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Abnormal temperature dependent elastic properties of fused silica irradiated by ultrafast lasers
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Materials with thermal-invariant elastic properties are of interest for resonant device frequency and dimen-
sional stability of precision devices. Here, we demonstrate that the temperature coefficient of elasticity (TCE)
of amorphous silica can be locally reduced using femtosecond laser irradiation. Notably, a self-organized
laser-induced modification shows a decrease of the TCE beyond 50%. The origin of this dramatic decrease
is attributed to the presence of submicron permanent densified zones within the fine multilayer structure of the

laser-modified zone.
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Amorphous silica (a-SiO,) has unique behavior among
materials in general. Unlike many other glasses and the vast
majority of materials in general, it exhibits a positive temper-
ature coefficient of elasticity (TCE), i.e., its Young’s modulus
increases with increasing temperature, as reported by Sosman
in 1927 [1]. The cause of this unusual behavior has since been
disputed. One recurring idea, proposed by Babcock in 1954
[2], is that a-SiO, contains two types of structure, coexisting
within the glass, each of which behaves normally locally,
where their relative amounts change continuously with tem-
perature and pressure. According to this model, the material
undergoes a reversible displacive transformation from an elas-
tic weak state («x-form) to a stiffer one (8-form), similar to
cristobalite, one of the crystalline polymorphs of SiO,. While
for the crystalline phases the transformation, @ = S, occurs
in a relatively small temperature window, it would transform
over a broad temperature range in the case of a-SiO;. It is
widely acknowledged that the structure of a-SiO, is not fully
random and possesses short-range order (<0.5 nm), while the
medium-range structure (0.5-1.5 nm) consists of a network
of rings of various sizes formed by SiO, tetrahedra [3-5],
where the six-membered ring structure is the most abundant
member. According to molecular dynamics simulations per-
formed by Huang et al., these six-membered ring structures
are specifically responsible for the stiffening effect caused by
conformation changes of the ring structures [6]; see Fig. 1.
The fourfold-coordinated tetrahedra SiO; act as a rigid-body
unit [7]. During the short-range thermal expansion, the dis-
tance between Si and O of the fourfold-coordinated tetrahedra
SiO, molecule [8] causes the six-membered ring structures
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to transform from an asymmetric configuration («-form) to a
more symmetric, and stiffer, configuration (8-form).

a-Si0y’s TCE is altered while undergoing irreversible
transformations toward different metastable amorphous states,
a transformation mechanism coined “amorphous polyamor-
phism” by Grimsditch [10]. Two amorphous state families
are primarily identified, namely the low-density amorphous
(LDA) and high-density amorphous (HDA) states, respec-
tively. Interestingly, like other abnormal properties (e.g., the
boson peak [11], softening upon compression [12], etc.),
permanently densified a-SiO, reduces the magnitude of the
TCE. Furthermore, unlike amorphous ice, a-SiO; possesses a
broad range of states, within the categories of LDA and HDA
states, that can be reached through various thermodynamic
paths [13] or using various intense irradiation methods that
stimulate bond-breaking processes and localized reordering
[14,15]. As there is no unique path toward a given state,
different densification methods, such as fast neutron exposure
[16], thermal quenching [17], and cold- and hot-compression
[18], will inherently lead to a distinct densification state, an
amorphous structure, and a TCE reduction level.

Here, we focus our attention on the local changes of
a-SiO;’s TCE resulting from femtosecond laser pulse bulk-
exposure. Thanks to their high peak-power that triggers
nonlinear absorption processes, and despite having a wave-
length for which the material is transparent, these lasers are
capable of modifying locally transparent materials only in
the focal volume [19,20]. In a-Si0O,, the modified volume is
associated with microscale material property changes, e.g.,
the refractive index [21], chemical susceptibility [22], ther-
mal conductivity [23], the thermal expansion coefficient [24],
and Young’s modulus [25,26]. These laser-induced physi-
cal property changes are particularly useful in the context
of monolithic microdevices, and they led to the creation of
monolithic devices. For example, complex integrated pho-
tonics circuits [27], tuned resonators [26,28], optomechanical
devices [29], and optofluidics [30-32], made from a single
piece of material and functionalized through laser exposure
sequences, were reported. Specifically, a-SiO; is attractive for
its remarkable material properties, such as its low thermal
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FIG. 1. An impression of the six-membered ring’s conformation
change from an o form to a 8 form due to a temperature increase,
adapted from [6,9]. The red and white atoms represent silicon and
oxygen, respectively.

