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Abstract. In this work, we propose two-step process to create a second-order nonlinearity in
glasses. First, we use the ion exchange method to form a region of an ion concentration and,
consequently, conductivity gradient in glass. Afterwards, we apply DC voltage to the specimen
at room temperature. This causes formation of non-equilibrium charge and inner electrostatic
field, which induces effective second-order optical nonlinearity of the glass that exceeds one of
thermally poled glass sample. After turning the voltage off, the effect gradually degrades within
a few hundreds of seconds. Comparison of silver-for-sodium and potassium-for-sodium ion
exchanges shows that in the latter case the result nonlinearity has longer relaxation time.
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AHHoTanmusa. Mpbl [peacTaBiissieM [IBYX3TAIlHbI IIPOLIECC CO3JaHUsS HEJIMHEWHOCTU
BTOpOro MopsiiKa B cTeksax. Ha mepBoM sTame MCIOJIb3yeTCsl MOHHbBIM OOMEH B CTEKJIE JUIS
(bopMupoBaHUs TpajgreHTa KOHIIEHTPALIMY TTOJABMXKHBIX MOHOB U, CJIEIOBATEeIIbHO, IpagleHTa
MPOBOAMMOCTH. Ha BTOpOM 3Tarie MpUKIaabIBaeTCsl MOCTOSIHHOE HaIlpsDKeHWe, HaBOMsIIee
HEpPaBHOBECHBIN BJIEKTPUYECKUI 3apsii 1 BHYTPEHHEE DJIEKTPOCTATUYECKOE I10Jie, KOTOpOe
UHAyUUpYEeT B CcTekie d5GGEKTUBHYIO ONTUYECKYI0 HEJIMHEMHOCTh BTOPOrO IOpPsIKa,
MPEBBIIIAIOIIYI0 HEJIMHEMHOCTh TEPMUYECKU MOJISIpU30BaHHOIrO cTekia. Ilocie oTKIIoueHus
HaIpsoKeHUsT 3TOT 3G@EKT MOCTeIIEHHO 3aTyXaeT B TEYCHME HECKOJbKMX COTEH CEKYH]I.
CpaBHEHME MOHHOTO OOMeHa cepeOdpo-HaTpUil U KaJIuii-HaTPpUil TTOKa3bIBAET, YTO BO BTOPOM
ciyJae BpeMs pejlakcalluy IOJYYeHHON HEeJIMHEHHOCTH OOJIbIIIE.
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Introduction

It is well known that glass, due to its amorphous nature, is isotropic. However, modification
of glass by thermal poling (TP) can break the isotropy in the near-surface layer [1]. The process
involves heating a plate of glass, applying a constant voltage, and cooling under the voltage.
Compositional analysis shows that the voltage forces mobile alkali ions of the glass to migrate
from the sub-anode region. Differing in mobility hydrogen/hydronium ions from atmosphere
compensate the deficit of electric charge in the depleted region. Therefore, regions with different
conductivities are formed in glass. Current flow through them causes the accumulation of a non-
equilibrium charge. That is known as the Maxwell-Wagner (M-W) effect [2]. Upon cooling, the
charge “freezes” and forms an inner electrostatic field. The higher the dielectric constant of a
material and the lower its conductivity, the longer the relaxation time of the non-equilibrium
charge and electric field. This field mixed with the third-order optical nonlinearity of the glass
leads to the appearance of an effective second-order nonlinearity (SON) and allows for second
optical harmonic generation in glass, which is known as EFISH (Electric-Field Induced Second-
Harmonic) effect [3].

We propose two-step process, alternative to TP, to create a second-order nonlinearity in
glasses. At the first stage, we modify the glass by ion exchange (IE) [4] which allows creating a
conductivity gradient where non-equilibrium charge accumulation is possible due to the M-W
effect. In the second stage, we apply a DC voltage to the ion-exchanged samples. This results in
electric charge accumulation and creating an effective SON.

Materials and Methods

For this study, we use a 1 mm thick soda-lime microscopic slide (Menzel) containing
14.3 wt.% of sodium oxide [5]. Potassium-to-sodium (K-Na) IE was carried out in a KNO, melt
for 8 h at 365 °C, and silver-to-sodium (Ag-Na) IE — in a mixture of 5%/95% AgNO,/NaNO,
for 20 min at 325 °C. To confirm the presence of a concentration gradient in the samples, the
potassium, silver and sodium concentration profiles across the sample were characterized using an
Ultim Max 100 EDX spectroscopy (Oxford Instruments, UK) setup combined with a Supra 25
scanning electron microscope (Zeiss, Germany).

