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Abstract: Fabrication and electro-optic applications of glass optical fibers were reviewed. Theoretical descrip-
tion on the electro-optic Kerr effect in glass optical fibers, particularly for the second-order optical nonlinearity
was given. Fabrication procedure and the characterization of the nonlinear electro-optic fibers with internal
electrodes were described. Several electro-optic devices based on the polarimetric cells made by the nonlinear
optical fibers with internal electrodes were also discussed with the experimental results on the electro-optic effect.

1. Introduction

Glass optical fiber is an essential component in the
high speed optical communication and sensing systems
since it has advantages such as extremely small optical
attenuation, high speed and large capacity data trans-
mission, and low fabrication cost. Much attention has
been paid to enhance the electro-optic effect of glass opti-
cal fiber for device applications since the attractive obser-
vation of the strong second-order phenomenon in the
fiber”. It is well known that a glass doesn’t possess
any infrinsic electro-optic effect because glass as an amor-
phous material has the isotropic structural characteristics
with the inversion symmetry. However, the large sec-
ond-order nonlinearity, x, of 1-12 pm/V in glass fibers
was found to be induced, if special treatments were
applied to the fibers, such as glass poling accompanied
with heat-treatment™” or UV irradiation”.

Up to now, most applications of the electro-optic
fibers and the planar waveguides have been studied
with the structure based on a Mach-Zehnder interfer-
ometer (MZI)**”. Electro-optic data conversion at
the rate of 10 MHz for video signal transmission was
demonstrated with all-fiber modulator based on the elec-
tro-optic fibers”. An electro-optically tunable mode-lock
laser made by an all- fiber electro-optic modulator was

demonstrated”. Recently, an electro-optically controlled
all fiber polarization controller with fast response time
was also examined”. In the all-fiber electro-optic devices,
the electric-field induced optical phase change in elec-
tro-optic fiber used as the active arm of the MZI was
basically used to introduce the optical modulation, the
tuning, and polarization control.

Based on our previous study, the simply configured
polarimetric cells with the electro-optic fibers could be
alternatively used for electro-optic modulation'*'”, tun-
ing'”, and control of polarization state'”, even though
the polarization dependence of the electric field induced
phase change was not so significant in the fibers™”.
The electro-optic devices using several polarimetric
cells based on the electro-optic fiber with internal elec-
trodes were reviewed and the operating mechanism and
the modulation characteristics were also described.

1.1 Electro-optic Kerr effect in glass optical fibers

Generation of the electro-optic effect in glass can be
theoretically explained using the nonlinear optical
process in glass applied with the electric field. The
polarization density, P, of glass under the electric field,
E, can be expressed by the series form of the electric
susceptibility tensor
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where & = 8.85Xx10" C*/N - nt’ is the electric per-
mittivity of free space and 7 with the superscripts, “',
@ and ¥ indicate the linear, the second-order, and the
third-order nonlinear coefficients, respectively. The equa-
tion can be simplified in the scalar form,

P(E) = e yVE+e,y PE* + 5,4 E + - . 2

In the case that the electric field is very weak, the
high order terms can be ignored because the magni-
tudes of the terms are much smaller than that of the
linear term. If the strong electric field is applied, the
high order terms become prominent, thus, the terms
cannot be neglected.

If the electric field of an optical signal, E., with the
field intensity of Ey and the frequency of w superim-
posed on the DC electric field with the magnitude, Fu,
is considered as follows,

E=E,+E,=E, +Ecosat» 3)

the polarization density, P., with frequency, w, is
given by'*"?
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where .7 is the effective electric susceptibility and
defined as

Yo =Z(l) +2Z(2)Ed£ +3Z(3)Edcz +%1(3)E02' (5)

The refractive index, n, is expressed as
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where K. is the effective dielectric constant and
ng=+1+ 7" is the linear refractive index.

In general, the high order nonlinear coefficients are
relatively smaller than the linear coefficient, thus Eq.
(6) leads to the following relationship,
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by the binominal expansion and approximation.
Therefore, the refractive index change, An, induced
by the strong external DC field, Ex (>>Fb), is given by
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It is noted that the first term, ', is zero in glass,
therefore, the second term related to the third-order non-
linearity as well as the DC electric field only survives
and results in,

An = 3x"E, _E__dizle(j;)Edc > )
2 n, 2n,

where the effective second-order nonlinear coeffi-
. 2 .
cient, X, is defined as

Kag = 3B (10)

This indicates that the second-order nonlinearity can
be induced by introducing the DC electric field through
the third-order nonlinear property of glass, %*.

