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Figure 1.1 Various techniques exist for frequency conversion of laser-diode
output, such as single-pass doubling in a bulk nonlinear crystal and doubling in
a resonant bulk crystal. Others involve frequency-doubling diode-pumped solid-
state lasers, upconversion in a fiber, and doubling in a nonlinear waveguide.

waveguides has the potential for highly efficientblue or green operation in a compact and

robust package not only due to its mode-confinement of optical light in the waveguide but
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ABSTRACT 

Fabrication of Quasi-Phase-Matching Waveguides for BlueJGreen Generation 

by Rapid Thermal Annealing of Proton-Exchanged LiTa03 

Cangsang Zhao 

Oregon Graduate Institute of Science & Technology 

Supervising Professor: Reinhart Engelmann 

Industry has been impatiently waiting for inexpensive, reliable, solid-state, com- 

pact blue and green lasers for various applications such as digital printing, high-density 

data storage, color displays etc. Semiconductor blue-green diode lasers are the desirable 

candidates. Although a lot of research is being carried out all over the world to realize 

such laser diodes, the (CW) lifetimes of existing devices are still only about 100 hours at 

room temperature. It is difficult to anticipate when the life-time problems will be solved. 

Since high-power infrared diode lasers are available commercially, frequency conversion 

of diode-laser output is an alternative for such compact devices. 

This thesis is aimed at fabricating such compact blue and green lasers by using 

quasi-phase-matching (QPM) second harmonic generation (SHG) in LiTa03 crystals. 



Practical considerations will be reviewed and discussed for such compact blue and green 

lasers. Device design modeling has been performed to estimate QPM conversion efficien- 

cies and acceptance bandwidths, to estimate QPM wavelengths, distributed Bragg reflec- 

tion (DBR) wavelengths, reflectivity, and the concurrent QPM & DBR conditions in a 

periodically segmented waveguide. Proton exchange (PE) and rapid thermal annealing 

(RTA) were used to fabricate both periodically domain-inverted structures and QPM 

waveguides. The domain inversion mechanism has been investigated and discussed. Fab- 

rication of periodically domain-inverted structures in LiTa03 by PE in benzoic acid fol- 

lowed by RTA has been investigated and developed. It was demonstrated that short-period 

domain-inverted gratings with considerable inversion depth can be formed by PE in ben- 

zoic rather than pyrophosphoric acid followed by RTA. This procedure allowed the fabri- 

cation and characterization of first-, second-, and third-order domain inverted gratings. 

Annealing for extremely short time (-6 s) is crucial for achieving small structures (< 4 pm 

period) and straight domain walls. A pre-annealing process has been developed to form 

better QPM structures and allow fabrication of a 2.2 pm depth, 0.6 duty cycle periodically 

domain-inverted structure with a period of 3.7 pm. Strongly confining waveguides can be 

fabricated at high temperature (540-610°C) by short-time (6-12 s) RTA, and the simulta- 

neous fabrication of waveguide and domain inversion structures for QPM-SHG is accom- 

plishable by single-step photolithography. 

xxi 



Chapter 1 

INTRODUCTION 

A broad range of applications need cost-effective, compact blue and green laser 

sources before their full potential can be realized. These include optoelectronics, high- 

density optical storage, printing, displays, flow-cytometrey, and medical applications. To 

be viable, such a source must also deliver high output power with high efficiency and good 

reliability. Currently, however, there are no ideal blue or green laser sources. Existing blue 

lasers, such as argon-ion lasers, are too large, inefficient, and costly. 

The ultimate blue or green laser sources in terms of size, robustness, efficiency, 

and cost are semiconductor lasers. Current research on blue and green semiconductor laser 

diode devices has been concentrated on high-bandgap semiconductor materials such as 

ZnCdSeIZnSeS [ I ]  and InGaN [2]. Although a lot of research is being carried out to real- 

ize such laser diodes, the CW lifetime of existing devices is still only on the order of about 

100 hours at room temperature [I]. Alternative technologies for such laser sources relying 

on frequency conversion of infrared laser-diode output are, therefore, being pursued. 

These include frequency doubling of laser-diode output, upconversion lasing in optical 

fibers, and laser-diode-pumped frequency-doubled solid-state lasers etc. as shown in Fig. 