expansion, its low optical losses over a broad spectral range,
as well as its low mechanical losses and high thermal stability.
Unfortunately, its TCE remains non-negligible, ~220 ppm
[33,34], especially in contrast with nickel-based alloys com-
monly referred to as Elinvar or Nivarox, which have a TCE
around and below ppm levels [35]. To further enhance a-SiO,
applicability, we explore how femtosecond laser-irradiated
zones can also be used to lower the intrinsic TCE value of
the material. Specifically, we investigate two types of laser-
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induced modifications: one, commonly referred to as “type
I’ consists of a homogeneous modification throughout the
exposed zone, and a second one, usually called “type II,”
consists of self-organized nanoplanes parallel to one another.

I. EXPERIMENTAL METHODS

TCE properties are retrieved using a method based on mea-
suring the mechanical resonance of laser modified cantilevers
as a function of temperature. We take advantage of a process
based on femtosecond laser exposure and chemical etching
to fabricate microcantilevers. The volume inside those can-
tilevers is exposed to an ultrafast laser as depicted in Fig. 2(a).
The fabrication of these structures, the dimensions, and the
exposure strategy are further detailed in [26].

The resonance frequency dependency on temperature, also
referred to as the temperature coefficient of frequency (TCF),
expressed as a function of material properties [36], is
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where f is the resonance frequency and E is the Young’s
modulus—the subscript 0 refers to measured property at room
temperature. Additionally, the TCF depends on the thermal
expansion coefficient (CTE). Nevertheless, the low CTE of
a-SiOy (~ 0.5 ppm/°C) makes this dependence negligible
compared to the TCE (~ 220 ppm/°C), which is three orders
of magnitude higher [33,34]. As we will see later, the laser-
induced CTE changes, reported in [24], are likewise negligible
compared to the laser-induced TCE changes.
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FIG. 2. (a) A schematic of the mechanical resonator with the laser affected zones (LAZs) shown in red. The insets show two scanning
electron microscope (SEM) images, a typical cross-section of type I and II modifications. A schematic further depicts a set of laser
modifications spaced by /; and where TCE; and TCE; indicate the TCE of the laser affected zone and of the surrounding pristine material,
respectively. ¥; is the laser writing direction, K is the optical propagation axis, and E, is the direction of the electric field defining the polarization
of the laser. The measured TCF and related TCE, are shown in (b)—(f). Part (b) refers to the case of a type I modification. Parts (c) and (e)
show the result in the case of a type II modification for nanogratings oriented along the cantilever long-axis, while (d) and (f) show the result
for a type I modification, but here with the nanogratings oriented in the transverse direction to the cantilever long-axis. The superscripts * and
/ refers to the nanogratings orientations with respect to the cantilever long-axis. The different markers [(e) and (f)] refer to different substrates

used for fabricating the resonators.
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The resonator volume is not entirely and not homoge-
neously exposed to the laser. Instead, the modified zones
consist of a set of lines, spaced by a distance [; [Fig. 2(a)],
where the top layer of the laser-affected volume is placed
20 pm below the surface, and the bottom layer is at a depth of
300 pwm below the surface. The TCE extracted from the mea-
sured TCF expressed in Eq. (1) is the sum of pristine (TCEy)
and laser-affected zones (TCE;). The change of TCE in the
modified volume TCE,; is estimated based on a mathematical
model, detailed in Appendix A.

The temperature is controlled and cycled between 10 and
40 °C using a dedicated environmental chamber described in
[24]. The cantilever is mounted on a piezoelectric-actuator
that excites it on its resonant frequency. The resonator’s re-
sponse is measured using a triangulation sensor (Keyence
LKHO022), and a phase-lock-loop scheme is applied to track
the resonance frequency changes during temperature cycles.
Type I modifications are produced using a femtosecond laser
system emitting 50-fs pulses at 850 nm and a repetition rate
of 120 kHz (Satsuma seeding an OPA from Amplitude), while
type II modifications are obtained with an Yb-doped fiber-
amplified system emitting 380-fs pulses at 1030 nm and a
repetition rate of 750 kHz (Yuzu from Amplitude). In the
sequel, the pulse energies used to obtain the modified zone
are kept constant (250 nJ for type I and 240 nJ for type II),
while the exposure dose is varied by changing the scanning
speed. As for the substrates, we consider two types of a-SiO;:
one with a high OH content (Corning, ref. 7980) and one with
a low OH content (Heraeus, Suprasil 3002).