1.2 Characteristics of the silica fiber-based electro-
optic devices

Characteristics of the silica glass fiber-based electro-
optic devices were summarized in Table 1 and were
compared with those of the LiNbOs-based electro-optic
devices.

There are several advantages in the silica glass fiber-
based electro-optic devices. At first, optical connection
between the fiber-based electro-optic devices and other
fiber-based components is easily carried out by the sim-
ple fusion splicing technique and this diminishes the
increase in the production cost typically arisen from the
time consuming packaging process for optical align-
ment. The splicing loss can be decreased to the neglect-
ed level, ~0.1 dB, since the refractive index of the
devices is well matched with other fiber devices. Optical
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Table 1. Comparison of the Characteristics Between the Silica
Glass Fiber-based and the LiNbOs-based Electro-optic
devices'®.

LiNbOs-based Silica fiber-based
Property (commercial) (prototype)
Refractive index 221 (ny) 146
(at 1550 nm) 2.13 (n) (GeOy: ~13 mol %)
Refractive index
(o RF froquency) 54 20
SON coefficient ~60 (n), ~T000) 0205
$ (pm/V) at 633 nm at 1550 nm
Abs"‘g?"“ oocffcient ~02 dBlem ~1 dBkm
Bandwidty (GBz) 40 01
Insertion loss (dB) 4 <
Extinction ratio (dB) >20 >20
Driving voltage (V) 5-10 100-300
Vr oL (V-cm) ~10 ~5000

Joss of silica glass itself is also negligibly small in com-
parison with that (~0.2 dB/cm) of LiNbOs.

In the LiNbQs-based electro-optic devices, on the
other hand, the considerable insertion loss (typically
more than 4 dB) is induced due to the refractive index
mismatch when the devices are with the conventional
silica-based optical fibers. Furthermore, time consum-
ing optical aligning procedure is essential for optical
packaging of the LiNbOs-based device and this makes
considerable increase in device cost.

It is another advantage for the silica-based electro-
optic devices that the cost of silica glass is much cheap-
er than that of the nonlinear crystal, LINbOs. Moreover,
a number of the waveguide fabrication steps can be
reduced into the relatively simplified procedures in the
case of the silica glass fiber-based devices. These advan-
tages make the cost effectiveness in fabrication of the
silica glass fiber-based electro-optic devices.

However, the electro-optic effect of silica glass is 2
orders of magnitude smaller than that of LiNbOs; even
after glass poling to enhance the second-order non-
linearity. The small nonlinearity of the fiber makes the
fiber-based device use the long electrode with ~ 100 cm,
or the large driving voltage, ~ 100V. Unfortunately, this
also forces to the increase in the volume of the device
and the decrease in the modulation speed. Therefore,
it is essential to enhance the second-order nonlineari-
ty of the fiber by optimization of the fiber core com-
position and the glass poling process.
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Fig. 1. Fabrication procedure of the optical fiber with holes
for electro-optic applications™.

2. Fabrication of the Electro-optic Fibers

2.1 Fabrication of the glass optical fibers with holes

The schematic fabrication procedure of the optical
fiber with holes for electro-optic applications is shown
in Fig. 1. Optical fiber preforms with core and cladding

layers were made by the MCVD process’”.

Fused silica glass tubes (GE Quartz, code # 214) were
used as the substrate material for the fiber preforms.
The concentrations of OH, Na, Li, and K, impurities
of the silica glass tube, were < 5, 0.7, < 0.1, and 0.6
ppm by weight, respectively®. Fine soots for the inner
cladding and the core layers were deposited inside
the silica tube by the reactions of SiCl4, GeCls, POCl,
and CF; with O, gas at high temperature, ~ 2000 C.
Then optical fiber performs were fabricated by the sub-
sequent sintering and collapsing processes. The per-
forms were jacketed with the silica glass tube to sat-
isfy single mode condition by adjusting the diameter
ratio between the core and the cladding.

Then, two holes with the diameter of 4-5 mm were
made at both sides of the core of the fiber preform using
a mechanical drilling machine. Finally, the performs
were drawn into optical fibers with the outer diame-
ter of ~125 um by control the drawing temperature and
the speed to preserve the holes during the process.
As a result, the optical fibers with different core com-
positions and dimensions were obtained as shown in
Table 2. The Fibers Al and A2 were made by the Ge-
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doped preform with the low Ge concentration (~3.2
mol%), on the other hand, the nearest distance between
the core center and the hole boundaries (CHD) and the
nearest distance between the hole boundaries (HD) were
different in the fibers since the drilled positions of

Table 2. Specifications of the Optical Fibers with Two Holes

Fiber An Core shape CHD HD
um pm

Al . 103 349
A2 00046 cireulr 146 397
Bl circular 104 315
B2 00179 elliptic 112 36.7

* An means the refractive index difference between the core and the cladding
of the fiber.

the holes were different each other. The Fibers B1 and
B2 were made by the Ge-doped preform with the high
Ge concentration (12.1 mol%), on the other hand, CHD
and HD were different since the circular and the ellip-
tic cores were made for the Fibers B1 and B2, respec-
tively, by the control of drawing condition.

