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A B S T R A C T

Second order nonlinear optical properties and structural rearrangements in GeO2–Na2O–Nb2O5 glasses were 
achieved by thermal poling. The effects of applied voltage as well as sodium and niobium contents on nonlinear 
optical (NLO)-active layer were investigated. Structural rearrangements in the anodic microlayer were investi-
gated and occur due to sodium depletion promoting variation in bridging/non-bridging oxygen ratio and for-
mation of a more polymerized network. Quantitative analysis of second harmonic generation signals confirm the 
electrooptical origin of the nonlinear optical response described by the electric-field-induced second harmonic 
model. χ(2) susceptibility values range from 0.42 to 0.76 pm/V depending on the niobium content. Lastly, the 
charge compensation mechanism with increasing applied voltage was described in detail. A progressive decrease 
in χ(2) for higher voltages was observed due to a greater poled thickness than expected by classical electrostatic 
models. In this case, the compensation mechanism occurs due to structural rearrangement, redox reactions, and 
motion of negative charges.   

1. Introduction

Glassy materials as based materials for photonic devices have been
increasingly highlighted due to the simple manufacture and the possi-
bility of adjusting the composition, which consequently allows the 
adjustment of specific properties [1–3]. Glasses feature a high trans-
mission window [4,5] and a wide variety of sizes and shapes such as 
cylindrical [6–8] and ribbon [9] fibers, bulk [10], powders [11] and thin 
films [12,13]. Furthermore, despite their isotropic nature, these mate-
rials may exhibit second order nonlinear optical susceptibility (χ(2)) by 
locally breaking the centrosymmetry using techniques such as thermal 
[14,15] and optical [16,17] poling. In this perspective, implemented 
nonlinear optical (NLO) properties and wide glass-based matrix trans-
mission window have been promising for NLO photonic applications as 
wavelength conversion [18,19] and electro-optical devices [20]. 

Thermal poling process started in 1969 [21] and is a simple and low 
cost surface modification technique. By this technique, a non-crystalline 
material is heated, and a DC electric field is applied, resulting in 

modification of the anodic surface of the material [22]. The NLO re-
sponses after thermal poling was only reported more than twenty years 
later [23] and occurs due to a break of centrosymmetry associated with 
the space charge formation and a resulting static electric field [22]. In 
more detail, an effective second order optical susceptibility is induced by 
an electrooptical effect, coming from the interaction of a permanent 
implemented static electric field (Estat) and the third order non-linear 
susceptibility χ(3), according to the relationship χ(2) = 3.χ(3).Estat 
[24–26]. 

NLO properties in thermally poled glasses have been studied in 
various glass systems covering pure silica [23], silicate [24,25], phos-
phate [27], germanate [28], sulfide [29], for example. Niobium ger-
manate glasses are considered promising due to their transparency in a 
large spectral range including the mid-IR [30] and NLO properties of 
glasses with highly polarizable NbO6 polyhedra [31]. These matrices 
have a mixed GeO4–NbO6 network and the high Nb2O5 content allows 
the formation of NbO6 clusters [32] enhancing NLO properties [31,33]. 
Regarding the high efficiency of NLO devices, other dielectric crystalline 
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materials such as lithium niobate LiNbO3 are commonly used for optical 
signal processing and nonlinear frequency conversion [34] but require 
complex fabrication and predetermined design of crystalline materials 
that prevents future applications such as fiber optics, for example. NLO 
properties induced by thermal poling in germanate glasses has not been 
much explored. Recently, 70GeO2–20Ta2O5–10Na2O glass composition 
has been reported with a χ(2) susceptibility of 0.3 pm/V [35]. For 
niobium matrices, the 50GeO2–25Nb2O5–25K2O [36] and 52GeO2-

–28Nb2O5–20K2O [29] glasses were described with 0.003 and 0.6 pm/V 
values, respectively. 