II. RESULTS

Figure 2(b) shows the TCF and the corresponding TCE;
variation as a function of the deposited energy for type I
modifications. The deposited energy is calculated as explained
in [37]. With these experimental conditions, we observe a
TCF decrease of 7 ppm/°C and we estimate a TCE decrease
of about 20%. Figures 2(c) and 2(d) consider the TCF and
estimated TCE versus the deposited energy, which are de-
picted for a type II modifications for two opposite nanograting
orientations. The change of TCE shows a distinct behavior in
both cases. A saturating behavior for the case displayed in
Figs. 2(d) and 2(f), corresponding to a transverse nanograting
orientation with respect to the cantilever long-axis, is found,
while a linear decay for the case in Figs. 2(c) and 2(e) is
observed and corresponds to nanogratings aligned along the
cantilever long-axis. This observation is useful to understand
better what the origin of the reduction is, and it will be dis-
cussed more in depth in the following section. For type II
modifications, the TCE reductions are of larger magnitude
compared to type I modifications. For nanograting aligned
along the cantilever long-axis [Figs. 2(c) and 2(e)] the re-
duction is eventually reaching values ATCE ~ 60% for a
deposited energy of 160 J/mm?. The LAZ’s CTE changes
are negligible compared with the TCE changes, based on data
reported in [24], which confirms our earlier stated hypothesis.

In [38] it was demonstrated that the focusing depth has an
effect on the volume variation of the laser affected zone. This
effect is related to the dispersion of the focus due to spherical
aberrations. Therefore, the TCE estimate is an average, where
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FIG. 3. Cross-section of two adjacent laser-written tracks with
different regions, characteristics of a type II modification (so called
“nanograting” structure). TCE,; and TCE,,; are the temperature coef-
ficient of elasticity of the nonporous and porous layers, respectively.
The red contour map illustrates the strain induced by the laser-
induced volume expansion [40]. Further, the increase of point defect
density is illustrated, as is the increase of the three- and four-
membered rings.

presumably the change at the top layer is higher, while a
smaller change is expected for the lower located layers.

III. HYPOTHESIS TOWARD THE ORIGIN OF THE
TCE REDUCTION

Considering the nanogratings morphology [39] and the
laser patterns considered here, several features could be re-
sponsible for the observed TCE reduction. Namely, the porous
layers (TCE,;) and/or the nonporous layers (TCE,;), perma-
nent densifications, elastically deformed material surrounding
the LAZ (¢), and laser-induced point defects are possible
candidates to explain the observed behavior. Figure 3(a) il-
lustrates the characteristic laser-induced material changes that
are the possible origins for the TCE reduction.

A. Elastic deformation

The porous character is responsible for a net volume
expansion of the modified volume [41]. Consequently, the
surrounding unexposed material is elastically densified. From
compression studies in the elastic regime, it is known that
the athermal Young’s modulus softens [12,42]. This could
indicate that the symmetric ring structures undergo a dis-
placive transformation towards a weaker asymmetric form,
due to an external pressure [6]. Following this hypothesis,
one can expect that this permanent external pressure prevents
this weaker asymmetric form from transforming back into
its stiffer symmetric configuration. As a consequence, the
TCE would reduce as the stiffening mechanism (described
in the Introduction) is obstructed due to the presence of
post-laser-exposure residual permanent stress. To support this
hypothesis, studies on other abnormal material properties of
SiO, (i.e., boson peak [43-45]) show that elastic densifica-
tion does reduce the magnitude of these abnormal behaviors.
Unfortunately, to the best of our knowledge, no experimental
result has been reported related to the correlation between
elastic deformation and TCE.
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FIG. 4. Stress (67) and TCF vs laser-written line-spacing (I;)
and LAZ volume fraction (V;). The latter is defined as the ratio
between the LAZ’s width and linespacing. The exposure conditions
are as follows: pulse energy 300 nJ, repetition rate 750 kHz, scanning
velocity 5 mm/s, pulse width 300 fs, and laser-wavelength 1030 nm.

In the sequel, we make a comparative study between an
experiment for probing the stress present in LAZs and the one
to measure the TCE as described earlier. To probe the stress,
a bimorph deflection experiment is used, like in [41], where
the tip displacement of a laser-exposed cantilever is related to
the stress using a modified Stoney’s equation as detailed in
Appendix B.

