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ABSTRACT A new wavelength-tunable polarization converter
utilizing the strain induced by proton exchange is demonstrated
in x-cut LiNbO3. The light polarization is converted by the
strain-optic effect through the phase-matched coupling of two
orthogonal polarizations. The stress-applying structure is de-
signed to be composed of several proton-exchanged strip re-
gions for maximization of the stress distribution. The principle
of birefringent chain filters is utilized to design the device struc-
ture in order to avoid the requirement of large stress, which
results in serious cracks on the substrate surface. The over-
lap integral between the optical field distribution and the stress
distribution can be enhanced simply by prolonging the proton-
exchange time. Besides, the stress distribution and its strength
in the stress-applying structure can be fine tuned without affect-
ing the waveguide characteristics such that the principle of the
birefringent chain filters is completely satisfied. Therefore, the
polarization-conversion efficiency can be optimized when uti-
lizing this exclusive stress-tuning ability. By the thermal-optic
effect, the wavelength of maximum conversion can be tuned
at a rate of —0.115 nm/°C with a maximum conversion effi-
ciency of 92.41%. The proposed polarization converter has the
advantages of adequate stress distribution and strength, high
parameter-tuning feasibility, low propagation loss, easy fabrica-
tion, and low fabrication cost.
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1 Introduction

In optical integrated circuits, polarization manip-
ulation is an important issue to eliminate the polarization
dependence of device performance and achieve coherent sig-
nal detection. The light polarization can be converted by the
coupling of two orthogonal polarizations through a change
of an optical property in the material or an asymmetry in the
waveguide structure. For the former, the tilt of waveguide
principal axes or the non-zero off-diagonal elements of the di-
electric tensor can be induced by physical phenomena, such
as electro-optic [1], acousto-optic [2], magneto-optic [3], or
strain-optic effects [4—6]. As to the latter, various asymmet-
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ric waveguide structures, such as asymmetric-loaded wave-
guides [7] and angle-faced waveguides [8], are utilized to
produce the coupling of weakly hybrid polarization modes. In
order to have an efficient polarization conversion, the device
parameters must be designed to achieve the phase-matched
coupling and the maximal overlap integral between the input
optical field and the distribution of the physical field or the
interaction structure.

Previously, several polarization converters based on the
strain-optic effect have been reported. Tang et al. [4] utilized
the shear strain induced by the thermal mismatch between
substrate and 1.5-pm-thick SiO; strips to produce an off-
diagonal index change in lithium tantalate. The periodic shear
strain is formed by electron-beam evaporation of a thick SiO;
film at 300 °C and then reactive-ion etching the film as strips
to relax partial compressional strain. The resultant strain dis-
tribution is concentrated near the surface and is not easy to
extend its range in the depth direction. Because the optical
field at longer wavelength has a larger mode size, a shallow
strain distribution has a smaller overlap integral with this opti-
cal field and reduces the polarization-conversion efficiency at
the longer wavelength. Lang et al. [5] reported a polarization
converter on a glass substrate using integrated asymmetric
ion-exchanged stress segments. Jung et al. [6] used the same
principle as [4] to produce a wavelength-tunable polarization
converter in lithium niobate.

An ideal stress-applying structure in the polarization con-
verter based on the strain-optic effect must satisfy the follow-
ing conditions:

— The strain-applying structure can produce a large strain.

— The induced strain distribution has an adequate and tun-
able depth to increase the overlap integral between the
optical field distribution and the strain distribution.

— The index of the strain-applying structure must be smaller
than that of the waveguide to avoid damaging the lateral
optical confinement of the waveguide.

Previous works only partially satisfy these requirements.
In this paper, a new integrated-optic wavelength-tunable po-
larization converter in x-cut lithium niobate, which com-
pletely satisfies these three requirements, is presented. Since
lithium niobate has excellent electro-optic, acousto-optic,
piezo-electric, and nonlinear-optic effects, various versatile
functional devices have been successfully demonstrated on
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this material. Different fabrication techniques in lithium nio-
bate are used to satisfy the requirement of exclusive charac-
teristics in different device regions. The stress produced by
proton exchange is utilized to induce the polarization conver-
sion by the tilt of waveguide principal axes. The dependence
of optical properties, such as the birefringence and the tilt of
the waveguide principal axes, on the proton-exchange condi-
tions is discussed. The polarization converter is designed such
that, for both polarizations, the stress-applying structure has
a lower index than that of the waveguide to avoid the lateral
leakage of optical field toward the stress-applying structure.
The effects of proton-exchange depth on the polarization-
conversion efficiency and the thermal-optic tuning character-
istics of the proposed polarization converter are demonstrated.
In comparison with the previous works [4—6], the proposed
polarization converter has many advantages, such as ade-
quate stress distribution and strength, high parameter-tuning
feasibility, low propagation loss, easy fabrication, and low
fabrication cost.

