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ABSTRACT

Infrared laser technology over the last decades has led to an increasing demand for optical detectors with high sensitivity and a wide
operative spectral range suitable for spectroscopic applications. In this work, we report on the performance of a custom quartz tuning fork
used as a sensitive and broadband infrared photodetector for absorption spectroscopy. The photodetection process is based on light
impacting on the tuning fork and creating a local temperature increase that generates a strain field. This light-induced, thermoelastic conver-
sion produces an electrical signal proportional to the absorbed light intensity due to quartz piezoelectricity. A finite-element-method analysis
was used to relate the energy release with the induced thermal distribution. To efficiently exploit the photo-induced thermoelastic effects in
the low-absorbance spectral region of quartz also, chromium/gold layers, acting as opaque surface, have been deposited on the quartz surface.
To demonstrate the flat response as photodetectors, a custom tuning fork, having a fundamental resonance frequency of 9.78 kHz and quality
factor of 11500 at atmospheric pressure, was employed as photodetector in a tunable diode laser absorption spectroscopy setup and tested
with five different lasers with emission wavelength in the 1.65-10.34 um range. A spectrally flat responsivity of ~2.2kV/W was demon-
strated, corresponding to a noise-equivalent power of 1.5 nW/,Hz, without employing any thermoelectrical cooling systems. Finally, a het-
erodyne detection scheme was implemented in the tunable diode laser absorption spectroscopy setup to retrieve the resonance properties of
the quartz tuning fork together with the gas concentration in a single, fast measurement.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0062415

I. INTRODUCTION

Trace gas sensing finds applications in numerous fields, such as
environmental moni‘[oring,1 industrial process control,” and medical
diagnosis.” In these applications, a fast and accurate measurement of
trace gas concentrations is often required. Optical gas detection using
direct absorption spectroscopy is based on the application of the

The infrared absorption lines or bands are specific to each gas species,
and this forms the basis for their selective and accurate detection with
narrow linewidth light sources. The commercialization of distributed-
feedback (DFB) laser diodes as well as of heterostructure-based lasers
(interband and quantum cascade lasers) has revolutionized the field of
spectroscopy in the near- and mid-IR range, providing a large quantity

Lambert-Beer law, which relates the optical power transmitted
through a gas cell with the incident optical power and the absorption
coefficient of the gas sample. Many chemical gas species exhibit strong
absorption features in the near- and mid-infrared spectral regions.”

of sources capable of covering the whole infrared range in a short
time. These sources provide narrow linewidth as well as narrow spec-
tral tunability, thus mostly limiting their use for targeting a single,
interference-free absorption line. Indeed, in tunable diode laser
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absorption spectroscopy (TDLAS), the emission wavelength of a nar-
row linewidth laser diode is scanned across an individual gas absorp-
tion line and the absorption feature can be fully retrieved.” However,
DFB lasers do not represent the optimal choice for broadband detec-
tion. Although great strides have been made to widen the emission
bandwidth of high-power infrared lasers by using, for example, an
external cavity (available in the market) or by realizing an array of
quantum cascade lasers monolithically grown on a single semiconduc-
tor chip,” progresses in photodetection are bogged down by the diffi-
culty of obtaining high responsivity over a wide spectral range with a
single photosensitive element. Indeed, commercially available photo-
detectors (PDs) used for sensing different wavelength regions are usu-
ally composed of separate photoactive semiconductors, for example,
silicon (400-1100nm), InGaAs (800-1600nm), and HgCdTe
(3-10 um). The market of near- and mid-infrared PDs is dominated
by Thorlabs’ amplified PDs and thermoelectrically cooled Vigo
detectors, respectively, which offer high responsivity but in a narrow
spectral range of operation. Despite great achievements in the field of
two-dimensional (2D) material-based photodetection, obvious disad-
vantages, such as low optical absorbance and instability, preclude their
usage for broadband photodetectors with high performance.” For
example, graphene has been demonstrated to be a promising material
for infrared broadband photodetectors due to its gapless band struc-
ture,’ but the low optical absorption of graphene limits its responsivity
to the mA/W scale, due to the small optical absorption of a monolayer
of carbon atoms. Integration of colloidal quantum dots in the light
absorption layer can improve the responsivity of graphene photodetec-
tors, but the spectral range is reduced because light absorption occurs
in the quantum dots.” Black phosphorus can detect light in both visible
and infrared bands due to its tunable bandgap from 0.3 to 1.5eV, but
its environmental instability is a disadvantage.'” An alternative
approach is to find promising 2D materials and fabricate heterojunc-
tion structures for multifunctional hybrid photodetectors.'" However,
these technologies are far from reaching commercial maturity. A com-
mercially available quartz tuning fork (QTF) was used to detect elec-
tromagnetic radiation—the modulated incident light impacts on QTF
prongs, which in turn are put into oscillation.'” This light detection
scheme can occur in principle for all wavelengths of the incident radia-
tion, making the detector potentially suitable for sensing from ultravi-
olet to far-infrared regions.'” '~ Recently, Ma et al.'® proposed a QTF
as a photodetector in a TDLAS setup by focusing the laser light exiting
from an absorption cell directly on a QTF. The portion of light
absorbed by the QTF generates a deformation due to thermoelastic
conversion. A modulation of the optical power causes periodic heat-
ing/cooling, which in turn generates a modulation of accumulated
charges on the QTF surface due to quartz piezoelectricity. This tech-
nique combined with the TDLAS approach, known as light-induced
thermoelastic spectroscopy (LITES), has been explored in the last two
years. The study of LITES signal as a function of the QTF resonance
properties led to the realization of a custom QTF with optimized per-
formance when used as photodetector in a TDLAS setup.”” Zhang
et al.'® demonstrated a linear relationship between the incident optical
power and LITES signal without saturation when the LITES signal
varies by four orders of magnitude. Xu et al.'” extended the LITES
technique in the mid-IR spectral range. To analyze, quantify, and com-
pare the performance of LITES with that of commercially available as