Unlike the previously discussed experiments, the exposure
conditions (i.e., pulse energy and exposure dose) are kept
constant, but the line spacing between individual laser-written
lines is varied [/; in Fig. 2(a)]. This parameter effectively
controls the average stress present in laser-written patterns;
see Fig. 4. On the one hand, the stress seems to saturate for
line-spacing below 4 um (green curve in Fig. 4), which is in
agreement with our previous observations [24]. On the other
hand, the TCF does not follow the same trend, but rather
seems to be linearly proportional with line-spacing. There is
therefore no obvious correlation between the elastic deforma-
tion of the unexposed material in between the laser-written
line and the reduction of TCE. This agrees well with the MD
simulations reported by Huang et al. [6], who concluded that
the «-B transitions are saturated beyond the pressure window
ranging from —9 to 6 GPa. Therefore, for the pressure levels
obtained in our experiments, a sufficient amount of asymmet-
ric ring-structures can be thermally transformed to their stiffer
counterpart.

B. Porous and nonporous layer

At this point of the discussion, it is excluded that the elastic
deformation has an effect on the observed TCE reduction. To
quantify whether porous or nonporous layers are contributing
to the reduction of the TCE, we revisit the results regard-
ing the two orthogonal nanograting orientations, depicted in
Fig. 2. For the nanogratings aligned along the loading di-
rection (Fig. 2), the TCE of the nonporous layers (TCE,;)

is dominant, since it is equivalent to a mechanical parallel
configuration. Furthermore, the nonporous layer is nearly a
factor 10 stiffer than the porous layer and occupies nearly
90% of the volume [26]. For the orthogonal arrangements
[Figs. 2(d) and 2(f)], the porous layer contribution is this
time prominent, as this arrangement of layers is equivalent
to in-series connected stiffness. This reasoning is supported
by estimates made in Eq. (2), which considers nanogratings
aligned along the loading direction, and Eq. (3), for which
they are aligned transversely. For V,; ~ 0.9, V,; ~ 0.1 ([46]),
and E, ~ E;0.1 ([26]), Eq. (2) reveals that the behavior
of TCE,l in Figs. 2(c) and 2(e) is mostly governed by the
nonporous layer’s contribution to the TCE, while for an or-
thogonal nanograting orientation, Eq. (3), both nonporous
and porous layers contribute nearly equally, resulting in the
behavior observed in Figs. 2(d) and 2(f),

_ TCEVuEy + TCE, VyEpy

TCE/ =
! Enlvnl + Eplvpl
TCE] ~TCE,;0.9 + TCE,;0.01, )
TCEIJ' ZTCEannIEpl + TCEI,IVp[Enl
anEpl + VplEnl
TCE;" ~TCE,;0.9 + TCE,. A3)

C. Annealing

To further test the hypothesis that permanently densified
zones (i.e., zones within the laser modified volume and in
between nanoporous layers) are the main source for TCE
reduction, we investigated the behavior of the cantilever after
various thermal annealing steps. Depending on the temper-
ature at which it is performed, thermal annealing of laser
affected zones has different effects. For instance, for low
annealing temperatures (T,,, < 500°C), laser-induced point
defects [e.g., dangling bonds, nonbridging oxygen hole cen-
ters (NBOHC), etc.] are specifically altered [47,48], while for
intermediate temperatures (500 < T,,, < 900 °C), permanent
densification is quenched [18,49]. Finally, the porous layers
are removed for annealing temperatures beyond the so called
“glass annealing temperature” [50], which for the Corning
7980 glass is found at T, ~ 1042 °C. Therefore, we logically
expect changes in the TCE depending on the annealing tem-
perature that may provide further hints about the origin of the
TCE reduction.

In this set of experiments, we characterized the athermal
Young’s modulus and the TCE of postannealed resonators
under various conditions. In practice, the resonators are placed
in a nitrogen-purged furnace and the temperature is elevated
to a set of characteristics levels T,,,. Heating and cooling rates
are set below 1 °C/min to avoid additional residual stress and
undesired transient effects. To study the fine changes of the
TCE as a function of the annealing temperature, we reuse
the specimens with close-spaced exposure patterns discussed
in Fig. 4. For investigating the changes in athermal Young’s
moduli, we reuse the samples discussed in Fig. 2(d). The
athermal modulus is known to decay as a function of the de-
posit in an inversely proportional manner [26]. This reduction
of the elastic properties is attributed to the porous planes [26].
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FIG. 5. (a) The change in athermal Young’s modulus (AE) vs the annealing temperature. (b) The change in LAZ’s temperature-elastic

coefficient (ATCE) vs annealing temperatures.