2.2 Formation of the internal electrodes in the
optical fibers

Electrodes with appropriate electrical, thermal, and
mechanical characteristics are needed to apply elec-
tric field to the optical fibers. The electrode material
was selected to have the higher melting temperature
than the temperature for glass poling, ~ 250 C. The
electrodes should be mechanically strong and long
enough for practical modulation devices, for example
70 cm in length for an electro-optic modulator”, since
the long active length can compensate the small sec-
ond-order nonlinearity of the glass fiber. The distance
between the electrodes should be close enough to oper-
ate with the small driving voltage. In practical aspects,
capability on fusion splicing between the electro-optic
fiber with the conventional optical fiber is another
requirement to prevent time consuming optical con-
nection process. Therefore, the electrodes at the fiber
ends should be removed before fusion splicing for opti-
cal connection. Several methods have been established
to make electrodes inside the fibers using the side pol-
ishinglw), the manual insertion’”, and the in-line con-
ducting wire drawing processes”.
In the present study, two types of alloy metals, 37%Pb-
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Fig. 2. Schematic of the intemal elecirodes formation by injec-
tion of the molten metal alloys™.

63%Sn and 80%Au-20%Sn, were used as the electrode
and the molten alloy injection technique™ was used
to form electrodes inside the holes of the fibers. The
schematic of the electrode injection of the molten metal
alloys by use of the pressure chamber to form the elec-
trodes inside the twin holes of the fibers is shown in
Fig. 2. Alloys with different compositions were inject-
ed into the holes of the fibers by the aid of nitrogen gas
at 10-15 bar after being melted by an electric furnace.
As a result, optical fibers incorporated with the con-
tinuous and long internal electrodes were successfully
made with the length more than 1 m.

electrode [ete

Fig. 3. Cross-sectional photographs of the optical fiber (Fiber
A2) with holes {diameter, 20 pm) (a) before and after for-
mation of (b) 37%Pb-63% and (c) 80%Au-20%Sn electrodes
by the molten alloy injection technique. (d) is the side view
of the fiber with 37%Pb-63%Sn electrode’®'®),

Fig. 3 shows the cross-sections of the fiber before
and after the formation of the internal electrodes in the
Fiber A2. As shown in the figure, the electrodes with
the metallic luster are found to be formed inside the
holes of the fiber.

For electric contact between electric devices and
the internal electrodes of the fiber, the side surfaces



of the fibers were polished using abrasive pads (grade
P-2000, 2400) for several minutes. The electrodes out-
cropped by the polishing were connected with the power
port of the electric devices using the conductive sil-
ver epoxy. To protect the fiber from mechanical break-
age, the fiber was molded into the grooved silica block
before the polishing procedure.

Electric resistance of the electrodes was investigated
after the electric contact procedure. The measured elec-
tric resistances of the electrodes with the diameter of
243 um for the 80%Au-20%Sn and 37%Pb-63%Sn

compositions were ~5.5 and ~2 Q/cm, respectively'®.

2.3 Characterization of the fibers with the internal
electrodes

The small insertion loss and the large second-order
nonlinearity of electro-optic fibers are important char-
acteristics to determine the quality of the electro-optic
devices. Thus, optical transmission spectra of the opti-
cal fibers with different refractive index differences and
distances between the core and the electrode were inves-
tigated before and after the formation of internal elec-
trodes'™'®. The transmission spectra were measured by
the optical spectrum analyzer (Ando, AQ-6315B) and
the white light source (Ando, AQ-4303B). The inter-
nal electrode lengths of the fibers under test were in
the range, 94-97 cm, and the length of the fibers with
electrodes was fixed at 100 cm. For the measurement,
normal 100 cm long Ge-doped single mode fibers were
connected to the fibers at both sides using the fusion
splicer. As a reference, the transmission spectra of the
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Fig. 4. Optical transmission spectra of the Ge-doped fiber
(Fiber A) with and without the internal 37%Pb-63%Sn elec-
trodes. The lengths of all fibers were 100 ¢m and the inter-
nal electrodes lengths were 95 cm.”™.

fibers without the internal electrodes were also mea-
sured.

