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In the wavelength-division multiplexing network, high-performance optical wavelength converters are desired. This arti-
cle will report very stable second harmonic generation by using tellurite glasses, second harmonic generation compari-
son in glass materials, and time-dependent change of second harmonic generation. We obtained 9 times larger second
harmonic generation using TeO, (60 mol%)-WO3 (30 mol%)-Bi,O3 (10 mol%) than using TeO, (60 mol%)-WO;3 (30
mol%)—PbO (10 mol%) glass. This value corresponds to 4.6 times higher than d|| constant of Y-cut quartz (0.4 pm/V).
We have succeeded permanent poling by measurement of time-dependent change of second harmonic generation
because there could not be found second harmonic generation intensity change after 6 months of poling at room tem-
perature, and there was no decay of second harmonic generation intensity after 4 h of heating at 100°C.
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Introduction

In wavelength-division multiplexing photonic networks,
high-performance optical wavelength converters are
desired. Ferroelectric single crystals such as LiNbO;
have been used to achieve high wavelength conversion
efficiency (Asobe et al., 2001; Kintaka et al., 1996;
Mizuuchi et al., 1997; Myers et al., 1995). However, sin-
gle crystals have some restrictions in device fabrication,
are relatively expensive, and sometimes experience opti-
cal damage. Therefore, new materials with high second-
order nonlinear optical properties and introducible
quasi-phase matching are required to enable inexpen-
sive and widely usable wavelength converters.

In this study, we investigated tellurite glass systems,
which have high optical transmittance over a wide
wavelength range (Mitachi et al., 2003) and are
expected to have high second-order nonlinear optical
properties (Tanaka, 2005; Tanaka et al., 2000). While
glass is an optically isotropic body and does not nor-
mally exhibit second-order nonlinear optical properties,
second-order nonlinearity can be induced by deforming
the reversal symmetry with a poling process. If we suc-
ceed in forming a quasi-phase matching structure in
glass, we expect to achieve an inexpensive and highly
efficient wavelength converter by difference frequency
generation with a long length waveguide structure.
Figure 1 shows the principle of wavelength conversion.

A signal light of 1.55 pm (w;) is mixed with an excita-
tion light of 0.78 pm (w;). They are then added to a
quasi-phase matching medium, and a signal light
of 1.55 pm (w;) is converted into 1.57 pm (w,) as
shown by

ws—w; =1/078=1/155=1/15T=w, (1)

The polarization inversion pitch, A, is decided by

,8(03 — Bwl — sz = 27T/A (2)

where B is the propagation constant of an optical axis
component when light is propagating in the medium of
refractive index n; with angle 6, which is expressed as

(3)

In this article, we report very stable second harmonic
generation (SHG) by using tellurite glass. A compari-
son of SHG in glass materials and the time-dependent
changes of SHG are also presented.

B = (2mn;/A)cos 6
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Figure 2. Glass sample preparation process.

Experiments
Glass sample preparation

We prepared two kinds of glass samples, TeO, (60
mol%)-WOs3 (30 mol%)-PbO (10 mol%) (T-W-P) and
TeO, (60 mol%)-WO;5 (30 mol%)-Bi,O; (10 mol%)
(T-W-B), by a casting method (Mitachi et al., 2001,
2003). The preparation process is shown in Figure 2.
Each material was weighed and mixed in 20 g of mortar
and then added to 30 cm® of alumina crucible. The cru-
cible was then set in an electric furnace and heated at
1000°C for 5 min and held at 850°C for 5 min for fin-
ing. After that the melt was casted into a mold heated
at 400°C. After 10 h of annealing, the glass sample was
cooled to room temperature in about 20 h. The tem-
perature details are shown in Figure 2. We then cut the
samples into rectangular plates (15 mm X 15 mm X 2
mm') and optically polished them with a buff finish to
obtain rectangles with thickness from 1.0 to 0.33 mm
and total sample size 15 mm X 15 mm.

Poling process

We applied thermoelectric field poling to the polished
samples by using the equipment shown in Figure 3.

A needle electrode was set as positive, and a flat plate
electrode of 10 mm X 10 mm was set as negative. A
thermocouple was positioned near the samples to con-
trol temperature precisely. To avoid oxidation of the
electrodes and electrical breakdown, dry nitrogen
gas was filled and then flown inside the equipment at a
rate of 1.5 L/min. The poling conditions are shown in
Table 1. The temperature was raised by 8°/min to
380°C or 400°C. After 3 kV of electric voltage was
applied for 40 min in a 5-mm space between two elec-
trodes, temperature was decreased by 5°/min to 50°C,
and then the voltage application was stopped.

SHG measurement

We measured SHG intensity by the Maker-fringe
method (Jerphagnon et al., 1970) and calculated the
second-order optical nonlinear constant by comparing
it with Y-cut quartz as a standard sample.
Measurement systems were established by yttrium alu-
minum garnet (YAG) laser, harmonic separators, and
laser power control introducing a delay pulse generator
to determine the optimum light power condition for
eliminating noisy SHG from unnecessary optical ele-
ments like optical attenuators (Figure 4).
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Table I. Conditions of thermoelectric field poling.