scitation.org/journal/are

well as state-of-the-art photodetectors, it is essential to measure their
figures of merit. Moreover, for broadband application, their spectral
dependence in the infrared range has also to be evaluated. QTFs as
light detector and have been previoously demonstrated in several
TDLAS setups. These experiments are indicative of QTFs potentiality
for a flat and broad detection capability, but no experimental evidences
have been provided. A demonstration of these QTFs potentiality
requires an in-depth understanding of photo-induced thermoelastic
phenomena occurring in the quartz when irradiated by a monochro-
matic, infrared source. A model of the photo-induced spatial thermal
distribution in the area where the light hits the QTF becomes neces-
sary to relate the local temperature increase with the light absorption
within the quartz.

In this work, the induced photothermal processes and the
temperature distribution corresponding to the absorption of electro-
magnetic energy upon the crystal quartz is studied by using finite-
element-method analysis with COMSOL Multiphysics. The
electromagnetic energy release as well as the induced thermal
distribution will be related to the absorbance curve of the quartz
crystal. In the highly absorbing spectral region, the energy is con-
fined in depths of few tens of micrometers in the quartz crystal. In
the low-absorbance spectral region, a deposition of a chromium
film and a highly reflective gold layer trap the electromagnetic
energy at the quartz/chromium interface, thanks to the strong
absorption of chromium in the infrared spectral range, acting as an
opaque surface. Thus, a QTF will be realized with an uncoated
front surface and a chromium/gold layer-coated back surface,
where the light is supposed to be focused. The spectral dependence
of two main figures of merit, namely, the responsivity and the
noise-equivalent power, of the QTF photodetector will be mea-
sured by realizing a TDLAS setup with five interchangeable single-
mode DFB laser sources covering the infrared range, from 1.6 to
10.5 um. Finally, the LITES technique will be combined with a
heterodyne detection scheme to simultaneously measure the reso-
nance properties of the QTF as well as the target gas concentration
in the absorption cell.

Il. T-SHAPED QUARTZ TUNING FORK

By focusing the light onto the QTF prong’s clamped end (where
the maximum strain should occur), the portion of light absorbed by
the QTF creates a local heat accumulation, which causes increase
in the local temperature and nearby a strain field nearby proportional
to the thermal expansion coefficient of quartz. As a result, this light-
induced, thermoelastic conversion occurring in the QTF produces an
electrical signal proportional to the absorbed light intensity because of
the piezoelectricity of quartz. Each phenomenon contributes to the sig-
nal generation. In this way, when the QTF is illuminated, the LITES
signal is proportional to the intensity of the strain field (elasticity) gen-
erated in the area where the beam is focused, and to the accumulation
time in units of heating period (thermic effect), proportional to the
ratio between the QTF quality factor and the resonance frequency.”’
When the QTF is excited at one of the flexural modes, the distribution
of the strain field as well as the resonator accumulation time depends
on the prong geometry.”' With the QTF placed parallel to the focal
plane of the laser beam, the LITES signal follows the intensity distribu-
tion of the strain field if the light is modulated at the QTF resonance
frequency. However, the areas where the maximum strain occurs lie
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on the internal side of the junction between the prong and the support,
not on the QTF plane, as sketched in Fig. 1(a).

The research of the maximum strain requires a tilt of the QTF
with respect to the beam direction. In Ref. 20, the LITES signal was
investigated by using a set of six QTFs with different geometries and
its dependence on the product of the strain and the QTF accumulation
time was demonstrated. In addition, lowering the pressure within the
housing where the QTF is placed, the Q-factor increases and hence the
QTF signal follows the same trend. The T-shaped QTF with carved
prong surfaces, labeled as QTF#2 in Ref. 20 and hereafter as T-QTF,
showed the highest LITES signal. With respect to QTFs with standard
rectangular prongs, a T-shaped geometry with a carved surface prong
allows the reduction of the resonance frequency and electrical resis-
tance, while retaining a high quality factor, and is thus beneficial for
long-duration energy storage.” In addition, the mass added on top of
each prong results in an increase in the strain intensity close to the
QTF prong’s clamped end.

As a first step, the T-QTF resonance curve at atmospheric pres-
sure was evaluated. A function generator was used to provide a sinu-
soidal voltage as excitation signal to the QTF and the output voltage
was demodulated by a lock-in amplifier at the same excitation fre-
quency. By varying the excitation frequency step-by-step, the reso-
nance curve was reconstructed. The obtained data are reported in Fig.
1(b). The QTF exhibits an asymmetric behavior in its frequency
response due to parasitic capacitance.”” By imposing a Lorentzian fit, a
resonance frequency of 9783.9 Hz and a quality factor Q of «~~11 500 at
atmospheric pressure were estimated.

