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Abstract: We have demonstrated the first MgO:PPLN ridge waveguides based on ZnO 
indiffusion and dicing. The fabrication process utilizes ductile regime dicing of a planar 
waveguide layer producing Second Harmonic Generation (SHG) devices with a near-
symmetric sinc2 spectral profile, indicating highly uniform 40 mm long devices. A near 
circular pump mode is also obtained enabling efficient coupling to single mode 
telecommunication fibers. A conversion efficiency of 145%/W, for 1560-780 nm SHG, has 
been measured. 

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. 
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1. Introduction 

Lithium niobate is widely used in frequency conversion because of its high χ(2) optical 
nonlinearity [1] and ferroelectric crystal structure that allows domain engineering on the 
micron scale [2]. Periodically poled lithium niobate (PPLN) enables the ability to quasi-phase 
match χ(2) processes throughout the 0.4-5.0 µm transparency range of the crystal [3,4]. 
Frequency conversion based on PPLN waveguides is typically more efficient than the bulk 
counterpart for cw operation, reducing device footprint and saving power on drive 
lasers/amplifiers [5]. PPLN waveguides offer a versatile means of generating tailored 
wavelengths for telecommunications [3,4], spectroscopy [5], single photon sources [6–8], 
state squeezing for quantum key distribution (QKD) [9], quantum communications [10,11], 
atom/ion trapping [12,13], and submarine communications [5]. 

PPLN waveguides have been investigated and manufactured via various routes and have 
been commercially available for a number of years. Mechanical bonding and thinning 
followed by dicing or etching of PPLN to form ridge and rib waveguides is a popular 
fabrication route [4,14,15] able to achieve conversion efficiencies of 4600%/W, albeit with an 
insertion loss of 4-5 dB at the 1550 nm pump wavelength [4,14]. Such bonding techniques 
typically require strict wafer cleanliness and total thickness variation (TTV) <5 µm [16]; 
deviations in waveguide dimensions of 150 nm have been shown to have significant impact 
on phase matching efficiency [15]. Annealed/reverse proton exchange (APE/RPE) enables 
channel waveguides with conversion efficiencies of ≥3500%/W, propagation loss ≤0.1 dB/cm 
and insertion loss of ≤0.4 dB [3]. APE/RPE waveguides suffer from photorefractive damage 
(PRD), which can be alleviated by operating the waveguide at 80-120 °C [3] but can in turn 
cause free proton migration and degradation of the waveguide [4]. APE/RPE waveguides also 
only support the TM mode, disqualifying them from Type-I/II operation which requires 
guidance for both orthogonal polarizations [4]. Titanium indiffused channel waveguides are 
common in lithium niobate and widely used in modulators for telecommunications. When 
used for frequency conversion to visible wavelengths, Ti indiffusion suffers significant PRD; 
even with a ridge geometry conversion efficiencies are still relatively low ~10%/W [17]. 
Indiffusion of Zn into LN has been shown to reduce PRD [18–23] and early planar 
waveguides were achieved via ZnO indiffusion into MgO doped LN by Young et al. [22,23]. 
In our own prior work on Zn-indiffused channel waveguides in PPLN, we achieved second 
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(Woollam, Md2000D) verified the thicknesses at 42 nm, 121 nm and 150 nm ( ± 0.02 nm), 
respectively. Indiffusion was performed in a dedicated tube furnace with 1:1 ratio of 
oxygen/argon mixed atmosphere. Indiffusion parameters investigated were temperatures from 
800 - 1000 °C with indiffusion times from 1 - 6 hours at peak temperature, each indiffusion 
used a 5 °C/min ramp rate. Surface metrology was collected via white light interferometry 
(ZeScope, ZeMetrics) after indiffusion to inspect the post-indiffusion surface roughnesses. It 
was found that surface roughnesses were generally 1-2 nm (Sa) for indiffusion times of 1 
hour at temperatures of between 800 - 1000 °C for all ZnO thicknesses tested. For indiffusion 
times of 2-6 hours at 800 °C surface roughnesses increased to 12 nm (Sa). Thus, for this 
experiment the indiffusion time was kept constant at an hour and the indiffusion temperature 
and ZnO thicknesses were varied. 