Figures 5(a) and 5(b) depict the athermal Young’s modulus (E)
and TCE normalized relative changes, respectively. The ref-
erences for normalization are the nonannealed laser-exposed
material, meaning that 100% corresponds to the nonannealed
case and 0% to the unexposed one.

Overall, the laser-induced TCE and Young’s modulus
changes remain almost unaffected (<2%) for increasing an-
nealing T,,, up to 600 °C. This indicates that point defects
like E’ centers, NBOHC, ODC(I), and ODC(II) do not have
a noticeable effect on the reduction of the TCE as their con-
centration gradually depletes at these annealing temperatures
and durations [48,51,52]. Likewise, interstitial oxygen, found
in the Raman spectrum [39,53], disappears at these anneal-
ing temperatures [54]. In [48], it is suggested that interstitial
oxygen and E’ centers interact and form peroxy radicals (for
Tinn < 400 °C). Although these chemical rearrangements very
likely have an effect on the thermal elastic behavior, its sig-
nificance is too small to measure due to a relatively low
concentration.

The annealing experiments to AE [Fig. 5(a)] indicate that
porous planes survive at least up to a temperature of T,,, <
900 °C. This high thermal stability of the porous planes has
also been observed elsewhere using a different methodology
[55,56] and is further extensively studied and modeled in
[50,57]. Contrary to the Young’s modulus, the TCE recovers
at Toynn = 900°C. As the porous layers are not recovered at
these annealing temperatures, it suggests that the nonporous
layers are the main origin of TCE reduction.

From T,,, = 700 °C, the amplitude of ATCE reduces sig-
nificantly. At Ty, = 900 °C, ATCE is approximately —25%.
This could mean that the recovered nonporous layers do not
have a similar molecular arrangement to that of the pristine
material, resulting in a negative ATCE. Another explanation
is that the porous layers possess a positive ATCE, since
the porous layers still exist for these annealing conditions.
Effectively this would mean that the TCE reduction of the
nonporous layers is higher than what we effectively measured,
hence TCE,; > TCE;.

Raman spectroscopy studies performed by Wang et al.,
Witcher et al., and Zhang et al. monitored the D and D, peaks
as a function of the annealing temperature; these peaks are
usually attributed to three- and four-membered rings struc-
tures [52,55,57]. Typically, they observed that Ti..x of the
D, and D, peaks is in the range from 600 to 700 °C. The
annealing behavior of these densification signatures in the

Raman spectrum correlates well with the annealing behavior
of the TCE found in this work. In a previous work, based on
a dedicated study related to the athermal Young’s modulus,
we suggested that the nonporous layers in the nanograting
modification are densified [26]. This fact was also reported
in earlier work by Bricchi et al., but that time it was based on
birefringence measurements [46].

Let us now consider the annealing behavior for specimens
densified with other non-laser-based methods, namely cold-
[58] and hot-mechanical compression [18,49], fast neutron
radiation [59], or shockwave-induced densification [60]. Hot-
compressed and shockwave densification reveal similar trends
for densification versus T,,,, a plateau for the lower tem-
peratures, and a decrease at higher temperatures. However,
for the cold-compressed methods (where SiO; is compressed
beyond its “plastic” limit of 9 GPa at room temperature
[58]) and for a fast-neutron radiation scenario, a monotonic
decrease is revealed [59]. Shockwave-induced densification
reveals a relaxation temperature at Trejox ~ 600 °C [60], while
for hot-compressed specimens it depends on the magnitude of
the applied compression pressure [18] and temperature [49].
Cornet et al. studied the relaxation of hot-densified SiO; using
small- and wide-x-ray diffraction methods [49]. They revealed
that for higher compression temperatures, the densified struc-
ture is more thermally stable (i.e., a higher Ti.p,x). In their
case, Treax ranged between 400 and 850 °C for compression
temperatures ranging between 400 and 1020 °C.

The annealing behavior in this work correlates well with
the annealing behavior of the densification signatures found
in the Raman spectrum, as well as with other non-laser-based
densification methods. This can be seen in Fig. 6, which
provides a visual summary. Summarizing these observations,
the evidence is strong that the TCE reduction measured in
this work is due to permanent densification where parts of the
material are transformed to HDA. The latter is also mentioned
in [57].