In this paper, besides studying the effect of sodium and niobium 
contents on the NLO response of GeO2–Nb2O5–Na2O glasses with up to 
25mol% of Nb2O5, the effect of the applied voltage during treatment was 
investigated. The polarization mechanisms were identified and dis-
cussed in detail, based on structural, Na-depletion thickness and SHG 
data. It has revealed a significant difference from classical models pre-
dictions which could be related to a strong influence of the negative 
charge motions mechanisms on the poling process efficiency. Finally, a 
successful test of microstructure design using an electrode structured by 
laser irradiation was demonstrated. 

2. Experimental part

(100-x-y)GeO2-xNb2O5-yNa2O glasses with x = 15, 20 and 25 mol%
and y = 10 and 15 mol% were synthesized using conventional melt- 
quenching and the glass compositions of the ternary system are 
described in Table 1. The samples were labeled as xNbyNa, with x and y 
according to the molar compositions. The glasses were prepared using 
high purity analytical grade chemicals. The raw materials were GeO2 
(Fox-Chemicals 99.999 %), Nb2O5 (Alfa Aesar 99.9985 %) and Na2CO3 
(Alfa Aesar 99.95 %). A batch of 15 g of raw materials was homogenized 
in a mortar and melted in a pure Pt crucible at 1500 ◦C for 1 h. The melt 
was cast into a stainless-steel mold and then annealed at 500 ◦C for 6 h to 
release internal mechanical stress. The samples were cut and optically 
polished using alumina suspensions with particle sizes of 20, 9, and 3 
μm. The pictures of all samples are shown in the Fig. 1 inset. 

For thermal poling treatment, a piece of silicon wafer was used as 
cathode and a soda-lime silicate glass (0.5 × 0.5 × 0.1 cm3) with 
deposited Pt film of 100 nm was used as anode (the anode was covered 
by a gold conductive thin film to ensure conductivity). The system was 
assembled using the cathode, a borosilicate coverslip to preserve the 
optical quality of the sample at the cathode side, the sample and finally 
the anode; the system was pressed with springs. Thermal poling was 
performed under a flow of N2 atmosphere at 6 L.min− 1 at 265 ◦C using a 
heating rate of 15 ◦C/min. Once the temperature is stabilized, DC volt-
ages (900, 1200 or 1500 V) were applied with a rate of 300 V/min for 30 
min. After this time, the heating system was turned off, with the direct 
current (DC) field remaining until the temperature was close to room 
temperature. The optical absorption spectra were recorded using an 
Agilent Cary 5000 spectrophotometer in the wavelength region 
200–2500 nm and Bruker Equinox 55 in the wavelength region 
2500–25,000 nm. DSC analysis were obtained employing a DSC calo-
rimeter STA 449 F3 Júpiter from Netzsch in the temperature range of 
200 to 1000 ◦C, using Pt crucibles under a flow of N2 atmosphere at 50 
cm3.min− 1 with a heating rate of 10 ◦C.min− 1. Linear refractive indices 
were measured using Brewster’s angle method at 532, 639, 785 and 935 
nm and the dispersion of the indices fitted by a Cauchy fit [37]. Density 

measurements were determined by Archimedes method using dieth-
ylphthalate at room temperature. Micro-Raman and micro-SHG correl-
ative measurements were collected using a modified Jobin-Yvon 
Horiba-HR800 spectrometer equipment with a laser operating at 532 nm 
for Raman and a picosecond pulse laser at 1064 nm for SHG measure-
ments [35]. Measurements were carried out on the surface and on the 
cross-section of the poled glasses. The objective 100x with a numerical 
aperture of 0.9 was used for Raman and SHG measurements. IR spectra 
were recorded by IR reflectance on a Fourier Vertex 70 V spectrometer 
with 200 scans and 2 cm− 1 of spectral resolution, the absorbance spectra 
were calculated by the Kramers-Krönig analysis [38]. The Secondary ion 
mass-spectrometry (SIMS) were performed on a PHI Adept 1010 dy-
namic SIMs system. This technique consists of bombarding a surface 
with beams of ions and the ionized material is analyzed by a mass 
spectrometer to determine its composition. In this way, the qualitative 
distribution of the elements was analyzed, and the etching rate was 
calculated considering the depth of the crater measured by optical 
profilometry. Finally, the second order nonlinear optical susceptibilities 
(χ(2)) were quantified using the Maker fringes technique in transmission 
mode using incident nanosecond laser at 1550 nm. θ-scan and ψ-scan 
measurements were made as a function of the incident angle with fixed 
harmonic polarization p (horizontally) or s (vertically); or as a function 
of the polarization of the incident beam with fixed incident angle and 
fixed polarization at the analyzer, respectively [35]. Quartz z-cut plate 
was used as reference for the calibration of the SHG setup and simulated 
data from general matrix formulation of linear and nonlinear optical 
responses [39]. 

