
 APPLIED PHYSICS LETTERS 103 (20), 201111 (2013) 
 

Thermoelastic investigation of a quartz tuning fork 
used in infrared spectroscopy 
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The performances of quartz tuning forks (QTF) used in infrared spectroscopy for pollutant 
detection are investigated. The transduction between light and QTF vibration is elucidated thanks 
to QTF encapsulation under vacuum. From the sensitivity enhancement which is obtained we 
conclude that their interaction is photo-thermoelastic rather than photo-thermoacoustic. A 
mapping of the local sensitivity of the QTF is obtained by scanning its faces with the excitation 
probe beam. The comparison between the signal mapping and the theoretical strain mapping 
indicates that the most efficient areas of the QTF correspond to the areas where the strain or 
stress are the highest.  
  

 
    Quartz tuning forks (QTF) have proved to be efficient 
sensors in several domains such as Atomic Force 
Microscopy,1-3 magnetometry,4 and mainly shear force 
detection associated to Scanning Near-Field Optical 
Microscopy (SNOM).5,6 The ultimate noise limited sensitivity 
has been extensively studied in the framework of the latter 
application.5,6 QTF have also been successfully used in 
photo-acoustical spectroscopy (PAS), mainly for gas 
identification7 in far infrared domain but the same detection 
scheme has been transposed to absorption spectroscopy of 
solid materials (thin layer, powder, …).8 In this configuration 
an image of the sample is focused on the QTF which acts as a 
mechanical detector of the optical intensity. Its main 
advantage is its sensitivity over a large span of the optical 
spectrum, mainly in infra-red domain. Spectroscopic analysis 
requires a tunable source, the light of which is reflected by 
the absorbing layer or powder under study. The source 
spectrum is modified by the absorption spectrum of the layer. 
In the same way as for PAS, the source intensity is modulated 
at the tuning fork resonance frequency to optimize the signal-
to-noise ratio. 
    Van Neste et al.8 assume that the tuning fork is excited by 
acoustic waves which are created at the air/surface interface 
by the local periodic heating of the fork electrode and 
generate a piston effect on the prong. The purpose of this 
study is to elucidate the physical origin of the signal and to 
characterize precisely the spatial variations of the fork 
sensitivity. 
     The bench is depicted in Figure 1. For the need of sensor 
characterization we used a continuous laser diode emitting in 
the visible domain (4 mW at λ = 670 nm) whose current is 
modulated at the resonance frequency of the tuning fork. The 
piezoelectric current delivered by the QTF (dimension ~ 6 
mm x 1.5 mm x 0.3 mm) feeds a lock-in amplifier after a 
trans-impedance amplifier which plays an important role in 
the signal-to-noise ratio. Different amplifiers have been 
tested, the signal being calibrated in terms of mechanical 

vibration amplitude and optical excitation with the help of an 
interferometric heterodyne probe,9 where both excitation and 
measurement spots are conventionally located at 2/3 of the 
prong length. The best performances we obtained in this 
configuration were a sensitivity of 4.19 V/W, a noise level of 
0.40 µV/Hz1/2 and a noise equivalent power (NEP) of 0.10 
µW/Hz1/2. 
 

 
 

FIG. 1. Characterization bench. The QTF can be irradiated 
sidewards (a) or frontwards (b).  

 
    Barnes et al.10 obtained a lower NEP with a micro-
cantilever under off-resonance excitation but its micrometric 
dimension must be taken into account. It is a real drawback 
for a handy measurement device due to alignment problems 
and a weak efficiency when the surface of interest is imaged 
on the sensor. 
    During this calibration process the tuning fork was excited 
sidewards but it can be excited frontwards as well, as 
represented on Figure 1. It is mounted on a XYZ piezo 
translator which is driven by a computer. With a sideward 
irradiation the signal is maximum when the position of the 
spot is near the basis of the prong. Figure 2 puts into evidence 
this dependence despite the noisy features of the signal when 
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the beam is focused on the surface of the electrode. This 
noise comes from the granularity of the metal layer which 
generates a speckle effect in the reflected beam and to a 
corresponding modulation of the absorption. A smoothed 
curve is obtained if the exciting beam is slightly defocused. 
 
