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The temperature dependency of a 5-mol% MgO-doped periodically poled lithium niobate waveguide was investi-

gated in this paper. We started with the temperature-dependent refractive index equation for the waveguide. Secondly,

the temperature dependency of the second harmonic generation effect was experimentally researched under different

temperatures and pump powers. The quasi-phase matched wavelengths, efficiency bandwidths and peak efficiencies of

the waveguide were measured. The experimental results agreed with theoretical simulations, which are indispensable

in the following all-optical sampling studies based on the cascaded second harmonic generation/difference-frequency

generation process in the current device.
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1. Introduction

Nonlinear processes based on second-order non-
linear interaction in periodically poled lithium nio-
bate (PPLN) have been widely utilized due to
their quasi-phase matching (QPM) condition; trans-
parency of transmission data formats; bit rate inde-
pendency; high conversion efficiency, lack of spon-
taneous emission noise; and other advantages. The
important applications of these nonlinear processes
include all-optical wavelength conversion,!=4 all-
optical sampling,!®~8! all-optical signal processing,”!
logic operation,'%-11] all-optical format conversion,?

optical parametric oscillation,*3 and so on.

2. Temperature-dependent Sell-

meier equation

In nonlinear interactions, two basic conditions
must be satisfied, i.e. the energy conservation and
the phase matching among the propagating waves. In

PPLN, the QPM condition for extra-ordinary polar-
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ized waves is achieved by satisfying!'¥
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where A is the poling period and Ak is the phase mis-
match. In the second harmonic generation (SHG) ef-
fect, the fundamental wave (A, = Ay = Ag) is con-
verted to the second harmonic (SH) wave (A\gp =
A1 = 0.5),). The dependence of the refractive index
on wavelength and temperature must be accurately
known. The Sellmeier equation provides information
about the ordinary and extra-ordinary refractive in-
dexes of nonlinear optical crystals. According to a
modified Sellmeier equation, which has taken ther-
mal effects into account, the temperature-dependent

refractive index in undoped lithium niobate is given
by!19]
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All the parameters a; and b; are those given by Gayer
for MgO-doped lithium niobate.!* The b; parameters

*Project supported by the National Natural Science Foundation of China (Grant Nos. 60777024 and 60978007).

tCorresponding author. E-mail: yangaiying@bit.edu.cn

(© 2011 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

104206-1



Chin. Phys. B Vol. 20, No. 10 (2011) 104206

account for thermal effects, involving the temperature-
dependent parameter f. For temperatures T ex-

pressed in Celsius degree (°C), f is given by
f=(T—245°C)(T+57082°C).  (3)

In addition, at elevated temperatures, the crys-
tal also expands in the propagation direction and the
actual poling period (Ar) of waveguide increases cor-
respondingly. The thermal expansion coefficients of
PPLN were described in Refs. [14] and [16], while ther-
mal expansion of the crystal is not taken into account
here.

3. Experimental setup of SHG

Figure 1 shows the experimental setup of the SHG
process and a Z-cut 30-mm-long 5-mol%-MgO-doped

tunable
CW laser

variable
attenuator

PPLN waveguide (HC photonics) was used. A tunable
continuous wave (CW) laser (Santec TSL-210) with
a wavelength range of 1530 nm—1610 nm was used
as a fundamental pump. EDFA was used to boost
the pump and a variable optical attenuator was used
to adjust the power. The polarization states of the
pump light were adjusted by a polarization controller
(PC) to obtain a high conversion efficiency because
the waveguide was fabricated by using the anneal pro-
ton exchange (APE) technique, which only supports
transverse-magnetic (TM) modes. The waveguide was
mounted in an oven designed to offer optimum tem-
perature control of the PPLN device. The tempera-
ture stability of the oven was about 0.1 °C. SH signals
were measured by an optical spectrum analyser (OSA)
(Anritsu, MS9710C) with a resolution of 0.1 nm.

OSA

i

—

oven

temperature
controller

Fig. 1. Experimental setup for SHG measurement.

4. Results

For the lossless SHG process, the coupled-mode
equation in the PPLN waveguide was derived based on
a slowly varying envelope approximation. SH outputs
of the waveguide with different pump wavelengths
were measured at 62 °C. In Fig. 2, the SHG effi-
ciency changes with the pump wavelength. The mea-
sured SHG efficiency (diamond-points) fits the theo-
retical result (solid line) with a nearly ideal sinc? shape
curve. The deviation from the ideal sinc? shape may
be caused by instability of the devices or environmen-

tal disturbance during measurement.
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Fig. 2. Conversion efficiency versus input CW wave-
length.

The actual poling period of the device was cal-
culated as 19.2778 pum by formula (4) based on the
temperature-dependent Sellmeier equation and the
QPM condition, which agreed with the poling pe-
riod of the PPLN waveguide of about 19.3 um from
the data sheet. The result verified the modified
Sellmeier equation and parameters for 5-mol% MgO-
doped PPLN in Ref. [14], which were used in solving
the coupled mode equation of SHG process

Ne (Ash, T)  2ne (Ap, T)

4= 1/( Ash - Ap >’ (4)
SHG measurements in PPLN were also operated at
different temperatures, i.e. 22 °C, 25 °C, 36 °C, 45 °C,
55 °C, and 70 °C. Using the tunable laser, SH sig-
nals at different temperatures were measured, with the
wavelength step of about 0.05 nm. As shown in Fig. 3,
different marks represent different temperatures, while

the dashed lines are the corresponding thereotical sim-
ulation, with the wavelength step of 0.005 nm. Each
curve has a nearly ideal sinc? shape, indicating that
phase matching is maintained.