1.1 [3]. Contrary to most of the other techniques the frequency doubling in nonlinear 
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Figure 1.1 Various techniques exist for frequency conversion of laser-diode
output, such as single-pass doubling in a bulk nonlinear crystal and doubling in
a resonant bulk crystal. Others involve frequency-doubling diode-pumped solid-
state lasers, upconversion in a fiber, and doubling in a nonlinear waveguide.

waveguides has the potential for highly efficientblue or green operation in a compact and

robust package not only due to its mode-confinement of optical light in the waveguide but



also due to the possibility of realizing a device with laser-diode chip and waveguide inte- 

grated together as shown in Fig. 1.1. 

Utilizing such a scheme of frequency doubling in nonlinear waveguides, a device 

configuration in LiTa03, which promises low cost, compactness, and robustness, has been 

proposed in this thesis. Aiming at forming such a device, this thesis work is performed in 

two major perspectives: (i) Device design modeling; (ii) Fabrication process development. 

The bulk of this thesis is divided into five chapters. Chapter 2 contains background 

on quasi-phase-matching (QPM) second-harmonic generation (SHG) theory and practical 

considerations for device realization. Section 2.2 introduces the concept of the QPM-SHG 

scheme. Section 2.3 shows the relationship between QPM conversion efficiencies and the 

material, QPM structure, and waveguide parameters in waveguide devices. Section 2.4 dis- 

cusses the QPM acceptance bandwidths: wavelength, temperature, and mode-index fluctu- 

ation bandwidths. Section 2.5 reviews the practical limitations and several device-design 

considerations for realizing QPM waveguide devices using diode lasers as pump sources. 

Section 2.6 presents the proposed device configuration referred to above as a conclusion of 

the review work presented in section 2.5. 

In chapter 3, modeling and simulation of both uniform and periodically segmented 

(PS) QPM waveguides are performed. Section 3.2 provides modeling of uniformly an- 

nealed proton-exchanged (APE) channel waveguides, which gives analytical expressions 

of mode indices and mode field distributions. Section 3.3 shows a simplified method to sim- 

ulate PS QPM waveguides, which includes the calculation of QPM wavelength, and dis- 

tributed Bragg reflection (DBR) wavelength and reflectivity. 



Chapter 4 studies domain inversion for QPM structures using RTA of proton-ex- 

changed (PE) LiTa03. Section 4.2 reviews the domain-inversion fabrication in LiTa03. 

Section 4.3 discusses the broad-area domain-formation process and mechanisms. In section 

4.4, fabrication of high-quality periodically domain-inverted QPM structures is presented. 

Chapter 5 contains fabrication of simultaneous QPM structure and strongly confin- 

ing waveguides at high temperatures. Section 5.2 introduces high-temperature waveguide 

fabrication and characterizations. In section 5.3, QPM-SHG of blue light is demonstrated 

showing high-quality QPM structures and waveguiding. 

Finally, chapter 6 summarizes the work of the preceding chapters and gives sugges- 

tions for future work in this field. 



Chapter 2 

QUASI-PHASE-MATCHING SECOND-HARMONIC GENERATION 

2.1 Introduction 

The accurate design and fabrication of high-quality QPM-SHG devices rely on 

thorough understanding of the physical principles of the QPM scheme and the device opti- 

mization mechanisms. Practical considerations for QPM-device design are also critical for 

realizing low-cost, compact, and robust products. This chapter provides the fundamental 

principles of the QPM scheme and the relationships of QPM conversion efficiencies with 

the material, QPM structure, and waveguide parameters along with an overview of practi- 

cal considerations for QPM-waveguide design. 

2.2 Principles of QPM scheme 

Frequency conversion of laser-diode output is possible because of advances in 

both nonlinear materials and conversion techniques, as well as in infrared laser diode 

sources such as high power (1 W) coherent lasers and frequency-stable DBR lasers [3]. 

SHG converts an infrared wave into a blue or green wave, in which a fundamental wave 

with frequency ol (or wavelength h) interacts with the second-order nonlinear susceptibil- 

ity of a material to produce a polarization wave at the second-harmonic (SH) frequency w;! 



= 2 0 , .  Since the polarization wave is forced by the fundamental wave, it travels with the 

same velocity, determined by nl, the index of refraction at the fundamental wavelength. 

