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ABSTRACT 

Planar waveguides created by the implantation at 500°C of 2.5 x I O l 7  Ti ions/cm2 

and 2.5, 5.0 and 7.5 x l O I 7  0 ions/cm2 have been characterized for loss by the 

scattered light and cutback techniques. Results indicate losses of less than 2.5 dB/cm 

to 3 dB/crn for waveguides with a Ti:O ratio of 1:3 and losses of over 7 dB/cm2 for 

waveguides with Ti:O ratios of 1:l and 1:2. 
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INTRODUCTION 

Lithium niobate is a commercially important electro-optical material, part of the 

advanced technology effort in optical communication and computing. Electro-optical 

devices are now used to substitute traditional electronic devices in communications and 

in information processing. Integrated optical LiNbO, devices include couplers, switches, 

modulators, multiplexers and others [ 1,2]. Three different techniques have been 

employed to create waveguides in lithium niobate: proton exchange, Ti diffusion and 

ion implantation [3,4,5]. Ion implantation allows tighter control over device geometry, 

dopant concentration and dopant profile than the diffusion and proton exchange 

methods [6]. Implantation of 0 following Ti implantation has been found to reduce 

post-implantation segregation of Ti [7]. In this work the effect of varying the 0 implant 

fluence on waveguides loss is investigated. 

EXPERIMENTAL 

The optically polished x-cut crystals were purchased from Crystal Technology, Inc. 

The implantation was carried out using the Surface Modification and Characterization 

Facility at Oak Ridge National Laboratory. 

Following the process established by Poker and Xia [8], Ti and 0 implants of 2.5, 

5.0 and 7.5 x 1017/cm2 were performed at 500°C. The case in which the Ti:O ratio is 

1:3 is the stoichiometric case, referring to the Nb:O ratio in LiNbO,. Titanium was 

implanted at 320 keV followed by an oxygen implantation at 120 keV. The ratio of Ti to 

0 energy was computed using SRIM96 [9] to give equal ranges of 180 nm. The width of 

the waveguide is determined by the thickness of the implanted Ti layer and can be 

approximated by the straggling value given by SRlM as 65 nm. Implantation at a 

temperature slightly above the recrystallization temperature reduces amorphization of 

the crystal by the implanted ions [9]. The fluences were based upon previous Ti 

implantation research which found that a high Ti dose is necessary to replicate the 

atomic percent concentration of Ti that is produced by Ti indiffusion [3]. The 

combination of high temperature and 0 implant stabilizes the position of the Ti implant 

and prevents the formation of an oxide layer on the surface [8]. Transmission electron 
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microscopic analysis of stoichiometric implanted LiNbO, [I 01 indicates that the 

implanted Ti layer remains approximately 70pm below the crystal surface, suggesting 

that the guiding region is completely buried. The implanted crystals were dark after the 

Ti implantation but were a light gray after the oxygen implant. The color varied with the 

0 fluence, becoming less opaque with increasing 0. The crystals were annealed at 

1000°C for 4 h in 0, bubbled through DI water. After annealing, all of the crystals 

returned to a clear state. 

The implanted crystals were tested 632.8 nm with a Metricon 2010 automated 

prism coupler equipped with a rutile prism to confirm that all were indeed waveguides. 

All of the crystals had one strong propagating mode and a second 'lossy' mode. Due to 

the limitations of the prism coupler only TE modes could be investigated. After polishing 

the end of the crystal a 40x microscope objective was used to couple TE polarized 672 

nm laser light into the waveguides. An Electrim 753 x 244 element, 8-bit, BNV CCD 

camera was used to capture images of light scattered from the waveguides. The public 

domain NIH Image program (available on the Internet by anonymous ftp from 

zippy.nimh.nih.gov) for Macintosh computers was used to analyze the digital images 

from the CCD camera. All of the characterization was done for y-propagating guides. 

They ranged in length from 5 rnm to 1.2 mm. 

The side edges of the crystals were blacked out with a permanent marker to reduce 

scattering from the edges. In addition, a 1 mm wide strip of carbon tape was placed 

along the input edge of the guide to reduce stray light. As shown in Figure 1, a 20x 

microscope objective was used to project the output onto a screen or onto a 

photodetector through a 1 mm slit. A macro lens attached to the CCD camera resulted 

in each column of 11.5 pm wide pixels in the digital image corresponding to a distance 

of 40 um along the length of the crystal. 

RESULTS AND DISCUSSION 

Several techniques are available to measure attenuation on optical waveguides: 

sliding prism, cutback and scattering are three of the most common. In this work we 
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report loss measurements made using the scattering technique [ I  I ]  and the cutback 

technique. 

A surface profile of a light streak from a non-stoichiometric implanted guide is 

shown in Figure 2. Similar images were obtained for all but one of the implanted 

crystals. The images were analyzed by integrating one pixel wide cross sections of the 

scattered light streaks. To keep the background constant a fixed number of pixels were 

used for each measurement. Figure 3 shows a plot of integrated intensity versus 

propagation distance after a background substraction and removal of scattering from 

dust particles from the waveguide shown in Figure 2. The fit to the data indicates an 

attenuation of 10.6 dB/cm for this guide, which has a Ti:O ratio of 1:l. A sample 

implanted with a Ti:O ratio of 1:2 exhibited losses in excess of 20 dB/cm. Such a high 

loss was unexpected and may be due to an excessive 0 current that caused the crystal 

to develop a crack during implantation. In agreement with previous work [12], samples 

implanted with a Ti:O ratio of 1:3 were found to have losses ranging from 2.3 to 3.1 

dB/cm. 

A stoichiometric guide which exhibited very low levels of scattering was analyzed 

exclusively by the cutback method. The waveguide was initially 11.0 mm long and the 

output was measured after the crystal was cut and polished to lengths of 7.2, 4.4 and 

3.2 mm. The same end of the crystal was used for coupling to the three longest lengths 

to keep the input as constant as possible. The 3.2 mrn long crystal was the remnant 

from the first cutback. For each length the input parameters were optimized for 

maximum output. Despite the low visible scattering, the loss was found to be 3.1 db/cm, 

similar to that found by the scattering method for other stoichiometric crystals. The 1:l 

Ti:O crystal was cut once and the loss was found to be 7 dB/cm, in rough agreement 

with the scattering loss measurement. 

CONCLUSION 

Stoichiometric Ti and 0 implantation at 500°C produces waveguides that exhibit 

losses of less than 3 dB/cm as measured by two different techniques. The losses in 

non-stoichimetric Ti and 0 implanted guides were found to be much higher than those 
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in the stoichiometric guides. The attenuation in the stoichiometric guides is well above 

the oft-cited goal of 1 dB/cm for practical applications but should be considered as an 

estimate that may well be reduced with further study. 
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Figure Captions. 

Figure 1. Experimental set-up for scattering and cutback loss measurements. 

Figure 2. Light intensity profile from crystal implanted with Ti and 0 in a 1:3 ratio. 

Figure 3. Plot of integrated intensity vs. propagation distance for crystal of Fig. 2. 

showing attenuation of 10.6 dB/cm. 
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