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Abstract

In this work, femtosecond laser cutting of quartz wafers was demonstrated as an environmentally
friendly alternative to the standard etching methods for production of sensitive sensor devices.
The proposed approach employed milling channels for processing of the entire wafer thickness.
The laser parameters examined for this procedure were the pulse energy, the number of scans
and the channel width. Subsequent analysis of each channel focused on evaluating its depth,

the angle of tapering, and the overall quality of the cut. The laser system operated at a central
wavelength of 515 nm, delivering pulses with a temporal width of 390 femtoseconds. After identi-
fying the optimal laser parameters for achieving the best channel quality through the wafer thick-
ness (280 pm), the method was used to directly laser-cut quartz microresonators in a tuning-fork
geometry. The resonant performance of laser-cut tuning forks was simulated and experimentally
validated using a laser-vibrometer under photoacoustic excitation. The results matched standard
quartz-tuning-fork behavior, with the junction quality between the body and prongs significantly
impacting performance. This study confirms femtosecond laser cutting as an efficient, eco-friendly
method for producing quartz micro-devices, enabling single prototype fabrication not achievable
with conventional methods.

1. Introduction

Quartz is one of the most exploited crystalline materials in many industrial fields, from glass making to
watchmaking, because of its relative abundance on earth crust and of its properties: transparency from
the UV to MID-IR, high melting point (1600 °C), chemical stability and thermo-piezoelectricity [1-
5]. The latter property has favored, in the last 20 years, the development of advanced sensing applica-
tions employing quartz-based microresonators, such as quartz-tuning-forks (QTFs) and quartz-crystal-
microbalances [6, 7]. QTFs have been widely employed as detectors in advanced spectroscopic techniques
for gas sensing. In particular, in quartz-enhanced-Photoacoustic-spectroscopy (QEPAS) the QTF is used
as sound detector, whereas it acts as photodetector in light-enhanced-photoacoustic-spectroscopy [8].
Both these optical techniques have hugely benefited from the development of customized QTFs based on
different geometries and designs, properly tailored to answer various experimental issues and needs [9].
Beyond sensing, quartz-based resonant structures have also been investigated in advanced photonic sys-
tems operating under tailored symmetry conditions, such as PT-symmetric configurations, where super-
resonant optical interactions can be engineered [10].

Photolithographic-assisted etching (PAE) and deep reactive ion etching (DRIE) are the standard
methods for the production of QTFs any quartz-based device [11]. PAE relies on the wet etching of
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quartz wafers, where an etching mask is applied using photolithography. At this stage, the substrates
undergo chemical treatment in a etching solution composed of hydrofluoric acid and ammonium flu-
oride (NH4F). Although this method is well-suited for the mass production of identical devices, it is less
suitable for prototyping during preliminary laboratory testing due to the high cost and rigid require-
ments of the etching mask. Additionally, the use of toxic agents raises significant environmental concerns
[12, 13]. Conversely, DRIE employs high-energy ion plasma treatment instead of chemical etching. With
this method, a quartz wafer is coated with a non-reactive masking layer to define the QTF geometry,
which is then etched within a gas chamber containing a high-density plasma with an optimized gas
mixture. However, similar to PAE, the reliance on masking layers reduces the method’s flexibility dur-
ing prototyping, making it more suited for large-scale production. Thus, while both methods are firmly
established and have been incorporated into industrial manufacturing lines, allowing for time- and cost-
effective large-scale production of quartz-based devices, they simultaneously impose significant limita-
tions on foundational research into the intrinsic properties and innovative designs of QTFs.

An increasingly appealing technique, valued for its flexibility and environmental sustainability, is
ultra-short-pulsed-laser (USPL) technology. This approach eliminates the need for preliminary chem-
ical treatments or costly lithographic masking, enabling highly localized material processing with
micrometer-scale spatial resolution through precise laser beam focusing. Moreover, it delivers signific-
antly superior processing quality compared to nano- and picosecond laser pulses [14].