The polarization wave radiates a free SH wave which travels at a velocity determined by 

n2, the index of refraction at the SH wavelength. In general n2 > nl because of normal dis- 

persion in the material, so that the fundamental and SH waves travel at different phase 

velocities. Since the sign of power flow from one wave to the other is determined by the 

relative phase between the waves, the continuous phase flip between these waves caused 

by their differing phase velocities leads to an alternation in the direction of the flow of 

power. This situation is illustrated by curve C in Fig. 2.1. It can be seen that the alternation 

of the sign of power flow leads to a repetitive growth and decay of the SH intensity along 

the length of the interaction. The distance over which the relative phase of the two waves 

changes by n is the coherence length I, = h/4(n2-nl) which is also the half period of the 

growth and decay cycle of the SH. If the refractive indices can be matched by some 

means, for example by making use of the birefringence of an anisotropic material, the SH 

field grows linearly with distance in the medium, and thus the intensity initially grows 

quadratically, as shown by curve A. This condition is called phase matching [4]. 

Another method for enabling continuous growth of the SH wave along the device, 

called QPM involves repeated inversion of the relative phase between the forced and free 

waves after an odd number of coherence lengths [4,5,6]. The phase is thus "reset" period- 

ically so that on average, the proper phase relationship is maintained for growth of the SH. 

One way to invert the phase is to change the sign of the nonlinear coefficient. A practical 

approach in ferroelectric crystals like LiNb03, LiTa03, and KTP involves forming regions 



0 1, 21, 31, 41, 51, 61, 
Waveguide length L 

Figure 2.1 Effect of phase matching on the growth of second-har- 
monic intensity with distance in a nonlinear crystal. A: perfect 
phase matching in a uniformly poled crystal; C: Nonphase-matched 
interaction; B: QPM by flipping the sign of the spontaneous polar- 
ization every coherence length I, of the interaction of curve C .  

of periodically reversed spontaneous polarization P, ("domain"). The most rapid growth 

of the SH, and hence the greatest conversion efficiency, is obtained by changing the sign 

of P, (and thus the sign of the nonlinear coefficient) every coherence length. This situa- 

tion, which we shall call first-order QPM, is illustrated by curve B in Fig 2.1. In general, 

the phase-matching condition in QPM is expressed as Ak = 0, where 

here N1 and N2 are the effective refractive indices of the fundamental and SH waves 

respectively, q is the QPM grating order, A is the grating period, and Ak is the propagation 

constant difference. The birefringent phase-matching in homogeneous crystals is achieved 



by making N1 = N2. But in QPM, the additional term 9 in equation (2.1) offers a num- 
A 

ber of advantages: 

(1) On the assumption that an appropriate QPM structure can be realized, any wave- 

length combination within the transparency range of the material can be phase- 

matched at room temperature. 

(2 )  The polarization of the interesting fields can be chosen such that the largest nonlin- 

ear coefficient d33 can be used. 

(3) Nonlinear materials with small or no birefringence, such as LiTa03, GaAs, or 

organics, can be used. 

(4) Different orders q of the nonlinear processes can be phase-matched simultaneously 

in the same waveguide, which allows simultaneous SHG for multiple wavelengths. 

( 5 )  The width and shape of the acceptance bandwidth can be tailored by appropriate 

design of the modulated structure. 

(6) A periodic modulation of the nonlinear optical coefficients also leads to periodic 

modulation of the electrooptic coefficients. This can reduce the detrimental photo- 

refractive effect [7]. 

Bulk QPM with low efficiency was early demonstrated in stacks of differently ori- 

ented GaAs plates [8]. Attempts have also been made to grow LiNb03 and LiTa03 crys- 

tals with periodically alternating ferroelectric domains [7, 9, 10, 111. However, in these 

experiments the conversion efficiencies were modest, primarily due to undesirable varia- 



tions in the periodicity of the modulation. The first QPM waveguides in LiNb03 were 

reported in 1989 [12, 13, 14, 151. Since then, several alternative methods for realizing 

periodically modulated structures have been demonstrated. Materials which have been 

used, in addition to LiNb03, include LiTa03 [16, 171, KTP [18], polymers [19, 201, 

organic crystals [21], germanium-doped silica [22] and SBN (Sr075Ba0.25N206) [23]. 

Recently, new methods to obtain a periodic modulation of the nonlinearity in the bulk of 

the crystal have revived the interest in bulk QPM, both for SHG and for difference fre- 

quency generation of parametric oscillation [24,25,26]. 

