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Abstract: We report on the fabrication of depressed cladding waveguides in periodically 
poled MgO doped LiTaO3 by using low-repetition-rate femtosecond laser writing, and their 
use for guided-wave second harmonic generation (SHG). The cladding waveguides exhibit 
different guiding performance along the extraordinary and ordinary polarizations. The 
temperature-dependent quasi-phase-matching (QPM) is realized to obtain SHG in the 
depressed cladding waveguides. The results show that the QPM temperature was dependent 
on the poling period and on the features of the cladding waveguides. The highest nonlinear 
conversion efficiency (0.74%W−1cm−2) was found in the waveguide fabricated with large 
scanning velocity (0.75 mm/s) and small radius (15 μm). 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Ferroelectric oxide monocrystalline, such as lithium niobate (LiNbO3) [1,2], lithium tantalate 
(LiTaO3 or LT) [3–5] and KTiOPO4 (KTP) [6,7], are becoming increasingly important in the 
fields of nonlinear photon generation and manipulation due to their high nonlinear conversion 
efficiency and broad light spectrum acceptance. Optical waveguides are one of the key 
components in integrated circuits. Its most unique property is that high light intensity within a 
long interaction length can be realized because of the elimination of diffraction inside the 
waveguide [8,9], which is desired in nonlinear interaction process. Several kinds of 
techniques, such as ion exchange [2–4], metal thermal diffusion [9–12] and ion irradiation 
[13,14] have been used to produce effective optical waveguides in these ferroelectric oxide 
single crystals. Femtosecond laser writing (FLW) has been investigated as a powerful tool not 
only for material machining [15–17] but also for the subtle optical modification of materials 
[18]. This method has been applied to a wide range of passive and active media to create 
integrated devices such as waveguides [19–32], directional couplers [35,36], Bragg gratings 
[37,38] and waveguide lasers [39–43]. The femtosecond pulses could even be employed to 
control/reverse the ferroelectric micro-domains in LiNbO3 [44–46] and barium calcium 
titanate crystal [47]. 

Despite of its lower second order nonlinear optical coefficient (d33) compared to LiNbO3, 
LiTaO3 crystal possess higher optical damage threshold [48,49] which implies that LiTaO3 
devices have larger potential to handling high power light. The magnesium oxide (MgO) 
could be doped during the crystal growth process to improve the optical damage threshold 
further. It should also be noted that LiTaO3 is transparent to 280nm and is therefore more 
suitable than LiNbO3 for nonlinear optical interactions in the mid UV, which is transparent to 
330nm [50]. However, the main obstacle for fabrication of domain grating with high spatial 
resolution and fine pitch is the excessive polarization electric field, which is induced by the 
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inherent defects of LiTaO3 crystal, such as lithium vacancies and anti-tantalum at room 
temperature. The improvement of Li/Ta from congruent LiTaO3 to near stoichiometric 
LiTaO3 (SLT) could reduce the coercive field further [51,52]. Periodically poled nonlinear 
domain gratings with finer footprint or larger aperture can be fabricated in SLT. Nowadays, 
periodically poled MgO doped SLT (MgO:PPSLT) with complicated domain gratings, such 
as fan-out or two dimensional patterns have already been available [53,54]. Recently FLW 
depressed cladding waveguide has been formed in various materials [28–30]. This type of 
waveguide consists an array of written tracks which act as the cladding layer. Light can be 
confined in the core region to propagate. The properties of the core region can be well 
preserved. Chen et al. have fabricated cladding waveguides inside LiTaO3 [33]. The linear 
optical properties including propagation loss and polarized behaviors have been 
demonstrated. Mcmillen et al. reported the FLW waveguides in LiTaO3 using different pulse 
energies and translation speeds [34]. Second harmonic microscopy was also implemented to 
acquire the nonlinear optical properties in the irradiated region. For LiNbO3 crystal, there 
have been many reports about the FLW waveguides [21–29]. SHG with considerable 
conversion efficiencies have been achieved by birefringence PM [23] or QPM techniques 
[24,26–28]. For LiTaO3, SHG at infrared waveband has been demonstrated by the reverse 
proton exchange method [4]. However, no direct frequency doubling observation was 
reported in FLW LiTaO3 waveguides. 