3. Results

GeO2-xNb2O5-yNa2O ternary glass compositions were obtained by
varying the sodium and niobium content. The niobium insertion limit is 
due to the low Nb2O5 solubility in the germanate liquid phase resulting 
in a liquid-liquid phase separation and spontaneous crystallization of the 
melt under cooling. The addition of 15 mol% of Na2O improves the 
Nb2O5 solubility in the germanate matrix up to 25 mol% of Nb2O5. This 
content of 25 mol% of Nb2O5 is higher than previously reported for al-
kali germanate glasses with 10mol% of potassium oxide [32]. Fig. 1 il-
lustrates the wide transmission window from 0.4 to 5.2 µm with high 
transparency of around 80 % with two absorption bands at around 2.9 
µm and 4.3 µm attributed to the vibrations of Ge-O-H bond [40]. 

Fig. 2 presents the refractive index and thermal data of all samples 
and Table 1 summarizes these data together with density values. An 
almost linear increase in density, refractive index and glass transition 
temperature occurs with higher niobium content as demonstrated in 
Fig. 3. Comparing the 15Nb10Na and 15Nb15Na samples also leads to 
an increase in the density and refractive index. Both compositions are 
below the level described for the effect known as germanate anomaly 
effect to occur [41]. Furthermore, for these samples, not only does the 
sodium concentration increase, but the Nb/Ge ratio variation also occurs 
as shown in Table 1 and the niobium content may be responsible for the 
observed changes. However, the sodium addition clearly influences the 
thermal stability parameter against crystallization (ΔT = Tx-Tg, where 
Tg is a glass transition temperatures and Tx is onset of crystallization, 
Table 1) which increases from 85 ◦C to 134 ◦C. Glasses with high thermal 
stability are interesting for optical fibers manufacturing because they 
can prevent crystallization processes in the manufacturing process for 

Table 1 
Nominal molar composition, optical properties, density, and thermal stability against crystallization of sodium niobium germanate glasses.  

Sample Molar composition n (639 nm) d (g.cm− 3) Nb/Ge (at.%) Na/(Nb+Ge) (at.%) Tx-Tg ( ◦C) 

15Nb10Na 75GeO2–15Nb2O5–10Na2O 1.786 3.970 0.40 0.190 85 
15Nb15Na 70GeO2–15Nb2O5–15Na2O 1.799 4.011 0.43 0.300 134 
20Nb15Na 65GeO2–20Nb2O5–15Na2O 1.848 4.096 0.61 0.274 108 
25Nb15Na 60GeO2–25Nb2O5–15Na2O 1.911 4.127 0.83 0.273 49  
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fiber drawing. 
All samples were subjected to thermal poling treatment at 265 ◦C and 

1200 V and the 15Nb10Na sample at different DC voltages of 900, 1200 
and 1500 V. Fig. 4(a) and (b) depict the thermal poling system assembly 
and the current curve as a function of thermal poling time, respectively. 
The current curve presented a typical profile of a successful thermal 
poling procedure [42]. Fig. 4(c) exhibits the SIMS profiles of 15Nb10Na 
sample after poling treatment at 900 V and describes the depth of the 
Na-depleted layer. As noted, the Na-depleted layer thickness is 2.42 ±
0.05 μm. The subanodic layer thicknesses of all samples are detailed in 
Table 2. The subanodic layer thickness almost doubles with increasing 
voltage from 900 to 1500 V and tends to increase with niobium content 
for the same voltage. 

