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Abstract 

We report the structural changes inside germania glass induced by femtosecond laser pulses. 

Inspection by polarization microscopy and secondary electron microscopy indicate that the 

periodic nanostructures consist of oxygen defects such as ODCs (oxygen deficient centers) and 

NBOHCs (non-bridging oxygen hole centers) for laser pulse energy less than 0.2 µJ. However, the 

glass network was dissociated and O2 molecules were generated for laser pulse energy greater than 

0.4 µJ. Two different structural-changes, form-birefringence and dissociation, were induced in 

GeO2 glass, depending on the laser pulse energy. The form-birefringence exhibited by the 

nanogratings in GeO2 glass is larger than that in SiO2 glass for pulse energy less than 0.2 µJ, since 

the density of nanovoids enclosed by ODCs in GeO2 glass is higher than that in SiO2 glass. 

Arrhenius plots of the phase retardation caused by the nanogratings in GeO2 and SiO2 indicate that 

the oxygen defects are relaxed at a temperature 100 °C above the glass transition temperature.  
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Introduction 

Three dimensional Material processing at the micro- and nano-scales including ink jet, electron 

beam, focused ion beam and laser beam has attracted considerable interests due to a wide range of 

applications ranging from optical integrated circuits and microfluidics to MEMS devices.1,2 

Furthermore, structural modification in transparent materials such as glass by direct writing with 

femtosecond laser pulses has a key advantage, compared to longer-pulsed lasers.3 In the last decade 

or so, myriad of glass interactions with femtosecond laser pulses, including surface ripples,4 

refractive index changes,5 3D self-organized sub-wavelength structures,6 glass decomposition,7 

elemental distribution,8 nanoparticle precipitations,9 and non-reciprocal photosensitivity10,11 are 

demonstrated. Especially, silica and germania are two of the most commonly studied oxide 

glasses,12 due to their advantageous optical properties and the simple structure composed of 

tetrahedral (SiO4 or GeO4) framework.13 Recently Bressel et al. reported interesting phenomena of 

structural changes inside GeO2 glass induced by tightly focused femtosecond laser beam via high 

NA objective.14-16 We have also observed element distribution in silicate glasses including network 

modifiers under high-repetition-rate femtosecond laser irradiation.17 These results indicate that the 

main driving force is the sharp temperature gradient, which is originated from the thermal 

accumulation around the focus.18 More intriguing phenomenon in the case of SiO2 glass is self-

assembly of periodic nanostructures in the direction perpendicular to the light polarization.6 Such 

periodic nanostructures are ruled in the direction parallel to the polarization of the writing laser 

and consist of thin regions with a low refractive index characterized by a strong oxygen 

deficiency,6 surrounded by larger regions with a positive index change.19 As a result, self-

assembled form birefringence can be observed after femtosecond laser irradiation.20 As opposed 



to ripple structure on the surface of the various materials (metal, semiconductor, dielectrics),21-24 

nanogratings inside of the material were found only for handful materials.25,26 Furthermore, the 

formation mechanism of nanogratings is still a mystery.6,7,27 More recently, we have first observed 

the formation of the polarization-dependent nanograting structures indicating form-birefringence 

inside GeO2 glass.28 Subsequently, Zhang et al. have also confirmed that birefringence derived 

from the self-organized nanogratings in GeO2 glass can be controlled by adjusting laser pulse 

energy.29 Here, by using GeO2 glass, we report that systematic control of structural changes, 

ranging from the formation of nanogratings to the destruction of Ge-O bonds in glass matrix, 

according to increase in laser pulse energy. 

 

Experimental Procedure 

The GeO2 glass sample was prepared from GeO2 powder (Aldrich; 99.999 %) by melting at 1600 

°C in a platinum crucible for 3 h. And then the melt in the crucible was cooled down to room 

temperature in air. The formed glass was then annealed at 500 °C for 6 h to relieve the residual 

stress. Transparent and bubble free glass was obtained, and polished for further experiments. 

Between the experiments, GeO2 glass samples were stored in a desiccator because of the 

hygroscopic properties of this glass. 