In the last 30 years [15], USPL has been used in numerous applications, including alteration of the
mechanical properties of surfaces [16, 17], fabrication of microdevices and alteration of photoactive
media [18-20]. By employing pulses with durations of hundreds of femtoseconds (fs) and energies of
few tens of uJ, USPL allows for easy machining and processing of ceramic composites [21] and of trans-
parent dielectric, as glass, sapphire and quartz [22-24]. The latter are notoriously challenging to pro-
cess due to their chemical inertness, hardness and brittleness [25]. When employing fs-pulses, the phys-
ical processes driving material modifications such as ablation [26-29], laser surface and refractive index
modification [30, 31], are non-linear and much faster than any thermal mechanism, thus reducing likeli-
hood of micro-cracks and defects caused by thermal effects [14, 25, 32].

The versatility of USPL technologies has facilitated the development of various approaches for direct
laser-cutting of transparent dielectrics. Among these, stealth dicing and beam shaping are the most used
methods on brittle materials like glass or sapphire [33-37]. However, there are still few works report-
ing on the cutting process of quartz crystals. Gaudiuso et al [38] reported on a stealth dicing method for
cutting 250 pum thick quartz wafers. Similarly, Wang et al [39, 40] applied stealth dicing to 400 pm thick
quartz wafers exploiting laser beam filamentation induced by non-linear effects. Stealth dicing relies on
cleaving along laser-induced modifications, making it effective for straight-line processing. While it deliv-
ers excellent results in terms of processing depth, its primary limitation is its inability to accommod-
ate complex patterns, particularly those involving corners. A reliable alternative involves cutting quartz
wafers by ablating the entire crystal thickness using conventional Gaussian beams, enabling precise pro-
cessing of complex geometries.

This study presents a method for directly cutting complex shapes from quartz wafers using laser
ablation. A CPA hybrid femtosecond laser system with a central emission wavelength of 515 nm was
employed, with the beam focused through a conventional F-theta lens to create a Gaussian beam profile.
This approach delivered higher fluences and reduced processing times compared to more complex beam-
shaping methods. Full wafer-thickness ablation was achieved by milling channels around the desired
shape. The method was characterized by milled depth, taper angle, and cutting-edge quality before being
applied to directly cut 280 pm thick quartz wafers into QTFs. The resonant properties of the laser-cut
QTFs were simulated using finite element analysis (FEA) and validated through experimental vibro-
metric measurements, confirming the effectiveness of USPL processing for producing customized quartz
resonators.

2. Materials and methods

Z-cut quartz wafers with dual-side polishing were employed in this study. The substrates, supplied by
nano quartz wafer GmbH, had lateral dimensions of 25 x 25 mm? and a thickness of 280 ym. A wafer
thickness of 280 pm was selected because it falls within the typical thickness range of QTFs fabricated
with standard chemical etching methods. Laser processing was carried out using an open-table microma-
chining platform specifically configured for ultrafast laser applications figure 1.

The irradiation source was a femtosecond laser system based on a fiber chirped-pulse-amplification
architecture, seeded by a mode-locked oscillator operating at 30 MHz [41, 42]. Pulse-on-demand oper-
ation was achieved through the injection of an auxiliary seeding diode within the amplification chain.

2



10P Publishing

J. Phys. Photonics 8 (2026) 015030 R D Palo et al

. Galvo-scanner
Mirror

F-Theta Lens

Mirror

Figure 1. Layout of the femtosecond-laser-based optical system implemented for cutting of quartz substrates.
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Figure 2. (a) Diagram illustrating the top-down fabrication strategy; (b) representation of a milling channel defined by width W
and a vertical hatch pattern with step size h; (c) quartz wafer featuring a typical QTF geometry, surrounded by the corresponding
milling contour (highlighted in green).

After amplification, the output radiation was frequency-doubled to 515 nm, providing pulse energies up
to 35 pJ. During the experiments, the laser was operated at a repetition rate of 100 kHz, with a pulse
duration set to 390 fs. The beam exhibited near-Gaussian spatial characteristics (M? ~ 1.1) and was
delivered to the sample through an x—y galvanometric scanner and focused by an f-theta lens. Under
these conditions, scanning velocities up to 4 m s~ were achievable, and the resulting focal spot diameter
(1 e2) was estimated to be 16 & 1 um. Sample positioning and alignment were ensured by a motorized
three-axis translation stage.