Sample Thickness Poling Voltage Poling  Distance of
(mm) temperature (kV) duration electrodes
(°C) (min)  (mm)
T-W-P 0.7 400 3 40 5
T-W-B 0.7 380 3 40 5
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Figure 3. Equipment used for thermoelectric field poling.
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Figure 4. SHG measurement system.
PC: personal computer; DC: direct current; YAG: yttrium aluminum
garnet.

Results and discussion

Materials selection

Figure 5 shows the reported glass-forming region of the
T-W-P and T-W-B systems (Mitachi et al., 2001, 2003).
We chose the composition of T-W-P and T-W-B
marked by red circles.

Table 2 shows the reported results of third harmonic
generation (THGQG), absorption edge, and refractive
index (np) (Mitachi et al., 2001). The glass system with
a higher THG is more susceptible to second-order non-
linearity than that with a lower THG because both
SHG and THG are the result of the response of the

electron clouds of each component element to an elec-
tromagnetic wave of light. However, glass is homoge-
neous and isotropic and generally does not exhibit
SHG. We therefore need to break the reversal symme-
try, for example, in this case by inducing the orienta-
tion inside the glass under thermoelectric poling.

SHG intensity results

The SHG intensity results determined using the Maker-
fringe method with the Y-cut quartz as a reference sam-
ple are shown in Figure 6. We obtained a bilaterally
symmetric pattern by using the measurement system
depicted in Figure 4.

Figure 7 shows a comparison of SHG intensity
between the T-W-P and T-W-B glass systems measured
under the same YAG-laser power condition. We
obtained an SHG 9 times larger in T-W-B than in
T-W-P. This value for T-W-B corresponds to the 38%
of dy; constant of the quartz sample (0.22 pm/V).

Poling thickness estimation

The conversion efficiency 1 between a fundamental
wave and a second harmonic wave is expressed as

P>, 8w d®  po . ,sin*(AkL/2)
n= e = 2 2 1 L /2 (4)
Po goCcA (n,,)) Ny A (AkL/Z)

where P, is the power of a fundamental wave; A4 is the
cross-sectional area of a laser beam; d is the second-
order nonlinear optical constant; n, and n,, are the
refractive indices of the fundamental wave and the sec-
ond harmonic wave, respectively; Ak is the phase shift-
ing; and L is the crystal length. In general, to obtain a
higher conversion efficiency n, Ak should be lower,
materials with higher d should be used, P,/A4 should be
higher by laser light beam focusing, and crystal length
L should be long if phase matching is done.

We measured the SHG of samples under the same
conditions with thicknesses of 1.0, 0.75, 0.7, 0.5, and
0.33 mm. Results are shown in Table 3.

By formula (4), if phase matching is achieved, the
SHG intensity should depend on the square of sample
thickness L (crystal length). Figure 8 shows the rela-
tionship between SHG intensity and sample thickness.

However, we did not observe dependency on L?; the
SHG intensities were almost completely alike in every
sample thickness within an experimental error range.
This indicates that there was a problem with the phase
matching. Therefore, we could not estimate poling
thickness from these results.

Second-order nonlinear optical constant estimation

The second-order nonlinear optical constant of Y-cut
quartz is d;; = 0.4 pm/V. The second-order nonlinear
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Figure 5. Glass-forming region of TeO,—WO3;-PbO and TeO,—~WO;-Bi,O5 systems.
Source: Mitachi et al. (2003).

Table 2. Third-order nonlinear optical properties and absorption edge of tellurite glasses.

PbO

Composition (mol%)

Refractive index (np)

Absorption edge Ao (nm)

X3 (X107 "2 esu)

TeO,-WO;3-PbO 60-30-10 22 397 0.79
TeO,-WO;3-PbO 60-30-10 2.114 397 0.71
TeO,-WO3-Bi,O3 60-30-10 22 408 1.6
TeO,-WO;3-TiO, 62.5-32.5-5 22 391 22
TeO,-WO;3-PbO 55-25-20 22 398 0.59
TeO,-WO3-Nb,Os 80-10-10 22 393 0.28
TeO,-WO3-Bi,O3 50-30-20 22 404 0.63
TeO,-WO3-1a,0; 55-25-20 22 375 0.3
TeO,-WO;3-Ta,0Os5 80-15-5 22 387 0.53
TeO,-WO;3-12,0; 60-30-10 22 385 0.88
TeO,-WO3-1a,0; 60-30-10 2.093 385 0.77
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Figure 6. Maker-fringe pattern for Y-cut quartz as a reference sample.
SHG: second harmonic generation.
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Figure 7. Comparison of SHG intensity between T-W-P and
T-W-B glass systems (sample thickness: 0.33 mm).
T-W-P: TeO,~WO3-PbO; T-W-B: TeO,~WO3-Bi,Os.

Table 3. SHG intensity for poled glass samples.