2.3 Conversion efficiencies in QPM waveguides 

Probably the most important measure of the a QPM-SHG device is its conversion 

efficiency. There are three conversion efficiencies which are used in the literature to de- 

scribe the efficiency of a fabricated QPM-SHG device, which are defined as: 

Conversion efficiency 

Normalized conversion efficiency 

Length-normalized conversion efficiency 

where L is the waveguide length, P2 is the generated SH power, and P ,  is initial fundamen- 



10

tal power.

The basic theory of QPM has been discussed by several authors, with emphasis on

various nonlinear optical applications [6,27,28,26,30] as well as for traveling-wave e1ec-

trooptic modulators [31]. Fig. 2.2 shows a typical channel waveguide with a periodic do-

main-inversion configuration and the coordinate system. When the input fundamental

D Regular Domain

Inverted Domain

x

y

z

Figure 2.2 QPM channel waveguide

mode is propagating through this waveguide, the SH mode is generated due to the coupling

induced by the periodically perturbed nonlinear coefficient as discussed in section 2.2. In

most cases PI is much larger than P2 (see section 2.5.1 for detailed discussions). Also, by

assuming the slowly varying amplitude equation for governing the growth of the SH field,

CW or long-pulse interaction, and no losses for the fundamental or SH modes, the length-

normalized conversion efficiency is theoretically given [32, 33] by



providing both 

and 

where d33 is the nonlinear coefficient of the crystal, N I  and N2 are the mode effective indi- 

ces for the fundamental and SH waves, respectively, c is the vacuum speed of light, EO is 

the vacuum permittivity, h is the fundamental wavelength, y and z are the channel 

waveguide width and depth coordinates, respectively, El(z,  y) and E2(z, y) are the mode 

electric field distributions for the fundamental and SH waves, respectively, which are nor- 

malized as 

G(z)  is a function that describes the reduction in the effective nonlinear coefficient when 

the modulation of the nonlinear coefficient varies with depth. This reduction factor G(z) is 



actually the Fourier coefficient of the spatial frequency of the domain-inversion modula- 

tion along x that accomplishes QPM, 

L 
G (z) = - sin [xqD (z) ] w 

where q is the order of the Fourier component used for QPM, also called QPM grating 

order, and D(z) is the duty cycle of the QPM structure at depth z, 

with a(z) as the length of the reversed domain at depth z, and A as the grating period. 

According to eq. (2.5), high conversion efficiencies from the material point of 

view can be obtained in materials with high nonlinear coefficient d33. From the QPM 

structure point of view, equation (2.5) shows that D(z) needs to be maintained as constant 

D within the waveguiding region, which means the QPM structure needs to be deep 

enough with straight domain walls as shown in Fig. 2.3. The influence of the triangular 

and semi-circular shapes for the domain boundary on the conversion efficiency for QPM- 

SHG has been reported in Refs. [34] and [35]. Also, the optimum duty cycle D varies with 

QPM grating orders q. Equation (2.9) shows that the optimum duty cycle for odd q is 50% 

(actually, as q grows larger, there is more than one optimum duty cycle which makes the 

sine term equal to I). For q = 2, D needs to be 25% or 75%. Equation (2.9) also shows that 



h 
Domain inverted 

Figure 2.3 Deep straight-domain-wall QPM structure 

smaller q gives higher efficiency. According to the phase-matching condition in (2.1) it is 

seen that the smaller the grating order q, the shorter period the QPM structures have to be 

fabricated with. For instance, the domain-inversion periods for QPM at 860 nm in LiTaO, 

waveguides are 3.7 ym, 7.4 pm, and 11.1 ym for first-, second-, and third-order gratings 

respectively. One challenge is thus to fabricate deep short-period QPM structures with 

straight domain walls and proper duty cycles. 

By assuming that D(z) is a constant D and the domain inversion structure is deeper 

than the propagating modes, an important parameter called the effective overlap area A,a 

can be defined as 

2 
With the proper D generating sin [nqD ( z )  ] = 1 , eq. (2.5) can be optimized as 



2 AkL 2 

32d33 sin ( ') - 
q n o r ~  - N 2 N ~ c e o k 2 q 2 A e ~  ] 

which shows that optimizing AefS is needed to enhance the performance of QPM-SHG 

waveguides. Usually, when both fundamental and SH waves are transverse magnetic 

TMoo modes, the better the mode confinement, the smaller Aeflcan be obtained. 