The quartz wafers were processed employing a top—down approach combined with a milling channel
strategy. This method is schematically represented in figure 2 (a).

Material structuring was performed using a surface-initiated laser ablation scheme, in which the laser
beam interacts with the sample from the top side and progressively removes material through repeated
scans along a predefined trajectory [22, 43]. In this approach, the target depth is reached through mul-
tiple iterations of the same scan path, without modifying the focal position during processing.
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Table 1. Sets of parameters for the characterization of the milling channel.

F[Jem™] N PPS W [pm]
4.7 100—200-300—400—500-600—700 3-2-1.5-1.2-1.0-0.9 100, 150, 200, 250, 300
5.7 50—100-150-200—-250—300-350-400 1.5-1.2-1.0-0.9 100, 150, 200, 250, 300

This configuration proved particularly suitable for the present quartz wafers, since their thickness
(~280 pm) was comparable to the depth of focus of the employed optical system (~300 pm), allow-
ing uniform ablation throughout the entire thickness without intermediate refocusing steps. Although
internal focusing could improve the final taper angle of the fabrication, it would require a short-focus
objective, reducing scanning efficiency and increasing processing time. Therefore, the adopted config-
uration was thus chosen to balance speed and cut quality, in line with a rapid prototyping objective.
Material removal was implemented by defining a milling region composed of parallel scan lines uni-
formly distributed across a total channel width W. The spacing between adjacent lines, denoted as the
hatch distance h, was kept constant during all experiments. A hatch distance of 5 um was selected to
ensure sufficient overlap between consecutive laser passes, thereby enhancing ablation efficiency and
improving cut uniformity [26, 44—46].

Based on the selected optical configuration and a measured focal spot diameter of approximately
16 pm, the degree of lateral overlap between adjacent scan lines was quantified to evaluate the effect-
ive spatial superposition of successive laser passes. The lateral overlap (LO) was calculated from the hatch
spacing h and the beam radius w according to a standard geometrical relation [44]

LO= (1 - h) x 100. (1)
2w

Yielding an estimated overlap of 84% for the parameters employed in this study

The laser micromachining process was systematically investigated by varying four independent para-
meters: the laser fluence (F), the number of pulses delivered per spot (PPS), the number of repeated
scanning loops (N), and the total width of the milled channel (W). The laser fluence, defined as the
pulse energy density at the focal plane, was calculated from the pulse energy E and the beam radius w:

2B

= 2
p (2)
The number of pulses per spot was determined by the ratio between the laser repetition rate and the
scanning speed, scaled by the effective beam diameter:
pps = Mo Jk (3)
v

where v is the line scanning speed.

To assess performance across the selected parameters, multiple rectangular channels were milled, each
with a constant length of 3 mm and variable width (W), as depicted in figure 2(b). The corresponding
sets of processing parameters used in this analysis are reported in table 1.

The investigated laser fluence F values and number of pulses were well above the multi-pulse abla-
tion threshold of quartz [27], ensuring efficient ablation of the material already from the first processing
loop.The fabricated channels were evaluated based on their depth d and taper angle 6. The latter refers
to the angular deviation of the sidewalls from true perpendicularity relative to the material surface. It
is typically measured as the angle formed between the sidewall of the machined feature and the vertical
axis. During femtosecond laser micromachining, taper formation is a known consequence of the natural
divergence of Gaussian beams, which reduces energy density with depth and leads to a narrowing, cone-
like cut shape. This effect is typical of the top-down configuration. The set of laser parameters resulting
in the optimal combination of high-quality cut and low taper angle was then selected for cutting quartz-
based devices. The wafers were processed by tracing a milling path that matched the outer profile of the
intended QTF design, as illustrated in figure 2(c). Both the milled channels and the laser-cut devices
were subsequently inspected using optical (Nikon Eclipse E600) and confocal (Olympus LEXT OLS5100)
microscopy. The latter was employed to reconstruct the 3D profiles of all channels thus allowing for the
depths and taper angles measurements. The resonant behavior of the laser-cut QTFs was simulated via
FEA using COMSOL Multiphysics. The simulation provided both the strain field distribution and the
predicted fundamental resonant frequency, which was then compared with the measured values of the
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Figure 3. Depth d (a)—(b) and taper angle 6 (c)—(d) measurements of the milled channels as a function of the number of loops
(N), evaluated at laser fluences of 4.7 ] cm~2 and 5.7 ] cm~2, with varying values of PPS and N.