In the experiments, a mode-locked, regeneratively amplified Ti:Al2O3 laser system (Coherent; 

RegA 9000), operating at 800 nm with 50 fs pulse duration and 250 kHz repetition rate was used. 

The laser beam was focused via a microscope objective (Nikon; LU Plan Fluor, 50× 0.80 N.A.) at 

a depth of about 100 µm below the GeO2 glass sample surface. The pulse energy was controlled 

by a variable neutral density filter (0.08 ~ 2.4 µJ). The linear polarization orientation of laser beam 



was rotated by a half-wave plate. The typical irradiation time was 1 s (250000 pulses). After laser 

irradiation, the modified region was inspected by an optical microscope, a polarization microscope 

(CRi; LC-Polscope), and a confocal Raman spectrometer excited by DPSS laser with a wavelength 

of 532 nm (Tokyo Instrument; NanoFinder 30). After etching the sample surface to the depth of 

the beam waist location by using a focused ion beam (FIB, JEOL; JIB-4600F), the surface was 

analyzed by a scanning electron microscope (SEM). In addition, to elucidate the structural 

relaxation of the modified region in glass, the sample after the laser irradiation was successively 

annealed at various temperatures for 1 h. To probe the matter within the nanoplanes, we decided 

to cleave the samples along the nanostructure plans. We then analyzed the laser tracks exposed 

within these cleaves using a Field-Emission Gun Scanning Electron Microscope (FEG-SEM 

ZEISS SUPRA 55 VP). Some of these FEG-SEM allows the examination of native uncoated 

insulating or dielectric specimens using low accelerating voltage (typically in the range of 1 kV) 

and very low current (a few pA) because they can keep an image resolution sufficiently high even 

under these extreme conditions. Thus the original characteristics of the samples may be preserved 

for further testing or manipulation since no conductive coating is required. 

 

Results and Discussion 

Fig. 1 shows the optical microscope images from top and side view of the modified region inside 

GeO2 glass after the femtosecond laser irradiation with various pulse energies. For pulse energy 

less than 0.2 µJ, the modified structures were similar to the structural change inside fused silica 

produced by the femtosecond laser irradiation. Such teardrop-shaped structure extending along the 

optical axis was mainly derived from the spherical aberration due to the refractive index mismatch 



between the air and the glass. The relationship between the focal displacement ∆ (the largest 

distance between the focal spots by the paraxial rays and the off-axis rays) and the focusing depth 

fd is described by the following equation:30 
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where NA is the numerical aperture of the objective, n is the refractive index of the sample. 

Compared with the induced structure inside SiO2 glass at the same pulse energy, the modified 

structure inside GeO2 glass was longer owing to the higher refractive index of GeO2.31 For pulse 

energy greater than 0.4 µJ, which is much higher than the self-focusing threshold, the modified 

regions consisted of the teardrop-shaped inner region and the surrounding outer elliptical region. 

The inner regions were composed of color centers and bubbles from the breakdown of glass 

structure, indicating that such structural changes are produced by the extremely high temperature 

and pressure derived from the laser pulses.32 In the outer region, the much larger structural 

modification of GeO2 glass melting compared to the focal volume was likely formed by the thermal 

accumulation via the conduction of the heat transferred from the laser-excited electrons to the 

lattice. Although such melting region is no apparent in SiO2 glass for similar repetition rate, this 

phenomenon was remarkable when femtosecond laser pulses with high pulse repetition rate were 

focused inside multi-component silicate glass.33 

 

To reveal the structural changes inside glass, Raman spectra of the modified region after the laser 

irradiation were measured as shown in Fig. 2. To emphasize the difference between Raman spectra 

depending on the various laser energy, the vertical axis was plotted with logarithmic scale. Typical 



main peak at 420 cm-1 is assigned to the symmetric stretching vibration of Ge-O-Ge in 

predominantly six-membered rings. The weak peak at the low-wavenumber side of the main peak 