11l. PHOTO-INDUCED THERMAL EFFECTS IN QUARTZ
CRYSTAL

The crystalline o-quartz is Z-cut with a 2° rotation along the X
axis, where the Z axis is the optical axis of the crystal and is orthogonal
to the plane containing the Z-cut. The bandgap of a-quartz is direct at

140 + |—— Electric signal
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the I' point with a magnitude 6.3 eV>* leading to a high transmission
band with a sharp band edge at 0.2 um. Moving toward lower energies
toward the infrared spectral range, the quartz is supposed to be trans-
parent until the first high absorption vibrational modes peak at
1240cm™" (A2-4-LO), 1163cm ™' (E8-TO), and 1064cm ™' (E7-
TO).”> A transmittance spectrum of 0.75mm-thick Z-cut a-quartz
over a wavelength range of 1-11 um was measured by using a Nicolet
model Fourier transform spectrometer and is shown in Fig. 2.

A high transmissivity (>90%) was measured in the spectral range
1-3.5 um, then it rapidly decreased in the range 3.5-4.8 um. The nar-
row absorption features at 2.7 and 4.2 um are due to water vapor and
carbon dioxide absorption, respectively. The low-energy edge of the
transmissivity band is determined by the thickness of the sample as
well as the optical absorption coefficient. For wavelengths higher than
4.8 um, the transmissivity reaches values close to zero. The spectral
dependence of absorbance reflects that of the optical absorption coeffi-
cient: at 2 > 4.8 um, almost all the electromagnetic energy is deposited
in the sample and can generate local heating. Conversely, at A
< 4.8 um, light passes through the entire quartz sample and the energy
deposited was not sufficient to efficiently stimulate thermoelastic
effects. To achieve a high thermoelastic conversion efficiency in
the whole infrared spectral range, the corresponding back area [see
Fig. 1(a)] was coated with dielectric/metallic films composed of a
50 A-thick chrome film and a 250 A-thick gold layer. The real (1) and
imaginary (k) parts of the refractive index as well as the optical absorp-
tion coefficient of quartz and chromium at the selected wavelengths
are listed in Table 1.7 **

Chromium exhibits a strong absorption band in the mid-infrared
range, and it is an excellent adhesion promoter between quartz and
gold. With linearly polarized light and near vertical incidence,
the Fresnel equations predict a reflection coefficient of ~0.2 at the
quartz—chromium interface. The remaining light passes through the
chromium to be back-reflected at the chromium-gold interface: with a

Lorentz fit

120

100

QTF signal (mV)
5 8 8

20

0-
9775

Maximum
strain

9780 9785 9790

Frequency (Hz)

FIG. 1. (a) Schematic of the custom QTF employed in this work with its dimensions. The tuning fork is characterized by a T-shaped geometry and by the presence of 50 xm-
deep grooves, carved on the prongs’ surface. The incident laser beam (red cone), pointing toward the region of the QTF characterized by maximum strain, is also shown.
Inset shows the top-view section of the area in a dashed red box: a 250 um-thick slice of quartz (light blue), a 50 A-thick chrome layer (dark gray), and a 250 A-thick gold layer
(yellow). (b) QTF resonance curve acquired at a pressure of 760 Torr (black solid line) and its best Lorentzian fit (red solid line).
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FIG. 2. (Continuous line) transmittance spectrum of the QTF quartz measured
using a Fourier transform spectrometer. A 750 um-thick quartz slab was employed
for the measurement. The narrow absorption features around 2.7 and 4.2 um are
due to H,0 and CO, absorption, respectively. Schematic representation of the cen-
tral laser emission wavelengths employed in this work—the dashed lines indicate
the selected wavelengths: 1 =1.65 um, A=3.33 um, 2=5.26 um, 1 =7.31 um,
and 2 =10.34 um.

round trip of 100 A in the chromium layer, the Lambert-Beer law pre-
dicts an attenuation of the incident light of ~80%. Thus, it is reason-
able to assume that after a second round trip, the light is completely
absorbed within the chromium layer. Thereby, when the laser beam
with /4 < 4.8 um is focused on a quartz surface, almost all of it is trans-
mitted through the 250 ym-thick quartz crystal slab and then energy is
deposited on the chrome-quartz interface on the back [see Fig. 1(a)].
With these conditions, the induced photothermal processes have been
modeled by using a finite-element-method (FEM) analysis. The tem-
perature distribution T(r, t) related to the absorption of electromag-
netic energy upon the elastic body was simulated by using the software
COMSOL Multiphysics. The simulation was set up considering a cir-
cular quartz slab with a thickness of 250 um. “Silica Glass” from the
COMSOL library was used as the material. The slab is initially at a uni-
form room temperature and is assumed to be homogeneous and iso-
tropic; the physical and optical properties are assumed to be
independent of temperature. Also, the ambient temperature is

TABLE |. Refractive indices and absorption coefficients of quartz and chromium at
the wavelengths employed in this work.” 2

Quartz Chromium
A(um) N k o(cm™) n k o (cm™)
1.65 14421 2.00 x 10 ° 1523 4.2032 5.1494 3.92 x 10°
3.33 14125 1.90 x 10°* 7.170 3.5496 10.306 3.89 x 10°
5.26 13317 9.17 x 10°* 21911 3.8524 16.995 4.06 x 10°
7.31 1.213 0.00 759 130.5 5.0341 24.046 4.13 x 10°
1.34 24041 0.12405 1507.6 7.8729 33.895 4.12 x 10°

