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Abstract. An electric-field poling process was established that yielded uniform periodically poled lithium niobate (PPLN) in 0.5 mm thick lithium niobate substrate. We have
fabricated 50 mm long fanned as well as multigrating PPLNs having period variations
from 25 µm to 32 µm. These PPLNs are required for quasi-phase-matched (QPM) optical parametric oscillator (OPO) applications. We have also configured a bench-top OPO
set-up based on these PPLNs.
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1. Introduction
PPLN has become the nonlinear optical material of choice in many infrared optical
parametric oscillators (OPOs) because of its high nonlinearity, readily engineered
tuning characteristics and repeatable fabrication. PPLN-based OPOs are attractive
sources of coherent radiation in applications where wide tunability (2–5 µm) is
required [1]. In recent years, these sources have been widely used for IR counter
measures and in sensing chemical/biological agents.
Optical parametric conversion is an attractive technique for generating coherent
tunable radiation or wavelengths where the laser sources are not available. This
nonlinear parametric generation essentially relies on phase matching, i.e. photon
momentum conservation. The phase matching can either be achieved by exploiting inherent birefringence of the material in which case it is termed as birefringent
phase matching (BPM) or by quasi-phase matching (QPM) [2,3], which is based on
periodically reversing the nonlinear coefficient of the material. In QPM the accumulated phase mismatch is offset by modulating the second-order nonlinear coefficient
(d33 ) with a period twice the coherence length [2,3]. The distinct advantages of
QPM over BPM have encouraged researchers world over to develop technologies to
produce periodically poled ferroelectric materials for implementating QPM [3–5].
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Several techniques were developed for producing PPLN chips. Some of them
are periodic modification during crystal growth [6], surface impurity diffusion [7],
electron beam writing treatment [8], and most recently, electric field treatment
by applying short electric pulses on finger electrodes patterned by photolithography. One of the widely accepted methods for domain reversal in lithium niobate is
electric-field (E-field) poling technique. In this technique, a positive voltage pulse
slightly exceeding the coercive field of LN is applied on the z + patterned crystal
face [9,10]. Current monitoring in the external circuit allows control of the domain
evolution during poling. One of the main difficulties in PPLN fabrication using
the electric field poling technique is the lateral domain spreading occurring in LN
during the poling process. By applying an external electric field exceeding the coercive field of the material, domains first nucleate along the edges of the electrodes,
because of the increased field strength caused by the fringing field, and then spread
laterally underneath the adjacent insulating layer [11,12].
Among the commercially available ferroelectric nonlinear materials, congruent
lithium niobate (LN) is found to be one of the most suitable material for employing QPM because of its high figure-of-merit, high value of nonlinear coefficient
(d33 = 27.2 pm/V), wide transparency range (0.35–5 µm), large degree of homogeneity, good optical quality and mechanical robustness. Due to these advantages,
researchers worldwide have exploited the use of QPM-based PPLN for optical parametric generation experimentally [4–13]. The performance of PPLN is limited because of the photorefractive damage that occurs at the room temperature. But,
this effect can be overcome by heating the PPLN chip at elevated temperatures.
PPLN-based OPOs find applications in many diversified areas. A compact diodepumped solid state (DPSS) Nd:YAG or Nd:YVO4 lasers of 1064 nm wavelength is
used to pump these OPOs. This wide wavelength tunability can be achieved by
using either a multigrating or fanned grating PPLN chip with varying periodicities. Recently, we have demonstrated the generation of high repetition rate mid-IR
tunable wavelength with singly resonant OPO using the fabricated PPLN chips.
In this paper, we report the fabrication of PPLN chips of desired periods required for OPO application. We also describe the performance of an OPO using a
multigrating PPLN with periods ranging from 25.5 to 31.5 µm using a 1.064 µm
DPSS Nd:YVO4 laser as the pump source. This specific periodic variation gives
rise to signal wavelength from 1.3 to 1.9 µm and a corresponding idler wavelength
variation of 2.0 to 5.0 µm.
2. PPLN chip fabrication
Both fanned and multigrating PPLN chips of desired period, i.e. from 25.5 to 31.5
µm for 2–5 µm tunable wavelengths generation were fabricated. In multigrating,
PPLN chip period varies in steps of 0.5 µm whereas in fanned grating PPLN chip
period varies in continuous manner from 25.5 to 31.5 µm. We have used standard
optical grade LiNbO3 wafer of congruent composition and the arrangement is shown
in figure 1. Z-cut, 0.5 mm thick LN wafers were spin-coated with a thick positive
photoresist layer followed by photolithography using a Mask Aligner to pattern the
periodic electrodes. In this way a thick layer of photoresist was applied over the
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Figure 1. Electrode configuration for electric field poling.