(~ 345 cm-1) presents the motion of Ge with little O motion. The broad shoulder at 520 cm-1 (D2 

band) is attributed to the breathing of 3-membered rings of (GeO)3. Other features of the Raman 

spectrum of GeO2 glass show two peaks at 860 and 970 cm-1, which are attributed to the TO and 

LO asymmetric stretching modes of bridging oxygens, respectively.12 Furthermore, the “high-

wavenumber” peak at 1555 cm-1, which is attributed to a molecular O2,16 was observed after the 

irradiation of femtosecond laser with higher pulse energy than 0.2 µJ as observed for SiO2.7 This 

implies that O2 molecules were locally generated inside GeO2 glass by the femtosecond laser 

irradiation, which is good agreement with previous work reported in Ref. 16. In order to clarify 

the “degree” of the structural change depending on the laser pulse energy, the Raman peak ratios 

with respect to the initial intensities at 420, 520, and 1555 cm-1 were plotted as a function of the 

pulse energy (Fig. 2 inset). When the pulse energy is lower than 0.4 µJ, the ratio at 520 cm-1 was 

slightly increased with increase in the laser pulse energy, and then this ratio was decreased. It 

should be noted that D2 peak intensity is sensitive to the main peak intensity. In contrast the ratio 

at 1555 cm-1 was increased proportionally and saturated at the pulse energy larger than 1.6 µJ. The 

decrease of the ratio at 420 cm-1 indicates the disruption of symmetry around the Ge-O-Ge.29 

The spatial distribution of the structural change was also revealed by the confocal Raman spectral 

mapping.28 In the case of low pulse energy of 0.08 µJ, a slight decrease of peak intensity at 420 

cm-1 was observed at the focus position. Meanwhile, the peak intensities at 520 and 1555 cm-1 

were slightly increased. On the other hand, in the case of high laser pulse energy of 2.4 µJ, the 

Raman intensities at 420 and 520 cm-1 in the central part of focus were decreased. The decrease of 



these two peaks was distributed along the laser propagation direction. Furthermore, the intensity 

at 1555 cm-1 was increased at the focus, implying that the molecular O2 was generated. It should 

be noted that D2 peak intensity around the outer boundary was increased. Such structural 

densification around the photoexcited region, in which viscoelastic strain was induced, is caused 

by the compression based on the glass thermal expansion.17,33 

 

The photoinduced birefringence around the photoexcited region by the femtosecond laser with 

various pulse energy was observed with a polarization microscope.28 As it is the case with SiO2 

glass, the polarization-dependent form birefringence was observed in the center part of focus for 

pulse energies lower than 0.4 µJ. The slow axis orientation is aligned perpendicularly to the laser 

polarization direction, implying that the nanogratings could be also created inside glass in this 

pulse energy range. While, for pulse energy greater than 0.8 µJ, the smaller phase retardation 

corresponding to the lower brightness around the focus regions was observed. Furthermore, the 

slow axis in the outer regions of viscoelastic strain were radially-oriented, indicating that the heat-

modified region has been compressed due to the thermal expansion during the laser irradiation.34 

Tensile stress was thus generated in the surroundings of the modified regions, which resulted in 

the concentrically oriented slow axis. 

 

We have also measured the variation of the birefringence retardation induced by the femtosecond 

laser pulses with various pulse repetition rate (Rpulse) and pulse duration (τpulse) (Fig. 3). In these 

experiments, we used a mode-locked, regeneratively amplified Yb:KGW laser system (Light 

Conversion; Pharos), operating at 1030 nm. For Rpulse < 200 kHz, the phase retardation increased 



with increasing Rpulse, and became asymptotically constant for Rpulse ≥ 200 kHz. This could be 

explained by the occurrence of a thermal accumulation effect within the focal volume when the 