scitation.org/journal/are

assumed to be constant at 294 K. No thermal sources or sinks are sup-
posed to exist within the slab. With high isotropy on a circular surface,
only a quarter of the slab was considered, for ease of understanding.
The Silica Glass is characterized by a density p of 2650 kg/m”, a ther-
mal conductivity K of 1.38 W/(m-K), and a specific heat C at a con-
stant pressure of 740 J/(kg-K). Two physics modules were combined
for the simulation: “radiative beam in absorbing medium”—to simu-
late the interaction between the incident laser and the quartz slab—
and “heat transfer in solids” to simulate the heat propagation in the
slab. The latter is based on the generalized hyperbolic thermoelastic
model, which admits a finite speed for the propagation of thermal sig-
nals, proposed by Lord and Shulman.”” The light absorption occurring
in the chromium/gold coating deposited on the back surface of the
QTF was simulated as an opaque surface added on the back side of the
quartz slab. The opaque surface absorbs all the incident radiation so
that the radiative intensity transmitted beyond the surface is equal to
zero. The absorbed intensity was used as a boundary heat source. As a
result, the slab is thermally insulated on the bottom face, and subjected
to electromagnetic radiation at the upper face. The spatial distribution
of the incident beam was modeled with a Gaussian profile having a
full-width-half-maximum value of 200 um. The incident power was
set to 5 mW. The laser beam is focused along the z-direction, hitting
the upper surface of the quartz slab at coordinates (0,0,0). The radia-
tion crosses the interface and is then absorbed by the medium. This
point is the corner of a quarter of the slab, and it resembles the edge of
the prong-support junction in the (x, y) plane, where the maximum
strain occurs when the laser beam is aligned to the z-direction. To
evaluate the distribution of temperature at different wavelengths, i.e.,
1.65, 3.33, 5.26, 7.31, and 10.34 um, the refractive index (the real part
n and the imaginary part k) and absorption coefficient of quartz listed
in Table I have been used. The simulation was carried out in a station-
ary regime. This condition was verified to be reached after ~120 s.
The three-dimensional temperature distribution (the quarter of quartz
slab with a light yellow-to-orange color palette) as well as the energy
intensity distribution (represented by an ideal small quarter of slab
with blue-to-red color palette and sketched adjacent to the quartz slab)
is shown in Fig. 3 for these selected wavelengths.

The radiative intensity distribution along the z-direction (at x=10
and y=0) is reported in Fig. 4(a) for all the selected wavelengths.

For highly absorbing wavelengths, 4=7.31 and 10.34 um, the
energy absorption occurs in a region of finite and small thickness near
the surface. An electromagnetic skin depth, i.e., the value of z at which
the laser power is I/e times its maximum (surface) value, can be
extracted to be 76 and 7 um for A =7.31 and 10.34 um, respectively.
Figure 4(b) displays the calculated temperature distribution in the z-
direction (at x=0 and y=0). Slab surface temperatures are always
higher than the ambient air temperatures and nonlinear temperature
gradients are predicted across the slab. In particular, for highly absorb-
ing wavelengths, a localized heating accumulation on surface z=0,
ie., the surface where the beam is focused, can be predicted. For
weakly absorbing wavelengths, A = 1.65, 3.33, and 5.26 um, the radia-
tion passes through the 250 um-thick quartz slab and is completely
absorbed by the opaque surface on the back, which simulates the
chrome/gold layers. As a result, the temperature gradient along the z-
direction is opposite in sign with respect to highly absorbing wave-
lengths, causing a localized heating accumulation on surface
z =250 um. Figure 4(c) shows the temperature distribution along the
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FIG. 3. COMSOL Multiphysics finite-element-method (FEM) simulation of the spatial distribution of both the radiative intensity (rainbow color scale) and temperature (heat color
map) for a 250 um-thick quartz slab, as a result of laser beam absorption. For ease of comprehension, only a quarter of the quartz slab is represented here, and the heat color
map representing the temperature is superimposed onto this region. The rainbow color scale is represented adjacent to the quartz slab. Laser beam hits the quartz on its upper

surface and then propagates downward, along the z axis.

x-direction, perpendicular to light incidence along the z-direction. As
discussed above, the temperature distribution is reported for the inci-
dence plane (z=0) for A=7.31 and 10.34 um, and for the backside
plane (z=250 um) for the other wavelengths. The results show that
the broadening of the temperature distribution on the (x, y) plane is
not wavelength-dependent. This indicates that an opaque surface
allows the achievement of the same thermal conditions on quartz
backside for non-absorbing wavelengths as those achievable on the
incidence plane for highly absorbing wavelengths. In Fig. 4(d), the sur-
face temperature (the plane z=0 for A=7.31 and 10.34 um and
the plane z=250 um for 4= 1.65, 3.33, and 5.26 um) has been simu-
lated as a function of the incident power, with all other parameters
fixed. The surface temperature scales linearly as a function of the inci-
dent power with slopes weakly varying with the wavelength (from
2.06 k/mW at 7.31 um, to 2.51 K/mW at 10.34 um). In conclusion, for
weakly absorbing wavelengths, an opaque surface on the backside
should retrace the same thermal conditions that are achievable at the
top surface when high-absorbing light hits it. These simulation results
are very promising in terms of a wavelength-independent photo-
induced thermoelastic conversion within the quartz over the entire
infrared range.

IV. EXPERIMENTAL SETUP

The experimental setup for LITES configuration is sketched in
Fig. 5.