Fig. 4 shows the transmission spectra of the Fibers
Al and A2 with the different distances between the
core center and the nearest boundary of the electrodes
(CEDs), which is equals to CHD defined in Table 2.
The transmission

spectra with the electrodes were compared with that
without the electrodes. As shown in the figure, the trans-
mission spectra of the fiber without electrodes slight-
ly decreased with the increase of wavelength. In the
case of the electrodes with the CED of 10.3 um, on
the other hand, the transmission considerably decreased
with the increase of wavelength. It is known that opti-
cal loss is induced by light absorption at the surface of
conducting materials***”. Thus, the larger optical loss
in the fibers with the electrodes is considered to be due
to optical absorption by electrodes near the core. The
larger optical loss was induced at longer wavelength
because of the smaller optical confinement in the core
at the wavelength. The electrode induced optical loss
(EIL) of the fiber was estimated to be 47.4 dB/m at
1550 nm. In the case of the fiber with the larger CED
of 14.6 um, the relatively smaller EIL of 10.7 dB/m
was found at 1550 nm because of the larger distance
between core and the electrodes.

Dependence of EIL on the refractive index difference
between core and cladding was investigated. The EIL
by 37%Pb-63%$Sn electrodes were found to be 14.0
and 6.7 dB/m at refractive index differences of 0.0124
(CED, 10.9 um) and 0.0179 (CED, 104 um), respec-
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Fig. 5. Electrode induced loss by 37%Pb-63%Sn electrodes
with the refractive index difference between core and cladding.

The CED was fixed at almost constant in the range, 10.3-
10.9 um*.
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tively'.

Fig. 5 shows the measured EIL with the refractive
index difference. It was found that EIL. exponentially
decreased with the increase in the refractive index

difference. This is because the optical field was more

Path 1 (internal electrode fiver)
r

. DC supgplier ’ ﬂQ
. N

Optical Spectium
N Analyzer (OSA}

3dB-

coupler coupler

Path 2 {normal fiber)

Fig. 6. Schematic setup for nonlinear optical characterization

using the Mach-Zehnder interferometry'.

strongly confined to the core region with the larger
refractive index difference in the fibers.

Nonlinear optical characteristics of the electro-optic
fibers were investigated by measurement of the electric-
field induced optical phase shift using the Mach-Zehnder
interferometer (MZI) conﬁgurationm’w’. The schematic
setup for the measurement is shown in Fig. 6.

A polarized light from the broad band light source
{(ThorLabs, SOA240) was injected into the input port
of the MZI and was coupled into the two arms of the
MZI after being divided by use of the 3-dB fiber cou-
pler. One arm of the MZI was connected to the elec-
tro-optic fiber with internal electrodes as the active part
and the DC voltage with the different magnitude was
applied. For the other reference arm, the fiber with-
out the electrodes was used. Due to phase changes after
passing through each arms, the lights superimposed
again at the second 3-dB fiber coupler and resulted
in interference fringes in the optical spectra at the out-
put. The change in the fringes was investigated by
the OSA.

Fig. 7(a) shows the interference fringe shift induced
by applying the electric voltage of 2.4 kV in the Fiber
A2'®. The resulted fringe shift was 2.4 nm to the longer
wavelength and corresponded to the phase shift of ~t/2.
The measured optical phase change with the different
applied DC voltages was shown in Fig. 7(b). The phase
was found to increase with the increase of the applied
DC voltage in a parabolic form.

The electric-field induced parabolic phase shift can
be explained by the refractive index change obtained
from the electro-optic Kerr effect in the glass fiber as
previously described in Sec. 1.1,
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Fig. 7. (a) Interference fringe spectra of the Ge-doped fibers
before and after applying the DC voltage of 2.4 kV and (b)
optical phase shift with the applied DC voltage and the fitted
curves [16].
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Thus, the electric-field induced optical phase change,
A¢, is given by

_2zAnL 3zl A

A AN
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where L is the electrode length, d is the distance
between the electrodes, Ao is the optical wavelength of
light, and V. is the applied DC voltage. Eq. (12) indi-
cates that the phase change depends on the square of
the voltage and is determined by the third-order opti-
cal nonlinearity (x*”) and the design parameters (o,
L, d) of the fiber. Thus, the third-order optical non-
linearity can be estimated from the measured phase shift
and the known design parameters.

