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Abstract: Laser-induced space-selective crystallization of glass enabling the growth of continuous
crystal-in-glass architectures consisting of non-centrosymmetric phases with functional properties is
promising, including single-crystal waveguides for the development of integrated optical circuits.
In this study, femtosecond laser direct writing of crystalline lines inside lead germanate glass with
the composition close to Pb5Ge3O11 has been demonstrated. The growth of crystalline lines by the
.moving focused laser beam required the preliminary growth of a seed crystal by the fixed beam.
Confocal Raman spectroscopy revealed the precipitation of ferroelectric Pb5Ge3O11, which, under
certain exposure conditions, could be accompanied by precipitation of the metastable lead germanate
phase. Depending on the laser beam parameters, either bilateral growth providing split, horseshoe-
shaped morphology of the crystal cross-section, or centered growth resulting in elongated, elliptical
cross-section shape occurred. The obtained results are of interest for the fabrication of ferroelectric
Pb5Ge3O11-based crystal-in-glass waveguides.

Keywords: space-selective crystallization; lead germanate glass; femtosecond laser; direct laser
writing; Pb5Ge3O11

1. Introduction

Controlled crystallization of glasses providing surface or bulk precipitation of func-
tional crystalline phases is a well-known method for the development of novel functional
materials [1]. In the two recent decades, progress in laser technology and laser-assisted
microfabrication methods gave rise to numerous studies of laser-induced space-selective
crystallization of glass and growth of crystalline architectures in glass by direct laser writ-
ing, which have been recently reviewed by Komatsu and Honma [2]. These methods
open the way to the fabrication of 2D and 3D components of integrated optical circuits
in glass matrix which obtain functional properties of crystals such as high second-order
susceptibility, linear electrooptic effect, ferroelectricity, etc. This could make glasses a
cost-effective and technologically simpler alternative to single crystals as basic material for
integrated photonic devices.

The basic principle of the method is spatially confined absorption of the focused
laser beam energy in the irradiated material, producing local heat accumulation and a
temperature rise sufficient for nucleation and growth of the target crystalline phase. While
the application of continuous-wave lasers requires linear absorption of glass at the laser
wavelength and is favorable for surface crystallization, lasers emitting ultrashort pulses
with extremely high peak power give a unique opportunity for space-selective modifi-
cation and heating of inner parts of transparent materials due to the nonlinear nature of
absorption limited to the nearest vicinity of the beam waist [3]. Since femtosecond pulses
possessing the peak power sufficient to launch nonlinear absorption can have much smaller
pulse energy than pico- or nanosecond pulses with the same peak power, they provide
more precise micromodification of transparent materials and better controlled thermal
effect finely tunable by variation of the pulse energy and repetition rate. In particular,
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femtosecond-laser direct writing (FLDW) enables the fabrication of 3D crystalline architec-
tures in the inside of glasses including continuous single-crystal tracks with waveguiding
properties [4,5].

The most favorable case for laser-induced growth of continuous crystalline archi-
tectures in glass is the precipitation of phases which possess glass-forming properties
and thus can be precipitated in glass of the same or similar chemical composition. In
this case, crystalline architectures can be grown without a significant composition shift in
the surrounding glass and thus are less limited in size and shape. Among these phases,
non-centrosymmetric crystals with high or noticeable second-order optical susceptibility
such as LnBGeO5 (Ln = La, Sm) [4–8], β-BaB2O4 [9], Ba2TiSi2O8 [10–12], Ba2TiGe2O8 [10],
and some others attract wide interest in terms of laser-induced crystal growth in glass.
Moreover, the glass-forming ability of these phases facilitates their laser-induced amor-
phization, thus opening an opportunity for reversible space-selective crystallization [13].
However, some crystals possessing glass-forming composition and interesting functional
properties have been out of the scope of these studies so far. In particular, the binary PbO–
GeO2 system has a vast glass-forming region from 0 mol.% to about 75 mol.% PbO [14]
including ferroelectrics PbGe4O9 [15] and Pb5Ge3O11 [16] which can be precipitated in lead
germanate glasses [17–22]. Pb5Ge3O11 is a ferroelectric phase with trigonal symmetry and
Curie temperature at 177 ◦C, congruently melting at 737 ◦C and having a space group P3
at room temperature [16,17]. It has attractive pyroelectric properties with a pyroelectric
coefficient of 10–45 nC/(cm2K) and a high pyroelectric figure of merit [23] and was easily
precipitated in lead germanate glass of the similar composition [17,19,22].

