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Abstract: Channel waveguides were formed on fused silica substrate by 
Ge-ion implantation with lithographically defined channels. Thermal poling 
was performed to form second order optical nonlinearity (SON) in the 
waveguides. Periodical photo masks were designed and fabricated on a 
mask glass. Periodical erasure of the SON in the channel waveguides by 
266 nm UV light with the photo mask on the fused silica substrate produced 
periodical SON distribution in the waveguides. First order quasi-phase-
matching second-harmonic generation from 1064 nm to 532 nm was 
demonstrated in the channel waveguides. 
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1. Introduction 

In glassy material, the macroscopic central-symmetrical structure prohibits the existence of 
the second order optical nonlinearity (SON). In 1991, Myers et al found that SON could be 
created in fused silica plate by thermal poling [1]. Creating a built-in DC electric field near the 
anodic surface through thermal poling and coupling of this field with the third order 
nonlinearity to form the SON, i.e. χ(2)  ~ χ(3)Edc , was believed to be one of the possible 
mechanisms for SON formation in thermally poled glass material[1,2]. Since the SON only 
forms in the shallow region close to the anodic surface[1],[3-5], it will be more useful, in 
practical devices, to form waveguide with SON at the anodic surface[6,7]. Our previous 
paper[8] reported results on thermal poling and quasi-phase-matching second-harmonic 
generation (QPM-SHG) in Ge-implanted silica planar waveguide with formation of periodic 
SON by periodic UV erasure of SON in the waveguide. In this paper, we extended the 
technique to form Ge-implanted silica channel waveguides and demonstrated QPM-SHG of 
1064nm to 532 nm in the channel waveguides. 

2.  Device design and fabrication 

Multiple parallel channel waveguides were fabricated according to the procedure depicted in 

Fig. 1. A 3μm  thick aluminum layer was deposited on the 14 mm × 14 mm type-I fused 
silica plate (GE124) by electron beam evaporation, followed by depositing a spin-coated 
photo resist layer. Multiple parallel channels, 30μm  apart, 4μm  in width for each channel 
were formed on the photo resist layer by UV exposure and wet etching. Reactive Ion Etching 
(RIE) was used to dry-etch the aluminum layer and opened the channel pattern on the fused 
silica for the following ion implantation process. Ion implantation was performed on a 
National Electrostatics Corp. 9SDH-2 tandem accelerator. Ge+2 ion beam with 5 MeV energy 

and 1×1015 cm-2 ion dose was generated for implantation. The implantation time was about 

100 minutes, the implanted area on the sample was 14 mm × 14 mm, and the total ion count, 
i.e. number of Ge+2 ion impinging the fused silica surface, was therefore about 8 million. The 
backside of the fused silica substrate was attached to a copper plate and cooled with liquid 
nitrogen during implantation. The ion distribution in the fused silica along the direction of the 
depth, under our implantation condition, was Gaussian-like with the peak located at 2.9μm  
from the surface and the FWHM of the Ge-ion distribution was ~0.9μm  as was calculated 
with the software of SRIM [9], the waveguide was therefore buried beneath the fused silica 
surface. 

Figure 2(a) shows the optical microscope top-view of the sample after RIE dry-etching 
process. The bottom of the channel was 4 μm  wide with a graduate rising edge of the 
aluminum film. Therefore, the subsequent ion implantation would not produce an exact 4μm  
wide laterally uniform channel waveguide in the substrate; rather the ion distribution would be 
a chevron-like shape. With the aid of SRIM software, we have calculated the ion distribution 
beneath the areas that was covered by different thickness of aluminum. The dash line in Fig. 
2(b) represents the peak location of the Gaussian-like Ge profile. We then assume that the 
refractive index of the waveguide material is directly proportional to Ge concentration; the 

peak change of the refractive index, Δ n, could be obtained according to the method 
introduced in the next paragraph, the refractive index distribution of the channel waveguide 
could therefore be obtained. Software of Beam-Propagation-Method (BPM) was then used to 
calculate the effective index of the waveguide mode and mode profile. A typical chevron-like 
shape fundamental mode profile is shown in Fig. 2(c). 
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Fig. 1. Fabrication flow of multiple channel waveguides. 
 