In this work, we report on the fabrication of cladding waveguide structures in 
MgO:PPSLT with nearly circular cross sections. The temperature dependent SHG at pump 
wavelength of 1064nm was investigated to show the nonlinear properties of the present 
waveguide structures. 

 

Fig. 1. (a) The schematic illustration of fan-out pattern on MgO:PPSLT sample and the FLW 
process. (b) The microscopic picture of waveguide WG1-WG4. (c) The setup of the end face 
coupling measurements. 
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2. Theory and experiments 

The z-cut PPSLT sample doped with 1% MgO consists of a fan-out domain-inverted grating 
with dimension of 11 × 7 × 0.5 mm3. Figure 1(a) shows the top view of the fan-out pattern. 
The grating periods of the waveguide channel smoothly varied from 7.5 to 8.2 μm. The 
designed phase matching SHG wavelength is from 522 nm to 536 nm around 50°C. 
According to the theory of quasi-phase-matching (QPM), the period of domain inverted 
region for QPM in SHG process is given by [55]: 

 0 22( )n nω ωλΛ = −  (1) 

where n2ω and nω denote the refractive index of SHG and pump waves. At a specific 
temperature, different pump wavelength corresponds to different periods of inverted domain. 
Because of the temperature dependence of the refractive index of LiTaO3 crystal [56,57], the 
phase mismatch between the two interacting waves in the zero order QPM process can be 
expressed by: 
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where T is the temperature of the crystal, λ is the wavelength of the pump light. The best 
conversion efficiency (Δ = 0) can be reached at different temperatures which correspond to 
different grating periods. The domain periods versus the pump wavelength at different 
temperatures are also calculated according to the Sellmeier relations presented in former 
investigations [57]. The results are depicted in Fig. 2(a). It is found that for a certain 
wavelength the QPM period reduces if the temperature of the sample increases. Figure 2(b) 
shows the QPM period versus the temperature under the pump wavelength of 1064 nm (black 
line). 

 

Fig. 2. (a) The QPM period (μm) of MgO doped SLT bulk versus the wavelength at different 
temperatures. Different lines present different temperatures. (b) Black line, the QPM period 
(μm) at wavelength of 1064 nm versus different temperature. Red line, the calculated QPM 
period of WG3 cladding waveguide versus temperature. The three blue circles denote the QPM 
temperatures of the three cladding waveguides (WG1-WG3). 
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During the FLW process, an amplified Ti:Sapphire laser emitted a linearly polarized 
pulsed beam with duration of 120 fs (central wavelength of 795nm, repetition rate of 1 kHz). 
The laser beam was focused below the upper surface (11 × 7 mm2) of the sample with a 40 × 
microscope objective (N.A. = 0.6). The energy of the incident laser pulse was set to be 0.28 
μJ approximately. The sample was placed on a XYZ micro-position stage, while the constant 
motion velocity was set to be 0.5 mm/s or 0.75 mm/s along the y-axis. Tracks were inscribed 
at different depths with a lateral parallel separation of 3 μm between adjacent ones. The 
central point of the cladding waveguides are 200 μm beneath the surface. Four oblate circular 
cross-sectional cladding waveguides named WG1 to WG4 with different radius were 
fabricated then, as indicated in Fig. 1(b). Table 1 shows the fabrication details of the four 
waveguides. The poling periods corresponding to the four waveguides are also included. 

