JOURNAL OF APPLIED PHYSICS VOLUME 88, NUMBER 5 1 SEPTEMBER 2000

Optical second-order nonlinearity of poled borosilicate glass
containing CuCl

Jun Sasai®
Department of Material Chemistry, Graduate School of Engineering, Kyoto University, Sakyo-ku,
Kyoto, 606-8501, Japan

Katsuhisa Tanaka
Department of Chemistry and Materials Technology, Faculty of Engineering and Design,
Kyoto Institute of Technology, Sakyo-ku, Kyoto, 606-8585, Japan

Kazuyuki Hirao
Department of Material Chemistry, Graduate School of Engineering, Kyoto University, Sakyo-ku,
Kyoto, 606-8501, Japan

(Received 10 February 2000; accepted for publication 5 June)2000

The effect of surface etching on second-harmd8id) intensity and Maker fringe pattern have been
examined for poled borosilicate glasses containing CuCl. A drastic decrease in the SH intensity was
observed with anode-side surface etching, while such a decrease did not appear when the
cathode-side surface etching was carried out. However, aftexriOetching of the anode-side
surface, a decrease in SH intensity with the cathode-side etching was observed. For some samples,
the theoretical Maker fringe pattern derived on the assumption that the SH wave is generated from
a thin layer near the anode-side surface is in good agreement with the experimental one. On the
other hand, other samples show oscillation in the fringe, which originates from the interference of
SH waves generated from both surfaces. These results suggest that the nonlinear layer is present at
both surfaces, although it is much weaker near the cathode. It is thought that the origin of the
nonlinearity is attributable to migration of Cuand CI'. © 2000 American Institute of Physics.
[S0021-897€00)01218-4

I. INTRODUCTION nonlinearity because they do not possess inversion
_ , symmetry*°~33Considering that SHG was observed in CdSe,
Second-harmonic  generatiofSHG), a second-order \ich js a noncentrosymmetric crystal, even though the size
nonlinear optical process, is basically forbidden in optically ¢ the crystal was very smalf, glass ceramics containing
isotropic materials like glasses because they have inversiqa,x microcrystals possibly show second-order nonlinearity.
symmetry. Nonetheless, SHG can be observed in glass-basgghyy hoth viewpoints, second-order nonlinear properties of
materials when additional treatment is done so that they POCuX-containing glasses are interesting.
sess noncentrosymmetry. One effective treatment is poling. |, 5 previous papef we reported the enhancement of
Since the successful observation of SHG in thermally poleds intensity by addition of CuCl in poled glass. We specu-
silica glass; vigorous studies have been executed to deducgyieq that the origin of the enhancement was due to the mi-
th? mechamsm of SHG in poled glasses.. AS .for the F’Ole‘i_gjration of CU in glass during poling. In the present inves-
§|I|ca glasses, it was suggested that the migration of chgrg ation, we report the effect of surface etching on SH
ions such as Na, H", and OH forms a large dc electric intensity and the Maker fringe pattern and examine the origin

field, leading to a lack of inversion symmetty Another noncentrosymmetry induced by poling.
method to induce second-order nonlinearity in glass materi-

als is to utilize precipitation of crystals which do not have

inversion symmetry®In this case, a second-harmorigH) !l EXPERIMENTAL PROCEDURES

wave is generated from the crystals precipitated. In particu- 51355 with 63SiQ- 17B,05- 4Li,0- 4K,0- 2.3Ng,0

lar, orientation of the lattice plane which corresponds to the 4.7NaCl 4.6A1,0;-3Zr0,- 0.5SnQ- 1CuCl (mol %) com-

!argest component of the second-order nonlinear susceptibibosiﬂon was prepared by melting raw materials in a platinum

ity tensor is preferable. . crucible at 1500 °C for 1.5 h. The melt was quenched and the
It is known that CuX(X=Cl, Br, 1) containing glasses 555 thus obtained was cut into a plate 12 i mmx1

show high ionic conductivity due to the large mobility of ;1\ The glass surfaces were polished with sandpaper and

