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Abstract

This paper describes recent progress in research on wavelength converters that employ quasi-phase-
matched LiNbO3 (QPM-LN) waveguides. The basic structure and operating principle of these devices
are also explained. The wavel ength conversion characteristics, resistance to photorefractive damage, and
optical parametric amplification characteristics of an annealed proton exchanged waveguide are pre-
sented. Polarization-independent wavelength conversion using a ridge waveguide fabricated on epitax-
ially grown LiNbOs isalso introduced. QPM-L N-based wavel ength converters have several advantages:
for example, they can convert high-speed signals of 1 THz or more, have no signal-to-noise ratio degra-
dation and no modulation format dependence, and can simultaneously convert broadband wavelength
division multiplexing channels. Therefore, they will be key devicesin future photonic networks.

1. Introduction

In recent years, there has been considerable
progress in the research and development of technol-
ogy for constructing large-capacity optical communi-
cations systems by wavelength division multiplexing
(WDM) of high-speed optical signals. To be flexible
and efficient, future networks will require photonic
network technology that can process optical signals
directly without converting them into electrical sig-
nals. Wavelength conversion devices are promising
for achieving this. Various types of wavelength con-
version devices have been proposed and studied, but
guasi-phase-matched LiNbO3z (QPM-LN) wave-
guides are superior to the others. They can convert
high-speed signals of 1 THz or more, have no signal-
to-noise ratio (SNR) degradation and no signal for-
mat dependence, and can simultaneously convert a
group of broadband wavelengths.

In this paper, we describe the structure and operat-
ing principle of wavelength conversion devices that
employ QPM-LN waveguides and report on the
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research being conducted on them at NTT Photonics
Laboratories.

2. Overview of wavelength conversion devices
that use QPM-L N waveguides

Wavelength conversion using QPM-LN wave-
guides is based on a second-order nonlinear optical
effect called the difference frequency generation
(DFG). When asigna light with frequency wy (wave-
length A2 = 211c/Wd2) and a pump light with frequency
wz (Wavelength Az = 21c/wg) are injected into a sec-
ond-order nonlinear material, this effect can be used
to generate a converted light with awavelength (A2 =
21c/oy) equal to the difference between the angular
frequencies of the two beams: wy = w3 - w1. To
achieve a highly efficient device that employs the
interaction of three lightwavesin such a second-order
nonlinear crystal, it is essential that the phase mis-
match A given by the following equation is zero,
which corresponds to the phase matching condition.

AR = 211 (Ng/As - NofAz2 - M/Ag), ()

where nz is the refractive index at the signal light
wavelength A1, nz is the refractive index at the con-
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verted light wavelength A, and nz is the refractive
index at the pump light wavelength As.

In the field of solid-state lasers, wavelength con-
version has been achieved by making use of birefrin-
gent phase matching (BPM), which employsthe bire-
fringence of crystals. However, this method can only
satisfy the phase matching condition for certain com-
binations of signal and pump wavelengths. Quasi-
phase-matching (QPM) relaxes the phase matching
constraint and allows wavelength conversion of arbi-
trary wavelength combinations in the wavelength
region where the material is transparent. In QPM
wavelength conversion, the nonlinear coefficient is
modulated with period A so as to make AB in EQ. 2
equal to zero. This is known as the quasi-phase-
matching condition,

AB =21 (n3/)\3 - nz/)\z - n1/)\1 - ]J/\). (2)

Using this technique, we can achieve highly effi-
cient conversion between various wavelengths by
varying A. For example, wavelength conversion
between the 1.3- and 1.55-pum bands and between the
1.55- and 1.58-um bands can be achieved using the
same material. QPM structures can be formed from
various materials, including oxide ferroelectrics such
as LiNbOs (LN) and LiTaOs [1] and semiconductors
such as AlGaAs[2], but the most promising material
isLiNbOs. The advantages of LiNbO3 arei) itstrans-
parency in the 0.6-0.8-um band, which is the pump
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light wavelength for wavelength conversion in the
communication wavelength band and ii) its large
nonlinear coefficient.

The basic structure of the deviceisshownin Fig. 1.
An optical waveguide is formed on a substrate on
which a QPM structure was previously formed by
periodically reversing the spontaneous polarization
of the LiNbOs. For conversion from the 1.55-um
band to the 1.58-um band, for example, a 0.78-um
pump light is injected into the waveguide together
with the signal light. The wavelength conversion effi-
ciency as afunction of the phase mismatching in Eq.
2isgiven by Eq. 3.