Rpulse is greater than ~ 200 kHz.35 This indicates that the pulse energy range to produce self-

assembled nanogratings narrows when the Rpulse increases. Although slight increase of phase 

retardation at about 1 ps was observed, the retardation decreased with increasing τpulse within our 

study range. This is explained by the previous opinion that for the 4 ps pulses with 20 times lower 

peak intensity than the intensity of the 200 fs pulses, the process of glass modification leading to 

the formation of nanogratings is more susceptible to the presence of defects such as the non-

bridging oxygen hole center (NBOHC).36 For SiO2 glass in τpulse < 200 fs, although the periodicity 

of nanograting was independent of τpulse,37 in contrast, Stoian et al. have effectively shown that the 

nanogratings periodicity decreases up to τpulse of 700fs, based on the blue light diffraction 

efficiency.38  

To confirm absolute proof of the nanogratings formation inside GeO2 glass, SEM observations of 

the modified regions were performed after dry etching by FIB, because GeO2 glass has a solubility 

in water of ~ 4.5 g/L. Secondary electron images (SEIs) and backscattering electron images (BEIs) 

of the same surface were compared (Fig. 4). It is well known that the SEIs reveal mainly the surface 

morphology of a sample, while the BEIs are more sensitive to the atomic weight of the elements 

or the density of material constituting the observation surface. The SEIs of the etched GeO2 glass 

sample indicate that the morphology of an irradiated sample in the examined cross section almost 

does not change. On the other hand, the BEIs (Fig. 4 (b), (d)) reveal a reasonably good periodic 

structure of stripe-like dark regions with low density of material and of 50 nm width which are 

aligned perpendicular to the writing laser polarization direction. Horizontal striation, slightly 



visible in the SEIs (Fig. 4 (a), (c)), could be explained by unusual self-organization of nanovoids7 

or a weak surface relief created in the etching process. Such nanoporous structures characterized 

by glass decomposition39 with oxygen release into nanopores have been confirmed recently using 

small angle X-ray scattering40 and TEM.41 

 

To confirm the detailed of nanograting structure, we have also observed the sample surface cleaved 

along the nanostructure planes using a Field-Emission Gun Scanning Electron Microscope (FEG-

SEM ZEISS SUPRA 55 VP).39 Such observations by using a low accelerating voltage and very 

low current reveal the original characteristics of the sample surface without a conductive coating. 

Fig. 5 shows SEIs on the cleaved surface of the laser traces written by the femtosecond laser pulses 

with different pulse energy for each writing laser polarization. In the case of low pulse energy of 

0.2 µJ (Fig. 5 (a), (b)), the SEIs apparently show the nanograting structures corresponding to areas 

of density contrast (Fig. 4 (b), (d)) leading to the refractive index modulation. When the laser 

polarization is along the writing direction, nanopores with the diameter of ~ 10 nm were observed 

within the nanoplanes (Fig. 5 (c), (d)). Evidently, these nanogratings consisting of mesoporous 

nanoplanes were self-aligned perpendicular to the laser polarization. As a result, such nanogratings 

are at the origin of the strong refractive index contrast leading to the optical anisotropy. On the 

other hand, in the case of high pulse energy of 2.4 µJ, hollow structure with multiple large voids 

with the size of several micrometers were formed (Fig. 5 (f), (h)). Considering that the molecular 

O2 was generated (Fig. 2), these voids can be produced as a result of decomposition of GeO2 to 

GeO(2-x) + x/2⋅O2 in the same manner as SiO2 glass.6 To reveal the difference in the nanograting 

structures for GeO2 and SiO2, the cleaved sample surface of the modified regions in GeO2 and 



SiO2 were observed (Fig. 6). Superficially regarded, the average size of nanopores in GeO2 glass 

(< 10nm) was slightly smaller than that in SiO2 glass (10 ~ 30nm),7 though their packing density 

seems to be higher. It's well known that the strength of form birefringence depends on the 

nanogratings periodicity, layers thickness and the refractive indices of these two layers. The 

birefringence of nanogratings for ordinary (no) and extraordinary (ne) wave is:42 
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where f is the filling factor, n1 and n2 are the unknown refractive indices for the platelets 

constituting the nanograting. As shown in Fig. 7, these periodic structures are ruled in the direction 

parallel to the polarization of the writing laser and consist of thin regions of index of refraction n1, 

characterized by a strong oxygen deficiency,6 surrounded by larger regions of index n2. In addition, 

based on the Maxwell-Garnett theory, the effective refractive index (n1) of the mesoporous 

panoplanes with the thickness of 50nm for GeO2 glass is:43 
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where φ is the porosity, npore (= 1) and ndefect are the local refractive indices for the nanopores and 

for the surrounding oxygen defect regions, respectively. 