2.4 QPM acceptance bandwidths 

To evaluate the utility of QPM devices for practical application, it is important to 

analyze tolerances for variations in temperature and wavelength etc. by evaluating their 

effects on the efficiency of the device. For a device of total length L containing uniform 

periods, the phase-matching factor in the expression for the power conversion efficiency is 

as previously shown in (2.5) 

sin 

where Ak is given in (2.1). The full width at half maximum (FWHM) acceptance band- 

widths for several quantities which affect Ak when they are varied can be obtained using 

the fact that this factor goes to 1/2 when AkLJ2 = 0 . 4 4 2 9 ~  The thus obtained FWHM 



wavelength and temperature bandwidths are [36] 

and 

where a is the coefficient of the linear thermal expansion defined as a = tlal/aT, 

and the derivatives are evaluated at their respective wavelengths or temperatures. 

Although N1 and N2 are mode indices in the waveguide, to the first-order approximation 

the material indices and dispersion can be used in (2.14) and (2.15) to calculate the band- 

widths. The indices and dispersion in LiNb03 and KTP can be obtained numerically, for 

example, from published Sellmeier fits [37,38,39]. Using the experimental data of refrac- 

tive index at different wavelengths [40], the Sellmeier fits for the extraordinary index in 

LiTa03 have been performed for the dispersion relations at room temperature (24S°C) 



where h is in nm, n, is the substrate extraordinary index, and A, = 4.52996, A2 = 84459.7 

2 nm , A3 = 203.3 14 nm, and A4 = 2.40 x nme2. Fig. 2.4 shows the fitting curve and the 

measured data in Ref. [40]. It is seen that a good Sellmeier fit has been obtained. Equation 

I I I I I I I 

Experimental Data 
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Figure 2.4 Sellmeier fitting for the extraordinary index n, in LiTa03 

(2.16) will then be used to calculate the extraordinary index n, in this thesis. Table 2.1 

shows the calculated or measured numbers of the wavelength and temperature acceptance 

bandwidths in the most popular ferroelectric crystals for QPM. At longer wavelengths the 

spectral and thermal bandwidths tend to increase because of the decrease in dispersion. 

Another important acceptance bandwidth is the mode index fluctuation in a non- 

uniform waveguide, in which phase-matching condition cannot be maintained over long 

interaction lengths. Since the propagation constant of the guided mode depends not only 

on the material dispersion, but also on the waveguide dispersion, inhomogeneities in the 

material refractive and waveguide index profile can seriously limit the phase-matchable 



interaction length and consequently, the conversion efficiency. Consider the case of QPM- 

SHG and assume that due to the waveguide nonuniformity, the fluctuation of the phase- 

Table 2.1 FWHM acceptance bandwidth-length product in QPM at 860 nm 
* Calculated *~x~er imen ta l  data 

mismatch quantity, 6 k  = (2?c/A) 6 (N2 - N,), is distributed randomly over the interac- 

tion length L, with a Gaussian probability distribution 

t 

Wavelength acceptance- 
length product (6A.L) 

Temperature acceptance- 
length product (6T.L) 

where a is the square-root mean value of the phase-mismatch variation 6k.  Then the con- 

sequent reduction in the conversion efficiency is given by [42] 

For at least 50% of the SH power to be maintained over the phase-matching length Lpm, 

LiNb03 

0.07 nmmcm* 
[371 

0.7 "Cmcm* [37] 

KTP 

0.12 nmmcm* 
1381,[391 

3.0 "Cmcm* 
1181 

LiTa03 

0.09 nmmcm* 
Eq. (1.17) 

2.9 "Cmcm* 
[411 



the maximum value of o should satisfy aLpm < 1.2, and the fluctuations in the mode index 

mismatch 6(N2 - NI) at h = 860 nm must be c 1.6 x for Lpm = 1 cm. This turned out to 

be the most stringent requirement on waveguides for SHG and has been confirmed experi- 

mentally [43]. 