Sample Sample thickness (mm) SHG intensity (a.u.)
T-W-B 5 0.70 0.0835
T-W-B.c» 0.75 0.0399
T-W-B.c3 0.50 0.1127
T-W-B.p, 0.50 0.0779
T-W-B p3 0.33 0.0887
T-W-B, 0.50 0.0764
TW-B g, 1.0 0.0620
T-W-B_p» 1.0 0.0595
T-W-B .3 1.0 0.0858

SHG: second harmonic generation; T-W-B: TeO, (60 mol%)-WO3; (30
mol%)-Bi,O3 (10 mol%).
Sample suffixes are for experimental differentiation.
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Figure 8. Relationship between SHG intensity and sample
thickness in T-W-B.
SHG: second harmonic generation; T-W-B: TeO,-WO3;-Bi,0s.

optical constants (SHG intensity) for the poled glass
samples were calculated using this value and the peak
ratio of the Maker-fringe pattern between the glass
samples and the quartz.

Under the assumption that the entire sample has
been poled, we performed the calculation for the 0.33-
mm-thick sample, which had shown promise for having
the highest SHG value. As shown in Figures 7 and 8,

the peak of the fringe pattern was 0.0887 a.u. for T-W-
B with a thickness of 0.33 mm and 0.2607 a.u. for the
quartz with a thickness of 1 mm. From formula (4),
the second-order nonlinear optical constant, dy,., for
the poled glass sample is expressed as formula (5) if
phase matching is achieved

_ dquartz Lquartz P sample

dsampl e —

(5)

Lsample P quartz

As indicated in Figure 8, phase matching was not
achieved, so the second-order nonlinear optical con-
stant, dygppe, for the poled glass sample is expressed as

dquartz chuartz P sample

dsample -

(6)

Lcsampl e P quartz

where dygp and dq- are the second-order nonlinear
optical constants, Lcggpe and Leg,q- are the coherence
lengths, and P4y and Py,,- are the SHG intensities
for the poled glass sample and the quartz, respectively.
Lcsampre 1s calculated from
Le = A J4(nae — N2w) (7)

The calculated Lcgyq- 1s 20.65 pm, and Lcggpe can
be analyzed as 2.95 pum by the refractive index disper-
sion data for T-W-P as 11,1064 nm) 15 2.05 and 754,(532 nm)
is 2.14. On the assumption that the Lcggyy,. of T-W-B
can be approximated by the Lcygupe of T-W-P, the
second-order nonlinear optical constant derived from
formula (6) for T-W-B_p;3 is ¢33 = 1.63 pm/V and for T-
W-B_c3is d33 = 1.84 pm/V. The latter is 4.6 times higher
than the d;; = 0.4 pm/V for Y-cut quartz. According to
a previously reported result of X-ray analysis (Tajima
and Mitachi, 2006), the actual poled thickness seems to
be around several micrometers (derived by Scherrer’s
equation). Similarly, in this study, both superficial parts
seem to be poled, whereas the central region is not.

T-W-B_g; with a thickness of 500 wm showed a
SHG intensity of 0.076 a.u. before polishing. After pol-
ishing a thickness of 180 wm, this intensity decreased to
0.0433 a.u. After various estimations, we concluded
that T-W-B_g; has a structure of one nonpoled layer
sandwiched by two poled layers.

Permanent poling

We measured the time-dependent change of the SHG
intensity of T-W-B at room temperature (Figure 9) and
at 100°C (Figure 10). As the figures indicate, our per-
manent poling appears to be completely successful,
because there was no change to SHG intensity after 6
months of poling at room temperature and there was
no decay of SHG intensity after 4 h of heating at
100°C.
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Figure 9. Time-dependent change of SHG intensity of T-W-B

at room temperature.
SHG: second harmonic generation; T-W-B: TeO,—WO;-Bi,0;.
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Figure 10. Time-dependent change of SHG intensity of T-W-B

at 100°C.
SHG: second harmonic generation; T-W-B: TeO,—-WO;-Bi,Os.

Former studies have shown that the SHG intensity
of poled tellurite glass was decayed to 7/10 after 3 h and
to 3/10 after 15 h (Tanaka, 2005; Tanaka et al., 2000) at
room temperature, apparently because the Na' ion
migrated from the electrode cover glass to the sample
tellurite glass. This is the cause of SHG decay. We were
able to achieve almost permanent poling by performing
actual poling in a T-W-B system whose constituent ele-
ments were moved and fixed by thermoelectric poling
near the glass transition temperature.

For our future work, in order to estimate the
second-order nonlinear optical constant precisely, we
need to measure the poling thickness properly. After
poling and SHG intensity measurements, ablation with
an accuracy to the micrometer order should be done
for each side of the surface periodically until SHG
reaches zero or half and then the pole thickness should
be estimated.

By optimizing the poling duration and polarization
control, we should be able to improve the SHG inten-
sity of the poled glass samples. We are also now trying
to form periodic poling structure inside these samples.
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