Fig. 5(a) and 5(b) present the infrared spectra of the samples before 

and after poling. In these spectra, two main absorption regions attrib-
uted to vibrations in germanate glasses are observed. An absorption 
region around 800–900 cm− 1 assigned to antisymmetric stretching of 
GeO4 tetrahedra containing non-bridging and bridging oxygens and a 
second absorption region around 420–600 cm− 1 related to a symmetric 
stretching modes of Ge-O-Ge bridging bonds [43]. The bands in the re-
gion of 300 and 580–800 cm− 1 are assigned to the bending and 
stretching Nb-O(-Nb) bond [44], respectively. In general, some modifi-
cations with the niobium and sodium content are observed in Fig. 5(a). 
The increase in niobium content leads to a clear increase in the band at 
610 cm− 1 assigned to the vibrational modes of the Nb-O-Nb bonds in 
NbO6 units. Regarding the sodium content, a comparison between the 
15Nb10Na and 15Nb15Na sample spectra shows that the sample with 
less sodium has a band around 800–900 cm− 1 wider in the 880 cm− 1 

Fig. 1. Optical window of sodium niobium germanate glasses in the UV–Vis-MIR range and the pictures of all glass samples are shown in inset.  

Fig. 2. (a) Refractive index dispersion of sodium niobium germanate glasses (the lines correspond to Cauchy fits) and (b) DSC curves.  

L.M. Marcondes et al.



4

region assigned to antisymmetric stretching of Ge-O bonds in Q4 units 
without non-bridging oxygens (NBO), while the relative intensity of the 
band around 800 cm− 1 assigned to antisymmetric stretching of Ge-O 
bonds in Q3 units, i.e. with one NBO bond and three bonding oxygen 
bridging two germanium ions, decreases. The same trend but to a greater 

magnitude is identified in the spectra of samples before and after ther-
mal poling as shown in Fig. 5(b). A clear inversion between the bands at 
805 and 880 cm− 1 is demonstrated. 

Raman spectra of the mixed niobium-germanate network are shown 
in Fig. 6(a) and have among their main bands: (1) a band around 470 
cm− 1 assigned to antisymmetric stretching of due to the Ge-O-Ge bond 
[45], (2) a band around 600 cm− 1 attributed to vibrational modes of 
non-distorted NbO6 units [46], like perovskite crystals constituted by a 
3D network of corner-sharing NbO6 units, (3) a band at 770 cm− 1 

associated with the vibrations of the distorted NbO6 octahedra [47] and 
antisymmetric stretching of Nb-O(-Ge) bond [46] and finally, (4) a band 
at 880 cm− 1 assigned to the NbO6 with NBO bonds [48,49]. Further-
more, around 860 cm− 1 a band referring to the asymmetric stretching of 
GeO4 [50] also appears but is active mainly in the IR. Thus, the region at 
600–800 cm− 1 is attributed to vibrational modes of NbO6 octahedra 
without NBO bonds where the lower distortion degree appears at lower 
frequency. As described in the IR data for samples with different 
niobium contents, the niobium addition increases the band at 600 cm− 1 

Fig. 3. Density, refractive index at 1550 nm and glass transition temperatures 
as a function of the niobium volume concentration. 

Fig. 4. (a) Thermal poling system assembly, (b) recorded voltage and current curves during thermal poling treatment and (c) SIMS depth profile after poling of 
sodium content in 15Nb10Na samples at 900 V. 

Table 2 
Post-poling Na-depleted layer thickness and second order optical susceptibility 
χzzz

(2) value of sodium niobium germanate glasses determined by Maker fringes.  

Sample Applied voltage (V) Poled layer (μm) χ(2) (pm/V) 

15Nb10Na 900 2.42 ± 0.05 0.42 ± 0.04 
15Nb10Na 1200 3.22 ± 0.05 0.39 ± 0.04 
15Nb10Na 1500 4.26 ± 0.05 0.33 ± 0.03 
15Nb15Na 1200 3.31 ± 0.05 0.42 ± 0.04 
20Nb15Na 1200 4.04 ± 0.05 0.60 ± 0.06 
25Nb15Na 1200 3.95 ± 0.05 0.76 ± 0.08  