2.5 Practical considerations for QPM waveguide devices 

2.5.1 Limitations on efficiency and power 

It is shown in equation (2.5) that when L is small enough (AkL <<I), qnorL becomes 

independent of waveguide length L, and thus accounts for the material and geometrical as- 

pects of the device: the overlap of the modes, the nonlinear coefficient, and the effective 

nonlinear coefficient determined by the implementation of QPM. Table 2.2 shows the non- 

linear coefficients d33 and the theoretical predictions of the length-normalized conversion 

efficiency qnorL assuming a 15 pm2 (typical value for channel waveguides with w = 4 pm) 

effective overlap area Aeff in LiTa03, LiNb03, and KTP. 

Other important measures for a QPM device are, of course, the normalized conver- 

sion efficiency qnor and the generated SH power P2. Firstly, qnor is a measure of the entire 

quality of a QPM-SHG waveguide as shown in (2.6) since it takes into account the 

waveguide length. As discussed in section 2.4, mode-index fluctuation becomes the major 

reduction factor for conversion efficiency when waveguide length is very long, as shown 

in eq. (2.18). Usually, L is limited within 1 cm due to the mode index fluctuation present in 

most of the fabricated waveguides. It should be pointed out that high-quality crystal and 



Table 2.2 Nonlinear optical coefficient d33 and theoretical q,,orL @ Ak <<I 

uniform waveguide quality is essential for the use of longer waveguides, and consequently 

for the generation of high normalized conversion efficiency qnor. SH power P2 seems to be 

quadratically enhanced by increasing the fundamental power P1 with given qnor and L as 

shown in (2.7). But, the photorefractive effect [45, 46, 471, through which high-intensity 

illumination of a crystal induces a local increase of refractive index, causes problems, often 

referred to as optical damage. The change of the refractive index results in violation of the 

phase-matching condition and degraded waveguiding properties. This effect sets an upper 

limit to the useful power levels in QPM waveguides. Thus, it has been difficult to achieve 

high conversion efficiency q (>20%) in QPM waveguide devices mainly due to mode index 

fluctuation and photorefractive effect. Efficient blue-light generation by frequency dou- 

bling of infrared light from a titanium-sapphire (Ti:A1203) or a diode laser has been report- 

ed in QPM waveguides fabricated in LiTa03, LiNb03, and KTP. Table 2.3 summarizes 

some high-efficiency QPM devices reported so far. Notice that some length-normalized ef- 

ficiencies in KTP devices in Table 2.3 are bigger than the theoretical values in Table 2.2. 

This phenomenon has been carefully investigated in Ref [50] and it was suggested there 

that the BbIBa-exchange process might increase the nonlinear coefficient d33 in KTP. Also, 

KTP 

13.7 pmN 
C391 

308% 
~ r n - ~ w - '  

LiNb03 

34.4 pmN 
[441 

1200% 
~ r n - ~ w - '  

Description 

Nonlinear 
coefficient 

q,,,~ for ideal QPM 
structure and 

2 A , , =  15 pm 

LiTaO3 

19.4 pmN 
[do1 

417% 
~ r n - ~ w - '  

Symbol 

d33 

qnor~ 



it can be seen that in Table 2.3 the conversion efficiencies in LiNb03 and LiTa03 are al- 

ready close to theoretical predictions as shown in Table 2.2. 

Table 2.3 Selected results of high-efficiency QPM waveguide devices 

2.5.2 QPM-SHG using diode lasers as pumps 

As has been discussed in the previous section, the difficulty in achieving practical 

QPM devices results from the stringent tolerances placed on the periodic structure, which 

includes wavelength acceptance bandwidth, temperature bandwidth, and mode index fluc- 

tuation etc. [36]. In order to realize compact QPM-SHG blue and green sources by using 

laser diodes as the pump source, the QPM tolerances would require the laser diodes to 

have single transverse and longitudinal modes. Also, reflections from the waveguide and 

other optical components tend to destabilize the laser and make it difficult to maintain las- 

ing within the narrow acceptance bandwidth for efficient doubling. Furthermore, both the 

KTP 

LiTa03 
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[50] 

[51] 
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laser and the waveguide should have accurate temperature controlling and tuning. 

