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Some optical properties of planar borosilicate glass
waveguides formed in molten KN 03bath
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The paper presents the optical properties (refractive index profile n(x), modes atte-
nuation) of planar borosilicate (BK-7 type) glass waveguides formed in molten KNO3
bath. The results of thermal stability investigations of these optical guides parameters
are also presented; the properties of BK-7 glass waveguides are compared with the

properties of sode-lime glass waveguides formed in molten nitrates baths: AgNO03
and KNO3.

1. Introduction

One of the most widely used methods for planar optical waveguides production
is the one based on ion-exchange and diffusion process in glasses; waveguides
are produced by dipping alkaline glass substrate plates in molten nitrates
baths, such as AgNO03[1], AgN03 + KaKO03[2], CsKOa[3], TINO3 + KNOa[4].
These technologies are characterized by simplicity, satisfactory repeatability
and accessibility of the main raw material (glass plates).

For a fixed type of substrate glass, the magnitude of refractive index value
changes depends on the kind of bath used. It is also possible to modify the
refractive index profile by using an external electric field [5]. The waveguides
obtained in these ways have low mode attenuation (~IdB/cm). Basing on
the literature [3, 6] one should note that few investigations have been con-
cerned with the properties of the glass waveguides formed'in the bath of molten
KKO03.

In our previous paper [7] we have presented the optical properties of the
soda-lime glass waveguides produced by dipping in molten KNO3. In this
paper we describe properties of the borosilicate (BK-7 type) glass waveguides
formed in the same kind of bath. The same technological and scientific instru-
ments, as previously [7], have been used for production and investigation
of these waveguides. The values of optical waveguides parameters have been
determined for lle-Ne laser light (/. = 0.6328 (An).
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2. Formation of planar glass waveguides

Planar optical waveguides were formed by immersing BK-7 glass plates (the
composition being (8]: Si02- 69.58%, B0 3-9.91%, Ba0O-2.54%, bTad -
8.44%, KD - 837%, AID3I 0.04%, FeD3-0.01%, MgO-0.07%, CaO -
0.07 %, HD - 0.06 %, CI- 0.06 %, S.O,- 0.08 %, As2s- 0.09 %, AsOs- 0.22 %
in molten KNOs 99.8 (percent pure).

The bath temperature ranged within 613-673 K and the immersion time
ranged from several minutes to 25 hours. Under such conditions waveguides
were produced in which 1-6 modes could propagate.

3. Optical properties of waveguides

3.1. The determination of a refractive index profile in waveguides

During investigations of mode lines in formed waveguides, it was observed
that for modes of orders m = 1 or m = 2 and higher (as well for TE modes
as for TM ones) the values of their effective indices were smaller than the
value of glass substrate index of refraction (this value being 1.520 = 0.003?
has been determined from the measurements of Brewster angle). It seems that
technological process (i.e. dipping of a BK-7 glass plate in molten KKO03
leads to formation of local minimum of refractive index value nb. This mini-
mum “isolates” the region in which light can propagate from the substrate.
The refractive index profiles n(x) in the examined waveguides were cal-
culated basing on the procedure followed by I.W.K.B. method [7]; the profiles
n(x) were defined by data sets (xm, N"'N)THM (xm — the turning point of mode).
Next, the values nb were estimated using the following method (Pig. 1).

Fig. 1. Determination of »TE(M)

* In the paper, sta7idard deviations were presented as the errors of determined optical
parameter values.
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The minimal values of parabolic function defined by data sets (xm Ki)TEM
were determined; the values xm and concerned three modes of the highest
order. To test the correctness of the method, it was used to determine the refrac-
tive index value n, of soda-lime glass plate (results of mode patterns investi-
gations [7] in waveguides, in this type of glass, produced also in-molten KNO03
were used). The obtained value was nb = 1.5142+0.0004, while that deter-
mined from the measurements of Brewster angle was nb= 1.512+0.002. In
the case of BK-7 glass waveguides, by the described method the following
mean values of -nb parameter were obtained: n6lE = 1.5061 + 0.0025 and
Mj™ = 1.5036+ 0.0019 (in all the waveguides examined nbF > nbM). One
should not exclude the fact that the values of parameter «bHM can vary
together with the changing technological conditions (T —bath temperature,
t —duration time) in which optical waveguides have been formed. The data
which were at our disposal were, however, too scarce to enable the definition
of the character of such hypothetical changes. Basing on the sets of values
(xm, and WoTHM and using the least mean-square error method, the
analytical form of n(x) profile approximating function in investigated wave-
guides was calculated. For the approximation the linear, parabolic, Gaussian,
erfc and exponential functions were chosen. The calculations made for the
waveguides produced in different technological conditions have proved that in
the waveguides regions limited by turning points of propagating modes the
best approximation n(x) is in every case obtained by means of a parabolic
function

n(x) = nb — Ans[{xjd) + b{x!dY"] @

where Ans = ns—nb,
ns —refractive index on a waveguide surface,
b,d —n(x) function parameters.