A stainless steel housing (SSH) equipped with two interchange-
able windows was employed to accommodate the T-QTF. A vacuum
pump and a pressure controller were connected to the housing to
maintain the internal pressure at 5 Torr. A constant flow of pure N,

was purged inside the housing to avoid interference from the analytes
in the environment. The housing was fixed to a three-axis translation
stage, equipped also with two angular degrees of freedom, which
allowed fine tilt/adjustments of the QTF position with respect to the
laser beam. The laser beam passes through an absorption cell contain-
ing the target gas and is then focused on the T-QTF through a lens
with a focal length of 50 mm. Five different lasers were selected to ana-
lyze the QTF performances. The list of laser sources and related target
gases is shown in Table II. For each laser reported in Table 1], a gas
absorption cell was filled with a gas mixture containing a fixed concen-
tration of target gas and nitrogen as balance gas, at the atmospheric
pressure, except NH; where the mixture pressure in the cell was fixed
to 70 Torr. Table II resumes the employed experimental conditions.
The selected absorption lines are reported together with the corre-
sponding absorption cross sections and gas target concentrations. The
absorption cross sections were retrieved by using the HITRAN data-
base and simulating a mixture containing the gas target concentration
in a nitrogen mixture, at the operating pressure.”’ The optical path-
lengths are also reported.

For each wavelength, the cell and housing windows, as well as the
focusing lens, were properly selected to provide high transmittance
and anti-reflection coating and maximize the portion of light that
impacts on the T-QTF. The laser current was modulated at half of the
T-QTF resonance frequency while the QTF signal is collected by
means of a preamplifier and then demodulated at the resonance fre-
quency by means of a lock-in amplifier, in wavelength modulation
and 2f-detection (WM-2f) approach. A slow triangular ramp is also
applied to the current driver to linearly scan the laser wavelength
across the selected absorption line.
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FIG. 4. Results of COMSOL Multiphysics simulation. (a) Radiative intensity distribution along the z axis at beam incidence location (x =0 and y = 0) for the selected wave-
lengths. (b) Temperature distribution along the z axis at beam incidence location (x=0 and y = 0) for the selected wavelengths. (c) Temperature distribution along the x axis
on the incidence plane (z=0) for 2 =7.31 and 10.34 um, and on the backside plane (z=250 um) for A = 1.65, 3.33, and 5.26 um. Inset shows a zoom in the range 0-1 mm
to better discriminate the temperature around x = 0. (d) Surface temperature as a function of laser incident power, on the incidence plane for 2 =7.31 and 10.34 um, and on
the backside plane for A = 1.65, 3.33, and 5.26 um, at the point (0,0).
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TABLE II. Main features of the laser sources and target gases used for LITES and H-LITES analysis. *: multipass cell; LD: laser diode; ICL: interband cascade laser; QCL:

quantum cascade laser; and EC: external cavity.

Laser type ~ Wavelengths (um)  Power (mW)  Gas target  Concentration (%)  Cross section (cm?*/molecule) Pathlength (cm)
LD 1.65 1.13 CH, 0.5 7.40 x 1072 1000*
ICL 3.33 1.2 CH, 1 3.11 x 10! 15
QCL 5.26 5.1 H,O 1 223 x 10 % 60
EC-QCL 7.31 3.6 H,0 1 3.74 x 102 60
QCL 10.34 56 NH, 0.024 3.97 x 1072! 15

V. SPECTRAL RESPONSIVITY AND NOISE
EQUIVALENT POWER

Following the scheme reported in Table I, the spectral scan of
each selected absorption line was acquired by using the experimental
setup reported in Fig. 5 operated in the WM-2f approach, by inter-
changing the laser source with the appropriate gas absorption cell.

Each spectral scan resembles the second derivative of a
Lorentzian line shape, as expected when the WM and 2f-detection
approach is adopted, meaning that single, well-isolated absorption
lines are targeted without spectral neighbor interference features. The
asymmetry of negative lobes is a result of residual amplitude modula-
tion, coming from the modulation of optical power.”' The LITES sig-
nals can be used to estimate the responsivity of QTF-based
photodetectors for each wavelength investigated. The voltage spectral
responsivity is defined as the output signal response to monochro-
matic radiation at a frequency v incident on a photodetector. When
the light is modulated at a frequency f, the voltage responsivity Ry (v,
f) can be expressed as

Ry(v.f) = Z;((g, (1)

where Sy(f) is the voltage signal due to an optical power modulation
AP. When the photodetector is used in direct absorption with the
WM and 2f-detection approach, the incident power is modulated with
a small sinusoidal dither at f and the second harmonic component is
extracted from the photo-generated electrical signal. With low modu-
lation index and weak optical absorption, the 2f-component AP, of an
f-modulated optical power transmitted by an absorbing sample after a
path length L can be extracted through a Taylor series expansion. At
the absorption peak vy, AP,can be expressed as™

APy (vg) = %a"(vo)szL, (2)

where P, is the continuous component, P o) is the second derivative
of the absorption line, and Auv is the frequency modulation. Assuming
a Lorentzian shape for the absorption coefficient,

SNy

a(v) =0(V)N = ——F5—, 3
) =o0ON = o S ®
the second derivative calculated in v = v can be expressed as
2 N
o () = - G(;f =, @

where S is the line strength of the radiative transition; o(vg) is the
absorption cross section at the absorption peak; y is the Half Width
Half Maximum (HWHM) of absorption line; and N= PN4/(RT) is
the molecular density estimated by using the ideal gas law (R is the gas
constant, N is the Avogadro number, P and T are the gas pressure
and temperature, respectively). In the WM-2f approach, the peak sig-
nal is maximized when the modulation depth Av ~ 7. By imposing
this condition and combining Egs. (2)-(4), the 2f~component of the
optical power modulation can be estimated, and the responsivity cal-
culated by using Eq. (1) and peak values Sy extracted by the spectral
scans plotted in Figs. 6(a)-6(e). All these parameters are listed in Table
111, for each wavelength investigated.

