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Optical second-order nonlinearity of poled borosilicate glass
containing CuCl
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The effect of surface etching on second-harmonic~SH! 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, after 20mm etching 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 Cu1 and Cl2. © 2000 American Institute of Physics.
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I. INTRODUCTION

Second-harmonic generation~SHG!, a second-order
nonlinear optical process, is basically forbidden in optica
isotropic materials like glasses because they have inver
symmetry. Nonetheless, SHG can be observed in glass-b
materials when additional treatment is done so that they p
sess noncentrosymmetry. One effective treatment is po
Since the successful observation of SHG in thermally po
silica glass,1 vigorous studies have been executed to ded
the mechanism of SHG in poled glasses. As for the po
silica glasses, it was suggested that the migration of cha
ions such as Na1, H1, and OH2 forms a large dc electric
field, leading to a lack of inversion symmetry.1–4 Another
method to induce second-order nonlinearity in glass mat
als is to utilize precipitation of crystals which do not ha
inversion symmetry.5–8 In this case, a second-harmonic~SH!
wave is generated from the crystals precipitated. In part
lar, orientation of the lattice plane which corresponds to
largest component of the second-order nonlinear suscep
ity tensor is preferable.

It is known that CuX~X5Cl, Br, I! containing glasses
show high ionic conductivity due to the large mobility o
Cu1.9 Since the initial stage to induce SHG in glass is t
migration of mobile ions as mentioned above, Cu1-ion con-
duction feasibly contributes to the formation of internal
electric field. In addition, CuX crystals exhibit second-ord
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nonlinearity because they do not possess invers
symmetry.10–13Considering that SHG was observed in CdS
which is a noncentrosymmetric crystal, even though the s
of the crystal was very small,14 glass ceramics containin
CuX microcrystals possibly show second-order nonlinear
From both viewpoints, second-order nonlinear properties
CuX-containing glasses are interesting.

In a previous paper,18 we reported the enhancement
SH intensity by addition of CuCl in poled glass. We spec
lated that the origin of the enhancement was due to the
gration of Cu1 in glass during poling. In the present inve
tigation, we report the effect of surface etching on S
intensity and the Maker fringe pattern and examine the ori
of noncentrosymmetry induced by poling.

II. EXPERIMENTAL PROCEDURES

Glass with 63SiO2•17B2O3•4Li2O•4K2O•2.3Na2O
•4.7NaCl•4.6Al2O3•3ZrO2•0.5SnO2•1CuCl ~mol %! com-
position was prepared by melting raw materials in a platin
crucible at 1500 °C for 1.5 h. The melt was quenched and
glass thus obtained was cut into a plate 12 mm312 mm31
mm. The glass surfaces were polished with sandpaper
CeO2 powder. Then, the glass was heat treated at 550 °C
2 h. Via this heat treatment, precipitation of CuCl nanocr
tals occurred.15 Thermal poling was carried out at 300 °
with a voltage of 3 kV applied for 3 h.

Optical absorption spectra were measured by a spec
photometer~Hitachi 330! for poled glass~see Fig. 1!.
0 © 2000 American Institute of Physics
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The second-harmonic intensity of the poled gla
samples was measured using the Maker fringe method.16 The
setup for the SHG measurement is schematically illustra
in Fig. 2~a!. The optical second-harmonic intensity was d
termined at room temperature using a pulsed Nd:YAG la

FIG. 1. Optical absorption spectra of glass sample.

FIG. 2. ~a! Schematic illustration of the experimental setup for the Ma
fringe measurements. The second-harmonic wave is detected with a p
multiplier tube after elimination of the fundamental wave by using an IR-
filter and a monochromator. The meanings of the abbreviations are as
lows: ND: neutral density filter; MR: mirror; AP: aperture; PL: polarizer; I
cut: infrared-cut filter; and PM: photomultiplier.~b! Schematic illustration
of the geometry of the laser incidence. Thep-polarized fundamental wave is
incident on the anode-side surface; the polarization is in the plane of
dence.
Downloaded 31 May 2007 to 130.54.110.22. Redistribution subject to AI
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~Spectra Physics, GCR-11! which operated in aQ-switched
mode with a 10 Hz repetition rate. The incident pulse wa
p-polarized fundamental wave at 1064 nm with 9 ns du
tion. The p-polarized second-harmonic wave with 532 n
from the poled glass was passed through a monochrom
~Spex, 270M! and detected with a photomultiplie
~Hamamatsu Photonics, R955!. The signal from the photo-
multiplier was accumulated by using a digital oscillosco
~Hewlett Packard 54522A!. In order to perform the Maker
fringe measurement the poled sample was rotated from270°
to 70° on thex axis, which is arranged parallel to the samp
surface. The arrangement of the polarization of the incid
wave and the rotation axis is shown in Fig. 2~b!. For the
determination of input light power,Y-cut quartz with a thick-
ness of 1.046 mm andd1150.34 pm/V was used as a refe
ence under the condition ofp excitation andp detection.