Table 1. Fabrication details of WG1-WG4 

No. Scan Velocity (mm/S) Radius (μm) QPM period (μm) TQPM (bulk) TQPM (experimental) 
WG1 0.5 15 7.959 57.3 °C 69.1 °C 
WG2 0.5 25 7.924 77.5 °C 99.5 °C 
WG3 0.75 15 7.644 208.8 °C 194.3 °C 
WG4 0.75 25 7.608 225 °C no data 

The second harmonic generation effect together with the insertion loss and beam guidance 
were investigated with an end-face coupling arrangement. As indicated in Fig. 1(c), the 
incident light at 1064 nm was generated from a CW solid state laser. A λ/2 waveplate was 
employed to adjust the polarization direction of incident light. A 10 × microscope objective 
lens (N.A. = 0.25) was used as the input coupler between the incident light and the sample, 
while the output light beam was coupled out of the crystal by another 20 × microscope 
objective lens (N.A. = 0.40). During the frequency doubling measurements, an Oven (PV10, 
Covesion Ltd) was utilized for temperature tuning. The temperature range of the oven was 50 
°C-200 °C. The polarization of pump light was set to be parallel to z-axis of the sample (TM 
polarization, ne index) to utilize the d33 coefficient. 

3. Results and discussion 

In order to figure out the angular dependence of the guidance, measurements of the insertion 
loss as a function of the input polarization direction were carried out at wavelength of 
1064nm. Figure 3 depicts all-angle insertion loss measurement of WG1-WG4. It is evident 
that as the polarization angle varies from 0° to 360°, the insertion loss was not constant. 
Notably, the minimum insertion loss is achieved when the polarization angles are 0°and 180°, 
which we will refer to as TM polarization. If the Fresnel Reflection loss of both waveguide 
facets (about 1.2dB) were offset, we get a minimum propagation loss of 2.1dB/cm at TM 
polarization. It is believed that the defects in the crystalline lattice may have a significant 
influence on the optical properties of LiTaO3. During the FLW process, both no and ne in the 
irradiated region decreased due to the lattice-breakdown effect. Nevertheless, this cannot 
explain the present polarization dependent transmission behavior in the waveguide core 
region. It is believed that the Li ion out-diffusion could increase the ne index of LiNbO3 
crystal which has structure similar to LiTaO3 crystal [21]. UV absorption induced Li ion out-
diffusion has been demonstrated to enhance the ne index in LiNbO3 crystal and thus form the 
channel waveguide structure [58,59]. In the present case of FLW process at 1 kHz repetition 
rates, we can estimate the Li ion out-diffusion distance according to [22]. Considering the 
pulse duration of 120 fs, the cold-down time for the crystal lattice should be in the range of 
tens of μs. The out-diffusion distance of Li ions should be about several nanometers. 
Therefore the influence of Li ion out-diffusion can be ruled out for the waveguide formation. 
Another mechanism for the index perturbation is the inner stress induced by the femtosecond 
laser inscription, which may have a significant influence on the optical properties of SLT 
crystal. The inner stress induced guiding structures have been demonstrated in LiNbO3 
crystals, which has similar symmetry to LiTaO3 in their elastic and elasto-optic tensors [22]. 
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During the FLW process, stress is induced in the region surrounding the laser focus. At the 
sides of the laser induced tracks, the index change of TM polarization (ne) is positive while 
the index change of TE (no) is negative. Therefore, the change of ne in the core region is 
positive and the change of no is negative. For waveguide mode in TE polarization, the 
propagating light will cross the surrounding tracks and leak into the surrounding substrate. 
This is the so-called tunneling effect. As a result, the TE polarized mode will suffer a higher 
propagation loss. 

 

Fig. 3. The angular dependence of output power (transmission) of WG1-WG4 waveguides at 
wavelength 1064 nm. 

We investigated the SHG effect of the four cladding waveguides by tuning the 
temperature of the sample. All the following SHG measurements were performed preserving 
the maximum output of the pump light at the rear face of the waveguides. If we assume that 
the second order nonlinear coefficients are uniform all over the guiding region, the SHG 
conversion efficiency (W−1·cm−2) in a waveguide is given by [4]: 
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where dQPM is the effective nonlinear coefficient, Aeff is the effective nonlinear interaction area 
which can be calculated by the following overlap integral. 

 2
2 1 2[ ]Nor Nor Nor

effA E E E dxdy −=   (4) 

E1
Nor and E2

Nor is the normalized field profiles of the pump and SHG mode. As indicated 
in Eq. (3), the more compact the Aeff is, the more efficient conversion we will get. Table 2 
summaries the calculated Aeff of the present cladding waveguides from the measured mode 
profiles according to Eq. (4). 
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Table 2. Calculated effective interaction areas of WG1, WG2 and WG3 waveguides. 