After measuring the thickness of L of nanograting structures in the direction of the propagation of 

light by using crossed-Nicols, we have also evaluated the birefringence from the phase retardation 

which is measured by polarization microscope (Fig. 8). Although the phase retardation for both 

GeO2 and SiO2 increases with increasing the pulse energy, this value for GeO2 started to decrease 

at 0.4 µJ, owing to the glass decomposition. In the case of SiO2, this peak was at about 1 µJ. It 



should be noted that the birefringence for GeO2 monotonically decreased with increasing in the 

pulse energy, in contrast to the change in the case of SiO2. It is possible to induce a higher 

birefringence for GeO2 at lower pulse energy, compared to SiO2. Indeed, the birefringence for SiO2 

and GeO2 at the laser pulse energy of 0.12 µJ were 0.003 and 0.005, respectively. Assuming the 

reasonable numbers of ndefect and φ, based on the very slight refractive index change due to the 

oxygen deficiencies,44 we found that our experimental results are in good agreement with previous 

studies.19 The parameters for calculation and the obtained results were listed in Table 1. 

 

In order to speculate the thermal stabilities of the photoinduced structures inside GeO2 glass from 

the birefringence changes according to the annealing temperature, an isochronal annealing 

experiment was performed (Fig. 9). The birefringent regions were still clearly visible under a 

polarization microscope even after annealing at 873 K (Fig. 9(a)). On the contrary, in the case of 

high pulse energy of 2.4 µJ, the internal stress distribution around the modified regions disappeared 

after an annealing at 823 K within 1 hour (Fig. 9(b)). These results indicate that the birefringent 

structures constituted by oxygen deficiencies6 and nanopores are relaxed completely by the 

annealing at the temperature, which is about 100 K higher than glass transition point (Tg ~ 823 K). 

In contrast, in the case of high pulse energy, the center region still remained a hollow structure 

after annealing at 823 K. To compare the thermal stabilities of nanogratings between GeO2 and 

SiO2, the amount of the induced phase retardation were plotted against inverse temperature based 

on Arrhenius equation: 
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where R0 and R is the initial phase retardation of the birefringent structure and the phase retardation 

after successive annealing at various temperature, respectively. Ea is the activation energy for 

birefringence relaxation, A is the frequency factor, T is the absolute temperature, and κB is the 

Boltzmann constant. In good agreement with the previously reported results45,46 the best linear fit 

was obtained with activation energy of 0.2 eV or 1.9 eV for GeO2 or SiO2, respectively. These 

results imply that the birefringence relaxation is originated from the oxygen vacancy annihilation. 

 

Conclusions 

We have confirmed the formation of the nanograting structures inside GeO2 glass for pulse energy 

less than 0.2 µJ. Similarly to SiO2 glass, nanograting structures consisting of mesoporous 

nanoplanes with the thickness of 50 nm, were self-organized in the direction perpendicular to the 

laser polarization. Such nanogratings is completely erased by the annealing at the temperature 

which is about 100 K higher than glass transition temperature. For pulse energy greater than 0.4 

µJ, the destruction of Ge-O bonds in glass matrix occurred and then O2 molecules were generated 

inside focal volume. We anticipate that such embedded nanograting structures and dissociated 

microstructure in GeO2 glass could be applied to optical storage, waveguide, and other micro-

devices. 
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Figure captions 

 

Figure 1. Optical micrographs of the modified regions inside GeO2 glass induced by the 

femtosecond laser pulses with various pulse energies. The rows of (a) and (b) show top and side 

views. kw indicates the direction of laser propagation. Scale bars are 5 µm. The laser parameters 

were as follow: 800 nm, 50 fs, 250 kHz, 250000 pulses, 0.80 NA. 