2 Device design and fabrication

2.1 Design

The proposed polarization converter is shown
schematically in Fig. 1. Because the stress caused by the
proton-exchanged region is stronger near the region bound-
ary, the stress-applying structure is designed to be composed
of several proton-exchanged strip regions with length /, width
W, and period A. The tilt of waveguide principal axes, as
shown in Fig. 2, is induced by the stress through the strain-
optic effect. The waveguide birefringence and the tilt angle
of waveguide principal axes are dependent on the proton-
exchange conditions and the geometrical parameters, such as
length I, width Wy, and period A. The polarization conversion
can be achieved through the coupling of two orthogonal po-
larization modes. In order to have a 90°-polarization rotation
(TE — TM or TM — TE), the required tilt angle of wave-
guide principal axes is 45°, which can be achieved by a quite
large stress. Such a large stress usually results in cracks on the
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FIGURE 1 Device structure of the proposed wavelength-tunable polariza-
tion converter in x-cut LiNbO3. Inset: a photograph of the pattern of the
stress-applying structure before proton exchange
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FIGURE 2 Schematic diagram of the tilt of waveguide principal axes due
to the stress-applying structure produced by proton exchange

substrate surface and is unfeasible in the device fabrication.
This difficulty can be overcome by using several half-wave
sections with an alternating tilt angle of waveguide princi-
pal axes (£w) to successively rotate the polarization angle for
a 90°-polarization rotation. For phase-matched coupling be-
tween the TE- and the TM-polarized modes, the length of the
half-wave section Lg must be set as

A
5T 2ne() —nmm )]

where A is the free-space wavelength and ntg and nty are the
effective indices for the TE- and the TM-polarized modes. Ac-
cording to the principle of birefringent chain filters [9], the
overall polarization-rotation angle (0) at the end of the mth
half-wave section can be expressed as

ey

0=(—D"2ma. 2)
For 90°-polarization rotation, section number m can be found
when « is known. For example, when the section number is
3 (4), the corresponding « is 15° (11.25°). The proposed po-
larization converter is fabricated on an x-cut, z-propagating
LiNbOs; substrate. In this device geometry, both of the TE-
and the TM-polarized modes are ordinary waves. Because the
proton-exchange method induces a depressed ordinary index,
the placement of the stress-applying region on a single side of
the waveguide will not result in the leakage of the optical field
in the lateral direction. Thus, the insertion loss of the polariza-
tion converter can be reduced.

2.2 Stress induced by proton exchange

In the proton-exchange process, the protons diffuse
into the substrate and exchange with the lithium ions in the
lithium niobate as the substrate is immersed in a molten proton
source, such as benzoic acid and pyrophosphoric acid. When
the protons are incorporated into the lithium niobate, depend-
ing on the proton-exchange condition and the post-annealing
condition, different crystallographic phases H, Li;_,NbOj are
formed according to the proton concentration in the proton-
exchanged layer [10]. Due to the lattice deformation, large
surface stresses are induced [11] and obvious swelling phe-
nomena on the substrate surface have been observed [12].
Because larger stress can induce a larger tilt of waveguide
principal axes, the required section number or the device
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length can be reduced such that more devices can be incor-
porated into a single substrate. Besides, since the processing
temperature of proton exchange (240 °C) is far lower than
that of waveguide fabrication (875 °C), the stress strength
and distribution can be independently tuned by the proton-
exchange process and will not affect the already-formed
waveguide structure. This feature facilitates tuning the stress
strength independently, and thus the tilt angle of waveguide
principal axes, to completely satisfy the principle of bire-
fringent chain filters. Therefore, the proposed polarization
converter has the potential to achieve complete polariza-
tion conversion when utilizing this exclusive stress-tuning
ability.