After indiffusion, the fundamental vertical mode second moment (1/e2 for a Gaussian 
beam [24]) mode field diameter (MFD) of each planar layer was measured. A 1560 nm laser 
(Agilent, 81600B) was coupled into the planar waveguide via a cleaved single mode fiber and 
the resulting output light focused on to a InGaAs CCD camera (Raptor, Owl 640). The 
camera was moved to collect intensity profiles at recorded distances from the waveguide and 
results fitted to calculate the second moment MFD, as detailed in [24]. The calculated MFD 
for each recorded indiffusion temperature and ZnO thickness combination is plotted in Fig. 2, 
which shows that the smallest MFD is achieved with 150 nm of ZnO at 950 °C indiffusion 
temperature. As the ZnO thickness is reduced or the indiffusion temperature increased, the 
local Zn concentration is reduced and a well-confined mode is no longer supported; as the 
indiffusion temperature was reduced from 900 °C the modes produced were leaky hence the 
larger MFDs. Indiffusion at 800 °C did not produce waveguides. 

 

Fig. 2. Planar waveguide second moment MFD for varying indiffusion temperatures and ZnO 
thicknesses; the indiffusion dwell time for all waveguides was one hour once the peak 
processing temperature was reached. The minimum MFD is achieved with a 150 nm film of 
ZnO and for an indiffusion temperature of 950 °C. 

Using the above parameters, further PPLN waveguides for 1560 nm SHG were fabricated 
via deposition of a nominal ZnO layer of 150 nm (measured at 170 nm) and indiffusion at 900 
°C and 950 °C. After indiffusion, samples were diced into 40 mm by 10 mm chips with ridge 
waveguides and optical facets produced using similar machining parameters as described in 
[25]. Each chip was fabricated to include 10 ridge waveguides with widths that varied from 
9.5 µm to 14 µm in 0.5 µm increments, each waveguide was cut parallel to the [100] X 
direction of the crystal with a 18.6 µm period PPLN. Note that these samples were not anti-
reflection coated. 
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average of device performance without the FP fringes. To investigate the quality of phase 
matching, which is directly related to the waveguide’s uniformity and poling quality, a 
theoretical fit was added to the plot (black dotted line), which had a calculated r2 of 0.957 (r2 
= coefficient of determination) with respect to the sinc2 profile of the rolling averaged data. 
Other ridge widths and waveguides indiffused at 950 °C were either less efficient or had 
broadened SHG spectra some with multiple peaks. SHG spectral broadening comes from 
fabrication imperfections in the waveguides which manifest as an effective refractive index 
variation caused by non-uniform Zn indiffusion or ridge width variation along the length of 
the device [4,26]. The mode profiles of the waveguide are shown in Figs. 3(b), 3(c) and 3(d). 
Figure 3(b) shows the SHG mode, taken with a Si CCD, whilst phase matched. Figures 3(c) 
and 3(d) have been used to calculate a second moment MFD. A MFD for the pump was 
measured to be 10.8 and 10.0 µm in the x and y axes respectively, and 12.1 and 7.9 µm in the 
x and y axes for the SHG mode. Figure 3(b) was measured with an EDFA (AFL, BBS-
1550A-TS) and Figs. 3(d) with a 780 nm SLED (Exalos, EX210060-01) where the multimode 
nature at the SHG wavelength can be seen. Insertion losses of ~1.1 dB and ~0.9 dB for pump 
light with a free space launch and glued fiber (Corning, PM 1550) v-groove, respectively 
have been achieved. This loss includes propagation loss, mode mismatch and Fresnel losses; 
insertion losses in comparable 5 cm long bonded and thinned PPLN waveguides have been 
reported at 5 dB [4]. 

3.1 Pump power sweep 

Power scaling measurements for SHG and conversion efficiency were measured for various 
pump powers using the same optical setup used to collect SHG spectra. The pump laser 
power was varied from 0.15 – 2.23 W in 0.11 W steps with the waveguide at room 
temperature (~21 °C). Transmitted power was collected simultaneously for pump and SHG 
from the output facet of the waveguide, with results as shown in Fig. 4. The loss of pump 
power through output coupling optics was measured at −1.37 dB ± 0.02 dB across 1540-1565 
nm EDFA band and is accounted for within the data in Fig. 4 by adding this offset to the 
measured pump. 