N = nmax [sin (ABL/2)/(ABL/2)]2, (3

where nmax isthe efficiency at the QPM wavelength
and L isthe length of the waveguide.

Figures 1(b) and (c) show atypical arrangement of
the signal light, the pump light, and the converted
light on the wavelength axis. Even if the signal light
is a group of WDM wavelengths, all of the signal
lights can be converted, so batch conversion of a
multi-wavelength signal group is possible.

Figure 1 aso shows the dependence of the wave-
length conversion efficiency on the pump and signal
wavelengths when a 30-mm-long LN waveguide is
used. When the pump wavel ength changes, the phase
mismatch changes sharply due to dispersion in the
refractive index of LN. Thus, the range of wave-
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Fig.1. Structure and operating principle of a QPM-LN wavelength conversion device.
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lengths available for pumping is very narrow: only
0.2 nm, as shown in Fig. 1(b). On the other hand,
when the signal wavelength is changed, the refractive
index changes for the signal and converted signal
wavelengths cancel each other out, so conversion
over avery wide wavelength range (60 nm) is possi-
ble, as shown in Fig. 1(c). This is wide enough to
enable easy conversion of even high-speed signals of
40 Ghit/s or more.

Furthermore, because the phase information of the
input signal light is preserved in the conversion
process, there is no dependence on the modulation
format, even for signals that take full advantage of
phase modulation. For example, this device can han-
dle the CS-RZ [3] or duo-binary [4] formats, which
have been studied recently for transmission at 40
Gbit/s or above. Another merit of the QPM-LN
device isthat very little noise is added to the optical
signal during the wavelength conversion process,
because the device itself produces virtually no spon-
taneous emission.

The 1.55-pm-band wavelength conversion requires
a0.78-um light source for the pump light. However,
few laser diodes emit a single wavelength in this
wavelength band. Moreover, waveguidesthat are sin-
gle-mode in the 1.55-pym band are multimode at
about half that wavelength (i.e., in the 0.78-um band).
This makes it difficult to obtain external pumping
solely in the fundamental mode. It is possible, how-
ever, to use a 1.55-um light source as an external
pump light with a cascade scheme, which converts
the 1.55-um light to a0.78-pum internal pump light in
the waveguide by second harmonic generation
(SHG). Wavelength conversion is achieved by DFG
between the internal pump light and the signal light.
In SHG, the wavelength of the pump light (1.55 pum)
coincides with the degenerative wavelength at which
the signal and converted signal wavelengths become
the same in the DFG process. Thus, the QPM condi-
tions for the SHG and DFG processes are satisfied
simultaneously by the same poling period, so internal
pump light generation by SHG and wavelength con-
version by DFG can be accomplished in the same
waveguide.

Next, we consider the efficiency of wavelength
conversion. If the attenuation of the pump light in the
DFG process is negligible (small signal approxima-
tion), then the power of the converted light Psisgiven
by Eq. 4 interms of the signal and pump light powers
P; and Po..

Ps; = T]L2 P1P»/100, 4
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where n represents the conversion efficiency per unit
length of the device and is normally expressed in
units of %/W/cmy. The overall efficiency of the
device nL? improves in proportion to the square of
the waveguide length and is expressed in units of
%/W.

If we assume that the attenuation due to the wave-
length conversion of the fundamental wavel ength can
be disregarded (small signal approximation), then the
power of the SH light P, is given in terms of the
power of the fundamental wave P4 by

P2 = nL2 P4¥100. (5)

The efficiency of the SHG processis, in principle,
the same as that of the DFG process. Therefore, the
easily measured SHG conversion efficiency isused to
evaluate the conversion efficiency of the device.

In the cascade scheme, pump light generation by
SHG and wavelength conversion by DFG are accom-
plished in parale as the signa and external pump
lights propagate within the waveguide, so the conver-
sion efficiency cannot be predicted by analytical
eguations such as Egs. 4 and 5. Neverthel ess, because
the internal pump light is roughly proportional to the
square of the external pump light power, the increase
inthe power of light converted by the cascade scheme
is approximately proportional to the square of the
pump light power.