As shown in Fig. 7(b), the phase shifts with the
applied DC voltage of the Fiber A2 (Ge concentra-



tion ~3.2 mol %) were well fitted by the shifted form
of the parabolic equation, y =a - (x+b)2+c, where a, b,
and ¢ were equal to 0.2264, -0.7817, and -0.1628,
respectively. The least square method was used for the
fitting. The offset voltage, -0.7817 kV, was found and
was considered to result from the weak poling at room
temperature during the nonlinearity measurement. Thus,
Eq. (12) can be modified into the following form,

2z Anl  3aly®
Ao HyAed?

Ag Vi V) (13)

where V.. is the recorded poling field. From the fit-
ted curve and Eq. (11), the third-order optical nonlin-
earity was calculated to be 1.79x10” m?/V?, This is
similar to the nonlinearity, x=1.76-1.92x10" m’/V?,
of silica glass in the previous reports™””.

Phase shift with the DC voltage was also examined
in the Fiber B1 with the higher Ge concentration, ~12.1
mol %. The parabolic characteristics in the phase shift was
also found again in the fiber. The third-order optical non-
linearity of the fiber was calculated to be 2.00x10” m’/V*
and was slightly larger than that (1.79x10™ m’/V®) of
the Fiber A with the lower Ge concentration.

The half-wave voltages (V»), defined as the voltage
for m-phase shift, near the DC voltage of 6.3 kV were
obtained to be 380 and 330 V in the Fibers A2 and B1,
respectively. The half-wave voltage for the Fiber A was
represented in Fig. 7(b) and it indicates that the volt-
age is pretty high as the driving voltage in comparison
with the commercial electro-optic devices. Therefore,
improvement of the electro-optic properties of the fibers
by optimization of the core composition and the glass
poling is essential to decrease the half-wave voltage to
the commercial level, ~ 5-10 V.

The effective second-order nonlinearities of the fibers
were also estimated from the measured third-order non-
linearities, 0.134 and 0.150 pm/V for the Fibers A and
B, respectively. For the estimation, E.=250 kV/mm
was used as the DC field.

3. Application of the Electro-optic Fibers

3.1 All-fiber electro-optic polarimetric modulation
device based on the glass optical fiber with
internal electrodes

Recently, an all-fiber electro-optic modulation device

was demonstrated using the polarimetric cell based
on the optical fiber with internal electrodes'”. For the
investigation, the electro-optic fiber (Fiber A2) with the
Ge-doped core and the internal electrodes with elec-
trode composition of 37%Pb-63%Sn was used. The
electrodes were formed by the molten alloy injection
technique as previously described in Sec. 2.2.

In Fig. 8, the schematic setup of the all-fiber polari-
metric modulation device based on the electro-optic
fiber was described. The length of the internal electrode
was 149 cm. After its polarization state was controlled
by the polarization controller (PC), 1550 nm-polarized
light with the optical power of 5 mW from the tunable
laser source (Santec, TSL-200) was injected into the
fiber. Then the light passed through the internal elec-
trode fiber and the linear polarizer. The optical power
of the light was finally detected by the photo-receiv-
er. Two PCs were used to align the input polarization
state of the light and the polarizer with respect to the
principal axes of the internal electrode fiber at 45°. The
principal axes of the fiber correspond to the polariza-
tion directions of light parallel and perpendicular to the
direction of the external electric field.

DC+AC !
PC electric signal Polarizer
— - - [ = e S . F:/]
N T pc Lzd
- = . —
Polarized Ground Twin electrode Photo-

light (TLS) receiver

fiber '
@

Fig. 8. Schematic setup of the all-fiber polarimetric modula-
tion device made by the optical fiber with Pb-Sn internal elec-
trodes'”. .

At first, effect of the applied DC voltage on the mod-
ulation characteristics of the optical signal was exam-
ined in the polarimetric device. Fig. 9 shows the opti-
cal signal with the different biased DC voltages super-
imposed on the modulation AC signal with the con-
stant peak-to-peak voltage of 560 Vpp. The modula-
tion frequency of the AC signal was also fixed at 20
kHz.

At zero DC voltage, no optical signal was found as
shown in Fig. 9 since there was no initial birefringence
in the fiber and the intensity of the AC voltage was too
small to make optical modulation by inducing the bire-
fringence without the intense DC voltage. On the other
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Fig. 9. Modulated optical signal of the all-fiber polarimetric

modulation device applied with the different DC bias voltages

in the range, 0 - 8 kV. The peak-to-peak intensity and fre-

quency of the AC modulation voltage were fixed at 560 Vpp
and 20 kHz, respectively’®.

hand, the clear optical signals were found at the high-
er DC voltages and the modulation intensity increased
with the increase of the DC voltage. The frequency
of the optical modulation was well matched with the
applied modulation frequency, 20 kHz.