laser-cut devices. Details of the method and experimental apparatus employed for the characterization of
the resonant behavior of the laser-cut devices are reported in section 1 of the supplementary material.

3. Results and discussion

3.1. Characterization of quartz cut

The quality of the laser cut of quartz was initially assessed by evaluating the depth d and taper angle ¢
as a function of the laser fluence F, number of PPS and number of loops N. Multiple series of milled
channels were fabricated with a fixed width W of 250 um. Figures 3(a)—(d) report the trends of depth d
and taper angle # as a function of the number of loops N for varying F and PPS values.

Measuremen uncertainties for both depth and taper angle were estimated at 5% of the recorded val-
ues, accounting for possible deviations due to equipment precision and human handling. As shown in
Figures 3(a) and 3(b), the depth (d) of the milled channels grows with increasing loop count (N) PPS,
until it reaches the total wafer thickness (~280 pm). Additionally, the data suggests that using higher
PPS values enables a reduction in the minimum number of loops needed to penetrate the entire wafer.
A clear linear relationship is also observed between d and the laser fluence (F): at higher F, the same
depth can be attained with fewer passes and lower PPS. This results in distinct sets of N and PPS val-
ues being tested for each F setting. Notably, for F = 4.7 ] cm 2, increasing both N and PPS negatively
impacted the cut quality, as it induced cracking throughout the quartz substrate, compromising its struc-
tural integrity.

The graphs presented in figure 3(c) and 3(d) show how the taper angle (0) is influenced by both the
number of laser passes (N) and the number of pulses applied per spot (PPS), under two different laser
fluence (F) conditions. Only the data corresponding to channels that completely cut the wafer thickness
are included. In both cases, 0 tends to decrease progressively as N and PPS rise. Similarly, increasing F
also leads to smaller taper angles. To determine the optimal processing conditions, those achieving full-
depth cutting with minimal peripheral crystal damage, optical imaging was employed. In this framework,
‘Front’ denotes the surface where the laser initially interacts with the sample, while ‘Back’ identifies the
opposite wafer face. Figure 4(a)—4(f) report the Front and Back facets, respectively, for six channels rel-
evant for the quality analysis of the method.
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Figure 4. Images of the channel facets: (a) Front and (b) Back views corresponding to the case with F = 5.7 ] cm—2, N = 350,
and PPS = 0.9. Panels (c) and (d) present Front and Back facets obtained using F = 4.7 ] cm ™2, N = 300, and PPS = 2. Panels
(e) and (f) show the results from the same N and energy setting as (c) and (d) but with PPS increased to 3.

Figures 4(a)—(b) corresponds to the channel obtained at F = 5.7 ] cm ™2, with the lowest num-
ber of loops (N = 350) and the lowest PPS value (0.9), resulting in the lowest total energy deposition
onto the wafer. The acquired images reveal evidence of low-quality cut. The Front facet of the channel
(figure 4(a)), while not showing crack propagation, reveals significant surface alteration on both sides
of the crystal, suggesting extensive crack propagation. The Back facet (figure 4(b)) exhibits an irregu-
lar shape together with the propagation of small cracks. Similar or more severe damage patterns were
observed in the remaining channels processed at the same energy level. Such behavior aligns with pre-
dictions, as the higher cumulative energy, linked to elevated N and PPS settings, induces stronger stress
effects in the material crystalline structure. To minimize damage and defects and ensure compatibility
with the performance requirements for a QTF, this pulse energy value was not considered for cutting the
final devices. Figure 4(c)—(f) reports, instead, on the two N-PPS combinations at F = 4.7 ] cm™? that
resulted in minimal damage and defects. figure 4(c)—(d) and 4(e)—(f) show the Front and Back facets of
the channels obtained at F = 4.7 ] cm~2 with N = 300 & PPS = 2, and N = 300 & PPS = 3, respect-
ively. Both channels show minimal crystal amorphization at the cut edges, visible only on one side, with
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Figure 5. Measured depth d and taper angle 6 values for each channel as a function of the channel width (W), obtained under
fixed processing conditions: F = 4.7 ] cm~2, N = 300, and PPS = 2.

