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1. Temperature Dependencesof Optical Path Length in Inorganic

Glasses

Akio Koike* and Naoki Sugimoto*

Temperature dependences of optical path length (dS/dT; calculated using the equation,
dSdT = dn/dT + no, where « is the coefficient of thermal expansion, n is the refractive
index and dn/dT is the temperature coefficient of refractive index) in various oxide
glasses were investigated. The dS/dT is generally difficult to be controlled by change of
glass composition because dn/dT and o are interrelated. This experiment also showed
that the values of dSdT for most glasses ranged between 10 ppm/C and 20 ppm/C
except for bismuthate glasses. Pure silica glass is well-known as a typical material with
low dS/dT. However, fluorine-doped silica glass showed a lower dSdT than that of pure
silica glass. By fluorine-doping in silica glass, refractive index and dn/dT decreased but
a stayed at the same level near room temperature. As a result, the dSdT decreased with
increasing fluorine concentration. On the other hand, a bismuthate glass showed the
highest dSdT in this study. Although most glasses having high o such as tellurite glass
showed negative dn/dT, bismuthate glasses showed positive dn/dT in spite of high «. It
was assumed that bismuthate glass showed high dn/dT due to high polarizability of
Bi,O; which is similar to PbO. These results indicate that dSdT of glass can be designed

by considering the electronic configuration of its components and the glass structure.

1. Introduction

Inorganic glasses are widely used for optical
applications due to those excellent properties such
as transparency, strength, thermal stability, and
chemical durability. In some applications, precise
controls of the optical properties in the glasses are
strictly required. In wavelength division multiplex-
ing (WDM) systems, for example, many kinds of
optical components such as optical add/drop multi-
plexing (OADM) and optical cross connect (OXC)
are used. These components can work without
changing light to electricity. Therefore, optical
properties of the optical component materials are
quite important. Recently, the spacing between
channels in dense WDM becomes narrower to
meet capacity demands. For this reason, the accu-
racy for wavelength becomes more important"”. In

the Fabry-Perot etalon, which is used for wave-
length locker in laser module, for example, a reso-
nant wavelength is determined by optical path
length. Optical path length, L, is given by refractive
index, n, and length of optical device (the thickness
of etalon), I by

L=n0 [1]
If n or [ changes according to environmental con-
dition, i.e. temperature fluctuation, the resonant
wavelength varies due to the change of the optical
path length. Temperature coefficient of the optical
path length, AL, is given by

AL =(nltr +dn/dT)d AT (2]
where o is coefficient of linear thermal expansion.
The dn/dT is temperature coefficient of refractive
index and also called as thermo-optic coefficient.
Thus, temperature coefficient of the optical path
length per unit length (S=L/1), dS/dT, is defined by
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following equation:
dS/dT =nlex +dn/dT (3]

In order to reduce the change of the optical path
length, dS/dT is required to become small in prac-
tical temperature range in telecommunications
(Telcordia’s requirement in GR-63-CORE for oper-
ating temperature is from -5 to 50C). In dense
WDM systems, low temperature dependence mate-
rial, i.e., athermal glass is strongly required ®*.

Prod’homme “ considered dn/dT as resulting
from two counteraction factors. One is the volume
expansion coefficient, 8, which is given by

1dv_1do
VdTr pdT

where V'is volume and p is density, and the second
is the polarizability coefficient, ¢ which is given by

_1dP

PdT

where P is mean polarizability. The dn/dT is given
by differentiating Lorentz-Lorenz equation:

(n* =1)(n* +2)
6n

B = [4]

(5]

dn/dT = (6]

He-B
The volume expansion coefficient, §, can be approx-
imated to 3¢, therefore, dn/dT is obtained by

[7]

dn/dT:w
6n

Heo-3a)

This equation means that dn/dT depends on a.
Since dn/dT and o are interrelated, the dS/dT is
generally difficult to be controlled by change of
glass composition. In this study, temperature coeffi-
cient of refractive index (dn/d7), coefficient of ther-
mal expansion (), and temperature coefficient of
the optical path length (dS/d7T) in inorganic glasses
were investigated.