The optical modulation was explained by the gen-
eration of the initial phase retardation due to the elec-
tric-field induced birefringence by the applied DC volt-
age and the additional modulation of the retardation by
the AC signal as follows .

In an isotropic media under an external DC electric
field, the effective second-order nonlinear coefficient,
%, by the electro-optic Kerr effect has polarization
dependence as™*”
ng) ™ /LE;‘). =y #*l (14)

where the subscripts of TM and TE indicate the polar-
ization directions of the light parallel and perpendicu-
lar to the direction of the applied electric field, respec-
tively. The y indicates the ratio of the effective second-
order nonlinear coefficients between the two polar-
ization directions.

If the TM polarization term is taken as Anzw = X,
mE/(2mo) = 3)((3)E2 /(2n0), the TE polarization term is
given by Anrz = %%, E/2noy) = 3 E® /(2ney)from
Egs. (9) and (11) with the assumption that the third-
order nonlinear coefficient is independent of the polar-
ization direction. Thus, the optical transmittance, T,
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of the all-fiber polarimetric modulation device with the
retardation due to the electro-optic Kerr effect result-
ing from applied external field is given by'”

T= sinz(r/'2)
- smqﬂgnm — )Ll Ay) N (15)
= sin’ Eﬂo_+.3711"(1"—1/}/2)17__'V2
2 znolod

where I' is the total retardation, I is the retarda-
tion from the birefringence of structural asymmetry
of the fiber and the polarization controller, L is the elec-
trode length, A, is the optical wavelength, d is the dis-
tance between the electrodes, and V(=E - d) is the
applied the external electric potential.

If the small AC electric signal, dV, in comparison
with the larger DC voltage is applied, the modula-
tion, dT, in optical transmittance is given by'”

— (3) _ {3)
ar = DZT e SROVDET ey gy (16)
nyAed nAyd”

From the equation, the optical modulation intensity
is proportional to the modulation magnitude of the
applied electric field and the third-order nontinearity,
%? . Thus, the use of a material with high third-order
nonlinearity is needed to obtain high performance in
the electro-optic devices operated at small driving volt-
age.

The optical modulation characteristics were exam-
ined by changing the frequency of the applied AC sig-
nal in the range 1-50 kHz'". For the investigation, the
peak-to-peak intensity of the AC voltage and the biased
DC voltage were maintained at the constant 560 Vpp
and 5 kV, respectively.

The resulted optical signals with the different mod-
ulation frequencies are shown in Fig. 10. As shown
in Fig. 10(a), it was found that the tuning of the opti-
cal modulation frequency was very stable and the peri-
odicity of the optical modulations was well matched to
the modulation frequency of the applied AC signal. Fig.
10(b) shows the peak-to-peak intensity of the optical
signal with the frequency of the AC signal in the range,
1-55 kHz. The modulation intensity of the optical sig-
nal was found to be almost constant in the frequency
range with the fluctuation smaller than + 4.5 %.
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Fig. 10. (a) Modulated optical signals with the modulation fre-
quencies of 10, 30, and 50 kHz and (b) peak-to-peak inten-
sity of the optical signal with the frequency of the AC signal
in the all-fiber polarimetric modulation device. The peak-to-peak
intensity of the AC voltage and the biased DC voltage were
fixed at constant 560 Vpp and 5 KV, respectively™®.

Recently, an all-fiber modulation device made by
Sagnac fiber-loop interferometer (SFLI) based on an
electro-optic fiber was demonstrated'”, in which the
same electro-optic fiber (Fiber A2, electrode length
~149 c¢m) was used for the active part in the fiber loop.
It was found that the optical modulation with the shape
and the frequency matched with those of the applied
electric signal was obtained. The frequency response
of the modulation was also tested in the frequency range,
5-50 kHz. The intensity of the optical modulation was
found to be stable in the range with the fluctuation
smaller than &+ 7 %. The modulation characteristics
were very similar to those of the polarimetric device
shown in Fig. 8. This is because the device has the
same form of the transmittance function given by Eq.
(15)10’16). That is, the same wave retarder was used as

an active part that makes the optical modulation by
changing the polarization state.

In general, the SFLI has advantages such as the
insensitivity to the input polarization state, the large

extinction ratio, and the large optical tunability™".

Therefore, the all-fiber modulation device using the
SFLI have potentials for the applications on wavelength
division multiplexing, optical switching /modulation,
and wavelength tuning in fiber optic systems.