 

Fig. 4. SHG output and conversion efficiency for a ridge waveguide fabricated with a 170 nm 
layer of ZnO indiffused at 900 °C for 1 hour, a 13.4 µm diced ridge width, and 18.6 µm period 
PPLN grating. The highest measured efficiency was 145%/W, producing 22.3 mW of SHG 
with 124 mW of pump through the waveguide. The inset shows the phase matching spectra for 
different SHG output powers. 
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Figure 4 shows a maximum of 94.2 mW of second harmonic was produced. The highest 
conversion efficiency achieved was 145%/W producing 22.3 mW of SHG with 124 mW of 
pump being transmitted. There is a noticeable roll off in SHG at ~300 mW of pump power 
where parasitic nonlinearities and thermal effects become prevalent for increasing SHG 
power. The inset shown in Fig. 4 illustrates how the phase matching spectra becomes red 
detuned as pump power and SHG output is increased. The red detuning is evidence that SHG 
saturation is caused by dominate parasitic nonlinearities and thermal effects rather than PRD, 
which is shown to cause blue detuning of SHG phase matching spectra in titanium indiffused 
PPLN ridge waveguides [17]. In comparison to previous works in PPLN waveguides 
fabricated in a similar manner and pumping around 1550 nm the optical efficiency reported 
here is more than a factor of two higher. This is when compared to ridge waveguides 
fabricated by carbon ion implantation and dicing (60%/W) [26] and for our previous work 
with indiffused Zn channel waveguides (59%/W) [21]. Similar results have been presented 
for titanium indiffused PPLN waveguides where channel and ridge waveguides were 
compared, attributing increased efficiency to improved pump/SHG modal overlap and 
delayed roll off from PRD in the larger ridge geometry [17]. However, our efficiency is 
modest when compared to bonded and thinned waveguides [4,14] and APE/RPE waveguides 
[3]. Moreover, bonded and thinned waveguides, as mentioned earlier, rely on strict wafer 
cleanliness to ensure successful contact bonding [16]. Waveguide form variation must be 
minimized to the hundreds of nanometers level to ensure efficient devices, which is 
challenging to achieve when grinding and polishing planar waveguides [4,14,15]. Bonding 
and grinding both are not required in our ridge waveguide fabrication. APE/RPE waveguides 
suffer from free proton migration at elevated pump powers, which can degrade the 
waveguides [4]. This is partially a result of the low temperatures used in the proton exchange 
and subsequent annealing stages. By contrast our Zn indiffused ridge waveguides are 
thermally stable, because of their 900 °C ion based indiffusion, allowing operation at elevated 
pump powers and temperatures without waveguide degradation. 

4. Conclusion 

We have demonstrated a process for the manufacture of ridge waveguides in MgO:PPLN 
based on indiffusion of a ZnO planar layer followed by dicing of ridges in the ductile regime. 
Design parameters for 1560-780 nm SHG have been investigated, leading to devices with 
near-symmetric sinc2 SHG output power vs wavelength spectral profile, indicating a uniform 
effective refractive index along the 40 mm length of the waveguides, and a near circular 
pump mode enabling efficient coupling to single mode telecommunication fibers. Mode size 
optimization has been used to maximize SHG output with the fabricated waveguides being 
single mode at the pump wavelength thus decreasing launch tolerances when compared to 
bonded and thinned PPLN waveguides [4], which are often multimode and require selective 
launching and careful spot size choice to maximize power launched into the fundamental 
spatial mode. Overall optical-to-optical conversion efficiencies of 145%/W have been 
measured, with a SHG output of ~22 mW for 124 mW of pump power, representing an 
improvement over alternative ridge waveguide manufacturing methods when measured in 
similar operating regime [14,26]. Indiffusion of ZnO into PPLN has previously been shown to 
improve resistance to photorefractive and future investigations at 780-390 nm SHG will be 
performed to confirm if this persists in our ridge format at these challenging wavelengths. 
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