L.M. Marcondes et al.
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due to the formation of interconnected NbO6 units and, in the Raman 
spectra, there is an increase in the band around 600 cm− 1 and also a shift 
from 763 to 709 cm− 1 attributed to less and less deformed NbO6 units. 
Finally, the spectra before and after thermal poling are shown in Fig. 6 

(b). Fig. 6(c) presents the difference of normalized Raman intensity. 
Raman difference spectra between the 15Nb15Na and 15Nb10Na sam-
ples considering the decrease in sodium content (black line, Fig. 6c) was 
also inserted and has a similar profile with the Raman differences of the 

Fig. 5. Absorption coefficients obtained by the reflectance spectra Kramers-Krönig transformation of the samples (a) before and (b) after thermal poling of sodium 
niobium germanate glasses. 

Fig. 6. Raman spectra top view of the samples (a) before and (b) after thermal poling; and (c) Raman spectra difference corresponding to the spectra of the highest 
sodium content glass (15Nb15Na) subtracted from the smallest content glass (15Nb10Na), and the others referring to the spectra of the glass without poling sub-
tracted from the spectra of the poled zone. 

L.M. Marcondes et al.
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samples before and after the poling treatment. In the Na-depleted sub-
anodic microlayer spectra, a decrease occurs in the 770 and 850 cm− 1 

bands and an increase in the band around 460 cm− 1 due to the shift from 
471 to 459 cm− 1. Finally, a band at 1550 cm− 1 appears exclusively in the 
anodic microlayer and is assigned to the symmetric stretching of mo-
lecular oxygen trapped in the matrix [32]. Fig. 7 reports the Raman data 
recorded on the cross-section of the poled 20Nb15Na sample. Raman 
maps demonstrate that the structural rearrangements occur exclusively 
at 4 μm thickness, which corresponds to the Na-depleted microregion 
detected by SIMS and described in Table 2. 

In addition to structural modification, thermal poling treatment 
breaks the glass centrosymmetry inducing a second order optical 
response such as second harmonic generation (SHG). Fig. 8(a) and 8(b) 
illustrate the subanodic layer characterized in its cross-section by μ-SHG 
polarized microscopy with linear incident polarization oriented either 
along the Z and Y axis, respectively, and fixed analyzed polarization 
along Z axis for the backscattered SHG signal. These configurations were 
noted as IZZ and IYZ, where the first and second letter refer to the 
configuration state of the incident light polarization and linear polari-
zation of backscattered SHG signals, respectively. SHG intensity allows 
probing the second order susceptibility χ(2)

Z;ZZ and χ(2)
Z;YY, respectively. As 

shown in Fig. 8(c), the IZZ/IYZ ratio is close to 9 (±10 %) and fits the ratio 
between the terms χ(2)

Z;ZZ = 3.χ(2)
Z;YY. Fig. 8(d) shows the SHG intensity 

versus the incident polarization state obtained by macro-SHG response 
using a Maker fringes setup. The scans were labeled as Ψ–p and Ψ–s 
scans for horizontal and vertical SHG detection polarization, respec-
tively. The electric field induced second harmonic (EFISH) model based 
on C∞v local symmetry along the z axis was used to simulate all the data 
[32]. The EFISH simulation describes all the data very well. A slight 
discrepancy was observed for the maximum value of the Ψ–p scan, 

nevertheless, one can consider that the SHG response is majority linked 
to an electrooptical origin. The χ(2) values obtained from these analyzes 
are summarized in Table 2 and have an increase with niobium content 
from 0.42 to 0.76 pm/V and an unexpected decrease from 0.42 to 0.33 
pm/V when the poling voltage increases from 900 to 1500 V. These 
values are not as high as for glasses containing higher levels of niobium, 
such as niobium borophosphate glasses with up to 48 mol% of Nb2O5 
[51–54] or amorphous thin film in the Nb2O5–Na2O binary system [55]. 
However, the χ(2) values of these samples are higher when compared to 
other germanate glasses. The sample with 25 mol% of Nb2O5 has a χ(2) 

value twice as high as germanate glasses with 20 mol% of Ta2O5 [35] 
and also higher than another germanate glass with 28 mol% of Nb2O5 
[29]. 