After, electric current flowing through the samples was characterized. In experiments, the
samples were pressed between stainless steel electrodes, a DC voltage (1.3 kV) was applied and
the current was measured using an A2-4 picoammeter (MNIPI, Belarus). A discharge of the
accumulated electric charge was performed by short-circuiting the sides of the sample through the
picoammeter. The charge/discharge of the samples were followed by the characterization of the
second harmonic (SH) signal. The setup consisted of a Nano L ns-pulsed laser with an emission
wavelength of 1.064 um (Litron, UK), filters, a collecting lens and a photodetector. Also, we
used ITO film electrodes transparent to the fundamental and second harmonic wavelength for
simultaneous charge/discharge of the specimen and characterization of its SH signal. An incident
angle of the radiation corresponded to the maximum of the SH signal from the sample. Note,
preliminarily studies showed that ITO did not contribute to the SH signal. More details of the
optical setup can be found elsewhere [6].

© Kan TI., PemetoB U.B., Tepruuxuit A.H., Lllepbak C.A., Jlunosckuit A.A. 2024. Wznatens: Canxkr-IletepOyprckuit
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.
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Results and Discussion

The concentration profiles of K-Na IE 8h-365 °C and Ag-Na IE 20min-325 °C samples obtained
by EDX spectroscopy are shown in Figure 1, a, b, respectively. The profiles are ratiometrically
normalized so that the sum of the ion concentrations equals to one. Figure 1 demonstrates that
concentration gradients in the near-surface region have been formed. Depths of the profiles
are ~6 and ~7 um, respectively.

Normalized
concentration

Normalized
concentration

Fig. 1. Normalized concentration profiles of K-Na IE for 8 h-365°C (a) and Ag-Na IE for
20 min-325 °C (b) measured by EDX spectroscopy

Then, the voltage was applied to the formed structures. The resulting graph of the current
temporal dependence is demonstrated in Fig. 2, a. One can conclude that the presence of
potassium gradient leads to the accumulation of non-equilibrium charge within 30 min. The Ag-
Na IE sample charges much faster (~3 min). The same relates to the samples when discharging.
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Fig. 2. Temporal dependences of the current (a) and normalized SH signal (b) with voltage on and
off after 30 min

A similar estimation can be made from measuring the second harmonic dynamics (Fig. 2, b).
The SH signal from Ag-Na IE sample saturates and relaxes much faster than one from the
K-Na IE sample, and the characteristic discharge times correspond to those mentioned above.
Besides, the discharge of K-Na IE sample takes longer than expected, and this needs further
investigation.

This behavior can be explained by ionic mobility (see Table) and, respectively, the conductivity,
which is inversely proportional to the relaxation time in the Maxwell-Wagner effect. Injection of
less mobile potassium ions in glass leads to longer time of charge accumulation and dissolution,
while more mobile silver ions fasten the processes.

Table
Mobility of ion species in soda-lime glass at T = 300 K
Ion species Na* Ag" K*
Mobility at T =300 K, m%*(V"s) 1.4:107% 1.7-10% 1.7-102
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The SH signal of the IE glasses can be compared with the one of thermally poled sample using
Maker Fringe technique that is measuring SH intensity dependence on the incidence angle. For
this purpose, K-Na IE glass sample was used, since Ag-Na IE one discharges faster than the
measurement duration. Also, by restricting the access of the salt melt to one side, a single-side
K-Na IE sample was obtained. TP was carried out using DC electric discharge in air gap [7]:
DC voltage of 1.3 kV, temperature of 250 °C for 20 min. The result is shown in Fig. 3 for the
single-side K-Na IE sample and the TP sample compared to the double side one. The SH
intensity was normalized to the maximum of the SH value from the double-side sample.

------------ double-side K-Na IE for 8 hours
single-side K-Na IE for 8 hours
— — -poling with discharge in air gap

0 20 40 60 80
Incident Angle, °

Fig. 3. Maker’s Fringe pattern of double-side K-Na IE for 8h-365°C (dotted line), single-side K-Na IE
for 8h-365°C (solid line) and sample poled using electric discharge in air gap (dashed line)

Normalized SH Signal, arb.u.

The fringes of dotted curve (double-side IE specimen) in Fig. 3 indicate interference between
the SH signals from the two opposite sides of the glass slide. Two other curves (single-side 1E
and TP specimens) correspond to the signal generated only at one side. The single-side K-Na
IE sample is given for direct comparison to TP. The SH intensity obtained from the single-side
sample is ~2.5 times higher than that of the TP.

Conclusion

Thus, we demonstrate the formation of ion concentration and, consequently, conductivity
gradient in glass after ion exchange that is sufficient for Maxwell-Wagner effect. This effect
manifests in accumulation of electric charge and formation of inner electric field in the subsurface
region of the glass upon DC voltage application. We registered it via measurements of optical
second harmonic signal, which arises due to the EFISH effect. After turning the voltage off, the
accumulated charge and corresponding electric field gradually dissolve within a few hundreds of
seconds. We demonstrate that relaxation time varies depending on ion species used in IE.

Thus, ion exchange and subsequent room temperature voltage treatment is a new approach to
induce and control optical nonlinearity of glasses that is comparable to one obtained by thermal
poling.
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