 

 

Fig. 2. (a) Top-view of the sample under optical microscope after dry etching. (b) Schematic 
cross-section view of the ion-implanted sample. Dash line is the peak location of the Gaussian-
like germanium profile. (c) Simulated chevron-like shape mode pattern. 

For purpose of QPM-SHG from 1064 nm to 532 nm in the channel waveguide, we need to 
know, experimentally, the mode effective index for both wavelengths in order to calculate the 
correct period for the first order QPM in the channel waveguide according to the equation:  
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where ωλ  is the fundamental wavelength, ω2N  and ωN  are mode effective indices of 

second harmonic and fundamental waves, respectively. 
The procedure for estimating the periodicity of the first order QPM in the channel 

waveguide was done as follows: We used prism coupler, which was equipped with three 
wavelengths: 1547 nm, 1308 nm and 633 nm respectively, to measure the mode effective 
index of the planar waveguide at these wavelengths. The planar waveguide was fabricated 
identically to the channel ones but without lithographic process. Assuming that the refractive 
index of the waveguide material is directly proportional to the ion concentration, by using 
SRIM and BPM software, we adjusted the peak refractive index of the Gaussian-like index 
profile such that the calculated mode index equals to the measured mode index for these three 
wavelengths. The difference between the peak refractive index of the waveguide and the fused 

silica substrate,Δ n, versus wavelength is shown in Fig. 3. The peak refractive index of the 
Gaussian-like profile for 1064 nm and 532 nm wavelength could therefore be interpolated and 
extrapolated from Fig.3, and these data were then put into the BPM software to obtain the 
mode effective index of the chevron-like shape channel waveguide mode for 1064 nm and 
532 nm wavelength. Once the mode effective indices were known, the period of first order 
QPM-SHG for 1064 nm to 532 nm conversions could be obtained from Eq. (1). The period 
was estimated to be ~33μm  for s to s and p to s conversions. 
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Fig. 3. Difference between the peak refractive index of the waveguide and the substrate as a 
function of wavelength. 

 
   The procedure described above involving certain degree of uncertainty, however, the value 
so obtained provided a good starting point to figure out the exact period. In order to catch the 
exact period for quasi-phase-matching on the sample, we produced multiple parallel channel 
waveguides on a single fused silica plate; the fabrication method was introduced previously. 
The multiple channel waveguides were identical; each channel was separated 30μm  apart. 
Thermal poling at 275oC and 6kV for 15 minutes was performed on the whole substrate with 
anode on the waveguide side to create second order optical nonlinearity in the waveguides. 
Series of photo masks 30μm  in separation on a single mask glass was prepared. Each mask 
composed of ~ 41% duty periodical aluminum strip. The periodicity of the aluminum stripe 
varied from mask to mask with 0.1 μm  increments. Each mask covered one channel 
waveguide when the mask glass was in contact with the substrate. The 266 nm UV light with 
4~6 ns pulse width and 8mJ pulse power from a frequency quadrupled Nd-YAG laser 
(Spectra-Physics Quanta-Ray INDI-50) was used to illuminate the substrate through the 
masks. Second order optical nonlinearity of the area that was not covered by the mask in the 
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waveguide could be erased when exposed to the UV light [8,10]. Periodical second order 
optical nonlinearity along the channel waveguide was therefore produced, the periodicity 
increased in 0.1μm  step from channel to channel. 