In the present study, we investigated the possibility and conditions of space-selective
crystallization of lead germanate glass similar to the ferroelectric Pb5Ge3O11 phase in
chemical composition by the femtosecond laser beam and analyzed the phases precipitated
under the laser exposure by confocal Raman spectroscopy.

2. Materials and Methods

A conventional melt-quenching technique similar to that earlier used to produce lead
germanate glasses in our laboratory [20] was applied for glass synthesis. Chemically pure
Pb3O4 and GeO2 were taken at the ratio corresponding to 5PbO·3GeO2 composition, i.e.,
the stoichiometry of Pb5Ge3O11 crystal, and well mixed together to prepare the batch
calculated to produce 30 g of glass. Melting of the batch was performed in a platinum
crucible in an electric furnace with SiC heaters at 1000 ◦C for 0,5 h. The melt was quenched
by pouring on a steel plate and pressing by another plate to the thickness of ~2 mm. The
fabricated glass sample was bright-yellow and transparent. It had no visible crystalline
inclusions but contained some bubbles. It was cut into several pieces which were polished
to ~1 mm thick plane-parallel plates for experiments on direct laser writing. Differential
thermal analysis (DTA) of a 10 mg solid piece of the fabricated glass was performed using
NETZSCH STA 449 F3 Jupiter®simultaneous thermal analyzer (NETZSCH Holding, Selb,
Bayern, Germany) at 10 K/min heating rate. D2 Phaser (Bruker AXS Inc., Madison, WI,
USA) diffractometer was used for X-ray diffraction analysis (XRD).

A regeneratively amplified femtosecond laser Pharos SP (Light Conversion Ltd. Vil-
nius, Lithuania) emitting pulses with a variable duration from 180 fs to 10 ps at an adjustable
repetition rate up to 1 MHz at the wavelength of 1030 ± 2 nm was used as a source of
laser light for micromodification of the studied samples. In the present study, the pulse
duration was always set to 180 fs. The beam quality was characterized by M2 ~ 1.2. The
laser beam was focused into the sample using an Olympus LCPLN50X-IR microscope
objective (N.A. = 0.65) at a depth of 100 µm in the air, which gave an actual modification
depth of about 0.19 mm due to the refraction of glass. The corresponding refractive index
can be therefore roughly estimated as ~1.9. Under these conditions, the calculated beam
waist diameter is approximately 1.2 µm. It should be mentioned that spherical aberra-
tion is considerable at this focusing depth, and the outermost parts of the beam were
expected to be focused up to ~0.22 mm under the glass surface, though their impact in
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the modification is moderate because most of the Gaussian beam power is concentrated
near the center of its cross-section. In this context, the calculated waist diameter should be
regarded as a lower limit of the actual value. The sample was positioned by a 3-coordinate
air-bearing motorized translation stage (Aerotech ABL 1000, Aerotech Inc., Pittsburgh,
PA, USA) synchronized with the laser. A layout of the setup can be found in [24]. The
laser-induced modification of the sample could be visually controlled in-situ by a Retiga
3000 charge-coupled device (CCD) camera (Teledyne QImaging, Surrey, BC, Canada). A
simplified layout of the setup is shown in Figure 1.
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Figure 1. A simplified layout of the direct laser writing setup.