 

 
 

FIG. 2. Piezoelectric signal of the QTF vs. position of the spot  
on the QTF side. 

 
     Two observations convinced us that the transduction 
mechanism is due to photo-thermoelastic phenomena inside 
the QTF rather than photo-thermoacoustic ones in its vicinity, 
the effect of ambient atmosphere simply being the usual 
resonance damping: 
 
1)  Vacuum encapsulation of the fork yields a tenfold 

enhancement of the signal and restores the original Q 
factor of the resonance in vacuum. Since acoustic waves 
cannot exist in vacuum, the signal cannot come from 
acoustic phenomena. Figure 3 compares the two 
resonances obtained in air and in vacuum. A difference of 
about one decade is visible both on Q and on the 
maximum of the signal. This demonstration was done in 
the visible domain with a glass window. Adaptation of the 
encapsulated device to the infra red domain (λ = 10 µm) 
would require a ZnSe window.   

2)  The signal is of the same order when the fork is turned 
face to the laser beam and higher when the spot is near the 
basis of the prong. Since the basis of the prong is the area 
of maximum strain and stress, the optimal position of the 
light impact seems related to these maxima in the excited 
vibration mode. 

 
    To verify this point we measure the piezoelectric response 
during a complete XY-scan of the laser spot on the QTF, then 
we compare it to the strain mapping. The signal mapping 
(Figure 4b) perfectly reproduces the electrode patterns of 
both faces (Figure 4a), because only the metal layer has a 
sufficient absorption to ensure a thermal transduction. The 
contrast due to the metallic electrodes will likely be much 

lower in the infrared range of a CO2 laser because the quartz 
itself is highly absorbing in this wavelength domain. The 
other main feature is the black line (null signal) which, 
according to our hypothesis, should follow the line of 
minimum strain. We added an image with non-linear color 
scale, in order to improve the visualization of the dark zone 
(figure 4c). 
 
 

  
 

FIG. 3. Response of the QTF in air (a) and in vacuum (b). 

 
       In order to understand the overall response of the 
device and the physical phenomena involved, we performed 
numerical simulations of the experiment. The correct 
modeling should take into account the full coupling of 
elastic, thermal and electrical fields and yields to thermo-
piezoelectric interactions.11-13 Moreover a fluid structure 
model should give an even more precise model for a better 
understanding of the air damping. We implemented the 
numerical modeling on FreeFem++ software14 that enables 
us to write our own finite element variational integral forms 
step by step. FreeFem++ is a high level integrated 
development environment for numerically solving partial 
differential equations. It is based on the finite element 
method and describes problems by their variational 
formulations. We use the software Gmsh15 for the 3D 
geometry modeling of the device, generation of the mesh 
data and post-processing. 
    In a first step we neglect the piezoelectric and thermal 
properties and take only into account the mechanical 
properties of the QTF. This simplified model allows 
identifying vibration modes, mapping of the elastic 
displacements and of the related stresses. 
    Elastic motion in solid is described by Hooke’s law 
 

𝑻𝒊𝒋 = 𝑪𝒊𝒋𝒌𝒍
𝝏𝒖𝒌
𝝏𝒙𝒍

              (1) 
 
and by Newton’s second law 
 

𝑻𝒊𝒋,𝒋 + 𝝆𝝎𝟐𝒖𝒊 = 𝟎                (2) 



 
 
 
 
 
 
 
 
 
 
FIG. 4 Piezoelectric response of the 
QTF. Image of the QTF electrodes (a), 
mapping of the piezoelectric signal 
modulus from a complete scan of the 
QTF with linear (b) or non linear color 
scale (c).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
where T is the elastic stress tensor of rank 2, C is the 
rigidity tensor of rank 4, u is the displacement field, 𝝆 is the 
mass density of the solid and 𝝎 is the angular frequency. A 
variational formulation of the elastic problem is obtained 
from the above equations and related boundary conditions. 
With the use of the finite element method, it leads to an 
eigenvalue problem of the form 