2. Experimental

The oxide glasses which were examined in this
study are listed in Table 1. Silica glasses were pre-
pared using vapor-phase axial deposition (VAD)
process. In the VAD process, the soot was pre-
pared by flame hydrolysis deposition (FHD) of Si
precursor, and Ti precursor was added in the case
of Ti-doped silica glass. By sintering in He atmos-
phere, transparent silica glasses were obtained. For
F-doped silica glass, the soot was exposed to fluo-
rine-containing atmosphere at high temperature
such as 1000C before sintering. By changing the
fluorine concentration in the atmosphere and/or
heating temperature, F-doped silica glasses with
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different concentration were prepared. The F con-
centration in the glasses was evaluated by using a
fluorine ion selective method ®. In this study, F-
doped silica glasses with F concentrations from 0
to 16000 ppm by weight were prepared. The OH
content in each sample, which was measured by
FT-IR" was around 70 ppm by weight in pure sili-
ca glass and Ti-doped silica glass, and less than 10
ppm by weight in F-doped silica glasses. Other
glasses were prepared by the conventional melting
method. The glass samples were obtained by melt-
ing the well-mixed batch of appropriately weighted
quantities of raw materials, which were the con-
stituent oxides or compounds that convert to
oxides during heating. Platinum crucible was used
for melting glasses except for tellurite glasses, and
gold crucible was used for melting tellurite glasses.
Obtained glasses were visibly homogeneous and
bubble free. Those glasses were annealed at the
temperatures which were 10C higher than those
glass transition temperatures (T,) for 1 hour, and
then cooled at the rate of 1C/min. Refractive index
at 1550 nm, n, was measured by a minimum
deviation method ”. The accuracy of this measure-
ment was +10°. In order to obtain the tempera-
ture coefficient of the refractive index, dnss/dT,
the refractive index was measured from —5 to
65C. In this study, the dnis/dT was defined as the
average temperature coefficient of refractive index
from —5 to 65C, calculated by the following equa-
tion:

dn

1550 —

dT

n_ .
1550 at =5°C

65— (-5)

The linear thermal expansion was measured by
laser interferometer from —150 to 200C ® for silica
glasses, and by double pushrod differential
dilatometer from —70 to 200C for other oxide
glasses. The accuracy of measurement by laser
interferometer was +0.01 ppm/C. From the linear
thermal expansion data, the average temperature
coefficient of thermal expansion from -5 to 65C
were calculated as the o-5-g.

D500t 650 ~

(8]

3. Results

The results are summarized in Table 2. The val-
ues of ¢ and dS/dT were calculated from measured
sz and dnyss/dT and o-5-¢. In this experiment, sili-
ca glasses showed low dS/dT, and especially, F-
doped silica glasses showed the lowest dS/dT. In
the F-doped silica glasses, the dS/dT decreased
with F concentration. On the other hand, bis-
muthate glasses showed the highest dS/dT.
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Table 1 Oxide Glass Compositions in This Study.

Glass Glass composition

Silica glass 1 Pure silica glass by VAD

Silica glass 2 Ti-doped silica glass (Ti : 7 mole%) ©

Silica glass 3 F-doped silica glass (F : 3000 ppm in weight)
Silica glass 4 F-doped silica glass (F : 5000 ppm in weight)
Silica glass 5 F-doped silica glass (F : 8000 ppm in weight)
Silica glass 6 F-doped silica glass (F : 10000 ppm in weight)
Silica glass 7 F-doped silica glass (F : 12000 ppm in weight)
Silica glass 8 F-doped silica glass (F : 13500 ppm in weight)
Silica glass 9 F-doped silica glass (F : 16000 ppm in weight)
Silicate glass 1 Commercial window glass

Silicate glass 2 Non-alkaline glass, SiO,-Al,0s-B,0s-RO system™
Silicate glass 3 50Si0.-25A1,05-5Ti0,-20R,0™*

Titanium silicate glass 1 40Si0,-25Ti0,-25R,0-10RO*

Titanium silicate glass 2 50Si0,-25Ti0,-25R,0**

Calcium aluminate glass 58Ca0-28Al,0,-7Si0,-7MgO > ¥

Tellurite glass 1 60Te0,-20Zn0O-20WO0,

Tellurite glass 2 75Te0,-20Zn0-5Na,0

Bismuthate glass 1 Bi,Os rich glass (Bi.Os : 40 mole %)
Bismuthate glass 2 Bi,O; rich glass (Bi.O; : 40 mole %)
Bismuthate glass 3 Bi,Os rich glass (Bi.Os : 65 mole %)

* RO means the sum of alkaline earth oxide components such as MgO, CaO, SrO
and BaO
* % R,O means the sum of alkaline oxide components such as Li,O, Na,O and K,O

Table 2 Obtained Thermo-optic Data in Various Oxide Glasses.