It is found that the proton-exchanged layers in x- and z-
cut LiNbO3 single crystals exhibit a positive strain perpen-
dicular to the surface [12]. Besides, the induced swelling in
x-cut LiNbOj is approximately twice as large as that in z-cut
LiNbOj; [12]. Figure 3a—e show photographs of the substrate
surface in x-cut LiNbO3 before proton exchange and after pro-
ton exchange, using pure benzoic acid as the proton source,
at T =240°C for tpg = 0.5h, 1 h, 4 h, and 9 h. In order to re-
lease the large stress, obvious cracks approximately along the
y direction appear on the substrate surface. It is found that the
degree of cracking increases with the proton-exchange time.
Because the existence of cracks results in a larger propagation
loss, benzoic acid diluted with lithium benzoate is used as the
proton source in the proton-exchange process to avoid surface
cracks. The dilution ratio R is defined as

moles of CHsCOOLIi

R= . x 100% .
(moles of C¢H;COOLI1) 4+ (moles of CeH;COOH)

3)

A photograph of the substrate surface after proton exchange
with the dilution ratio of 0.5% at 240 °C in a sealed bottle
is shown in Fig. 3f and no cracks are observed on the sub-
strate surface. Experimental results show that, for the dilution
ratios of 0.5%, 1%, and 1.5%, the substrate surfaces remain
smooth without any cracks after proton exchange at 240 °C
for a time as long as 36 h. Figure 4 shows the dependence of
the proton-exchange depth on the proton-exchange time at the
temperature 7 = 240°C for R = 0.5%, 1%, and 1.5%. The
corresponding diffusion coefficients are 1.534 x 1072 um?/h,
1 x 1072 um?/h, and 8.8 x 107> um?/h. In optical measure-
ment for the strain-optic effect, the stress-applying region
with [ = 300 wm, Ws = 5 um, and A = 20 wm, which is pro-
duced by proton exchange at 240 °C, is fabricated on a sin-
gle side of the nickel-diffused waveguide. The waveguide is
formed by diffusing a nickel strip of width w =4 um and
thickness T = 460 A into the LiNbO; substrate at the diffusion
temperature T = 875 °C for the diffusion time ¢ = 30 min.
The related optical parameters are measured at the wavelength
A = 632.8 nm. After appending the stress-applying structure
to the waveguide, waveguide principal axes are observed to
be tilted toward the stress-applying structure. The dependence
of the tilt angle of waveguide principal axes on the proton-
exchange time for different dilution ratios is shown in Table 1.
It is found that the tilt angle of waveguide principal axes in-
creases with the proton-exchange time and decreases with the
dilution ratio. In order to have a larger tilt angle of wave-
guide principal axes, in the following experiment, the dilution

€

FIGURE 3 Photographs of the substrate surface. a before proton exchange;
b-e after proton exchange without dilution at 240 °C for 0.5h, 1 h, 4 h, and
9 h; £ after proton exchange with the dilution ratio of 0.5% at 240 °C for 9 h
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FIGURE 4 Dependence of the proton-exchange depth on the proton-
exchange time for the dilution ratios R = 0.5%, 1.0%, and 1.5%

Dilution ratio

Proton-exchange time R=0.5% R=1% R=15%
tpg=1h 17° 15° 14°
tpg =4h 20° 17° 17°
tpe=9h 21° 19° 18°
tpg =16h 22° 21° 19°

TABLE 1 The tilt angle of waveguide principal axes for the stress-
applying structure produced by proton exchange with different dilution ratios
R and proton-exchange times #pg
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ratio R = 0.5% is used. Besides, these o values are some-
what reduced as the waveguide length is less than 2 mm.
Because of the dependence of « on the waveguide length, pro-
posed polarization converters with section numbers m = 2,
3, and 4 are fabricated. Due to the better performance for
the devices with m = 4, the results for these devices are pre-
sented in the following. A Soleil-Babinet compensator and
Glan-Taylor polarizers are used in the birefringence measure-
ment. The measured waveguide birefringence (|ntg — nMm|)
has the values of 1.94 x 1074, 1.92 x 10~%, and 1.89 x 10~*
for tpg = 1 h, 4 h, and 9 h, respectively. The length of the half-
wave section can be found by substituting these values into
(1). For a waveguide birefringence of 1.89 x 10~ the over-
all device length with m =4 is 6.696 mm. In brief, as the
proton-exchange time increases, the tilt angle becomes larger
and its birefringence diminishes. The propagation loss of the
nickel-diffused waveguide measured by the cut-back method
is 1.0 dB/cm for both of the TE and the TM polarizations. As
the stress-applying structure is appended, the propagation loss
increases by 0.1 dB/cm. For comparison, simultaneous diffu-
sion of the nickel film with the pattern of the waveguide and
the stress-applying structures is made. The measurement re-
sults show that « is 11° and its propagation loss is larger than
that of the waveguide without the stress-applying structure by
1.59 dB/cm. The larger propagation loss is due to the index
increase in the stress-applying region formed by nickel dif-
fusion, which results in the leakage of the optical field in the
lateral direction. Hence, using the proton-exchange method
to produce the stress-applying structure has the advantages of
large tilt angle, low propagation loss, and independent stress-
tuning ability.