An Olympus BX51 (Japan) polarizing optical microscope was used for visualization
of the laser-induced modifications in glass. Observation in crossed polarizers was used to
reveal birefringent areas inside the sample. Micro-Raman spectra of starting glass and the
laser-written tracks were acquired by means of NTEGRA Spectra confocal Raman spec-
trometer (NT-MDT Co., Moscow, Russia) in back-scattering geometry under the excitation
with a “blue” line (488 nm) of the argon-ion laser focused by Mitutoyo MPlan 100X micro-
scope objective (Japan) into a beam spot with a size of ~0.8 µm. Crosscuts of the samples
were made to perform Raman mapping of the cross-section of the laser-written tracks.
The acquired Raman spectrum can be considered valid, starting from the wavenumber of
~80 cm−1, as at lower wavenumbers the signal was blocked by the notch filter. The spectral
resolution was 1 cm−1

.

3. Results
3.1. Crystallization Properties of the Studied Glass

Figure 2a shows the DTA curve of the as-quenched glass under study. The glass
transition temperature Tg, temperatures of the onset (Tx1), and the maximum (Tcr1) of the
first exothermic peak are, respectively, 355 ◦C, 457 ◦C, and 464 ◦C. The second exothermic
peak is characterized by Tx2 = 588 ◦C and Tcr2 = 599 ◦C and is much weaker than the first
one. The determined values are somewhat higher than those reported for 5PbO·3GeO2
glass by Lan, et al. [19] (Tg = 335 ◦C, Tx1 = 427 ◦C, Tcr1 = 427 ◦C, Tx1 = 481 ◦C, Tcr1 = 490 ◦C),
and Sigaev, et al. [20] (Tg = 333 ◦C, Tcr1 = 427 ◦C, Tcr1 = ~520 ◦C). One piece of glass was
heat-treated in the electric furnace at 460 ◦C for 1 h in order to study the crystalline phase
precipitating at the first exothermal peak. The XRD pattern of this sample (Figure 2b)
conforms well with the XRD pattern of the phase earlier reported to precipitate under heat-
treatment at the temperature of the first exothermic peak in 5PbO·3GeO2 glass [19] which
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was shown to be a metastable hexagonal crystalline phase transforming into ferroelectric
Pb5Ge3O11 at higher temperature [17–19]. It was considered to be either Pb3Ge2O7 [17]
or a metastable form of Pb5Ge3O11 [18,19]. The second exothermic peak was assigned to
the transformation of the metastable phase to stable Pb5Ge3O11 [17–20]. It can be assumed
that the increase of the characteristic temperatures relative to the earlier data indicates the
shift of the chemical composition of glass to a lower content of PbO, which could be caused
by the evaporation of Pb during melting. On this assumption, the linear extrapolation of
the compositional dependence of Tg an Tcr1 in the range of 58–65 mol.% PbO [17] gives a
rough estimation of the actual composition of synthesized glass as 53–54 mol.% PbO.
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3.2. Laser-Induced Crystallization

Experiments on the FDLW were performed over a wide range of the pulse energy,
the pulse repetition rate, and the scanning speed and showed that, similar to lanthanum
borogermanate [8,25] lithium niobium silicate [26], and some other glasses, writing crys-
talline tracks by the moving laser beam requires preliminary growth of a seed crystal by the
fixed laser beam. The laser exposure at various pulse energy and repetition rate revealed
the favorable pulse energy range of 70–120 nJ (hereafter values measured at the sample
surface) at the repetition rate of 500 kHz for fast nucleation and growth of the seed crystal.
This pulse energy range corresponds to (3.4–5.9)·1013 W/cm2 peak laser intensity in the
focal point. Under these conditions, the incubation time necessary for the appearance of a
microcrystal varied from a few seconds to half a minute. Green light of SHG is typically
a convenient real-time visual indicator of the appearance of a non-centrosymmetric mi-
crocrystal in the area being exposed to the focused femtosecond IR laser beam. However,
due to the substantial absorption by yellow lead germanate glass, only a slight SHG signal
could be observed. Thus, the detection of microcrystals was performed in situ after turning
the laser beam off.