Figure 2. Poling jig for electric field poling.

wafer, leaving a portion of the wafer exposed. Contact was made to the exposed LN
wafer with LiCl liquid electrolyte.
PPLN fabrication was achieved at room temperature by the electric field poling process. A positive voltage pulse slightly exceeding the coercive field of LN
(∼21 kV/mm) was applied on the z + patterned crystal face using an LiCl liquid
electrolyte. We have specially designed and fabricated a poling jig for E-field poling application. This jig consisted of two electrolyte-containing chambers which
squeezed the sample between two O-rings, as shown schematically in figure 2 [10].
The external electrical circuit used in the E-field poling is shown in figure 3. A
conventional signal generator (SG) drives a high voltage amplifier (HVA-3000X),
from Trek, Inc., with a series current limiting resistor. Poling current can be monitored readily by measuring the voltage drop across the resistance whereas a conventional high voltage probe (HVP) was used to measure the poling voltage across
the sample [5].
In our poling experiments, we used conventional poling waveform as shown in
figure 4 and we programmed this arbitrary waveform using SRS function generator.
First the applied voltage was ramped linearly to a value less than its coercive
field value and then it was clamped at a field higher than its coercive field value.
When the electric field reached or exceeded the coercive field, domain inversion
started. Due to charge redistribution within the crystal structure a poling current
was generated and from this current information about the temporal dynamics of
the poling process was obtained. The poling current drops to zero when the whole
connected area has been poled. This sudden drop could be attributed as the end
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Figure 3. Electrical circuit for E-field poling of LN samples.

Figure 4. Conventional poling waveform.

of poling, and the applied voltage V at this specific time yielded the coercive field.
After poling we clamped the field at a value lesser than its coercive field for domain
stabilization and then we decreased the field to zero by ramping it down linearly.
Both current and voltage waveforms were visualized on a four-channel oscilloscope
during the poling process. The parameters of the domain structure were controlled
by the pulse shape and current value.
It is well known [11] that, in LN, the reversed domains typically grow beyond
the width of the electrodes as a result of the remaining fringing fields along the
edges of the finger electrode. For example, in PPLN typically processed for periods
>10 µm, the inverted domain width will be ∼3–4 µm wider than that of the electrode. To obtain the desired domain size, insulating strips wider than the electrodes
must be fabricated on the LN wafer.
Rapidly setting the applied field to zero will result in ‘flip back’, where all the
domains initially formed will revert back to their original state. Domain reversal
will be permanent after roughly 50 ms. When the voltage is abruptly turned off,
domains that switched polarity in the last 50 ms will return to their original polarity.
Therefore, in our poling waveform the wafer was kept at a field less than its coercive
field value for more than 50 ms to avoid this back-switching.
820
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Figure 5. Fanned grating PPLN chip.

Figure 6. Multigrating PPLN chip.

We have established an E-field poling set-up, and using this facility we have done
the full wafer poling of lithium niobate substrate and fabricated 50 mm long PPLN
chips. E-Field poling was followed by etching for inspecting the fabricated PPLN
chip. A mixture of hydrofluoric acid and nitric acid provided a differential etching
rate for +z and −z faces of the LN wafer. The etched fanned and multigrating
PPLN chips as seen through microscope are shown in figures 5 and 6 respectively.
3. OPO theory
As explained in the previous section, in QPM, the phase mismatch between the
interacting fields was corrected at regular intervals by periodically modulating the
nonlinear coefficient. The equations governing the energy and momentum conservation when a pump photon is annihilated to generate signal and idler photon (optical
parametric generation) are given by
1/λp = 1/λs + 1/λi ,

(1)

∆k = 2π(np /λp − ns /λs − ni /λi − 1/Λ) = 0,

(2)

where λp , λs and λi are the pump, signal and idler wavelengths. np , ns and ni are
extraordinary refractive indices at the pump, signal and idler wavelengths. Λ is the
QPM period or domain grating period. It can be seen from eq. (2) that any wavelength within the transparency range of the material can be generated by tailoring
the grating period for a particular pump wavelength. These two equations can be
solved using temperature-dependent Sellmeier equations to calculate the grating
period for a particular wavelength generation. The appearance of the red light
during the parametric generation can be explained with the help of the following
equation:
1/λred = 1/λp + 1/λs ,

(3)

i.e. this is due to the sum frequency generation between the pump and the signal.
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Figure 7. OPO set-up.

Figure 8. Grating tuning curve for PPLN.