Finally, in order to demonstrate the promising potential of these 
samples for future microscale photonic applications, a poling treatment 
test on the 15Nb15Na sample using an ITO electrode microstructured by 
picosecond laser inscription was performed. Fig. 9(a) and (b) illustrate 
the microstructured surface by laser ablation on the electrode used as 
anode and a picture of the sample after poling treatment, respectively. 
The excellent resolution of the microlocalized SHG signal in the region 
in contact with the micromodified electrode can be observed in Fig. 8(c). 

4. Discussion

As shown in Figs. 1 and 8, niobium germanate glasses have a spectral
transmission up to 5200 nm and a SHG response induced by thermal 
poling. Although the NLO responses are less than in crystalline materials 
such as LiNbO3 [56] or in niobium borophosphate glasses that allow a 
higher niobium content [54], niobium germanate glasses are high-
lighted for non-linear applications in the mid-IR region since they have 

Fig. 7. (a) Raman spectra cross-section of 20Nb15Na sample in the anion sublayer where there was in contact with the electrode - in red - and the glass - in black, and 
(b) Raman intensity mapping of modes 1, 2 and 3 highlighted in a.

L.M. Marcondes et al.
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transparency in the mid-IR of the germanate matrix, are easy to syn-
thesize and allow variation in the shape of the material as they are glass 
matrix. Alkaline niobium germanate glasses are described as a mixed 
GeO4–NbO6 network leading to the formation of NbO6 clusters with 
increasing niobium content [57]. This NbO6 polyhedra network was 
confirmed in the IR and Raman data of Figs. 5(a) and 6(a) due to the 
increase in the band around 600 cm− 1 assigned to the stretching of 
Nb-O-Nb bonds in NbO6 units without NBO connections with niobium 
content. Furthermore, in the Raman spectra, an evident shift of the band 
from 763 to 709 cm− 1 was identified due to the formation of 
less-distorted NbO6 polyhedra and decrease in the extension of the 
mixed GeO4–NbO6 network through Nb-O-(Ge) bonds. These structural 
modifications demonstrate a higher overall network connectivity with 
niobium content and are the main factors for the changes in certain 
properties, such as an increase in density [58], in the glass transition 
temperature [29], and in the NLO response [31] and finally a decrease in 
the parameters of thermal stability against crystallization [32]. 

After thermal poling, a sodium depletion on the surface of niobium 
germanate glasses formed a microlayer of 2.4 to 4.0 µm probed by time- 
of-flight secondary ion mass spectrometry (TOF-SIMs) and is the main 
cause of structural rearrangements in the subanodic layer. Structural 
modifications were investigated inside and outside of the Na-depletion 
microlayer and also between 15Nb15Na and 15Nb10Na samples with 
different sodium contents. As expected, both the decrease in sodium in 
the 15Nb15Na and 15Nb10Na bulk samples without thermal poling and 
the sodium depletion in the microlayer after poling treatment follow the 
same trend of structural rearrangement: a change in the ratio between 
bridging and non-bridging oxygens (NBO) bonds linked to variation in 
sodium contents. In the IR spectra of Fig. 5(b), the decrease in NBO 