3.2 Electro-optic tuning device based on the glass
optical fiber with internal electrodes and a
birefringent elliptic core

In the previous section, electro-optic modulation
devices with the all-fiber polarimetric cell made by the
internal electrode fiber with a circular core were
reviewed. Recently, another all-fiber electro-optic device
based on polarimetric cell was also investigated by use
of the optical fiber with the elliptic core'',

For the investigation, the same optical fiber pre-
form with a Ge-doped core for the Fiber B1 was used
to make the fiber with the elliptic core. The optical fiber
(Fiber B2) with the elliptic core was made by the
MCVD, drilling, and fiber drawing processes. The cross-
sectional sizes of the core were ~3.9 and ~6.5 pum in
the short and long axes, respectively. To introduce
63%Sn-37%Pb electrodes in the holes of the fiber the
molten alloy injection technique was used. As a result,
an optical fiber with the continuous internal electrodes
with the electrode length of 142 cm was obtained.

In Fig. 11, the photographs of the cross-section of
the optical fiber with the birefringent core before and
after the formation of the electrodes are shown. The

(@ by

Fig. 11. Photographs of the optical fiber cross-section with the
elliptic core (a) before and (b) after the formation of the 37%Pb-
63%Sn electrodes and (c) the magnified view of the core
region®™®,
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elliptic core was found to locate at the center of the
fiber with the alloy electrodes.

Fig. 12 shows the schematic of the electro-optic tun-
ing device made by a SFLI based on the electro-optic
fiber. For the SFLI, the 202 cm-long elliptic core fiber
with 142 cm-internal electrodes was connected into the

Twin electrode fiber

DC electric field
with lliptic core r

—

elliptic core ( = Ground

Potarized fight PC
—_— —

3-dB coupler

Fig. 12. Schematic setup of the all-fiber electro-optic tuning
device made by a SFL| based on the optical fiber with an

elliptic core and intemal electrodes™.

loop made by the 3-dB fiber coupler.

The transmission spectra of the SFLI made by the
electro-optic fiber with and without the internal elec-
trodes were investigated'”. The polarized light from the
broad band source (ThorLab, SOA240) was coupled
into the input port and the optical spectra at the out-
put port were measured using the OSA (ANDO,
AQ6315B).

Fig. 13 indicates the transmission spectra of the SFLI
with and without the internal electrodes. The trans-
mission spectrum of the normal single mode fiber (n-
SMF) was also represented as a reference. In the SFLI
without the electrodes, the clear interference fringes
were found with the extinction ratio larger than 15
dB in all spectral regions and the fringe spacings of
8.64 and 10.28 nm at 1310 and 1550 nm.

It is known that the transmittance of the SFLI has
the power variation with the wavelength period o>

12
An, L

S=

a7

, where An, is the modal birefringence, L is the length
of the birefringent fiber, and A is the optical wavelength.
The period of the bandwidth depends on the wave-
length, the modal birefringence, and length of the fiber
in the SFLI. From the measured fringe spacings, Ans
of the fiber were calculated to be 9.83x10° and
1.16x10™, respectively, using Eq. (17).
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Fig. 13. Transmission spectra of the SFLI based on the elec-

tro-optic fiber with the birefringent elliptic core with and with-
out the internal electrodes™.

In the transmission spectrum of the SFLI with the
internal electrodes, the intensity of the fringe became
smaller with the increase of the wavelength and almost
disappeared near 1550 nm. The difference between the
transmission spectra with and without the electrodes
can be explained by the polarization dependent optical
absorption at the surface of the conducting electrodes.
The mode field diameter is larger at longer wavelength
and light polarized in the parallel direction of the elec-
trode surface is heavily absorbed. Therefore, the fringes
at longer wavelength disappeared.

The electro-optic characteristics of the SFLI were
examined by applying the different DC electric volt-
ages in the range, 0-10.1 kV'”. The tuning of the inter-
ference fringe of the SFLI was found to be induced by
applying the voltage as shown in Fig. 14. The trans-
mission spectra of the SFLI at the DC voltage of 0 and
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Fig. 14. Transmission spectra of the SFLI based on the elec-

tro-optic fiber with the birefringent elliptic core at the DC volt-
ages of 0 and 1.8 kV*.
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1.8 kV were presented after being referenced by the
transmission of n-SMF. The fringe shift of -4.26 nm
corresponding to ni-phase shift was induced by apply-
ing the DC voltage of 1.8 kV.