In Fig. 7, the spectral dependence of responsivity is reported for
the T-QTF, together with the most performant and broadband
Thorlabs photodetector (model PDA10CF), and for three broadband
Vigo infrared photodetectors, as provided by datasheets.

PDAI10CEF is confined to operate in a narrow spectral range while
Vigo detectors require three different designs (PVI-4, PVI-6, and PVI-
10.6, where the last digits represent the optimal operating wavelength)
to cover the whole mid-infrared range with the disadvantage that the
broader the spectral band, the lower is the responsivity. The T-QTF
photodetector can cover the whole infrared spectral range with a flat
spectral response, as predicted by the theoretical model described in
Sec. ITI, resulting in an excellent compromise between broadband
operation and high-level responsivity.

Responsivity does not consider the level of total intrinsic noise of
the photodetector. The noise-equivalent power (NEP) is the common
metric that quantifies a photodetector’s ultimate sensitivity as the
power generated by a noise source. It is defined as the signal power
that gives a signal-to-noise ratio of one in a 1 Hertz-output bandwidth:

NEP = Si, (5)

R,

where Sy is the noise spectral density. The QTF preamplifier employed
is constituted by two stages: a transimpedance amplifier with a feed-
back resistor Ry and a voltage amplifier with a gain of 30. Assuming
that the voltage amplifier does not contribute as noise source, the QTF
noise measured at the amplifier output at the resonance frequency is
primarily determined by the thermal noise of the QTF resistance R
and of the feedback resistor R However, the feedback resistor introdu-
ces noise that is several times lower than the thermal QTF noise
because Ry typically is in the MQ range, several times higher than
Rqrr, which varies in in the range 10-100 KQ. As a result, the ultimate
noise spectral density is the thermal noise of the QTF:
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Sy (6)

VAV o [aKaT

VAfp ! Rore’
where Vy is the voltage noise at the preamplifier output, Afp is the
detection bandwidth, and Kz = 1.38 x 10~% J/K is the Boltzmann
constant. By using Ry=10 MQ and Rqpr=150kQ, the theoretical
QTF-based photodetector noise spectral density is S, ~3.3 uV/Hz">.
The QTF-based photodetector noise spectral density was experimen-
tally measured by using the setup depicted in Fig. 5 with the laser off,
i.e, removing all external excitations for the QTF. Then, the noise was
recorded as a function of the frequency by acquiring the QTF signal at
different modulation frequencies in a narrow spectral region around
the QTF resonance frequency f, = 9783.9 Hz. The results are shown in
Fig. 8.

TABLE lll. Sy values extracted by spectral scans plotted in Figs. 6(a)-6(e). APy val-
ues calculated by using Egs. (2)-(4). Voltage responsivity Ry at five wavelengths
estimated by using Eq. (1).

1.65 1.98 0.918 2160
3.33 0.88 0.458 1920
5.26 0.19 0.091 2090
7.31 1.84 0.911 2020
10.34 1.31 0.437 3000

10000 4
/] .
— [ ] L u
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FIG. 7. Responsivity (represented by solid lines) as a function of the wavelength for
three models of photovoltaic Vigo detectors, namely, PVI-4 (red line), PVI-6 (blue
line), and PVI-10.6 (green line) HgCdTe, and for Thorlabs PDA10CF InGaAs
Amplified Photodetector (black line), as provided by the device manufacturers.
Responsivity of the T-QTF (represented by black square) when employed as a pho-
todetector. The data in the graph were calculated employing Eq. (1), as reported in
Table III.
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FIG. 8. Noise spectrum of the T-QTF as a function of the operating frequency. The
noise spectrum is acquired by performing an electrical characterization of the tuning
fork around its fundamental resonance frequency at 9783.9 Hz.

Far from the resonance frequency, the photodetector exhibits a
flat electronic noise of ~26 11V, which increases up to ~135 iV at the
resonance frequency. By considering the gain factor 30 of the voltage
amplifier, ie., the second stage of the QTF preamplifier, and the lock-
in detection bandwidth of 1.67 Hz (filter slope 12 dB/octave), the noise
spectral density at f; results in S,, = 3.35 uV/Hz. A comparison with
the theoretical prediction makes it possible to affirm that the ultimate
noise level of the sensor is determined by the thermal noise of
the QTF. With a measured averaged responsivity of Ry ~2200
(see Table I1I), the NEP can be calculated to be 1.5 nW/Hz by using
Eq. (5), which is an excellent value considering that the QTF operates
without any thermo-cooling systems.