The refractive indices were measured for poled gl
samples using an ellipsometer~Tokojiri, DVA-36VW!. The
wavelengths of the incident light were 1064 and 532 nm

III. RESULTS

Figure 1 shows optical absorption spectrum of the gl
before poling. The absorption line seen at around 370 nm
the exciton peaks of CuCl nanocrystals precipitated by
heat treatment.15 The absorption band due to Cu1 is ob-
served at around 200–300 nm.17 No absorption band due to
Cu21 was observed. This suggests that copper is ma
present as CuCl or Cu1 was dispersed in the glass networ

As for the nonpoled glass sample, no SHG was o
served. After the poling, an opaque crystal layer compo
of alkali chlorides, alkali silicates, and alkali borates w
formed at the cathode-side surface. SHG measurements
carried out after removing the surface crystal layer18 since it
did not contribute to the SHG.

Figure 3~a! shows the effect of surface etching on the S
intensity. In this case, the sample surface was mechanic
etched by sandpaper and CeO2 powder. By 20mm etching of
the cathode-side surface, the surface roughness caused b
formation of the crystal layer was removed and the SH
tensity became larger. The intensity did not vary with furth
etching. As for the anode-side surface, the 10mm etching
leads to a drastic decrease in SH intensity. A SH signal w
not observed for more than 100mm etching. These result
indicate that the SH signal is mainly generated from
anode-side surface.

On the other hand, for the sample after 20mm etching of
the anode-side surface, further cathode-side etching br
about a decrease in SH intensity, as shown in Fig. 3~b!; the
SH intensity for the 400mm etching is about 40% of that fo
the 0-mm-etched sample. This indicates that the SH wave
generated from not only the anode-side surface but also
cathode-side surface. Similar results were observed in g
without heat treatment for the precipitation of CuCl nan
crystals.

Figure 4 shows the Maker fringe patterns of samp
after cathode-side surface etchings of 0, 10, 60, and 80mm.
By the 10mm etching, oscillation of the fringe pattern ap
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pears. This oscillation is still observed for the 60-mm-etched
sample, but disappears for 80mm etching.

The variation of the Maker fringe pattern with etch dep
at the anode side is shown in Fig. 5. In this case, the os
lation is not observed for 0- and 10-mm-etched samples
while a clear oscillation pattern is observed for the 2
mm-etched sample. Furthermore, a cathode-side sur
etching was carried out for this sample. The variation of
Maker fringe pattern with cathode-side etch depth is sho
in Fig. 6. As shown in Fig. 6, the oscillation is still observe
after the 10mm etching of the cathode-side surface, but d
appears for more than 70mm etching. The fringe pattern
does not change even after 400mm etching.

IV. DISCUSSION

As found from Fig. 3~a!, the SH wave is mainly gener
ated from the thin layer near the anode-side surface, altho
the result shown in Fig. 3~b! suggests that a nonlinear lay
is also present at the cathode-side surface.

As shown in Fig. 5, since the magnitude of the nonl
earity at the cathode-side surface is much smaller than th
the anode-side surface, the oscillation is not observed in
10 mm anode-side etched samples. By 20mm etching of
anode-side surface, however, the amplitude of the SH w
generated from the anode-side surface decreases and is
parable with that of the anode-side surface, resulting i

FIG. 3. Effects of~a! anode- and cathode-side surface etchings on the
intensity and~b! cathode-side surface etching after 20mm etching of the
anode-side surface on the SH intensity. The intensity is normalized so
the intensity of 0-mm-etched sample is unity.
Downloaded 31 May 2007 to 130.54.110.22. Redistribution subject to AI
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large oscillation. The etching of the cathode-side surface
ter the 20mm etching of the anode-side surface also cause
variation of the fringe pattern, as shown in Fig. 6. The osc
lation is unambiguous for the 10-mm-etched sample, al

FIG. 4. Maker fringe patterns of the glass samples with cathode-side su
etchings of 0, 10, 60, and 80mm.

FIG. 5. Maker fringe patterns of the glass samples with anode-side sur
etchings of 0, 10, and 20mm. The dotted lines are the theoretical fringe
drawn with the values shown in Tables I and II.
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though the oscillation disappears when more than 70mm
etching is carried out. This shows that the nonlinear la
thickness of the cathode-side surface is less than 70mm,
which is consistent with the value obtained from Fig. 4.

In order to estimate the second-order nonlinear susce
bility and nonlinear layer thickness, the experimen
second-harmonic intensity was analyzed using the Ma
fringe theory for poled glass. We assume that the poled g
hasC`v and Kleinman symmetry.19 In addition, we presup-
pose that the poled glass is described in terms of the isotr
dipole system.20 With these assumptions, the secon
harmonic intensity is generally written as

P2v5Cdeff
2 tv

4 T2vR~u!Pv
2 @1/~nv

2 2n2v
2 !2#sin2C, ~1!

wherePv is the fundamental power,deff is the SHG coeffi-
cient, tv and T2v are the transmission factors,R(u) is the
multiple refraction factor,C is a constant which depends o
the beam area, andC is expressed by

C5~2pL/l!~nv cosuv2n2v cosu2v!. ~2!