Glass Nisso dnlsso/,,d 4 Os-os 4 i dS/doT
(Ppm/C) | (ppm/C) | (ppm/C) | (pPm/C)

Silica glass 1 1.4441 8.75 0.443 18.4 9.39

Silica glass 2 1.4651 9.74 0.061 18.2 9.83

Silica glass 3 1.4432 8.66 0.436 18.3 9.29

Silica glass 4 1.4430 8.54 0.427 18.0 9.15

Silica glass 5 1.4421 8.48 0.449 18.0 9.13

Silica glass 6 1.4397 8.40 0.425 17.9 9.01

Silica glass 7 1.4392 8.36 0.430 17.8 8.98

Silica glass 8 1.4385 8.30 0.425 17.7 8.91

Silica glass 9 1.4376 8.29 0.440 17.8 8.92

Silicate glass 1 1.5000 2.94 7.00 26.0 13.4

Silicate glass 2 1.4961 8.92 2.60 23.1 12.8

Silicate glass 3 1.5279 0.70 8.25 25.9 13.3

Titanium silicate glass 1 1.6908 —2.74 10.5 28.4 15.0

Titanium silicate glass 2 1.6580 —0.70 10.1 29.5 16.0

Calcium aluminate glass 1.6444 6.87 7.00 29.5 18.4

Tellurite glass 1 2.0547 —4.11 11.8 32.9 20.1

Tellurite glass 2 1.9947 —115 16.2 40.9 20.9

Bismuthate glass 1 1.9772 16.5 8.00 35.4 32.4

Bismuthate glass 2 2.0184 21.6 7.57 36.7 36.9

Bismuthate glass 3 2.2095 20.1 10.5 41.3 43.2
Although tellurite glasses had high refractive relationship between dn/dT and ne in this experi-
indices as same as bismuthate glasses, tellurite ment. In this figure, diagonal lines show dn/dT +
glasses did not show high dS/dT. Figure 1 shows ne, ie., dS/dT. Except for bismuthate glasses, most
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Fig.1 Relationship between dn/dT and na in
various oxide glasses.

glasses lied on the area between diagonal lines,
dS/dT=10 ppm/C and 20 ppm/C. Since the tellu-
rite glasses had high e, the dn/dT became nega-
tive. From the same reason, titanium silicate glass
group showed negative dn/dT.

4. Discussion

Although dn/dT and na changed widely with
glass composition, dS/dT remained similar value
except for bismuthate glasses. Since low o causes
high dn/dT and negative dn/dT glass shows high
o, dS/dT is difficult to be controlled. For example,
Ti-doped silica glass, which is well-known as the
zero expansion material ", showed higher dn/dT
than pure silica glass. Consequently, dS/dT of Ti-
doped silica glass was slightly higher than that of
pure silica glass. However, F-doped silica glasses
showed lower dS/dT than pure silica glass, even
though a was almost same as that of pure silica
glass. The electronic polarizability of F~ in glass is
smaller than that of O*. Accordingly, the replace-
ment from O* to F~ causes increase in thermal
expansion and decrease in refractive index .
Properties of fluoride glasses were investigated by
Izumitani et al."” in detail. The relationship
between dn/dT and no in fluoride glasses are
shown in Fig. 2. Since fluoride glass has high o and
negative dn/d7T, resulting dS/dT remains typical
value. The measured refractive index, nsm and
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This study
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Fig.2 Relationship between dn/dT and na in
fluoride glasses *” and lead glasses ®. Data
of fluoride glasses (@) were measured by the
light of 633 nm in wavelength. Data of lead
glasses (M, A, ¥) were measured by the
light of 589 nm in wavelength. Numbers
added to the data of lead glasses mean mole
fraction of lead component. For comparison,
data obtained in this experiment (O) are also
shown.
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Fig. 3 Refractive indices (n.ss) Of various concent-
rations of F-doped silica glasses at 25C.

dnis»/dT in F-doped silica glasses are shown in Fig.
3 and Fig. 4. The nis, and dnss/dT decreased as F
concentration increased, which was consistent with
the theory for fluoride glasses and also agreed to
previous studies about F-doped silica glass * .
Variation of o with temperature from —150 to
200C for various F-doped silica glasses is shown in
Fig. 5. At the low temperature region such as
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Fig. 4 Temperature coefficients of refractive index
(dnss/dT) of various concentrations of F-
doped silica glasses.
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Fig.5 Temperature dependence of a in various
concentrations of F-doped silica glasses.

—150TC, the coefficient of thermal expansion
increased as F concentration increased. On the con-
trary, oo decreased as F concentration increased at
the high temperature region such as 200C. Around
near room temperature, for example at 20C, o
showed no dependence on F concentration. In prac-
tical temperature range from —5C to 65C, the
coefficient of average thermal expansion, o—;-¢, Was
also constant as shown in Fig. 6. The obtained
dS/dTs in F-doped silica glasses are summarized in
Fig. 7. As a result, dS/dT became smaller as F con-
centration increased. As mentioned above, o and
dn/dT is interrelated. However, in the case of F-
doped silica glass, o was almost constant but
refractive index decreased with F-doping. It seems
to be related to anomaly of thermal expansion
behavior in silica glass"”.