VI. HETERODYNE-BASED LIGHT INDUCED
THERMO-ELASTIC SPECTROSCOPY

The flat spectral responsivity makes the QTF an excellent candi-
date as a broadband infrared photodetector. However, the resonance
properties of the QTF determine its ultimate performance. Indeed, the
LITES signal is proportional to the QTF accumulation time, and the
ultimate noise depends on the electrical resistance of the QTF as well
as on its temperature. In LITES, a continuous, real-time monitoring of
QTF resonance properties is mandatory to ensure that the sensor
response is determined only by gas absorption and not by variations of
QTF resonance properties. The resonance frequency and Q-factor of a
QTF as well as the trace-gas concentration can be simultaneously
retrieved by detecting the beat frequency signal generated when the
transient response signal of the QTF is demodulated at its non-

scitation.org/journal/are

resonance frequency. This approach was first proposed for QEPAS in
Ref. 33 and here is extended to the LITES technique. If a photothermal
pulse is focused on the QTF, its prongs will start to vibrate in a short
period of time. After the pulse terminates, QTF prongs will dissipate
the accumulated energy via loss mechanisms, vibrating at the natural
vibrational mode. With the oscillation period of ~100 us, the time-
dependence of natural oscillations is difficult to record with high tem-
poral resolution. Thus, a heterodyne-based LITES (H-LITES)
approach can be adopted by modulating the laser frequency at f=f,
+ Af, with Af < f. By using the experimental setup depicted in Fig. 5,
a fast pulsed ramp current is added to the laser current driver to rap-
idly scan across a targeted absorption line while a sinusoidal dither at f
is simultaneously applied. The QTF signal is demodulated at f; by the
lock-in amplifier. As a result, a beat frequency signal between the QTF
resonance frequency f, and the laser modulation frequency f will be
generated. Thus, by recording the demodulated QTF signal as a func-
tion of time, a sinusoidal waveform with exponentially decreasing
amplitude at a period of At= 1/Af is expected. By measuring At, the
resonance frequency f;, of the QTF can be retrieved. In addition, the
exponential decay of peak values of the successive oscillations (enve-
lope function) is related to the Q-factor of the QTF resonance since the
Q-factor itself is defined as the ratio of the energy accumulated in
the pulsed-excited QTF and the energy loss per cycle. Moreover, the
amplitude of the beat signal can be easily related to the absorbing gas
concentration. As discussed in Sec. I1], the photoinduced heat produ-
ces elastic deformation in the quartz sample, i.e., TE strain erx(z, t),
proportional to the change of temperature distribution T(z, f) given by

{:‘TE(Z7 l’) = GCTT(Z7 t)7 (7)

where o1 is the coefficient of linear thermal expansion, equivalent to that
which would be produced by a stress a(z, ) = E-e7(z, 1) = E-o1- T(z, t)
applied to the free end of the prong, where E is the Young’s modulus.
The strain induces a local polarization p(z, f) of quartz and charges
appearing on the surface are collected by electrical contacts appropriately
deposited along the QTF prong.”' In the elastic regime, the relation
between p(z, t) and &rg(z, £) reduces to the scalar expression p(z, t)
= d;,0(z, t) = d;;EarI(z, t), where dj; is the longitudinal piezoelectric
modulus. As a result, the generated piezocurrent will be proportional to
the surface temperature; this is in turn proportional to the optical power
absorption APy occurring on the quartz surface [see Fig. 3(d)], which
can be related to the absorbing gas concentration by using Eqs. (2)-(4).
Thus, when irradiated, the modeling of the QTF electrical response can
be reduced to an RLC circuit with an ideal current generator in parallel
with the QTF electrical resistance, as depicted in Fig. 9.

The preamplifier input is represented by a RC parallel, where
Rampii and C,y,py; are the equivalent input resistance and capacitance of
the preamplifier, respectively. The magnitude of the Laplace transfer
function relating the QTF generated current with the amplifier input
current is described by the following expression as a function of the
Laplace variable s:

2 2
Vo(s) = Lampii(s)| SCarrRorF(1 + SRampli Campli)
’ IQTF(S) 1+ S[Rampli(cp + Campli + CQTF)] + s? [LQTFCQTF + RumpleQTFRQTF(CP + Campli)] + 53RampliLQTFCQTF(CP + Campli)
(8)
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FIG. 9. Schematic of the equivalent circuit of the QTF. Rqrs Cqrs and Lqrr are
the resistance, the capacitance, and the inductance of the QTF, respectively. C, is
the parallel stray capacitance. Ry and C,npji are the equivalent input resistance
and capacitance of the preamplifier, respectively. lore and lamg; are the currents
flowing in the QTF and in the preamplifier, respectively.

The electrical parameters of the QTF, namely, Rore Core and
Lorp are related to the resonance properties of the QTF by the

relations
1 1 1 Lorr
=i Q= [
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the resonance frequency f, extracted from the circuit in Fig. 9 is repre-
sented by the black curve in Fig. 10(a).

The H-LITES technique can be simulated by assuming a single
narrow-width current pulse superimposed by a sinusoidal modulation
at frequency f as input source for the circuit in Fig. 9. After the short
pulse (t=0), the QTF is free to vibrate in its natural mode at the fun-
damental resonance frequency f. The Q-factor of the natural mode
determines the time constant tqrr of the free-oscillation exponential
damping, according to the expression Tqrr = Q/nf,. If the response of
the circuit is demodulated at f =f, + Af, the obtained signal Vp(t, f)
after the single short pulse is supposed to oscillate at the beat frequency
Af, with an exponential decay of peak values mainly determined by
Tqre- The integration time constant must be shorter than 7o
Assuming Vp(0, f) = Vi(f) the circuit response immediately after the
pulse, the demodulated QTF signal can be described by the following
expression:

Vi(t,f) = Vo(f)e " 7o cos(2 nAf - t). (10)

The beat frequency Af allows the calculation of the QTF resonance fre-
quency as f=f, + Af; then, Q can be estimated by measuring Tty
The transient response Vp demodulated at f=9785.42Hz
(Af=0.64 Hz) is represented in Fig. 10(b). If the first negative peak is
neglected as discussed in Ref. 33, the second peak value can be
extracted and plotted for different demodulation frequencies. The
results are shown by purple a solid line in Fig. 10(a). The analysis
shows the presence of two demodulation frequencies equidistant from
fo that maximizes the second peak value in Fig. 10(b). Thus, the maxi-
mum beat signal is obtained when the detuning frequency is
Afyiax= *0.64 Hz.