To summarize the preceding subsections, we have provided
evidence that the nonporous layer is the main origin for the
reduction of the TCE and not the porous layer. In this scenario,
the elastically deformed material due to volume changes does
not play a role in the reduction of the TCE, nor do the
point defects. We gave further evidence that the TCE reduc-
tion correlates well with permanent densification signatures,
and therefore we suggest that the nanograting modification
includes volumes that are in a high-density amorphous state.
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FIG. 6. An overview of the relaxation temperatures during an-
nealing for laser-induced material changes and for non-laser-induced
densification in a-SiO,. Great care should be taken when extracting
precise values from this graph, as the exact values depend on the ex-
act material composition (e.g., OH or Cl content) [56] and annealing
conditions (e.g., duration and heat-up/cool-down rate). Nevertheless,
it provides a useful global overview.

Additionally, we highlight that possible densification around
nanopores in the porous layer does not contribute to a measur-
able reduction of TCE, as observed in this work.

IV. DISCUSSION ON THE EFFECT OF THE OH CONTENT

In these experiments (as outlined in Fig. 2), we used a wet
and dry type of silica, Corning 7980 (OH = 1000 ppm, which
has a ppm-level of impurities) and Suprasil 3002 (OH <
1 ppm, which has a ppb-level of impurities), respectively. We
observed that the maximum TCE reduction is slightly higher
for the dry substrate (Suprasil 3002). Other studies related to
nanograting formation in dry- and wet-silica reported no dif-
ference in optical retardance measurements [56], as well as in
electron density of the laser-exposed plasma [61]. According
to Bricci et al. [62], the retardance induced by nanograting
modification is mostly governed by the large refractive index
change in the porous planes. On the contrary, here the TCE
reduction is attributed to the densification of the nonporous
planes. Furthermore, a dependence between OH content and
point defects (as reported in [63]) can also be ruled out, as the
TCE reduction does not show evidence of a correlation with
the generation of point defects.

It is known that the OH content reduces the viscosity of
glasses [64]. Effectively, the annealing glass temperature is
lower for wet-silica compared to dry-silica, and therefore it
would have a lower thermal-stability compared with its dry
counterpart. A possible hypothesis for this noticeable differ-
ence in TCE behavior for laser-exposed dry- and wet-silica
is that the densification (TCE reduction) is quenched due to
the thermal accumulation during the exposure. Morphological
modifications due to thermal accumulation are clearly visi-
ble for repetition rates typically above 1 MHz, [65,66], by
the appearance of the LAZ dimensions surpassing the focal
volume [67], removal of the nanogratings [68], and bubble
formation [66]. While in our case the repetition rate is below
the 1 MHz level, evidence of thermal accumulation based on
retardance measurements (but without noticeable morpholog-
ical changes) reported in [69] may suggest that a thermally

< Strakna et al. © A Fraser et al. scLe Parc et al. 0 Guerrete et al.

2GPa @ 1100°C -

This work
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FIG. 7. A summary of ATCE obtained by a different densifica-
tion process as reported in the literature [16—18,75]. The typical value
obtained in this study is also shown.

cumulative effect may still be at play. Note that the cumulative
exposure effect further depends on pulse energy, confocal
parameters, and scanning speed [70]. While the hypothesis of
a thermal effect should be considered to explain the discrep-
ancies between dry- and wet-silica, we cannot be fully sure at
this stage due to a lack of sufficient evidence. A systematic
study of the TCE reduction for varying and lower repetition
rates, e.g., < 0.2 MHz, would be required to confirm or refute
this hypothesis. Incidentally, the use of lower repetition rates
may lead to even bigger TCE reductions as the annealing
effect at high repetition rates is detrimental with respect to
laser-induced TCE reductions.

V. DISCUSSION ON THE NATURE OF THE
TCE REDUCTION

Various works have demonstrated that densifying SiO,
reduces the TCE. Le Parc obtained a TCE reduction of ther-
mally quenching a-SiO, at atmospheric pressure [17]. Based
on Brillouin scattering measurement, the author estimated a
TCE reduction of 5% maximum. Strakna et al. studied the
reduction of TCE for fast-neutron irradiated a-SiO, samples
in the temperature range from 100 to 300 K [16]. They showed
that the TCE is reduced by approximately 70%. In recent
work, Guerrete et al. investigated the TCE for hot-compressed
a-Si0, [18] and found a TCE reduction of more than 80% for
compression pressures of 6 GPa at a temperature of 1100 °C.
Figure 7 summarizes the reduction of TCE obtained with
various densification processes, compared with the result of
this study (in the particular case of type II modification, a
deposited energy of 160 J/mm?, and a polarization perpen-
dicular to the laser-scanning direction).