On the other hand, bismuthate glass showed
anomalistically high dS/dT. This can be attributed
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Fig. 6 Coefficient of average thermal expansion
from —5C to 65C of various concentrations
of F-doped silica glasses.
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Fig. 7 Temperature coefficients of optical path
length (dS/dT) of various concentrations of F-
doped silica glasses.

to high dn/dT in spite of relatively high o. In order
to consider the high dS/dT of the bismuthate glass-
es, theory in lead glass can be applicable, since
there are similarities between bismuth ion and lead
ion in atomic weight (Pb: 207.2, Bi: 208.98), ionic
radius (Pb* 1.26 A, Bi*: 1.20 A) and electronic con-
figuration (Pb: 6s’6p®, Bi: 6s°6p’)"”. In fact, most
properties of bismuthate glasses are similar as
those of lead glasses. In lead-borate, lead-silicate
and lead-borosilicate glasses with low content of
PbO, Pb* ion acts as a modifier by forming [PbOs]
group. However, with high content of PbO, Pb* ion
behaves as a glass former by forming asymmetric
[PbO,] tetrahedral unit. Leventhal et al.™ concluded
from their NMR analysis that glass structure in
SiO-PbO system changes over 45 mole% in PbO.
Correspondingly, in the glasses with high content
of Bi,O,, Bi* ion acts as a glass former by forming
asymmetric [BiOg] octahedral unit ™ ®". Factors for
calculation of dn/dT of each glass component were



obtained by Komorita et al.®”. In their results, the

factor of PbO was positive and increased with PbO
content. On the other hand, factor for calculation of
o of PbO is also positive ®. These results mean that
lead oxide glass shows both high a and high
dn/dT. The relationship between dn/dT and no in
lead glasses are shown in Fig. 2. The lead glasses
with high concentration of PbO also showed high
dS/dT.

There is a dependence of the glass composition
for stress-optical coefficient. The PbO-SiO, glass of
high PbO content shows zero stress-optical coeffi-
cient and higher PbO causes negative value .
When uniaxial tensile stress is applied to normal
glass, oxygen anions are deformed in the direction
to the tensile stress and cause different refractive
indices between parallel and perpendicular, ie.,
birefringence. If easily polarizable cations such as
Pb* exist, these cations also deform and cause
decrease of birefringence. Although temperature
dependence of poralizabitity includes effect of lat-
tice vibration as well as change of interatomic dis-
tance, thermal expansion is similar to isotropic ten-
sile stress from the point of view of spatial configu-
ration. Accordingly, in the case of glass containing
high amount of high poralizabitity component, high
thermal expansion does not cause low or negative
temperature coefficient of refractive index, dn/dT.
Tellurite glass, where TeO, has low electronic polar-
izability (oxide poralizability of TeO, 2.44x10™*
cm’, oxide poralizability of PbO: 3.45%10 * cm*®),
shows normal behavior, that is, negative dn/dT
with high a. However, bismuthate glass as well as
lead glass shows both high o and high dn/dT due
to high polarizability of Bi,O; or PbO.

5. Conclusion

Temperature dependence of refractive index,
dn/dT, and thermal expansion coefficient, o, and
resulting temperature dependence of optical path
length, dS/dT, in various glasses were investigated.
Generally dS/dT is difficult to be controlled by
changing the glass composition due to interrelated
relationship between dn/dT and «. In fact, the
dS/dTs of most glasses including fluoride glasses
ranged between 10 ppm/C and 20 ppm/C except
for bismuthate glasses and lead glasses. F-doped
silica glass showed the lowest dS/dT in this study.
Since the electronic polarizability of F~ is smaller
than that of O, refractive index and dn/dT
decrease as F concentration increase. However, o
near room temperature did not change with F-dop-
ing. As a result, the dS/dT decreased with increas-
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ing F concentration. On the other hand, bismuthate
glass showed the highest dS/dT. This seems to be
attributed to high dn/dT in spite of relatively high
o. Generally high amount of high poralizabitity
component such as PbO causes small or negative
stress-optical coefficient. Similarly, anomalous rela-
tionship between dn/dT and o seems to appear in
glasses containing high amount of high poralizabiti-
ty component. Therefore, bismuthate glasses as
well as lead glasses show both high o and high
dn/dT due to high polarizability of Bi,O; or PbO.
These results suggest that temperature coefficient
of optical path length and refractive index can be
designed by considering the electronic configura-
tion of its components and the glass structure.
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