CFﬁ'g Since the initial stage to induce SHG in glass is thece, powder. Then, the glass was heat treated at 550 °C for

migration of mobile ions as mentioned above,"@on con- 5 1, 'ia this heat treatment, precipitation of CuCl nanocrys-

ductlo_n f_ea5|bly con_t_rlbutes to the formatlpr_l of internal dci51s occurred® Thermal poling was carried out at 300 °C

electric field. In addition, CuX crystals exhibit second-order,,;ih, 4 voltage of 3 kV applied for 3 h.

Optical absorption spectra were measured by a spectro-

dElectronic mail: jun@colloni.kuic.kyoto-u.ac.jp photometer(Hitachi 33Q for poled glasgsee Fig. 1
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25 - - . - - (Spectra Physics, GCR-LWhich operated in &-switched
mode with a 10 Hz repetition rate. The incident pulse was a
p-polarized fundamental wave at 1064 nm with 9 ns dura-
tion. The p-polarized second-harmonic wave with 532 nm
from the poled glass was passed through a monochromator
(Spex, 270M and detected with a photomultiplier
(Hamamatsu Photonics, R955The signal from the photo-
multiplier was accumulated by using a digital oscilloscope
(Hewlett Packard 54522A In order to perform the Maker
fringe measurement the poled sample was rotated fraid°

05} - to 70° on thex axis, which is arranged parallel to the sample
L surface. The arrangement of the polarization of the incident

Absorbance
N
- »
T T
1 1

wave and the rotation axis is shown in FigbR For the
Q00 300 400 500 600 700 800 determination of input light powelN-cut quartz with a thick-
Wavelength (nm ) ness of 1.046 mm and;;=0.34 pm/V was used as a refer-
ence under the condition @f excitation andp detection.
The refractive indices were measured for poled glass
samples using an ellipsometérokojiri, DVA-36VW). The

The second-harmonic intensity of the poled glassyayelengths of the incident light were 1064 and 532 nm.
samples was measured using the Maker fringe methdte

setup for the SHG measurement is schematically illustrated
in Fig. 2(a). The optical second-harmonic intensity was de-
termined at room temperature using a pulsed Nd:YAG laselll. RESULTS

FIG. 1. Optical absorption spectra of glass sample.

Figure 1 shows optical absorption spectrum of the glass

(a) before poling. The absorption line seen at around 370 nm is
_—— the exciton peaks of CuCl ngnocrystals precipita_ted by the
>} Digital oscilloscope ‘ heat treatment> The absorption band due to Cus ob-
|Jj MBS 1ogs I > served at around 200—-300 rffiNo absorption band due to
PD = Nd:YAG < CW" was observed. This suggests that copper is mainly
I pulsed laser 5 % present as CuCl or Cuwas dispersed in the glass network.
ND § - As for the nonpoled glass sample, no SHG was ob-
R 8 served. After the poling, an opaque crystal layer composed
of alkali chlorides, alkali silicates, and alkali borates was
IR cut s W formed at the cathode-side surface. SHG measurements were
W m carried out after removing the surface crystal 1&ysince it
N , [ ||| Monoctro- did not contribute to the SHG.
k IJ W J I N U mator Figure 3a) shows the effect of surface etching on the SH
AP PL NE  Lengs oem intensity. In this case, the sample surface was mechanically
Sample slaga etched by sandpaper and Gg@wder. By 20um etching of

the cathode-side surface, the surface roughness caused by the
formation of the crystal layer was removed and the SH in-
tensity became larger. The intensity did not vary with further
Rotation axis etching. As for the anode-side surface, the /4 etching

leads to a drastic decrease in SH intensity. A SH signal was
not observed for more than 1Q0m etching. These results