Based on this overview, the evidence is strong that com-
pacting a-SiO; results in a reduction of the TCE. In a densified
material, the compaction hinders conformation changes of
the six-membered rings structures, due to the lack of space
[18,71]. Furthermore, the ring size distribution seems to have
an effect on the magnitude of the TCE reduction. For instance,
densification induced by ionizing radiation causes three- and
four-membered rings to be generated at the expense of a decay
of the number of six-membered ring structures [72,73]. As the
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three- and four-membered rings are stiffer structures, they are
less prone to conformation changes [71], and consequently no
stiffening effect upon a temperature increase is expected for
a lower number of ring members, as this would be the case
for six-membered rings in fused silica. Works on intermediate
glass [71,74] suggest a correlation between the magnitude of
the TCE and the amount of six-membered rings [71,74].

The TCE reduction obtained in this study seems remark-
ably high when comparing it with results obtained for the
homogeneous modification (type I), Fig. 2(a). This indirectly
suggests that the densification of the nonporous planes in the
nanograting modification is higher than homogeneous modifi-
cation. This is also indirectly suggested in other works, based
on the study of the athermal elastic properties [26] and the
refractive index [46] of the nonporous planes, where both the
athermal elastic properties and the refractive index are signif-
icantly higher compared to that of the type I modification.

The onset for densification of the type I modification
is generally attributed to fast cooling after laser exposure
[57] or/and to a bond-breaking mechanism, induced by ion-
ization radiation, creating smaller ring-members [73]. As
reviewed above, both mechanisms—fast thermal quenching
and ionizing radiation—produce similar TCE reductions to
those obtained for the homogeneous modification. The re-
sult correlates well with similar densification mechanisms.
Simultaneously, this raises the question of what other mech-
anism is taking part in reducing the TCE of the nanograting
regime, and this with a magnitude of approximately 60%.
In [26], we envisioned that the nanograting modification’s
nonporous plane densification mechanism is different from
the one found in type I exposure conditions. Accordingly,
we further suspected that pressures generated at the porous-
plane location further densify the surrounding material, i.e.,
the nonporous planes, at elevated temperatures as the volume
change of the porous planes exerts a static pressure. Based
on the new insights provided here, these hypotheses might
not hold. From the annealing experiments, in this work we
can state that this static pressure of the porous planes does
not play a role. The TCE reduction, and therefore the den-
sification of these zones, recovers for T,,, > 600 °C, while
the static pressure of the porous planes is still present. This
observation suggests that the onset of the densification is of
a temporal nature and appears during the exposure or shortly
thereafter.

A precise justification for the onset for higher densification
in the nonporous planes is beyond the scope of this work and
deserves a more dedicated study. We would like nevertheless
to point out a possible line of thought. The nanopores found
in the porous layers are a product of glass decomposition due
to the locally enhanced plasma density [39,76]. The localized
enhanced electron density [77] leads to a rapid, subnanosec-
ond [78] increase of the lattice temperature. A shockwave
is generated due to fast and local thermal expansion of the
material. One the one hand, the negative pressure caused by
the rarefaction wave results in a tensile force onto the material
and initiates a cavitation process, leading to the formation
of nanopores [79,80]. On the other hand, at the front of the
shockwave, compressive stress exists. This compressive stress
might be the cause of this high TCE reduction found in a
nonporous layer.

== 1, £|, TCE, CTE,
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FIG. 8. A schematic drawing of the resonator with the LAZ
shown in red. The dimensions, second moment of area /., and ma-
terial properties (E., TCE., CTE.).

VI. CONCLUSION

With our earlier work in Ref. [24], which described the be-
havior of the coefficient of thermal expansion, and Ref. [26],
which addressed the change in Young’s modulus at room tem-
perature, this work finalizes a thermomechanical description
of femtosecond irradiation effects on a-SiO, by providing
insights related to the laser-induced changes induced to the
temperature coefficient of elasticity (TCE).

Here, we observed that the local decrease of the tempera-
ture coefficient of elasticity of a-Si0, exposed to femtosecond
laser irradiation can be significant, eventually reaching 60%
and among the highest reported effects for the various meth-
ods reported to decrease the TCE of silica.