Following the simulation results, the H-LITES technique was
implemented for the detection of a methane absorption line peaked at
6057.09 cm ™', by using a laser diode and a 10 m Herriott multipass
cell filled with a methane concentration of 0.5% in nitrogen at a pres-
sure of 80 Torr (see Table IT). Using the experimental setup in Fig. 5,
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FIG. 10. (a) QTF transfer function of the circuit depicted in Fig. 9. The electrical response of the quartz tuning fork is acquired by performing an electrical characterization of
the resonator around the resonance frequency fy = 9784.78 Hz (black solid line). Demodulated circuit response as a function of the demodulation frequency collected by
employing the heterodyne-based LITES technique (purple solid line). (b) Transient circuit response demodulated at f= 9785.42 Hz as a function of time collected by employing
the heterodyne-based LITES technique (solid blue line). The red line is the envelope function of positive peak values.
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FIG. 11. (a) H-LITES signal as a function of the excitation frequency. Purple square symbols represent the normalized experimental data acquired via the H-LITES technique,
while the black triangles represent the QTF electrical characterization. (b) H-LITES as a function of time for a demodulation frequency of 9785.42 Hz (Af= 0.62 Hz) is plotted

as a blue solid line. The red line is the envelope function of positive peak values.

the laser current driver was sinusoidally modulated at f/2 together with
a ramp signal with a spectral scan rate of Av/At ~0.807cm ‘s~
across the targeted methane absorption line. The QTF signal was
demodulated at f by the lock-in amplifier and then acquired and
recorded as a function of time. Figure 11(a) shows the H-LITES peak
signal as a function of the modulation frequency together with the res-
onance curve of the QTF fundamental mode measured at 80 Torr.

The experimental maximum of the H-LITES signal is obtained
when the detuning frequency is Af= #0.62 Hz, in excellent agreement
with the theoretical prediction. Figure 11(b) shows the H-LITES signal
as a function of time when the detuning frequency is Af=0.62Hz,
acquired immediately after the ramp excitation, i.e., when the QTF
starts to relax the excess of stored energy vibrating at the fundamental
mode. A period of oscillation Af=1.33 s was measured, leading to
fo=9784.95Hz, less than 1% different from the measured values of
9784.78 Hz extracted from the QTF resonance curve. The positive
peak values for each oscillation were extracted and plotted with an
exponential decay function Voexp(—t/tqrs), resulting in 1qrp=1.18's
and leading to a quality factor Q = ntfy:Tqrr = 36 274. The Q-factor
extracted by the resonance curve (Q= fo/FWHM, where FWHM is the
full-width half-maximum of the resonance curve) is 38 146. Since the
peak value is proportional to the gas concentration,” Fig. 12 shows
the H-LITES peak signal extracted for different methane concentra-
tions in the multipass cell.

The H-LITES peak signal shows an excellent linear response in
the investigated concentration range. A minimum detection limit of
1.5 ppm can be estimated by considering a noise level of 62 ;(V.

VIl. CONCLUSIONS AND PERSPECTIVES

In this work, we demonstrated that a QTF can operate as a
narrow-bandwidth (~1Hz), fast-response (tens of kHz), broadband,
high-responsivity infrared photodetector, suitable for tunable laser-
based absorption spectroscopy. The spectral responsivity as well as the
noise-equivalent power were measured as a function of wavelength

and compared with the most performant infrared detectors available
on the market. We demonstrated an average responsivity of R
~2200 KV/W, comparable with the commercially available photode-
tectors, but with the advantage that it is flatly extended across the
whole infrared spectral range of 1.65-10.34 um without requiring any
thermoelectrical cooling system. Thus, a QTF photodetector can be
suited for use in all gas spectroscopy systems, both for broad- and
narrow-band operation, without any loss in responsivity. QTF photo-
detectors can be easily integrated in a fast Fourier transform

100
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R~0.999
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FIG. 12. H-LITES peak signal of the methane absorption line at 6057.09cm~" as a
function of CH4 concentration in the range 0-1000 ppm in nitrogen (blue hexagonal
points). The blue solid line is the best linear fit retrieved for the data points shown
in the graph.
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spectrometer (avoiding the change of detector when varying the spec-
tral range of investigation) as well as in TDLAS sensor systems. This
paves the way for realization of a broadband spectrometer to be used
as a gas analyzer in an easy configuration that can provide comparable
sensitivity of a DFB laser-based TDLAS sensor over a broad spectral
band. There are several primary motivations for using broadband
spectroscopy as an analytical tool. First and foremost, a large spectral
bandwidth allows the simultaneous detection of multiple species. This
enables a single instrument to serve many purposes and provides a
more complete understanding of complex processes. In addition, a
broad bandwidth enables accurate measurements in complex systems,
where interfering absorption from unexpected features can cause sig-
nificant errors for measurements with a limited spectral bandwidth.
Moreover, TDLAS can be extended to applications that cannot be cov-
ered by standard, narrow-band TDLAS techniques, such as analysis of
air composition, breath sensing, and security. In conclusion, our exten-
sive and detailed analysis provides essential guidelines for the techno-
logical development of QTF-based light detectors. In addition, our
results can inspire the development of novel strategies aimed at
enhancing the photo-induced thermal effect occurring in quartz
crystals.
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