When the conditions of the FDLW of continuous crystalline tracks were found, one
track was used as a seed and the following tracks were written starting from different points
of this seed track perpendicular to its orientation. Laser-written crystalline lines could be
easily distinguished from amorphous tracks due to noticeable birefringence visualized in
crossed polarizers (Figure 3). Writing in two passes including a first pass at high speed to
fabricate a tapered crystal, and a second pass at a slightly reduced speed to extend it into a
single-crystal line of arbitrary length, was earlier suggested for the laser-induced growth
of LaBGeO5 tracks in lanthanum borogermanate glass [4]. In the case of lead germanate
glass, two-pass writing also improved the quality and visual homogeneity of the crystalline
tracks. Figure 3 shows examples of the crystalline tracks written at various pulse repetition
rates from 200 kHz to 500 kHz. At every pulse repetition rate, there was an optimal pulse
energy range providing crystal growth. The higher the pulse repetition rate, the lower the
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pulse energy required for laser writing the homogeneous crystalline track. Too high a pulse
energy evidently caused the melting of the seed crystal, which prevented further growth of
the crystalline line.
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Figure 3. Bright-field (BF) and cross-polarized (CP) optical images of the top-view of the tracks
written in lead germanate glass in two passes by the beam at the pulse energy, repetition rate and
writing speed of, respectively: (a) 170 nJ, 250 kHz, 30 µm/s (1st pass) + 15 µm/s (2nd pass), (b) 60 nJ,
500 kHz, 30 µm/s (1st pass) + 20 µm/s (2nd pass, upper track) or 18 µm/s (2nd pass, lower track) (c)
250 nJ, 200 kHz, 30 µm/s (1st pass) + 20 µm/s (2nd pass).

3.3. Confocal Raman Spectroscopy of the Laser-Induced Crystalline Tracks

Confocal Raman spectroscopy was used to obtain information about the crystalline
phase precipitating under the laser beam. In order to obtain a higher contribution of the
crystalline tracks into the registered Raman scattering signal and to analyze the spatial
distribution of the crystal inside the track, each sample was cut in the plane perpendicular to
the tracks. Their cross-sections were exposed, polished, and studied by optical microscopy.
Raman mapping was carried out for three of them. These tracks are further referred to as
Track I (Figure 3a), Track II (Figure 3b, lower track), and Track III (Figure 3b, upper track).
Raman spectra acquired in certain points on the cross-sections of these tracks are shown
in Figure 4, as well Raman spectra of as-quenched glass (Figure 4, curve 1), heat-treated
at the temperatures of the first exothermic peak (Figure 4, curve 2) and above the second
exothermic peak (Figure 4, curve 8).

Examination of Raman spectra registered in different points of the cross-section of
Track I revealed patterns presumably corresponding to two different crystalline phases.
The Raman spectrum of the phase located in the upper part of the cross-section (Figure 4,
curve 3) is quite similar to the spectrum of glass crystallized by heat-treatment at 460 ◦C
for 1 h (Figure 4, curve 2) and containing the metastable hexagonal phase (Figure 2b). The
Raman spectrum acquired in the lower part of the cross-section corresponds well with that
of glass crystallized by heat-treatment at 670 ◦C for 1 h (Figure 4, curve 8) and with Raman
spectra of polycrystalline trigonal ferroelectric Pb5Ge3O11 [20] (Figure 4, curve 8) [21], and
earlier spectroscopic data on Pb5Ge3O11 single crystal [27–29]. Unlike in Track I, only
Raman spectra similar to those of the ferroelectric phase were revealed in crystallized parts
of the cross-sections of Tracks II and III (Figure 4, curves 5, 6).