These findings demonstrate the opportunity of tailoring the
thermomechanical behavior of dielectrics in a noncontact and
localized manner. This is useful for, e.g., watchmaking, fre-
quency references, and precision devices, which require high
dimensional stability. Furthermore, the applied methodology
in this work can be used for exploring the TCE reductions in
other glass formers using ultrafast laser.
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APPENDIX A: DERIVATION OF RESONANCE
FREQUENCY-MATERIAL PROPERTY RELATION

In this Appendix, we express the resonator’s resonance
frequency in terms of the material properties of both the laser-
exposed and pristine material, since it is partly exposed (see
Fig. 8). The lowest resonant frequency of a clamped-free can-
tilever is expressed in Eq. (Al). p and V are the mass density
and the volume of the cantilever. E. and I. are the Young’s
modulus and the second moment of inertia, respectively, with
the subscripts .; and .; referring to the laser affected zones
(LAZ) and the nonexposed ones, respectively. The circumflex
as a diacritical mark indicates that the variable is a volume
average, and the subscript .o indicates a temperature invari-
ant variable. v is the wave number, which corresponds to a
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resonance mode,

2 |El + El,
_ v 1 + Bl (AD)
27 pVI3
with  p=po/(1+CTEAT),  V = V(1 + CTEAT),
I =l(1+CTEAT), I =1o(1+CTEAT),  and
I, = I, (1 + CTE,AT)* Equation (A2) becomes

v2 Bl o(1 + CTE,AT) + El; o(1 + CTE,AT)

f - E ,()()Volg

(A2)

The temperature-dependent elastic constants are linearized

to the first order, i.e., E; = E; o + dE;/dT AT. The thermal
derivative of the frequency, evaluated at AT = 0, is

af
T

v 1 1

AT=0 4r \/EA‘I_QIM) + Es,OIs,O \/ZS'OOVO
dE;, . .
X 110 d_T + E; oCTE,

+1 dE, + E, oCTE (A3)
5,0 dT 5,0 s .

Simplifying further this equation, with the assumption that
the terms containing the coefficient of thermal expansion
(CTE)) are much smaller (by an order of magnitude ~4)
than the ones containing elastic constant thermal derivatives
(0E./dT), gives

af Jo 1 dE; dE;
T =—————\lo| =)+ 1o .
ar=0 2 Ejolio+ Esolo dT dT

aT
(A4)

Rewriting the equation in terms of TCE (i.e., dE;/dT =
E; oTCE)) yields

af
aT

_fo [II,OE,,OTCEI + I, 0E; o TCE,
Erolio + Esolso

] (A5)

AT=0 2

TCE; and E;  are the average properties of the modified
volume, which are further specified in Eqs. (A6) and (A7),
in terms of the volume fractions, V; and Vj, respectively, and
where LAZ and the pristine volume fraction are expressed as
Vi = wo/l; and V; = 1 — V] (see Fig. 8),

reg, - TCEViELo + TCEViE,o
ViE o+ ViEs o
Eio0Es0
EioVs+E Vi

; (A6)

Ez,o = (A7)
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FIG. 9. A schematic of a laser-exposed cantilever. The physical
dimensions are indicated along with the stress and strain profiles
across the thickness. &7 ¢ is the stress in the laser-exposed layer.

APPENDIX B: DERIVATION OF THE STRESS IN THE
BIMORPH CONFIGURATION

Here, we derive a mathematical expression for the stress in
the modified layer 6; ¢ of the laser-written bimorph structure.
In Fig. 9, a schematic is depicted of a cantilever being exposed
just below the top-layer and consequently bending with a
bending radius r due to volume expansion of the laser affected
zone. The stress and strain profile is illustrated in the inset
A-A of Fig. 9, where the stress in the laser-affected layer, 6; 9,
is opposite in sign compared with the stress in the pristine
bulk. For this system, the stress and strain in the pristine bulk
is zero at a distance t,/3 from the bottom surface, defining
the neutral axis [81]. We further define the neutral axis as
the origin of the z-coordinate, i.e., z = 0. The relationship
between the bending radius and strain reads

Z

exx(z) = . (Bl)
r

Newton’s third law is used to find the analytical expression
of &;0 [Eq. (B2)]. The first two terms represent the force
in the pristine bulk, with E; denoting Young’s modulus of
this volume, while the last term represents the force within
the LAZ,

de(2) 1,2/3 152/3+t+5 R
0= —2EF, / zdz + / zdz ) + 601
0z —1,/3 1,2/3+1

(B2)
Rewriting Eq. (B2) yields the following expression for 6; ¢:
Eg? E,

: lt2+t+t ’ 1<I‘Y+t>2
6tlr tro 2 x3 ! ot 2\3 ! '

(B3)

610 =—

Note that the first term is the classical

equation [82].
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