 

Figure 2. Sequential Raman spectra of the structural changes as a function of the pulse energy. 

The Raman spectrum of the initial glass (Before) is also shown. Inset graph shows the variation of 

Raman peak intensities at 420, 520, and 1555 cm-1 with respect to the initial intensities (Iafter/Ibefore) 

as a function of the pulse energy. 

 

Figure 3. The phase retardation of birefringence induced by the femtosecond laser pulses with 

various pulse repetition rate (a) and pulse width (b). The laser parameters were as follow: (a) 1030 

nm, 176 fs, 0.24 µJ, 250000 pulses, 0.80 NA; (b) 1030 nm, 200 kHz, 0.15 µJ, 250000 pulses, 0.80 

NA. 

 

Figure 4. SEIs (a, c) and BEIs (b, d) of GeO2 glass surface processed close to the laser focal 

position by FIB. The magnification of the upper (a, b) and lower (c, d) images is 7500× and 50000×, 

respectively. The laser parameters were as follow: 800 nm, 50 fs, 0.2 µJ, 250 kHz, 250000 pulses, 

0.80 NA. 

 



Figure 5. SEIs on the cleaved surface of the laser traces written by the femtosecond laser pulses 

with pulse energy of 0.2 µJ (a-d) or 2.4 µJ (e-h) for each writing laser polarization. The polarization 

direction (E) was perpendicular (a, b, e, f) or parallel (c, d, g, h) to the writing direction (S). The 

high magnification SEIs in the dotted area in (a, c, e, g) are also shown in (b, d, f, h), respectively. 

Scale bars in the low and high magnification images are 5 µm and 1 µm, respectively. The laser 

parameters were as follow: 800 nm, 50 fs, 250 kHz, 250 µm/s, 0.80 NA. Symbol of kw indicates 

the laser propagation direction. 

 

Figure 6. SEIs of the cleaved sample surfaces of the modified regions in GeO2 glass (a, b) and 

SiO2 glass (c, d) created by the femtosecond laser pulses with a pulse energy of 0.2 µJ (a, c) or 0.4 

µJ (b, d). The insets in each figure show the high magnification SEIs in the area surrounded by 

dotted square. The scale bars are 200 nm. 

 

Figure 7. Schematic of the nanogratings formed in the irradiated volume. nbg: refractive index of 

the initial glass, n1, n2: local refractive indices of nanoplatelet, f = t1/Λ: filling factor, Λ: period of 

the nanograting, t1: width of the region with index n1, nvoid = 1: refractive index of the nanopore, 

ndefect: refractive index of the region surrounding the nanopores. 

 

Figure 8. Phase retardation (a) and birefringence (b) of the induced structures in GeO2 and SiO2 

glass as a function of the laser pulse energy. 

 

Figure 9. Optical (upper rows) and polarization (lower rows) microscope images of the modified 



regions inside GeO2 glass by the femtosecond laser pulse with the pulse energy of 0.2 µJ (row (a)) 

or 2.4 µJ (row (b)) after successive annealing at various temperature. Scale bars are 10 µm. (c) 

Arrhenius plots of the induced phase retardation inside GeO2 and SiO2 glass by the femtosecond 

laser pulses with a pulse energy of 0.2 µJ and 0.4 µJ, respectively, as a function of the annealing 

temperature for 1 hour. 

 

 
  



 
Table 
 
 

Table 1. Parameters for calculation of local refractive index change in SiO2 and GeO2 glass 

Marerial SiO2 glass GeO2 glass Material SiO2 glass GeO2 glass 

nbg 1.454 1.645 npore 1 1 

t1
* 30 nm 50 nm ndefect 1.454 1.645 

Λ** 200 nm 250 nm φ 0.20 0.15 

f = t1/Λ 0.15 0.20 n1-nbg -0.092 -0.098 

∆n 0.003 0.005 n2-nbg +0.035 +0.048 

*t1: the width of the region with index of n1; **Λ: the period of nanogratings 
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