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

FIG. 6. Maker fringe patterns of the glass samples with cathode-side su
etchings of 10, 70, and 400mm after 20mm etching of the anode-side
surface.

TABLE I. Refractive indices at the anode-side surface of poled and n
poled glasses.

Glass n532 n1064

Poled 1.454 1.445
Poled and 10mm etched 1.488 1.473
Poled and 20mm etched 1.510 1.487
Nonpoled 1.518 1.501
Downloaded 31 May 2007 to 130.54.110.22. Redistribution subject to AI
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fundamental wave, andu2v is the refraction angle for the
second-harmonic wave. The effective SHG coefficient
p, p polarization is written as

deff52d31sinuv cosuv cosu2v

1~d31cos2 uv1d33sin2 uv!sinu2v , ~3!

where 3d315d33.
The dotted lines shown in Fig. 5 are theoretical fring

In this case, we assume that the SH wave is generated
only a thin layer near the anode-side surface. In the calc
tion, the refractive indices of the anode-side surface show
Table I were used. The SHG coefficient and the thicknes
the poled region thus obtained are summarized in Table
As shown in Table II, the nonlinear layer thickness decrea
with an increase of the etched depth, which is in accorda
with the assumption that the SH wave is mainly genera
from the anode-side surface. Therefore, in this case, we
regard the nonlinear layer thickness as the length of
poled region near the anode-side surface. The theore
curves are in good agreement with the experimental frin
for 0- and 10-mm-etched samples, although the oscillati
seen in the experimental fringe for the 20-mm-etched sample
is not reproduced. On the other hand, as shown in Fig. 7,
theoretical fringe drawn with the nonlinear layer thickne
L50.81 mm, can reproduce the oscillation. The value
0.81 mm corresponds to the sample thickness. In addit

ce

FIG. 7. Maker fringe pattern of the glass sample with 20mm etching of the
anode-side surface. The dotted line is the theoretical fringe drawn witL
50.81 mm,d3356.531023 pm/V, n53251.510, andn106451.487.

-

TABLE II. Nonlinear layer thickness and SHG coefficientd33 of glasses
after etching. These values were derived by fitting the calculated Ma
fringe pattern to experimental data.

Etched depth (mm! 0 10 20

Nonlinear layer thickness~mm! 0.025 0.015 0.008
d33 (1022 pm/V! 1.8960.05 1.2160.04 0.6560.05
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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the oscillation found in Figs. 4 and 6 arises from the int
ference between SH waves generated from the layers,
thickness of which is the same for each. These results a
accordance with the conclusion that the nonlinear laye
also present at the cathode-side surface and the oscilla
originates from the interference between SH waves ge
ated from anode- and cathode-side surfaces.

Procter and Sutton reported that the potential drop
larger near the anode-side surface than the cathode sid
der such a condition that only cations can migrate in glas21

As shown in Table II, the SHG coefficientd33 decreases
with an increase of the etched depth. This variation is sim
to the depth dependence of the voltage.21

As for the poled silica glasses, the initial stage of poli
is the migration of cations such as Na1, as suggested by
Myers, Mukherjee, and Brueck.1 The migration of cations
leaves a thin space-charge layer near the anode-side su
and the external voltage drops significantly in this region.
other words, a large electric field is applied to the thin lay
in the glass near the anode. This large electric field is fro
in the anode-side surface region of the glass, leading to
second-harmonic generation. From this point of view, in o
previous work,18 the origin of the nonlinear layer near th
anode-side surface was attributed to the migration of C1.
Similarly, it is suggested that the nonlinear layer near
cathode-side surface originates from the migration of C2.
These are supported by the results that the SH wav
mainly generated from the anode-side surface and that
nonlinear layer was present at both surfaces in the cas
glass without precipitation of CuCl nanocrystal.

Considering the presence of CuCl nanocrystals in gla
the possibility of SHG from CuCl nanocrystals still remain
It was reported that the melting point of CuCl nanocrysta
about 300 °C ~Ref. 22! and CuCl crystal shows piezo
electricity.23 If the strain of the crystal structure is induce
by the poling at around the melting point and frozen at ro
temperature, the optical anisotropy of CuCl would increa
However, this possibility was not confirmed because of
small concentration of CuCl in glass. At this moment, co
sidering that no SHG was detected in the case of the n
poled glass sample, the contribution of the CuCl nanocrys
would be very small. Hence, the main origin for the SHG
attributable to the migration of Cu1 and Cl2.

V. CONCLUSION

The second-harmonic intensity was measured using
Maker fringe method for electrically/thermally poled bor
silicate glasses containing CuCl. The effect of surface e
ing on the SH intensity and the Maker fringe pattern w
Downloaded 31 May 2007 to 130.54.110.22. Redistribution subject to AI
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investigated. The results indicate that a nonlinear laye
present at both surfaces, although analysis of the experim
tal Maker fringe patterns reveals that the SH wave is mai
generated from the thin layer near the anode-side surfac
fact, oscillations in fringe patterns originating from interfe
ence of SH waves generated from both surfaces were
served. In this case, the origin of the formation of these n
linear layers is attributable to the migration of Cu1 and Cl2

ions by poling.
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