Anode-side
surface

~. | o= indicate that the SH signal is mainly generated from the
o, — anode-side surface.
"2t itz On the other hand, for the sample after;2f etching of

the anode-side surface, further cathode-side etching brings
about a decrease in SH intensity, as shown in Fig);3he

SH intensity for the 40Q.m etching is about 40% of that for
the O.um-etched sample. This indicates that the SH wave is
FIG. 2. (a) Schematic illustration of the experimental setup for the Makergenerated from not onIy the anode-side surface but also the

fringe measurements. The second-harmonic wave is detected with a phot thod id f Simil It b di |
multiplier tube after elimination of the fundamental wave by using an IR-cutC@thode-siae surface. similar results were observed in glass

filter and a monochromator. The meanings of the abbreviations are as fowithout heat treatment for the precipitation of CuCl nano-
lows: ND: neutral density filter; MR: mirror; AP: aperture; PL: polarizer; IR crystals.
cut: infrared-cut filter; and PM: photomultiplietb) Schematic illustration Figure 4 shows the Maker fringe patterns of samples

of the geometry of the laser incidence. T@olarized fundamental wave is . .
incident on the anode-side surface; the polarization is in the plane of inci2fter cathode-side surface etchings of 0, 10, 60, angti80

dence. By the 10 um etching, oscillation of the fringe pattern ap-

Poled area
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FIG. 4. Maker fringe patterns of the glass samples with cathode-side surface
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FIG. 3. Effects of(a) anode- and cathode-side surface etchings on the SHetchings of 0, 10, 60, and §om.

intensity and(b) cathode-side surface etching after 2én etching of the
anode-side surface on the SH intensity. The intensity is normalized so that

the intensity of Oum-etched sample is unity.

pears. This oscillation is still observed for the a@1-etched

large oscillation. The etching of the cathode-side surface af-
ter the 20um etching of the anode-side surface also causes a
variation of the fringe pattern, as shown in Fig. 6. The oscil-
lation is unambiguous for the 10m-etched sample, al-

sample, but disappears for 80m etching.

The variation of the Maker fringe pattern with etch depth
at the anode side is shown in Fig. 5. In this case, the oscil-
lation is not observed for 0- and l©m-etched samples,
while a clear oscillation pattern is observed for the 20-
um-etched sample. Furthermore, a cathode-side surface
etching was carried out for this sample. The variation of the
Maker fringe pattern with cathode-side etch depth is shown
in Fig. 6. As shown in Fig. 6, the oscillation is still observed
after the 10um etching of the cathode-side surface, but dis-
appears for more than 7@m etching. The fringe pattern
does not change even after 400n etching.

IV. DISCUSSION

As found from Fig. 8a), the SH wave is mainly gener-
ated from the thin layer near the anode-side surface, although
the result shown in Fig.(B) suggests that a nonlinear layer
is also present at the cathode-side surface.

As shown in Fig. 5, since the magnitude of the nonlin-
earity at the cathode-side surface is much smaller than that of
the anode-side surface, the oscillation is not observed in 0 or
10 um anode-side etched samples. By 2én etching of

anode-side surface, howeve_r’ the amplitude of the SH _WaVI?IG. 5. Maker fringe patterns of the glass samples with anode-side surface
generated from the anode-side surface decreases and is COfnings of 0, 10, and 2pm. The dotted lines are the theoretical fringes

SH intensity ( arb. units )

-60 -40 -20 0 20 40 80
Angle of incidence ( degree )

parable with that of the anode-side surface, resulting in a@rawn with the values shown in Tables | and II.
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TABLE Il. Nonlinear layer thickness and SHG coefficieti; of glasses
after etching. These values were derived by fitting the calculated Maker
fringe pattern to experimental data.

Etched depth gm) 0 10 20
Nonlinear layer thicknessnm)  0.025 0.015 0.008
d33 (1072 pm/V) 1.89+0.05 1.21*0.04 0.65-0.05

fundamental wave, and,,, is the refraction angle for the
second-harmonic wave. The effective SHG coefficient for
p, p polarization is written as

deg=2d3;Sin 6, cosb,, cosh,,,
+(dg; cog 0, + dgzSir? 6,,)sind,,, ,

Where 3j3l: d33.