This approximation of the conversion efficiency of
the DFG and SHG processesis valid only in the low
power region, where the attenuation of the pump light
is negligible. With strong pumping, which produces
the high conversion rates at which pump light attenu-
ation occurs, the converted light power saturates, so
the conversion efficiency does not follow Egs. 4 and 5.

3. QPM-L N waveguide fabrication technology

A QPM structure can be formed in ferroelectric
materials such as LiNbO3 by periodically reversing
the spontaneous polarization. LiNbOsz that has this
kind of structureis called periodically poled lithium
niobate (PPLN). Various methods have been used in
attempts to fabricate such structures, but in recent
years amethod has been established in which an elec-
tric field is applied directly to the substrate using a
periodic electrode [5]. This method is capable of
forming periodically poled structures over the entire
surface of athree-inch wafer. We tried various kinds
of LN substrate to achieve good device performance
and succeeded in forming uniform periodically poled
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structuresfor LN substrates doped with Mg, Zn, etc.,
which have proved difficult to achieve by conven-
tional methods.

Two methods of fabricating this waveguide have
been tried. In the annealed proton exchange (APE)
method [6], a mask pattern made of SiO, or another
such material is formed on the LN substrate by pho-
tolithography and the substrate isthen immersedin a
proton donor such as benzoic acid at high tempera-
tureto form ahigh-index layer on the substrate by the
exchange of Li* ionsand H* ions. To recover the non-
linear coefficient, which is degraded by excessive
proton exchange, the waveguide isannealed at ahigh
temperature to diffuse the protons. This method has a
relatively simple process and can fabricate wave-
guides over alarge surface area with good uniformi-
ty. This method is also known to have much better
resistance to photorefractive damage than the Ti dif-
fusion method used for LN optical modulators. It
enables usto obtain alarge change in refractive index
and thus achieve strong optical confinement [7]. With
the APE method, only the refractive index for the
extraordinary light beams increases, so only the TM
mode is guided when a Z-cut substrate is used. To
obtain polarization independence, it is therefore nec-
essary to achieve polarization diversity by using two
waveguides.

To solve such problems, ridge waveguides that use
epitaxially grown LN haveaso been studied [7]. This
method uses Zn-doped LN film grown by liquid
phase epitaxy (LPE) on an Mg-doped LN-clad sub-
strate. After the periodic poling of this substrate by
the application of an electric field, aridge structureis
formed by dry etching to create the waveguide. Dop-
ing the LN with Zn increases both the ordinary and
extraordinary indices, so both TE and TM polariza-
tions can be guided by a single waveguide. However,
it istechnically difficult to obtain uniform film thick-
ness and waveguide size over a large area with the
L PE ridge waveguide.

4. Wavelength conversion devicesthat use APE

As described in section 2, the efficiency of awave-
length converter that employs second-order nonlinear
optical effectsimprovesin proportion to the square of
the waveguide's length. Accordingly, techniques for
fabricating long waveguides are important for mak-
ing highly efficient devices. If the refractive index is
not uniform over the entire length, then the QPM
wavelength will vary along the waveguide and the
effect of thelong waveguide will not befully realized.
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We recently succeeded in fabricating a 5-cm-long
waveguide device that uses an undoped LiNbOs sub-
strate and has an SHG efficiency of 1300%/W by
improving the temperature uniformity during the pro-
ton exchange and annealing processes [§].

We performed wavelength conversion of WDM
signals on six 40-Ghit/s channels. Figure 2 shows the
output spectrum. C-band signals on all six channels
were simultaneously converted to the L band. This
was achieved by using a 5-cm waveguide pumped
with a CW light beam generated by a 1.55-um LD
combined with an erbium-doped fiber amplifier
(EDFA). The input optical signa, the eye pattern of
the converted light, and the bit error rates before and
after wavelength conversion are shown in Fig. 3.
There was no waveform degradation after wavelength
conversion in this device. Furthermore, the power
penalty of 0.3 dB, which was barely within the mea-
surement limits, confirms that the noise introduced
by the wavelength conversion process was negligi-
ble. The ability to convert the wavelengths of high-
speed signals independent of the modulation format
and without signal degradation is a special feature of
this device. In addition, the bandwidth for the optical
signal wavelength is over 60 nm, as described in sec-
tion 2, so for WDM with a 100-GHz interval (0.8-nm
interval), for example, 36 signal light wavelength
channels can be converted as a group. This means that
alarge-capacity signal of 1.4 Thit/scan be handled by
asingledevice at asignal speed of 40 Ghit/s per chan-
nel.