Figure 5 shows cross-polarized optical images and Raman maps of the cross-sections
of the discussed tracks. According to the visible distribution of the birefringent areas in
the cross-section of Track I (Figure 5a, line I), it included two separated crystallized areas
including a horseshoe-shaped area enveloping the center of the track from top and both
sides and a triangular area in the bottom. A strong narrow Raman band with a maximum
at 96 cm−1 is the most pronounced peak in the spectrum of the trigonal Pb5Ge3O11 in the
registered range and therefore was used for detection of this phase in the mapping of the
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maximal peak value in the range 90–110 cm−1 (Figure 5b) and the steepness of the slope
in the range 110–120 cm−1 (Figure 5c). Since the absolute intensity of Raman scattering
in the mentioned range depends on the intensity of other low-frequency vibration bands
and some instrumental factors, steepness of the slope in the range 110–120 cm−1 enables
more accurate distinguishing of the growth of the peak at 96 cm−1 and so Figure 5c gives a
more relevant representation of the location of this phase. In order to locate the metastable
hexagonal phase, a minor peak centered at 454 cm−1 characteristic for this phase was
used for its mapping. Similar to the previous case, the steepness of the slope (Figure 5e)
appears to be a better distinctive feature for visualization of the growth of this peak than
the maximal peak intensity in this spectral range (Figure 5d). It should be mentioned
that a negative sign is assigned to rising slopes in the applied software and so the steeper
low-frequency slope and consequently the stronger peak at 454 cm−1 is represented by the
darker areas of the map in Figure 5e.
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(2), top (3), and bottom (4) crystallized areas of the cross-section of track I, crystallized area of the
cross-section of track II (5), crystallized area of the cross-section of track III (6), top area of the of
the cross-section of track III (7), glass heat-treated at 670 ◦C for 1 h (8), Raman spectrum of the
polycrystalline Pb5Ge3O11 sample divided by the Bose–Einstein thermal factor presented by Sigaev,
et al. [20] (9).

Raman maps of the cross-sections of Tracks II and III give the crystalline phase
distribution other than in Track I. In these tracks, the stable trigonal Pb5Ge3O11 is the
only or dominant phase and is concentrated in the central area of the cross-section, being
somewhat shifted to the top in the case of Track III. The crystallized part of the cross-section
is substantially elongated along the beam but is not split into partially or fully separated
fragments. The Raman spectrum registered in Track 3 (Figure 4, curve 6) includes a weak
band with the maximum at 451 cm−1 which is in the intermediate position between the
maxima characteristic for the stable ferroelectric (445 cm−1) and metastable (454 cm−1)
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phases and may indicate the residue of the latter. Due to the relatively small size of the
crystal area in the Track III compatible with the spatial resolution of the spectrometer for
transparent media, it was poorly distinguished by the confocal scheme, and its spectrum
(Figure 4, curve 6) contains a much stronger component related to surrounding glass (for
instance, a peak at ~140 cm−1), as compared to the Track II (Figure 4, curve 5).Crystals 2020, 10, x FOR PEER REVIEW 7 of 10 
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of the tracks I, II, III: Brightness of the maps shows a peak value in the ranges 90–110 cm−1 (b) and
450–470 cm−1 (d), steepness of the spectral curve in the ranges 110–120 cm−1 (c) and 440–454 cm−1

(e); dotted frames show areas of Raman mapping; green crosses indicate points of acquisition of
the Raman spectra with corresponding numbers given in Figure 4; k and v show, respectively,
propagation and scanning directions of the writing laser beam; the scale bar is for optical images.

Another interesting feature of the Raman spectra registered in the amorphous area
of Tracks II and III is a substantial growth of the peak at 136 cm−1 together with the shift
of its maximum to 140 cm−1 observed in the top and bottom edges of the cross-section. It
can be evidence of an increased PbO content because it likely has the same origin as the
strong band at the similar position in Raman spectra of binary lead borate glasses which
was assigned to symmetrical vibrations of [PbO4] trigonal bipyramids [30]. The growth of
the relative intensity and the high-frequency shift of the maximum of this line was shown
to correlate with an increase in the PbO content in lead germanate glasses [20].