From Fig. 3, the QPM wavelengths and efficiency
bandwidths at different temperatures are obtained.
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Due to the temperature dependence of the refractive
index of lithium niobate, the phase-matched wave-
length varies with the temperature of the waveg-
uide and the theoretical QPM wavelengths are cal-
culated by formula (4). In Fig. 4, both the mea-
sured (diamond-points) and the simulated (dashed-
line) QPM wavelengths increase with the heating of
the device, and the maximal mismatch of the wave-
lengths is about 0.8 nm.
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Fig. 3. Normalized efficiency at different temperatures.
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Fig. 4. QPM wavelength versus temperature.

The efficiency bandwidths were also calculated by
best fit curves of the measured data in Fig. 3. The
bandwidth curves are shown in Fig. 5, where diamonds
represent measured results and circles the simulated
results. Both the simulated and the measured band-
widths are about 0.4 nm as the temperature increases.
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Fig. 5. Efficiency bandwidths versus temperatures.

Peak conversion efficiencies were measured at dif-
ferent pump powers, i.e. 7.3 dBm, 8.7 dBm, 9.1 dBm,
9.8 dBm, 13.2 dBm, 15.5 dBm, and 16.1 dBm. The
efficiencies are shown in Fig. 6, where the diamonds
represent the measured data and the dotted-dashed
line represents the linear fitting of the measured data.
There are other two lines in Fig. 6, the solid line
represents the simulated curve with the transmis-
sion loss of the waveguide (0.35 dB-cm~1@1550 nm,
0.7 dB-cem~1@775 nm), while the dashed-line repre-
sents that without any loss. According to the re-
sults, both the simulated and the measured efficiencies
increase with the fundamental pump power linearly.
However, we found that the measured efficiencies are
lower than the simulated results with transmission
loss. The main reasons are as follows: (i) there was
connection loss in the measurement; (ii) the pigtail of
the waveguide was polarization maintaining fibre, so
the SH signal has a larger loss when transmitting in
multimode in pigtail; (iii) the pump light was ampli-
fied by EDFA, but the effective pump power was lower
than the so-called pump power caused by the existence
of amplified spontaneous emission (ASE) noise. It was
noted that the slope of the measured curve was larger
than that of the simulated curves. It was explained by
the fact that the ASE noise decreased as the output
of the EDFA increased. The results in Fig. 6 indicate
that when the EDFA was used, the ASE noise should
be eliminated by a bandpass filter.
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Fig. 6. Efficiency versus input pump power.

The power of the fundamental pump was set at
15.5 dBm and the efficiencies with loss and without
transmission loss were calculated by theoretical simu-
lation as the temperature varied from 20 °C to 90 °C.
The efficiency curves are shown in Fig. 7, where the
dashed-line represents the simulation without loss, the
dot-dashed line is with loss and the diamonds repre-
sent the measured efficicencies at ten different tem-
peratures from 26 °C to 87 °C. Both the simulated ef-
ficiencies decrease by only 0.2 dB as the temperature
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increases by 70 °C, while the fluctuation of the mea-
sured efficiencies is about 0.4 dB within the tempera-
ture range of 61 °C. The gain variation of EDFA and
instability during measurement would cause a larger

fluctuation.
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Fig. 7.
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Efficiency versus temperature at fixed pump

As the waveguide was mounted in temperature-
controlled oven, the temperature tolerance of the de-
vice was measured. Pump wavelength was fixed at
1550.4 nm and the temperature was tuned from 62 °C
at an interval 0.2 °C. Because the waveguide could
only be heated up, only half of the curve was obtained.
As shown in Fig. 8, the squares are experimental re-
sults and the solid line is the fitting. We found that
the measured 3-dB temperature bandwidth is 1.6 °C.
Under the assumption that the curve is symmetrical,
the whole 3-dB bandwidth is about 3.2 °C while the
simulated temperature bandwidth is 3.1 °C. A similar
result was reported in Ref. [17], in which a bandwidth
of 0.9 °C was obtained for the SHG process in bulk
PPLN.
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Fig. 8. Temperature tolerance of the waveguide.

5. Conclusion

The actual poling period of a PPLN waveguide
was measured experimentally, which verified the mod-

ified temperature-dependent Sellmeier equation and
the parameters for an MgO-doped PPLN device that
were used in the theoretical simulation of the SHG
process. The QPM wavelengths, bandwidth and peak
efficiencies of the SHG process in the PPLN waveguide
at different temperatures were measured, which are
helpful for future all-optical sampling studies based on
the cascaded second harmonic generation/difference-
frequency generation process in the PPLN waveguide.
The experimental results agree well with the theoreti-
cal simulation. The peak conversion efficiencies under
different fundamental pump powers were studied.
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