Sample Aeff (μm2) 
WG1 1368 (62.3 °C) 1167 (69.1 °C) 
WG2 3069 (96.1 °C) 4978 (99.5 °C) 
WG3 2361 (187.9 °C) 917 (194.3 °C) 
WG4 no data 

 

Fig. 4. (a) The temperature dependence of SHG power of WG1 waveguide. (b) The 
temperature dependence of SHG power of WG2 waveguide. Inset figures are the mode profiles 
of 1064/532nm at both QPM temperatures. 

Figure 4 shows the SHG power versus the temperature of the WG1 and WG2 waveguides. 
Figure 4(a) is the SHG tuning curve of WG1 waveguide. Two SHG power peaks can be 
found in the figure which means that QPM has been realized in both temperatures. The 
corresponding temperatures are 62.3°C and 69.1°C, respectively. The inset figures are the 
mode profiles of 1064 nm (pump) and 532 nm (SHG) at two QPM points. Quasi-single mode 
guiding can be seen in WG1 sample under two temperatures. We also can find side node 
which belongs to another high order mode. Irregular mode profiles of 1064nm and 532 nm 
can be found at the two temperatures which are resulted by the disturbance of the excrescent 
focus points. As can be seen in Fig. 1(b), several tracks in WG1 and WG2 waveguides have 
additional break-down points on the top of the tracks. These excrescent points are the multi-
foci generation sites which are induced by the self-focus/defocus phenomena inside the SLT 
crystal. The excrescent focus points affect the mode profile of the waveguide which can be 
seen in Fig. 4(a) clearly. Figure 4(b) shows the SHG curves of WG2 waveguide. The inset 
figures are the pump/SHG mode profiles at two peaks (96.1°C and 99.5°C). As can be seen in 
Fig. 4(b), the peak SHG power (4.0 μW) of WG2 is much lower than WG1 (13.9 μW). The 
biggest Aeff is found in WG2 waveguide at temperature of 99.5°C. This large area is caused by 
the big radius of WG2 waveguide and the asymmetry mode profiles. 

Figure 5 is the tuning curve of SHG power versus the temperature of WG3 waveguide. 
We can find two SHG power peaks (187.9°C and 194.3°C) which satisfy the QPM 
conditions. The inset figures are the mode patterns of 1064/532nm at two QPM temperatures, 
respectively. As we can see, the pump (1064 nm) light shows single mode guiding at both 
peaks. For SHG light, single mode guiding is found at 194.3°C but multi-mode guiding with 
three nodes is found at 187.9°C. Figure 1(b) also shows the microscope picture of WG3 and 
WG4 waveguides. No excrescent focus points are found in the waveguide region. It has been 
mentioned that the scanning velocity of WG3 and WG4 is 0.75 mm/s, which is faster than 
that of WG1 and WG2 waveguides. As a result, the energy with lower density was absorbed 
along the scanning direction which cannot induce the multi foci phenomena. The absence of 
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the excrescent foci points enables a regular index profile which lead to symmetry mode 
profiles at pump/SHG wavelength. The peak power of SHG at 194.3°C is about 17.3 μW 
which is nearly two and a half times larger than the power at 187.9°C. The Aeff of both 
temperature points are also listed in Table 2. The Aeff of WG3 at 187.9°C is about 2361 μm2, 
three times bigger than the Aeff of 917 μm2 at 194.3°C. The bigger effective cross section at 
187.9°C is induced by the excrescent modes which lead to poor overlapping with the pump 
mode profile. 

 

Fig. 5. The temperature dependence of SHG power of WG3 waveguide. The inset figures are 
the mode profiles at 1064/532nm at the QPM temperature points. 