2.3 Fabrication process and measurement

The proposed polarization converters are fabri-
cated on an x-cut, z-propagating LiNbO3 substrate. First,
nickel-diffused waveguides are produced by diffusing nickel
strips of width w = 4 pum and thickness T = 460 A into the
substrate at 875 °C for 30 min. As the proton-exchange mask,
an aluminum film of thickness 3000 A is deposited and pat-
terned with a shape of the stress-applying region. Then, the
substrate is put in the diluted benzoic acid with the dilution
ratio R = 0.5% for proton exchange to produce the stress-
applying structure. After proton exchange, the substrate is
cleaned and the aluminum film is removed by the diluted
hydrochloric acid. Before measurement, both ends of the sub-
strate are polished for end-fire coupling. In the device meas-
urement, a tunable external-cavity semiconductor laser with
a wavelength-tuning range from 631 nm to 639 nm is used
as a light source. A temperature controller with a resolution
of 0.1 °C controls the device temperature. The polarization-
conversion efficiency is defined as the ratio of the optical
power in the converted polarization to the total optical power
at the converter output.

3 Results and discussion

The dependence of the polarization-conversion ef-
ficiency on the proton-exchange time for the dilution ratios
R =0.5%, 1.0%, and 1.5% is shown in Fig. 5. It is found that
the polarization-conversion efficiency initially increases with
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FIGURE 5 Dependence of the polarization-conversion efficiency for the
TM- and the TE-polarization inputs on the proton-exchange time. The stress-
applying structure is formed by proton exchange at 240 °C with the dilution
ratios R = 0.5%, 1.0%, and 1.5%

the proton-exchange time and gradually approaches a con-
stant value. As the proton-exchange time increases, the stress-
applying region becomes deeper and more optical field can
be incorporated into the stress-distributed region, i.e. the re-
gion with the tilt of waveguide principal axes. Consequently,
the overlap integral between the optical field distribution and
the stress distribution increases and the polarization conver-
sion becomes more efficient. When most of the optical field
is included in the stress-distributed region, the polarization-
conversion efficiency no longer increases rapidly and gradu-
ally approaches a saturated value. The proton exchange with
a larger dilution ratio results in a slower proton-exchange rate
and a smaller tilt angle of waveguide principal axes. Because
of a slower proton-exchange rate for a larger dilution rate, the
rate of increase of the polarization-conversion efficiency is
smaller. When the proton-exchange time increases to a certain
extent such that most of the optical field is contained in the
stress-distributed region, a smaller polarization-conversion
efficiency for a larger dilution ratio is due to its smaller tilt
angle of waveguide principal axes, which causes an insuf-
ficient polarization conversion. The polarization-conversion
efficiencies for the polarization conversion from the TM- to
the TE-polarized mode and from the TE- to the TM-polarized
mode are almost equal with a difference of less than 3%, as
indicated from a comparison with the results in Fig. 5.

The device parameters of the proposed polarization con-
verter are designed according to the measurement results of
the waveguide birefringence and the tilt angle of waveguide
principal axes at the wavelength A = 632.8 nm. Experimen-
tal results show that the waveguide birefringence and the
tilt angle of waveguide principal axes are slightly dependent
on the length of the stress-applying region. As the length is
smaller than 1 mm, it is difficult to produce the required sam-
ples and measure the related parameters required in the device
design. Hence, the related measurement can only be done for
waveguides of length larger than 1 mm. These errors result in
a deviation of the calculated value of Lg and the section num-
ber, which cause the phase-match condition and the principle
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FIGURE 6 Dependence of the polarization-conversion efficiency on the de-
vice temperature. The stress-applying structure is formed by proton exchange
at 240 °C for 1-36 h

of the birefringent chain filters not to be completely satisfied.
These deviations can be partially compensated by the thermal-
optic effect. Figure 6 shows the effect of temperature on the
polarization-conversion efficiency. For devices produced by
different proton-exchange times, the polarization-conversion
efficiency obviously increases by about 5%. This improve-
ment is attributed to the more complete phase-matched coup-
ling through the thermal index tuning and the thermal expan-
sion of the material. The complete polarization conversion is
not achieved as a result of the deviation from the optimal tilt
angle of waveguide principal axes.