no evidence of crack propagation. The Back sides of the channels are consistent, showing regular pro-
files without any chipping or cracks. Among these two parameters sets, which resulted in the same taper
angle (f = 13° £ 1°), the set with PPS = 2 was selected due to its shorter processing time.

Using the selected parameters, a 25 mm? square was cut from the wafer to measure the edge rough-
ness with a confocal microscope. A height profile was acquired along the laser-cut side wall and the
resulting data were used to calculate the average roughness RA, defined as the mean absolute devi-
ation of surface peaks and valleys from the mean line over a specific length [47]. The measurement was
repeated on all four lateral walls, yielding an average roughness of RA = 0.74 + 0.05 pm. This value is
in the same order of magnitude as the values reported in literature for quartz microresonators fabricated
through wet etching assisted methods [48, 49].

With the selected parameters (F = 4.7 ] cm~2, PPS = 2 and N = 300), the cutting process was per-
formed with varying widths W (see figure 2(b)). A series of five channels was fabricated with progress-
ively increasing values of W. Cross-sectional profiles of these channels were captured using a confocal
microscope and are presented in Fig. S2 of the Supplementary Material. Figure 5 reports a plot of the
depth and taper angle of each of the five channels as a function of W.

Widths of 100 ym and 150 um were found to be insufficient for the channels to fully penetrate the
wafer thickness of 280 pm. Conversely, the channels realized with W = 200, 250, 300 pm, were able to
fully cut through the wafer, each with a taper angle of around 14°, which remained consistent within the
corresponding uncertainty intervals. A width of 250 pum was chosen for the QTF incision, as it ensured
compatibility with both the planar (x—y) dimensions of the selected quartz tuning fork geometry (see
figure 6(a)) and the thickness of the supporting substrate.

3.2. Characterization of resonant properties of the laser-cut QTFs

Quartz tuning forks were fabricated from quartz wafers using the optimized set of processing parameters
(F=4.7]cm™2, PPS = 2, N = 300, W = 250 pm), following the T-shaped configuration illustrated in
figure 7(a).

The T-shaped QTF demonstrated enhanced performance for QEPAS sensing with respect to stand-
ard QTF with rectangular prongs [50]. The laser-cut QTF depicted in figure 6(b) was chosen as rep-
resentative example among various similar laser-cut devices with identical geometry and shape. Prong
dimensions were consistent across the fabricated devices, showing less than a 2% deviation from the
nominal dimensions. A taper angle of 6 = 13° + 1° was determined as the average value over all fab-
ricated devices. With optimized parameters, the fabrication time for a single QTF was reduced to 30 min
demonstrating the potential of this approach for rapid prototyping compared to conventional fabrication
techniques.

In particular, compared to chemically assisted etching approaches reported in the literature, the pro-
posed method offers a clear advantage in terms of prototyping throughput, as etching-based processes
either require significantly longer processing times (~2 h) for wafers of comparable thicknesses [49] and

7
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Figure 6. (a) Geometric layout of the T-shaped quartz tuning fork employed during the fabrication process.

often involve additional preliminary steps, such as laser writing and mask preparation, which further
increase both the overall fabrication time [48] and production costs.To assess the vibrational response of
a T-shaped quartz tuning fork, a finite element simulation was carried out using COMSOL Multiphysics
(solid mechanics module). The geometry used, based on the layout in figure 6(a), included a trapezoidal
cross-section with a taper of © = 13°. Figure 7 shows the resulting displacement of the prongs and the
associated strain field intensity.

