that can be employed to optimize the PA detector 
design for radiation power measurements. Four different cantilever 
dimensions have been studied through simulations. Cantilever-I 
which showed better signal strength compared to other cantilevers, 
has been employed for the experiments. The experimentally mea
sured and simulated resonance frequency of the system agree within 
10%. We have verified that the power detection scheme can be 
employed for the spectral region ranging from 325 nm to 1523 nm. 
To check the linearity and the detection sensitivity, we have per
formed experiments with four laser wavelengths 325 nm, 442 nm, 
633 nm, and 1523 nm. The result shows good linearity for both air 
and He gaseous media inside the PA cell. In the future, the detection 
ability will be tested up to THz range after employing a suitable 
window material in the setup. However, the present work verifies 
the potential of the cantilever-based PA detection system which can 
replace the need of multiple detection schemes for measuring 
electromagnetic radiation power in the nW to mW range with 
spectral range coverage from UV to NIR. 
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