Fig. 15 shows the interference fringe shift near 1350
nm and the corresponding modal birefringence change
with the applied DC voltage. The fringe was found
to shift to the shorter wavelength with the increase of

12 1.26x10°
g 8} O 4839107
< { o g
g’ 41 o 14.19x107 g 2
= © D o
% 0 o) I} 40.00 a g
B e} e} 8
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w8 0 1 -8.39x10” §
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Applied DC voltage, kV
Fig. 15. Interference fringe shift of the SFLI and the electric

field induced modal birefringence change with the DC voltage
in the range, 0-10.1 kV™,

the voltage and reached the minimum shift, 7.7 nm,
at 4.6 kV, then shifted to the longer wavelength with
the further increase of the voltage and finally reached
to the maximum shift, 8.52 nm, at 10.1 kV. Interestingly,
the tuning characteristics was different from that of the
MZI. In the case of the MZI, the fringe shift mona-
tonically increased in proportion to the square of the
DC voltage as shown in Fig. 7.

The electro-optic tuning characteristics can be
explained by the electric-field induced modal bire-
fringence change due to the electro-optic Kerr effect.
The transmittance, T, of the SFLI made by the bire-
fringent fiber with the linear birefringence, J, is given
byao:m

T = sin’(8/2) (18)
8 = 2mAnL/A (19)

where Any, = nm —nzz is the modal birefringence, L
is the length of the birefringent fiber, and A is the opti-
cal wavelength. The subscripts of TM and TE indicate
the polarization directions of light to the directions of
the long and short axes of the core, that are equal to

the parallel and perpendicular directions of the applied
electric field, respectively.

From the electric-field induced interference fringe
shift, the modal birefringence change in the partial length,
L”, can be estimated using the phase term, ¢ = 0/2.

o= TAmL/N (20)

In the equation, ¢ indicates a specific phase when
the electric field is zero. When the electric field is
applied, the electric field induces the fringe shift, AA,
due to the modal birefingence change, Anj, and the
phase term with the electric field is given by

¢ = m(AnsL+Ans’ L7)(A+AL) - 21
By considering the same phase terms, ¢1 = ¢», with

and without the electric field, the modal birefringence
change is expressed as'”

anp = Sz @2

Therefore, the electric-field induced modal birefrin-
gence change can be calculated from the fringe shift,
A, using the equation. As a result, the fringe shift of
-4.26 nm at 1.8 kV was calculated to be induced by
the modal birefringence change, -4.46x10-7. The modal
birefringence change reached to the lowest value of -
8.03x10” at 4.6 kV, and turned to increase with the
increase of the applied DC voltage and finally reached
to 8.92x107 at 10.1 kV.

4. Conclusion

The fabrication and the several applications of glass
optical fibers were reviewed for all-fiber electro-optic
devices.

Theoretical background on the electro-optic Kerr
effect in glasses was described to explain second-order
nonlinearity in glass fibers. The fabrication processes
of the fibers with internal electrodes by the MCVD, the
mechanical drill, the fiber drawing, and the electrode
formation processes were also described.

It was found that the optical attenuation increased in
the fibers with the electrodes and the increase was
explained to be due to light absorption at the surface

HjoY 3L, 2007 6% || 25




Won-Taek Han and Bok Hyeon Kim

of the metal electrodes. As for the nonlinear optical
characteristics of the fibers investigated using a MZI,
the parabolic characteristics in the optical phase shift
was found to be due to the electro-optic Kerr effect.
The third-order optical nonlinearity was obtained to be
1.79-2.00 X10% m’/V* in the Ge-doped fibers and the
effective second-order optical nonlinearity was esti-
mated to be 0.134-0.150 pm/V in the fibers.

Based on our recent studies, several all-fiber electro-
optic devices made by the polarimetric cells based on
the optical fibers with the internal electrodes were also
discussed.

An electro-optic modulation device was made by the
polarimetric cell based on the electro-optic fiber with
a circular core and internal 37%Pb-63%Sn electrodes.
It was found that the optical modulation was stable in
the frequency range, 1-55 kHz. Electro-optic tuning
characteristics of the SFLI made by the optical fiber
with an elliptic core and internal 37%Pb-63%$Sn elec-
trodes were demonstrated. The fringe shift of -4.26
nm, corresponding to n-phase shift, was induced by
the electric-field induced modal birefringence change
of 8.92 %107 due to the applying electric field.

As a summary, the experimental results showed that
the all-fiber devices based on the polarimetric cells made
by the electro-optic fibers have large potentials for the

applications on optical switching, modulation, and wave- _

length tuning in optical systems. However, more
improvement of electro-optic properties of the fibers by
optimization of core composition and glass poling is
needed to decrease the operating voltage from several
hundreds volts to the commercial level, ~ 5-10 V.
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