Crystals 2021, 11, 193 8 of 10

4. Discussion

The FDLW in the studied lead germanate glass is shown to enable the growth of
continuous crystalline lines consisting of the Pb5Ge3O11 regardless the revealed difference
of the glass composition with the stoichiometry of the crystal. Depending on laser exposure
conditions, growth of the stable trigonal phase can be accompanied by the precipitation of
the metastable hexagonal phase which evidently appears in the regions with lower average
temperature insufficient to induce its transformation to the stable ferroelectric form of
Pb5Ge3O11 during the time until the laser-induced heat is dissipated by surrounding
glass. Some minor difference between the acquired Raman spectra assigned to the stable
Pb5Ge3O11 from the spectra reported for ferroelectric Pb5Ge3O11 [20,28,29] such as a much
weaker band at 808 cm−1 or less pronounced bands in the range of 320–420 cm−1 can
be related either to an incomplete transformation from the metastable phase or to the
oriented character of laser-induced crystallization taking into account that these Raman
components are expressed to various extents depending on the orientation of the crystal
axes and the excitation beam. The issues of orientation and the microcrystalline structure
of the laser-written crystal lines require further investigation involving electron microscopy
and electron backscatter diffraction analysis.

The complicated split shape of the crystalline part of the cross-section revealed in
Track I containing a horseshoe-shaped fragment is typical for the bilateral crystal growth
described in detail for lanthanum borogermanate glass [31]. However, in the case of the
lead germanate glass under study, the variation of the laser beam parameters appears to
allow for the control of the cross-section shape and for avoiding the lateral character of
crystal growth. Under the applied focusing conditions, the growth of a centered continuous
crystalline track consisting of stable Pb5Ge3O11 and having a nearly 10 µm × 2 µm sized
cross-section was realized at the relatively small average beam power of 30 mW and the
small pulse energy of 60 nJ, though at the high pulse repetition rate of 500 kHz, providing
the stronger thermal effect.

The assumption on Pb ion migration from the central part to the top and the bottom
of the cross-section of the laser-modified tracks made based on Raman spectra conforms to
principles of ultrafast-laser-induced ion migration due to thermal diffusion (Soret effect)
which typically causes an increase in the concentration of monovalent and bivalent cations
in the periphery of the regions modified by the focused laser beam [32]. An increased PbO
content locally increases the crystallization ability and can additionally promote lateral
crystallization for two reasons: first, it brings the glass composition close to the composition
of the precipitating crystal in the case of glass under study, and second, it decreases the
connectivity of the glass network, glass transition temperature and the viscosity, which
is known to facilitate rearrangement of the cations and to increase the crystallization
ability [33]. A similar trend of the crystallization ability under the local increase in the
modifier oxide content was demonstrated in experiments on femtosecond laser-induced
crystallization of lanthanum borogermanate glass [34]. The increase in the PbO content in
the top part of the cross-section of the laser-written track could also be the factor favorable
for centered growth of the crystal such as observed in Tracks II and III as it would make
the crystallization ability in the top part of the cross-section higher than in the lateral parts.
However, it should be further verified by the elemental microanalysis methods.

5. Conclusions

In summary, conditions of femtosecond laser direct writing of continuous crystalline
lines inside lead germanate glass possessing a composition close to Pb5Ge3O11 stoichiome-
try with a certain shift to higher GeO2 content were revealed. The growth of crystalline lines
by the moving focused laser beam required the preliminary growth of a seed crystal by the
fixed beam. The laser-written crystalline lines consisted of trigonal ferroelectric Pb5Ge3O11
but, under certain exposure conditions, could also include the metastable hexagonal lead
germanate phase which is known to transform into stable ferroelectric Pb5Ge3O11 under
heat-treatment. Similar to earlier reported laser-writing of LaBGeO5 crystal-in-glass lines,
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two-pass writing enabled the substantial improvement of continuity and homogeneity of
the crystalline lines as compared to single-pass writing in lead germanate glass.

Depending on the laser exposure parameters, either bilateral growth providing a split,
horseshoe-shaped morphology of the crystal cross-section, or centered growth resulting in
elongated, elliptical cross-section shape occurred. The case of centered growth is favorable
for the application of the laser-written crystalline tracks as channel waveguides. However,
the possibility of writing highly-oriented single-crystalline lines which is important for
elaboration of low-loss crystal-in-glass waveguides based on Pb5Ge3O11 phase requires
further investigation of the orientation and microcrystalline structure of the laser-written
crystal lines by means of high-resolution electron microscopy and electron backscatter
diffraction analysis.
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