bonds is evidenced by the reduction of the band at 800 cm− 1 and by the 
increase at 880 cm− 1 assigned to υ Ge-O− and υ Ge-O-Ge, respectively. A 
conversion from Q3 GeO4 units to Q4 GeO4 units occurs, and this effect is 
more pronounced in the post-poling Na-depletion microlayer than in 
samples with different sodium contents without treatment, since this 
subanodic region is empty of sodium. In the Raman spectra of Figure 69 
(c), the decrease in NBO bonds is evidenced by the decrease in the band 
around 850 cm− 1, which in this case mainly refers to the vibration of 
terminal Nb-O− bonds. Furthermore, in the sodium-empty subanodic 
microlayer, a band decrease at 770 cm− 1 and band shift at 465 cm− 1 are 
identified and occur due to the formation of a glass network with less 
interconnections with Nb-O-Ge bonds and greater connections between 
GeO4- and NbO6-rich amorphous region: (1) the band at 770 cm− 1 is 
assigned to Nb-O-Ge bonds and deformed NbO6 polyhedra and (2) the 
band shift around 470 cm− 1 occurs due to the increase in the average 
value of the intertetrahedral Ge-O-Ge bond angle [59]. One has to point 
out that the formation of this amorphous matrix with a high content of 
Ge-O-Ge and Nb-O-Nb linkages without NBO bonds is only achieved 
after thermal poling treatment, since traditional melt-quenching method 
results in a spontaneous crystallization due to low Nb2O5 solubility in 
the germanate liquid phase. This highly connected network and amor-
phous phase separation have also been reported for tantalum germanate 
glasses [35]. Finally, Fig. 7 shows that the band at 1550 cm− 1 is limited 
in the subanodic region and refers to the presence of trapped molecular 
oxygen after poling treatment with a blocking anode-electrode config-
uration [25]. This molecular oxygen results from the sodium ions de-
parture and the rearrangement of the remaining glass network. 

During thermal poling, a DC bias is applied across the heated sample 
and the current measured as a function of treatment time was plotted in 

Fig. 8. (a) Micro-SHG maps, (b) comparison of SHG maps for different light polarization configurations and (c) macro-SHG measurements by Maker fringes and 
EFISH simulation. 

Fig. 9. (a) Optical micrographs of the surface of the structured ITO electrode, (b) picture of micromodified 15Nb15Na sample after poling treatment and (c) SHG 
Mapping realized on the modified surface with linearly polarized light perpendicular to the imprinted structure. 

L.M. Marcondes et al.
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Fig. 4(b). This Figure shows that the current (I) increases until the 
voltage is held constant, (II) decreases when the voltage is held constant 
and (III) decreases again when the heater is turned off. After the last 
step, the DC bias is removed only when a sample is brought back to room 
temperature to prevent charge mobility in the glass network. In general, 
in stage I, the dissociation process of Na+ ions starts. In stage II, a 
depletion layer in Na+ ions is formed and the decrease in current occurs 
due to the gradual decrease in the dissociation process, forming the 
sodium free layer which exhibits a low ionic conductivity [60]. Finally, 
in stage III there is a sudden drop in current when the temperature is 
turned off [42]. This mobile cations depletion, confirmed by TOF-SIMs 
data and described structural changes, leads to a volumetric space 
charge, and allows the implementation of a static electrical field in the 
subanodic microlayer. Fig. 8 demonstrates the presence of SHG signal in 
the NLO-active layer and the thickness of the detected SHG signal region 
is consistent with the sodium depletion of around 4 μm obtained by 
TOF-SIMs analysis. Fig. 8(d) shows the fit of the SHG data considering 
the electric field induced second harmonic (EFISH) model and confirms 
the electrooptical origin of the NLO signal. Thus, in this case, both the 
third-order susceptibility (χ(3)) of an isotropic material and the magni-
tude of the permanent static electrical field are relevant to interpret the 
NLO response. Regarding the SHG data on different glass compositions 
for the same poling parameters, higher niobium contents promoted an 
increase in the poling induced χ(2) susceptibility. This occurs due to the 
expected increase in χ(3) susceptibility which can be attributed to the 
higher polarizability of d0 transition ions such as niobium but also to the 
niobate structural arrangement forming a 3D network of octahedral 
NbO6 units known to enhance the third order optical properties in 
various oxide glasses [61]. 