The examples of approximation n{x) results for one of the waveguides
are shown in Table 1.

It has been shown that the changes in temperature and the duration time
of a waveguide formation process do not cause significant changes in the values
of nsand b indices. The indices nsand b of a parabola (1) assumed the following
mean values:

7JE = 1.524; 5TE

-0.4038 +0.0013;
n™ = 1526; 6™

-0.6030 +0.0053.

The relation between the values ns of TE and TM modes (n™ > »JE) results
from the relation between the effective refractive indices of TE and TM modes
of the same orders: n*™ > wWNTE being thus reverse of what would result
from a characteristic mode equation.

The temporary double refraction should be related to mechanical stresses



Table 1. The approximation of a refractive index profile n(x) of light with polarization TE in a planar BK-7 glass waveguide
(molten KNO3 bath, T = 673 K, t = 25 hours)

nrq theoretical

Parabolic . . .
; . . Linear Exponential Gaussian
function Erie function . . .
ef ns = 1.5240 — 15208 function function function
xm nm - T ns = 1.5224 ns = 1.5234 ng = 1.5206
I>m] measured b = -0.4005 = 33.8 [ftm] .
d = 19.8 [(rm) - 4617 107 d = 33.8 [jxm] d = 22.0 [pom] d = 23.5 [p.m]
a = 5550.10-8 a = 7.948-107 a = 1.916-10-7 a = 1.997-10-6
0 4.104 1.5214 1.52136 1.52106 1.52089 1.52112 1.52029
1 7.287 . 1.5196 1.51963 1.51973 1.51972 1.51962 1.51963
2 10.122 1.5182 1.51833 1.51860 1.51868 1.51845 1.51881
3 13.701 1.5172 1.51702 1.51725 1.51737 1.51718 1.51755
4 16.073 1.5163 1.51635 151641 1.51650 1.51645 1.51664
5 19.799 1.5156 1.51562 151521 1.51513 1.51544 1.51521

a = £ [(n™) measured —(»”) theoretical]2

pisdQ ‘7z ‘aulwosar ‘H ‘Meulq ‘r
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which could appear in glasses during the waveguide formation process. Similar
effects have already been observed in soda-lime' glass waveguides formed in
the baths: Agif03 + hTahiOj [9] and KM)3 [7].

3.2. Attenuation measurements

The values of mode attenuations a in BK-7 glass waveguides produced in
different technological conditions were determined, for TE and TM modes
of different orders. The results were similar to these obtained for waveguides
produced in soda-lime glass [7]. It has been found that a takes a constant
value of about 1 dB/cm regardless of light polarization, mode order and tech-
nological process parameters values.

4. Comparative thermal stability investigations
of optical waveguides parameters

The temperature-induced changes of the following’waveguide optical para-
meters were investigated:

— number of supported modes,

— refractive index profile n(x),

— TEO mode attenuation.

For the comparative reasons three waveguides, formed in different types
of glasses or kinds of baths, were examined:

— sample 1- BK-7 glass waveguide produced in molten Khf03 bath
(T —673 K, t = 4 hours),

— sample 2 - soda-lime glass waveguide produced in molten KKO03 bath
(T = 673 K, t = 4 hours),

— sample 3 - soda-lime glass waveguide produced in molten AgjSTO3 bath
(T —523 K, t = 15 minutes).

First of all the above mentioned parameters of the investigated waveguides
were determined. Then the guides were annealed in air atmosphere. The annea-
ling process proceeded at stages, each testing for 5 hours. The annealing tem-
perature ranging within 373-723 K was changed at every 50 K. After each
stage of annealing was completed, the mentioned waveguide parameters were
determined again.