4. OPO Experiment and results
The experimental set up used for the parametric generation is shown in figure 7.
The pump beam from a Q-switched 1064 nm diode pumped solid-state (DPSS)
Nd:YVO4 laser was focussed onto a PPLN chip. This laser generated pulse of
nearly 18 ns at 10 kHz repetition rate. The pump spot size was measured to be
150 µm. The spot size was experimentally estimated using a beam profiler. PPLN
was kept inside an oven integrated with a temperature controller at 220◦ C with a
stability of ±0.1◦ C. Mirror M1 and M2 are OPO cavity mirrors with appropriate
broadband coatings to resonate the signal. Therefore, we have set up a singly
resonant OPO configuration in which only the signal beam is resonated and the
idler beam is automatically generated because of energy conservation requirements.
We have chosen signal beam to be resonated because first, it has a better overlap
with the pump beam when compared with the idler beam; secondly, it has a smaller
wavelength variation which lead to easier mirror coatings. Suitable filters were used
to filter out residual pump and green light which is due to the non-phase matched
SHG of the pump inside the LN. Finally, signal and SFG were separated using a
prism. For measuring idler power, a germanium filter with 2–5 µm AR coating was
used.
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Figure 9. Signal (right) and SFG (left) spots as a result of parametric generation as seen on an IR card.

The multigrating PPLN chip used in the experiment has QPM gratings with periods varying from 25.5 to 31.5 µm in steps of 0.5 µm. The dimensions of the chip
were 50.0 mm (L) × 16.0 mm (W) × 0.5 mm (T). As explained in the previous
section, the wavelength tuning curve of this multigrating PPLN chip could be obtained by solving eqs (1) and (2) with temperature-dependent Sellmeier equations
which is shown in figure 2. It can be seen from figure 8 that by varying the period
from 26 to 32.5 µm, the signal wavelength can be tuned from 1.35 to 1.97 µm with
corresponding idler from 2.1 to 5 µm.
Figure 9 shows the signal and SFG (red) spots generated because of the parametric process in multigrating PPLN. These separated spots were obtained using
a prism in the OPO set-up. The spot on the right side of the figure is the signal
spot and that on the left side is due to the SFG of the pump and the signal. This
picture was taken on an IR detector card. The variation of signal, idler and total
output power as a function of input pump power for two different domain periods
of multigrating, i.e. at 29.5 and 27 µm is shown in figures 10 and 11 respectively.
Their corresponding optic–optic and idler conversion efficiencies with respect to the
input pump power are shown in figures 12 and 13 respectively.
It can be seen from figure 10 that a maximum idler power of 150 mW was obtained at a pump power of 2.6 W corresponding to a conversion efficiency of 6%
(figure 12) for 29.5 µm grating. The total output power was found to be 350 mW.
In this case, the slope efficiencies were estimated to be 6.2 and 15% for idler and
optic–optic conversion. Similarly, for 27 µm grating, the idler power and total power
were found to be 28 mW and 110 mW respectively as shown in figure 11. The corresponding conversion efficiencies for the idler and optic–optic conversion were 1%
and 4% respectively as depicted in figure 13. This substantial reduction in output
powers can be explained as follows. As mentioned earlier, there is a generation of
1.51 µm signal and 3.58 µm idler for 29.5 µm grating and 1.39 µm signal and 4.49
µm idler for 27 µm grating. It is a well-known fact that LiNbO3 shows a considerable absorption beyond 4.3 µm wavelength. Hence, the idler of wavelength 4.49
µm for 27 µm grating experiences greater absorption when compared with the idler
of 3.58 µm for 29.5 µm grating. Therefore as we reduce the grating period the
idler power decreases. The signal power and hence total power also decrease because of the energy conservation requirements. It is important to mention here that
Pramana – J. Phys., Vol. 75, No. 5, November 2010
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Figure 10. Variation of the total output power vs. input pump power for
29.5 µm grating.

Figure 11. Variation of total output power vs. input pump power for
27 µm grating.

theoretically, output power should increase with increase in the grating period. We
have also observed the same behaviour except for a few gratings. This may be
because of the nonuniformity in some of the gratings during PPLN fabrication.
5. Conclusion
We established a state-of-the-art periodic poling technology for PPLN chip fabrication. Using this technique we fabricated PPLN chips of various periods required for
OPO application. The OPO operation using multigrating PPLN chip fabricated
in-house has been studied in this work. A total output conversion efficiency of 14%
was achieved with an idler conversion efficiency of 6%.
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Figure 12. Optic–optic and idler conversion efficiencies for 29.5 µm grating.

Figure 13. Optic–optic and idler conversion efficiencies for 27 µm grating.
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