The dotted lines shown in Fig. 5 are theoretical fringes.
In this case, we assume that the SH wave is generated from
only a thin layer near the anode-side surface. In the calcula-
tion, the refractive indices of the anode-side surface shown in
Table | were used. The SHG coefficient and the thickness of
the poled region thus obtained are summarized in Table II.

()

FIG. 6. Maker fringe patterns of the glass samples with cathode-side surfacAS shown in Table II. the nonlinear Iayer thickness decreases

etchings of 10, 70, and 40@m after 20 um etching of the anode-side
surface.

though the oscillation disappears when more thanur®
etching is carried out. This shows that the nonlinear laye
thickness of the cathode-side surface is less thamuif)
which is consistent with the value obtained from Fig. 4.

with an increase of the etched depth, which is in accordance
with the assumption that the SH wave is mainly generated
from the anode-side surface. Therefore, in this case, we can
regard the nonlinear layer thickness as the length of the
poled region near the anode-side surface. The theoretical
turves are in good agreement with the experimental fringes
for 0- and 10pm-etched samples, although the oscillation
seen in the experimental fringe for the 20A-etched sample

In order to estimate the second-order nonlinear susceptjs not reproduced. On the other hand, as shown in Fig. 7, the

bility and nonlinear layer thickness, the experimentaliheoretical fringe drawn with the nonlinear layer thickness,
second-harmonic intensity was analyzed using the Makef —p 81 mm, can reproduce the oscillation. The value of

fringe theory for poled glass. We assume that the poled glasg g1 mm corresponds to the sample thickness. In addition,

hasC.., and Kleinman symmetr}? In addition, we presup-
pose that the poled glass is described in terms of the isotrop
dipole systenf® With these assumptions, the second-
harmonic intensity is generally written as

Pyo=Cd2t?T,,R(0)P2[1/(n? —n3, )2 ]sint¥, (1)

whereP,, is the fundamental powed is the SHG coeffi-
cient,t, and T,, are the transmission factorR(9) is the
multiple refraction factorC is a constant which depends on
the beam area, antl is expressed by

V= (2xwL/\)(n,cosb,—N,, COSH,,,). (2

Here,L is the length of the poled region, is the wavelength
of the fundamental wave],, is the refraction angle for the

TABLE I|. Refractive indices at the anode-side surface of poled and non-

poled glasses.

Glass Ns32 N1o6a
Poled 1.454 1.445
Poled and 1Qum etched 1.488 1.473
Poled and 2Qum etched 1.510 1.487
Nonpoled 1.518 1.501

ic
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SH intensity ( arb. units )
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FIG. 7. Maker fringe pattern of the glass sample with 2@ etching of the
anode-side surface. The dotted line is the theoretical fringe drawnlwith
=0.81 mm,d33=6.5xX10"2 pm/V, ng3,=1.510, anch,qs~1.487.
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the oscillation found in Figs. 4 and 6 arises from the inter-investigated. The results indicate that a nonlinear layer is
ference between SH waves generated from the layers, th@esent at both surfaces, although analysis of the experimen-
thickness of which is the same for each. These results are i@l Maker fringe patterns reveals that the SH wave is mainly
accordance with the conclusion that the nonlinear layer igenerated from the thin layer near the anode-side surface. In
also present at the cathode-side surface and the oscillatidact, oscillations in fringe patterns originating from interfer-
originates from the interference between SH waves geneence of SH waves generated from both surfaces were ob-
ated from anode- and cathode-side surfaces. served. In this case, the origin of the formation of these non-
Procter and Sutton reported that the potential drop idinear layers is attributable to the migration of Cand CI
larger near the anode-side surface than the cathode side uons by poling.
der such a condition that only cations can migrate in gfass.
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