. The changes in numbers of waveguide mode are shown in Table 2, whereas
those of the refractive index profiles n(x) are presented in Fig. 2 (the results
shown in Fig. 2 concern profiles n{x) for TE polarized light; the changes for
TM polarized light have a similar nature).

At later stages of annealing (the highest temperatures) all the investigated
waveguides, though to different degree, suffered destruction; there were diffi-
culties in light coupling (by prisms) into the waveguides and the mode spectra
were distorted.
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Fig. 2. The changes in refractive
index profiles n{x) (for TE pola-
rized light) caused by annealing:
a-sample 1, b- sample 2, c-
sample 3
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When the annealing stage at 723 K was completed it was impossible to
couple light into the soda-lime glass waveguide formed in molten KN O3 hath.

Table 2. The changes in number of waveguide modes caused by

annealing
Stages of TE modes TM modes
annealing
process Sample Sample Sample Sample Sample Sample
(temperature; K) 1 2 3 1 2 3
Before -
annealing 3 3 3 3 3 3
373 3 3 3 3 3 3
423 3 3 3 3 3 3
473 3 3 3 3 3 3
523 3 3 5 3 . 3 5
573 3 3 7 3 3 7.
623 3 3 9 3 4 9
- 673 3 4 - 4 4

In the case of BK-7, glass waveguide at 723 K the pattern of distorted
modes was observed even for waveguides annealed, whereas the annealing
of the waveguide formed in molten AgKOs bath at 673 K brought its mode
spectrum to distortion. Having completed the next annealing stage, it was
impossible to couple light into this guide.

The mode attenuation changes caused by the annealing process are shown
in Fig. 3. It is seen for the waveguides formed in molten KNOabath that
the values of a altered distinctly (they decreased by Aa ~ (0.6-0.7) dB/cm
with respect to their original values) only after these optical guides had been
annealed at 673 K. During the annealing process the surface of the waveguide
formed in molten AgNO3bath covered with metallic thin film, formed probably
by silver atoms (ion) diffusing from a bulk of the sample. Due to the presence
of this film the value aincreased (a ~ (6-7) dB/cm). After this film was removed
by rubbing with cotton wool, the value of a decreased distinctly (the values
of ashown in Fig. 3 were determined after the metallic film had been removed).

5. Conclusions

The paper presents the properties of the BK-7 glass waveguides formed in
molten KNO03bath in a complex way. The mentioned optical guides are charac-
terized by:

— the existence of the minimum value of local refractive index,

— temporary double refraction (manifested by different values of ns of
TE and TM modes),

— low mode attenuations (a ~ 1 dB/cm),

— the changes of refractive index values (compared with that for the



Fig. 3. The changes in mode
attenuation caused by annealing:
a- sample 1, b- sample 2, c-
sample 3
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substrate) being: ~0.004 and ~0.006 for TE and TM polarized light, respec-
tively.

The changes in technological parameters of waveguide production do not
affect the values of ns. Moreover, they do not influence the attenuation of
the waveguide modes.

A considerable thermal resistance of BK-7 glass waveguides should be
emphasized, particularly in comparison with the properties of optical soda-lime
glass waveguides formed in molten AgNO03 bath.
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Becerre6, Tannary 26, 1983

HekoTopble onTtuyeckue cBoiicTBa naaHapHbIX CBeTOBOAOB B 60pOCI/U'II/IKaTHOM CTeKne,

obpa3yemMbiX B BaHHe crnsaBneHHoro KH 03

B paboTe 06CYy>XAeHbl OMTUYECKMe CBOWMCTBa (BWA Mpoduiia KoapuumeHTa npesioMsieHns ceeta n(x),
3aTyxaHue) nsiaHapHbIX CBETOBOAOB B 60pocuMkKaTHOM cTekne BC-7, obpa3yemMbix B BaHHE CriiaB/ieH-
Horo K1403. MpeacTasrieHbl, KPOMe TOro, pesysibTaTbl UCC/efA0BaHNI TEPMUYECKON YCTOMUYMBOCTM ONTU-
YecKUX MapamMeTpoB TEX >Xe CBETOBOJO0B; WX CBOMCTBA CpaBHEHbI CO CBOMCTBAMU CBETOBOJOB B HUTPUE-
BOKa/1bL|MEBOM CTEK/e, CO3[aHHbIX B BaHHe CrniasfeHHbIX HUTpaToB: A8XK)3 n K>H03.

MepeBena Manro>kaTa Xeligpux