3.  Experimental results 

SHG test was performed on each waveguide in sequence; each waveguide has QPM 
periodicity that was 0.1μm  differed to the adjacent waveguide 30μm  apart. Fig. 4(a) and (b) 
showed the SHG signal strength for s to s polarization conversion and p to s polarization 

conversion for each waveguide, plotted as P2ω  vs. 1/Λ . Solid lines in  Fig. 4 are sinc2 

functions fitted to the experimental points according to the equation: 
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where dQ,eff  is the effective second-order nonlinear coefficient and L is interaction length, 
mismatching factor βΔ  is defined as 2 2 2ω ωβ β π Λ− − , β  is mode propagation constant, c 

and 0ε  are individually light speed and permittivity in vacuum, and Aovl  is equivalent overlap 

area . 
 Insets of Fig. 4(a) and (b) showed the observed SH mode pattern for the highest SH output 

power waveguides. Fig. 5 and the inset showed the SH output power variation with the 1064 
nm input power for the channel waveguides which have the highest SH output power in Fig.  
4(a) and (b), respectively. The characteristic parabolic SHG curves are clearly shown in Fig. 

5. We can estimate  dQ,eff  by substituting the peak value of P2ω  from Fig. 4(a) and (b), the 

experimental value of Pω , the calculated values of Nω , N2ω , and Aovl into Eq. (2). We found 
that dQ,eff  equals to 0.03 pm/V and 0.006 pm/V for s-s and p-s conversions, respectively. 
Notice that, these values are QPM-dependent, and due to the non-uniform Ge-distribution, 
they are likely to be mode-dependent.  

Waveguide coupling coefficient in our SHG test setup for coupling the 1064 nm light into 
the waveguide can be estimated by taking the ratio of the input and output power of the non-
phase-matched waveguide. Taking the ratio of the 1064 nm input power to the 532 nm output 
power of the phase-matched waveguide with the known coupling coefficient of 1064 nm light, 
we could obtain the SHG conversion efficiency. These estimations were based on the 
assumption that absorption and scattering loss of 1064 nm and 532 nm light in our channel 
waveguides were negligible. For the s to s polarization conversion of the 34 μm  period 
waveguide that has the highest SH output power in Fig. 4(a), we obtained second-harmonic 
peak power of ~1.8 μW  with fundamental peak pumping power of ~780 mW, the SH 
conversion  efficiency was 6.1× 10-4 %/W-cm2. The length of our channel waveguides was 7 
mm. As compared with our previous QPM-SHG result in the planar waveguide [8], the SH 
conversion efficiency was improved by about three orders of magnitude for the channel 
waveguide. We estimated, by theoretically calculating the waveguide mode patterns and 
overlap integrals with known refractive index distribution for both planar and channel 
waveguides, that the overlap integral improved a factor of ~560 with channel waveguide. 
Taking this factor together with the measured conversion efficiency and considering the effect 
of the differences in duty cycles of the QPM period [11], we found from Eq.(2) that dQeff 
improved by a factor of ~6.4 for the channel waveguide. Since we used type III KU fused 
silica substrate for planar waveguide and type I GE124 fused silica substrate for channel 
waveguide, the improvement in the dQeff should therefore be related to the differences in the 
substrate material and UV erasure mechanisms in the different substrate materials. Further 
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studies on these aspects need to be carried out in order to understand the causes for the 
material improvement.  

4.  Conclusion 

In conclusion, second order optical nonlinearity was created in Ge-ion-implanted channel 
waveguides on fused silica substrate with thermal poling; periodic second order optical 
nonlinearity distribution in the channel waveguides was achieved by periodic UV erasure of 
the second order optical nonlinearity. First order QPM-SHG was demonstrated in the channel 
waveguides. 
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Fig. 4. Dependence of SH signal on inverse period, 1/Λ , for (a) s to s and (b) p to s 
conversions in each waveguide. Insets: SH mode pattern observed for the highest SH output 
power channel waveguide. 
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Fig. 5.  The relation between second harmonic and fundamental powers for s to s (open circles) 
and  p to s (open triangles) conversions. Solid lines are theoretically fitted parabolic curves. 
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