Next, we describe the resistance of the device to
photorefractive damage. When high-power light is
injected into a second-order nonlinear crystal such as
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Fig. 2. Spectrum for multiple wavelength conversion
with a cascade pump.
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LN, therefractive index changes because of the pho-
torefractive effect. The main cause of the effect is car-
riers excited from defects in the crystal. Because the
photorefractive effect causes beam distortion in bulk
crystal, thisisalso referred to as photorefractive dam-
age [7]. Optical confinement in a waveguide device
depends on the waveguide structure, so unless there
is a very large change in the refractive index, beam
deformation is not likely to occur in the waveguide.
Nevertheless, if there is a change in refractive index
inaQPM device, the QPM conditions obtained in Eq.
1 change, which gives rise to a change in the QPM
wavelength. In DFG wavelength conversion, the
pump wavelength band isrelatively narrow, as shown
in Fig. 1, so the change in the QPM wavelength may
reduce conversion efficiency. Devices that employ
undoped LiNbOs must be operated at nearly 100 °C
to avoid the wavelength shifting due to photorefrac-
tive damage. To solve this problem, we developed a
device that employsaMg- or Zn-doped LN substrate
to alow a lower operating temperature and achieve
highly efficient wavelength conversion using high
power pumping. Doping LN with Mg or Znisknown
to increase resistance to photorefractive damage by
compensating for the carriers created by the defects
[7]. By using Zn-doped LN, we have aready made
APE waveguides with an efficiency of 450%/W.

To evaluate the improvement in resistance to pho-
torefractive damage, we measured the change in
QPM wavel ength when a short-wavelength light near
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the pump wavelength was injected [9]. Figure 4
shows the experimental setup. When the broadband
amplified spontaneous emission from the EDFA is
injected into the QPM-LN device, only the wave-
length component that matches the QPM wavelength
is converted by SHG. Accordingly, by observing the
spectrum in the vicinity of 0.78 um with an optical
spectrum analyzer, we can instantaneously measure a
QPM curve such as that shown in Fig. 1(b). The tem-
poral change in the QPM wavelength can be mea-
sured by monitoring the SH spectrum at constant
intervals while injecting a 784-nm light beam, which
is dightly different from the QPM wavelength. The
temporal changein the QPM wavelength is shown in
Fig. 5(a). In this case, a 20-mW pump light was
injected at room temperature. The undoped device
experienced a very large wavelength shift of 3 nm at
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Fig. 4. Experimental setup for measuring optical
damage.

63



Selected Papers

room temperature, but when aZn-doped LN substrate
device was used, the shift was reduced to 1 nm. How-
ever, a 1-nm change in wavelength is still not suffi-
ciently small in relation to the pump wavelength
bandwidth. Therefore, we investigated the character-
istics at elevated temperature. The dependence of the
QPM wavelength shift on device temperature is
shown in Fig. 5(b). Although the shift decreased as
the device temperature increased, it was not possible
to eliminate the wavelength shift completely in the
undoped device even at 90 °C. With the device using
aZn-doped substrate, on the other hand, it was possi-
bleto eliminateit completely at 60 °C. Using adoped
LN substrate improves resistance to photorefractive
damage and allows operation at amore practical tem-
perature.

CPM wawelangth shift (nm)

Elapsed Lime (min)

{a] Temparal change at room temperaiure

QP wavalength shift (nm)

] F; i [ [ Te

With the DFG process, if the pump power is
increased until the intensity of the converted signal
approaches that of the signal, the DFG from the con-
verted light to the signal light occurs at the sametime.
Asaresult, parametric amplification of the signal and
converted signal is possible. To confirm this opera-
tion, we previously investigated strong pumping
using a picosecond pulse[10]. To simplify pulse syn-
chronization, a 1.55-um light source was used for
both the pump and signal lights. Gain switching with
a DFB-LD was used to generate signal and pump
light beams with pulse widths of 5 and 13 ps, respec-
tively. These pulses were amplified with an EDFA,
their timing was adjusted to superimpose them tem-
porally, and then they wereinjected into the QPM-LN
device. The device used in the experiment was 10 mm
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long.