In the case of the increase of applied voltages for the same niobium 
content (15Nb10Na sample) an unexpected decrease in the χ(2) values 
was identified and will be discussed in detail below. Thermal poling 
causes a depletion of positive charges and consequently an excess of 
negative charges in the subanodic microlayer, In the case of blocking 
anode configuration, i.e. prohibiting the possibility of positive charge 
injection in the poled glass, the compensation mechanisms are dictated 
by the motion of negative charge carriers from the glass network. These 
polarizations mechanisms are known to induce structural rearrange-
ments and formation of neutral isolated species trapped in the glass 
matrix upon oxidation reactions [27]. In this study, FTIR and Raman 
data confirm the structural changes and Raman mapping of Fig. 7(b) 
demonstrates the O2 formation exclusively in the subanodic microlayer. 
Two main mechanisms have been proposed in the literature to explain 
O2 generation after thermal poling in blocking anode configuration. 
[24]. The first process is described by the electronic conductivity in the 
region depleted of positive ions and is caused by the self-healing 
dielectric breakdown that allows electrons hopping between oxygen 
sites without the need for motion of oxygen ions [25,26]. In this case, a 
series of intermediate reactions occur involving the recombination of all 
adjacent pairs of NBO bonds, peroxide radicals and finally leading to the 
formation of molecular oxygen and resulting in an increase in the degree 
of the glass matrix polymerization [25,29]. The second process is related 
to anionic conduction [25]. In this case, the polymerization of the 
structure occurs due to oxidation reactions within the space charge layer 
that led to sodium release: 2[Ge-O− …Na+] → Ge-O-Ge + O2- + 2Na+, 
and formation of O2 from oxygen anions: O2− → ½O2 + 2e− [29]. In the 
case of our glass samples, both charge recombination mechanisms can 
be expected, and no additional observation allowed concluding on one 
predominant process. Nevertheless, as shown in Table 2, an unexpected 
decrease in χ(2) was identified for the 15Nb10Na sample with increasing 
applied voltages. According to a classical model describing the forma-
tion of a polarized layer in glassy materials, if the applied voltage in-
crease, the strength of the induced static electric field in the space charge 
layer is expected to increase and the thickness of the poled layer should 
vary according to the square root of the applied voltage [27]. This trend 
is clearly not observed in this study, as shown in Table 2. The sodium 

depleted layer thickness increases almost linearly with the applied field 
and the induced EFISH χ(2) susceptibility decreases. In this case, this 
unusual tendency may be related to an increase of the negative charge 
carriers mobility with the applied voltage. In a previous work, it was 
necessary to consider an exponential growth of the negative charge 
carrier mobility with the magnitude of the local electric field to model 
charge motions during a poling process of an ionic glassy matrix. This 
model considers constant activation energy and thus mobilities of the 
charge carriers. In this perspective, a variation in the negative charge 
motion activation energy may be the cause of the model divergence. If 
the mobility of negative charge carriers (oxygen anions or electrons) 
varies with the applied voltage, a strong increase in applied voltage may 
have led to a significant decrease in the activation energy of negative 
charge motion facilitating sodium compensation and allowing for 
greater sodium migration. This phenomenon is consistent with that 
described for insulating materials under a high electric field, where 
activation energy and electrical conduction are dependent on the 
applied field [61] and the effect of high voltage described by the 
Poole-Frenkel effect [62]. In this way, a Na-depleted thickness greater 
than expected can then be explained together with a decrease of the 
EFISH χ(2) susceptibility, since a greater space charge layer thickness 
results in a decrease in the induced static electric field strength and 
consequently in the second order optical response. 

5. Conclusion

Structural and optical properties were investigated in sodium
niobium germanate glasses before and after thermal poling. The increase 
in niobium content in glass germanate led to the formation of NbO6 
polyhedra with a coordination number greater than GeO4 units, 
increasing connectivity in the mixed covalent niobium-germanate 
chains, and consequently an increase in glass transition temperature 
and density of the material. Furthermore, the niobium content improves 
the NLO response in the subanodic layer after poling treatment, since 
increasing the amount of highly polarizable NbO6 units improves the χ(3) 

susceptibility, which is directly related to the χ(2) susceptibility, ac-
cording to the EFISH model. Finally, regarding the increase in voltage in 
the thermal poling, an unexpected linear increase in the thickness of the 
NLO-active space charge layer and a decrease in χ(2) susceptibility was 
observed. A different response from the classical space charge formation 
model occurs due to the decrease in the activation energy of negative 
charge motion in the material under high tensions. In this sense, the 
decrease in this activation energy facilitates sodium compensation and 
allows greater migration of sodium ions, which consequently reduces 
the magnitude of the induced electric field by thermal poling. 
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