In addition to the strain field simulation, the tool was also used to perform an eigenfrequency
analysis to predict the resonant modes of the T-shaped QTF, resulting in a resonance value of
fo = 11 079 kHz for the fundamental antisymmetric flexural mode. This predicted frequency was sub-
sequently taken as a reference for experimentally mapping the spectral behavior of the quartz tuning
forks produced via laser cutting. The predicted value aligns closely with those measured for similar T-
shaped QTFs realized though chemical etching methods [51], indicating that the taper of the prongs
does not significantly affect the resonance frequency. The analysis of the strain map in figure 7 indic-
ates a clear concentration of mechanical stress at the junction area connecting the prongs to the support.
Notably, the inset reveals that the rear (Back) corner of this junction experiences a higher strain level
than the front (Front) corner.

To evaluate performance, three of the various laser-cut tuning forks, identified as QTF-A, QTF-

B, and QTEF-C, were tested in a basic QEPAS configuration for detecting water vapor, as detailed in
section 1 of the supplementary material. These QTFs were taken as representative samples, to showcase
the relationship between resonant performances and quality of cut process. Their resonance profiles, cor-
responding to the main in-plane antisymmetric flexural mode, are shown in figure 8(a)—(c).

The vibrational response of each tuning fork was assessed by plotting prong displacement (S) versus
excitation frequency (f). The experimental curves were fitted using a Lorentzian profile, with f (reson-
ance frequency), Af (full width at half-maximum), and S (maximum amplitude) treated as adjustable
parameters. The quality factor Q was derived from the ratio between f and Af, as defined in [52]. All
relevant numerical results are compiled in table 2.

The uncertainty on S was estimated by considering the system noise, defined as the standard devi-
ation over a 5 min acquisition of the resonance signal at peak excitation. This noise level was measured
at 0.17 mV, translating into a displacement uncertainty of ¢ = 0.001 nm. The confidence intervals for f

8
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Figure 7. COMSOL-based finite element analysis showing how each prong deforms when the structure is excited in its funda-
mental in-plane antisymmetric flexural mode. The simulation assumes z-cut quartz as the material orientation. The strain field
(expressed in arbitrary units) is mapped using the color scale. The inset details the area where strain is concentrated at the inter-
face between the prongs and the base.

Table 2. Resonant properties of laser cut QTFs from Lorentzian function fitting analysis.

QTF fO [HZ] Af [HZ] Speak [nm] Q

QTEF-A 11 095.20 4 0.01 1.40 £ 0.01 0.140 £ 0.001 7900 =+ 56
QTE-B 10 958.20 4+ 0.01 1.59 £0.01 0.120 £ 0.001 6900 =+ 43
QTEF-C 10 897.00 4+ 0.01 1.94 £ 0.02 0.100 £ 0.001 5600 =+ 59
SIMULATED 11079 N.A. N.A. N.A.

and Af were directly extracted from the curve-fitting process, while the corresponding error on Q was
computed through propagation, using the relation Q = f/Af. The experimentally observed resonance fre-
quencies were found to closely match the value of fo = 11 079 kHz predicted from the eigenfrequency
study, with a maximum deviation not exceeding 2% [9]. A clear and significant difference in the quality
factor (Q) is observed among the three examined QTFs. In particular, QTF-A exhibits a Q value that
surpasses those of QTF-B and QTF-C by approximately 13% and 30%, respectively. Since all devices
share nearly identical resonance frequencies (f), the data in table 2 suggest that such differences are
likely attributable to variations in fabrication quality, with particular emphasis on the precision of the
cutting process.

The prong-to-support junction emerges as a crucial region for two main reasons: (i) simulation res-
ults show this area experiences the highest concentration of mechanical strain, and (ii) it functions as a
primary channel for vibrational energy dissipation, contributing significantly to support-related losses.
The presence of structural imperfections—such as microcracks—affecting the integrity of the crystal bulk
in this region can therefore enhance energy dissipation [53], resulting in a diminished Q and a disturbed
strain distribution, as depicted in figure 7.
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Figure 8. Experimentally acquired resonance profiles for QTF-A, QTF-B, and QTF-C, shown in panels (a), (b), and (c), respect-
ively. Each dataset has been fitted using a Lorentzian function (green line) to extract the resonance parameters.