Figure 6(a) shows the output spectrum for several
pump powers. At a pump intensity that produced a
sufficiently large converted signal, both the signal
and converted signal were amplified above the input
signal level. Fig. 6(b) shows the output intensities of
the signal and converted signal as afunction of pump
power for devices employing undoped and Zn-doped
LN. In the region where the pump power was rela
tively low, the converted signal increased in propor-
tion to the sguare of the pump power. When the con-
verted signal intensity reached the same level as the
input signal, both the signal and converted signal
were amplified.

As shown in Fig. 6(b), parametric amplification
with again of 12 dB was obtained in the device with
the Zn-doped LN substrate. This figure also shows
that when the device with the undoped LN substrate
was operated at the same temperature, the QPM
wavelength shifted due to the photorefractive effect,
and sufficient gain was not obtained. Thus, devices
that use doped LN, which provides high resistance to
photorefractive damage, can achieve efficient wave-
length conversion without any SNR degradation.

5. Ridge waveguide wavelength conversion
devicesthat use L PE-grown LiNbOs3

To confirm the feasibility of QPM-LN wavelength
conversion devices that employ LPE-LN, we have
fabricated prototypes and are testing the principle of
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pol arization-independent operation [11].

An example of the near-field pattern of a wave-
guide with TE and TM polarization is shown in Fig.
7. Virtually the same mode size is obtained for both
polarization modes. Furthermore, a 10-mm-long
waveguide device exhibits an SHG efficiency of
40%/W/cm?, which is comparable with that of a
device fabricated by the APE method. In addition,
there was no photorefractive-effect-induced change
in the QPM wavelength during parametric amplifica-
tion experiments using a pul se pump because we used
photorefractive damage resistant Zn-doped LN for
the waveguide core of this device. We were thus able
to confirm that stable amplification was achieved
with the waveguide.

Next, we describe this device's polarization-inde-
pendent operation (Fig. 8). The signal light is inject-
ed into the waveguide via a circulator. The signal
light emitted from the waveguide passes through a
guarter-wavelength plate and isreflected by adichro-
matic mirror. The reflected signal light passes
through the quarter-wavelength plate again, so the
polarization is rotated by 90° relative to the original
emitted light. It then propagates back through the
waveguidein the reverse direction and is output from
the circulator. The 0.78-um pump light with TM
polarization is launched from the opposite side to the
signa light. The pump light is reflected by dichro-
matic mirrors formed at the waveguide ends, so it
propagates back and forth in the waveguide. Because
there is wavelength conversion due to DFG when
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Fig. 7. Waveguide mode using an LPE-LN substrate (FWHM: full wave at half maximum).
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both the pump and signal are TM polarized, the TM
component of the signal is converted during forward
propagation and the TE component is converted dur-
ing backward propagation. In this way, a signal with
any polarization can be converted by DFG. Fig. 9
shows the DFG spectrum for TE and TM polarized
optical signals. Although it is necessary to improve
the wavelength conversion efficiency by lengthening
the waveguide, virtually the same conversion effi-
ciency was achieved for both polarizations.

6. Conclusion

We presented an overview of QPM wavelength
conversion devices and the current state of research in
this area. Although we introduced QPM-LN devices
in terms of wavelength conversion, awide variety of
other applications such as dispersion compensation
[12], timedlot conversion [13], optical sampling [14],
wavelength shifting [8], multiplexing [15], and
demultiplexing[16] have also been reported. We
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Fig. 8. Structure of a polarization-independent device
with an LPE-LN waveguide. HR: highly reflective
facet; AR: anti-reflection coated.

Sigral
I.-JE = ] |
L8
= o IIL Conmsaimad |
s _-.-'-:'j' “-..__' e i
] a
_E - ":—\_Q-:-.}_. ] -
- S el
L
a"“‘:‘!-ﬂ |.'|:':F |:'|I:!|'I '-h |"|E 158

Wiasnslangth (nm)
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believe that the high efficiency, broad bandwidth,
high SNR, transparency and other such excellent
characteristics possessed by these devices ensure that
their importance will continue to increase in the
future. We must continue to pursue higher efficiency
and greater functionality, while keeping in mind the
various uses of these devices.
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