The predicted conversion efficiency of WG3 at 194.3°C is about 2.11%W−1cm−2 by 
substituting the calculated Aeff into the right side of Eq. (3). We can also estimate the 
experimental conversion efficiency by the middle expression of Eq. (3). The output power of 
pump light before the rear face is about 79 mW, the length of WG3 waveguide is 8.9mm 
approximately. Therefore, the calculated conversion efficiency is about 0.74%W−1cm−2 which 
is only one third of the predicted value. There are two main factors to determine the final 
conversion efficiency of the nonlinear waveguide device. One is the SHG ability including 
the d33 coefficient profile and the Aeff of the waveguide. Another is the linear propagation loss 
at the wavelength of the pump and SHG. In the former investigation, the SHG ability at the 
damage tracks was found to be eliminated due to a destruction of the crystalline structure 
[32]. However, strong SHG signal was found around the focal region indicating a structure 
inhomogeneity and drastic index perturbation. Since the guiding region of the WG3 cladding 
waveguides is far away from the track region we assume that the SHG ability inside our 
cladding waveguides remains unchanged. Note that we calculate the experimental conversion 
efficiency by the powers of pump/SHG light before the light output from the waveguide, the 
highly damped SHG light during the propagation will lead to the underestimation of the 
conversion efficiency. However, we cannot measure the precise propagation loss of the SHG 
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light because we found that the WG3 waveguide is multimode under wavelength of 532nm. 
We also note that the predicted conversion efficiency is unsatisfied. The main reason for the 
low conversion efficiency is the quite large Aeff compared to the former nonlinear waveguide 
devices [2–4]. Therefore, Type I/II waveguides in LiTaO3 is expected due to their compact 
cross section. 

For WG4 waveguide, no apparent SHG signal was found during the temperature tuning 
process from room temperature to 205°C, which is the limitation of the oven. The 
experimental QPM temperatures (where the highest SHG conversion occurs) of all the 
waveguides are listed in Table 1. The calculated values which correspond to the bulk material 
are also included for the comparison. It is found that the experimental QPM temperature of 
WG1 and WG2 waveguides are higher than the bulk values. On the other hand, the QPM 
temperature of WG3 waveguide are lower than the bulk. The index of the MgO doped SLT 
crystal increases when the temperature rises. In another words, if we assume that the effective 
index of WG3 waveguide mode is higher than the bulk, QPM temperature of WG3 
waveguide should decrease (the effective indices of pump and SHG will decrease at the same 
time) compared to the bulk material in order to compensate the dispersion change of WG3 
waveguide. Since both the pump and SHG light of WG3 waveguide show single mode 
guiding at 194.3°C, we simulated the effective indices of both wavelength by using the FD-
BPM method (Rsoft BeamPROP) at different temperatures. The index contrast of WG3 was 
estimated by measuring the numerical aperture of the waveguide [60] and calculated with the 
following equation: 

 
2sin

Δ
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m
e

e
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θ
≈  (5) 

where θm is the maximum incident angular deflection where no change of the transmitted 
power occurred, ne is the refractive index of LiTaO3. A θm of 5.2° was achieved which is 
correspond to an index contrast of 1.9 × 10−3 in the core region in WG3 waveguide. The 
calculated QPM periods are depicted in Fig. 2(b) (red dot line). We also note that the 
measured mode profiles of pump and SHG signals in WG1 and WG2 waveguides show the 
multimode patterns. Therefore, the dispersion behaviors are very complicated in WG1 and 
WG2 waveguides. A complete understanding of these phenomena needs detailed studies 
about the index change profile across the whole waveguide region at both 1064nm and 
532nm. 

4. Conclusions 

In summary, nonlinear cladding waveguides in z-cut periodically poled MgO:LiTaO3 crystal 
were fabricated by FLW method. The optical properties of the fabricated waveguides were 
analyzed. SHG via QPM process has been achieved in these FLW waveguides at wavelength 
of 1064 nm with aid of temperature tuning. We found that the QPM temperatures and the 
SHG powers of the fabricated cladding waveguides are quite different. The single mode 
guiding of pump light is critical to the high conversion efficiency of cladding waveguide in 
MgO:LiTaO3. The QPM temperatures were dependent to the poling period and the features of 
the waveguides. 
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