Figure 9. Optical images showing the front facets of the prong-support junctions for QTF-A, QTF-B, and QTF-C are displayed
in panels (a), (b), and (c), respectively. Corresponding images of the back facets are shown in panels (d), (e), and (f). Red arrows
highlight the presence of micro-defects or fine cracks observed at the junction regions.

Figures 9(a)—(f) presents comparative images of the front and rear facets at the prong-support inter-
face for QTF-A, QTF-B, and QTF-C.

Figures 9 (a)—(c) display the front facets of the prong-support junctions for QTF-A, QTF-B, and
QTEF-C, respectively. All three devices exhibit comparable quality in this region, with no visible defects
at the corners where the prongs connect to the support structure. In contrast, the back facets shown in
figure 9(d)—(f) reveal varying degrees of crystal damage. Specifically, QTF-B (figure 9(e)) and QTF-C
(figure 9(f) exhibit clearly visible cracks at the junction corners, while QTF-A (figure 9(d)) shows only a
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faint and barely noticeable defect. QTF-C presents the most severe damage, with one crack observed at
each corner.

A strong correlation is evident between the extent of these structural imperfections, affecting the
bulk crystal structure, and the quality factor values reported in table 2. QTF-C, affected by two distinct
cracks, exhibits the lowest Q value (5600), followed by QTEF-B, which shows a single crack and a Q of
6900. QTF-A, with only a minor defect, achieves the highest Q value (7900). A comparison with Q-
factor values of the order of 12 000, reported for QTFs fabricated using standard etching techniques for
the same geometry [54], highlights the critical role of crystal bulk integrity, particularly at the prong—
support junction, in determining the resonance performance of laser-cut QTFs. This region is identified
as the main factor currently limiting the Q-factor of the fabricated prototypes. Consequently, improving
the quality of the laser cut in the prong-body junction region represents a key objective for future devel-
opments of the proposed fabrication process. Furthermore, the observed correlation between cracks and
Q-values confirms that the taper angle and minor superficial irregularities in the micromachined edges
do not impact device performance, since they have no impact on bulk integrity. The same conclusion
can be drawn relatively to the sidewall surface roughness since the three QTFs have all sidewall R4 val-
ues which are within the uncertainty interval of the average Ra reported above. If these factors had been
significant, QTF-A, which exhibited a slightly irregular profile at the lower back end of its right prong,
would have displayed a lower Q-value compared to QTF-B and QTF-C.

Section 3 of the Supplementary Materials reports on the mapping of the QTF prong displacement
and proof-of-operation of the laser-cut devices in a QEPAS apparatus for the detection of ambient water
vapor.

4, Conclusions

This study demonstrated a reliable and efficient method for the direct fabrication of QTFs using femto-
second laser micromachining, establishing a viable alternative to conventional chemical etching tech-
niques. The approach employed a femtosecond laser system operating at a wavelength of 515 nm and
combined a milling channel technique with a top—bottom processing configuration. This strategy enabled
clean, precise cuts through quartz wafers up to 280 um thick—consistent with the standard dimensions
used in QTF manufacturing—while allowing for high tunability and reproducibility.

The fabricated QTFs featured T-shaped prongs with a trapezoidal cross-section, a consequence of
the tapering introduced by the top-side processing approach. Finite element simulations incorporated
this geometry to predict the resonance frequency of the fundamental in-plane antisymmetric flexural
mode. Experimental evaluation of three laser-machined QTFs yielded resonance frequencies within 2%
of the simulated reference value (11079 Hz). Variations in the measured quality factors (5600, 6900, and
7900) were attributed to differences in the structural integrity at the back corners of the prong-support
junctions, confirming the critical role of localized defects in determining device performance.

These results highlight femtosecond laser processing as a flexible, scalable, and environmentally sus-
tainable approach for producing micro-resonator QTFs. This technique is particularly advantageous for
developing innovative designs in the prototyping phase, offering precision and adaptability unmatched
by traditional methods.
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