 
𝑲𝒖 = 𝝎𝟐𝑴𝒖           (3) 

 
where K is the stiffness matrix, u is the displacement vector 
and M is the mass matrix. Solving the eigenvalue problem 
of Eq.(3) gives the elastic modes and then eigenvectors u 
further give the modal shape of each solution. 
 

 
 

FIG. 5. Calculated displacement field of the QTF in its first 
symmetric vibration mode @ 32 kHz (Freefem++, Gmsh) 

 

 
 

FIG. 6. Modeling of the QTF in its first symmetric vibration mode 
at 32 kHz (FreeFem++, Gmsh): strain εyy (a) and stress Tyy (b), 

both in normalized linear color scale.  
 
    Numerical results have been obtained using quadratic 
elements. Figure 5 shows the displacement field for the first 
symmetric vibration mode at 32 kHz and the mesh which 
consists of about 20 000 tetrahedras. Figs. 6a and 6b gives 
the related calculated strain and stress mapping of the QTF. 
Only the y-components, which are dominant, are 
represented. These simulations are in good agreement with 
the experimental mapping of the sensitivity: we can identify 
the highest strain areas which are near the basis of the 
prongs and the line of null strain in the middle of each 
prong. 
      To demonstrate the capability of our detection scheme 
we used a grid of carbon black, which absorbs in the 
infrared domain, deposited on a metallic surface, and a non 



encapsulated QTF. The setup is depicted on Figure 7: the 
source is a stabilized CO2 laser with a TEM00 mode and a 
power of 1 W at the wavelength of 10.6 µm. The beam 
power is modulated by an acousto-optic modulator. Various 
ZnSe optics allow the beam expansion and a fine focusing 
on the sample and on the QTF (Figure 7a). Figure 8 shows 
the variations of the piezoelectric signal of the QTF in the 
far field configuration while the laser spot scans the grid. In 
spite of the noise due to the speckle present in the diffused 
light, the signal minima are consistent with the presence of 
carbon black. The contrast of the signal is 69%; a contrast 
of 80% was obtained with a thicker layer. This confirms 
that this method can be used to detect pollutants. With a 
simplified non-imaging setup (Figure 7b) where the sample 
is positioned a few millimeters behind the QTF and the 
laser beam focused between the QTF prongs, analog results 
are obtained. However the contrast varies irregularly with 
the proximity between the QTF and the surface at very 
short distances (< 0.5 mm). Complementary studies are 
necessary to confirm if these kind of “near-field” conditions 
are favorable to a real detection of the acoustic wave 
generated by the heated surface. 
 
 
 

 
 

FIG. 7. Set-up of the absorption measurement in the reflection 
configuration: imaging (a), non-imaging (b). 

 

 
 

FIG. 8. Variation of the piezoelectric signal during a single scan 
of the carbon black grid. 

 
    As a conclusion, detecting a larger signal with 
encapsulated QTF and the similarity between sensitivity 
and stress/strain mapping allow us to consider the photo-
thermoelastic excitation as being the main origin of the 
mechanical vibration. Focusing in the high strain region of 
the vibration mode ensures the best coupling between the 
photo-thermal excitation and the mechanical vibration. 
Further simulations will take into account the full coupling 
thermoelastic interactions to study the influence of the laser 
impact position, the influence of metal electrodes, and thus 
find the optimal excitation point or the optimal resonator 
geometry. Finally the full coupling thermo-piezoelectric 
interactions will enable to describe the electrical behavior. 

 
    This work has been carried out within GENESIS project, 
funded by OSEO Innovation. The authors would like to 
thank FreeFEM, the free differential equation solver that 
was used for simulations. 
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