Figure 7 shows the wavelength dependence of the polari-
zation-conversion efficiency at the temperatures 7' = 25 °C
and 70 °C for the polarization converter produced with the
proton-exchange times fpg = 25 h and 36 h. For fpg = 25 h, the
wavelength of maximum conversion at 7 = 25 °C is around
637 nm. When the temperature rises to 70 °C, the corres-
ponding wavelength is shifted to 633 nm. As to ftpg = 36 h,
the wavelength of maximum conversion is shifted from
636.2nmat7 =25°Cto633 nmat 7 = 70 °C. The maximum
polarization-conversion efficiencies are 90.38% and 92.41%
for tpg = 25 h and 36 h, respectively. The better polarization-
conversion efficiency for fpg = 36 h is due to the larger overlap
integral between the optical field distribution and the stress
distribution. The thermal-optic tuning characteristics for the
proposed polarization converter are shown in Fig. 8. The
wavelength tuning by the thermal-optic effect is almost lin-
ear and has tuning rates of —0.112nm/°C and —0.115 nm/°C
for tpg =25h and 36h, respectively. The corresponding
polarization-conversion efficiency for the wavelength range
from 632 nm to 638 nm is between 88.35% and 92.41%. The
polarization conversion is not complete (100%) as a result
of a slight deviation from the principle of the birefringence
chain filters. The insertion loss of the proposed polarization
converter is 0.73 dB.

The polarization-conversion efficiency is dependent on:
(1) the overlap integral between the optical field distribution
and the stress distribution and (2) the satisfaction levels of
the phase-match condition and the principle of the birefrin-
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FIGURE 7 The polarization-conversion efficiency versus the wavelength
for the temperatures 7 = 25 °C and 70 °C for the proposed polarization con-
verter produced with the proton-exchange times: a tpg =25h; b tpg =36 h

gent chain filters. For the proposed polarization converter,
the interaction between the optical field and the strain can
be improved by increasing the proton-exchange depth, which
can be achieved simply by prolonging the proton-exchange
time or raising the proton-exchange temperature. The field
mode size in the waveguide is larger for the longer wave-
length, e.g. 1310nm or 1550 nm used in optical communi-
cation. In order to have a large overlap integral between the
optical field distribution and the stress distribution, the re-
quired stress distribution for the devices operated at the longer
wavelength needs to be deeper than that at the shorter wave-
length. For the proposed device, the depth of the stress dis-
tribution can be easily enlarged by increasing the proton-
exchange depth. After re-designing the device parameters, the
proposed polarization converter still has high polarization-
conversion efficiency when applied at the communication
wavelength. Besides, the stress distribution and its strength
in the stress-applying structure can be independently fine
tuned without affecting the waveguide characteristics by an-
nealing after proton exchange or varying the dilution ratio
of benzoic acid, such that the principle of the birefringent
chain filters can be completely satisfied. Hence, the proposed
polarization converter has a high parameter-tuning feasibil-
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FIGURE 8 Thermal-optic tuning characteristics of the proposed polariza-
tion converter produced with the proton-exchange times fpg = 25 h and 36 h.
a The wavelength of maximum conversion versus the device temperature.
b The polarization-conversion efficiency versus the wavelength of maximum
conversion

ity and its polarization-conversion efficiency can be further
enhanced.

4 Conclusions

A new wavelength-tunable polarization converter
in x-cut LiNbOj3 using the strain-optic effect has been suc-

confinement of the waveguide; (2) maximizing the overlap
integral between the optical field distribution and the stress
distribution; (3) satisfying the phase-match condition and the
principle of the birefringent chain filters. The wavelength
of maximum conversion can be tuned by the thermal-optic
effect at tuning rates of —0.112nm/°C and —0.115nm/°C
for the proton-exchange times of 25 h and 36 h, respectively.
The maximum polarization-conversion efficiency is 92.41%,
which can be further improved by optimization of the fabrica-
tion parameters.
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