Approaches to solve this problem are to use stabilized (DBR) lasers or extended-cavity con- 

figurations with bulk diffraction gratings as wavelength-selective elements [52, 531 as 

shown in Fig. 2.5. In both cases a half-wave plate needs to be put in between laser diode 

Lens Beam splitter 
AR-coated AR-coated 

Laser 
diode 

Temperature 
control 

Figure 2.5 Experimental setup for frequency doubling a laser 
diode in QPM waveguide with a grating feedback systems 

and waveguides to convert the transverse electric (TE) mode out of the laser diode to a 

transverse magnetic (TM) mode into the QPM waveguide, which results in a less-compact 

and high-cost device comparing to the coplanar-mounted and butt-coupled QPM device to 

be discussed in section 2.5.5. 

2.5.3 PS waveguides for concurrent QPM-SHG and DBR 

A more attractive and practical scheme of achieving coherent compact blue or 

green laser sources is to make a concurrent QPM-SHG and DBR waveguide [54,55]. The 

waveguide itself then functions not only as the QPM-SHG device but also as an extended- 

cavity mirror to stabilize the diode laser source. In the PS waveguide suitable for QPM- 



SHG [18], in addition to the non-linear optical coefficient, the linear optical constant 

(refractive index) is also periodically modulated along the propagation direction. This 

allows the waveguide to serve simultaneously as a DBR 156, 57, 581. For a simple PS 

waveguide to achieve both QPM SHG and Bragg reflection at the same wavelength h the 

QPM condition (order q): 

and the DBR condition (order m): 

have to be concurrently satisfied. Fig. 2.6 shows the concurrent QPM & DBR wavelengths 

in a LiTa03 segmented waveguides by inserting refractive indices of LiTa03 calculated by 

(2.16) into equations (2.19) and (2.20) for N2 alld N l .  Careful calculations for N2 and 

Nl will be discussed in chapter 3 for APE channel waveguides in LiTa03. In this concur- 

rent QPM and DBR scheme, the DBR wavelength hDBR must coincide with the QPM 

wavelength hOPM for efficient generation of SH light. This coincidence is obtained at a 

particular wavelength by selecting the period that simultaneously satisfies both DBR and 

QPM conditions (see Fig. 2.6). The temperature tuning rates of the DBR and QPM wave- 

lengths are therefore of practical significance, because achieving coincidence requires 



Fundamental wavelength h (nm) 

Figure 2.6 PS-waveguide periods which satisfy 
both DBR and QPM conditions in LiTaO, 

adjusting the waveguide temperature to compensate for any processing errors in the 

waveguide period. Control of the waveguide temperature may also be necessary to ensure 

stable SH output power. The temperature tuning of the QPM wavelength for a LiTaO, 

waveguide was measured as 0.06 nmI0C reported in Ref. [59]. Temperature tuning of the 

DBR wavelength for a LiTa03 waveguide can be obtained by taking the derivative with 

respect to temperature Ton equation (2.20) using for simplicity n l  to replace N1: 

where dnl/dT was measured as -1.0 x 10.' PC  [60], a = 1.6 x I0C 1401. By inserting 

A = 3.8 pm, m = 19, and nl = 2.14 into (2.21), the temperature tuning of the DBR wave- 



length is estimated to be 0.018 nrnI0C. The difference in the tuning rates of the DBR and 

QPM wavelengths may be used to obtain and maintain coincidence of the DBR and QPM 

peaks. For example, given a practical temperature tuning of the waveguide by f 10°C, 

there is a + 0.42 nm difference in the QPM and DBR tuning range. Consequently, by using 

(2.20), it can be found that there would be only + 0.002 pm fabrication tolerance of the 

average grating period, which is very difficult to be maintained. The requirement on fabri- 

cation tolerance can be relaxed by increasing the QPM acceptance bandwidth. For exam- 

ple, if the QPM acceptance bandwidth increases to 3 nm, the fabrication allowance of the 

average grating period would become f 0.007 pm, and, in addition, temperature tuning of 

the waveguide becomes unnecessary, which would introduce a more robust device config- 

uration. 

2.5.4 Broadband QPM scheme 

Broadband QPM becomes important in order to ease the tolerances in practical 

QPM device realization and requirements on the stability of the diode laser. Acceptance 

bandwidths could principally be increased by reducing interaction length as shown in eqs. 

(2.15), (2.16), and (2.18). In a uniformly phase-matched nonlinear optical interaction the 

bandwidth scales inversely with length, however, the conversion efficiency scales quadrat- 

ically with length, as shown below: 

2 
Efficiency: q = A L 



1 Bandwidths: 6h, 6T = B - 
L 

where A and B are constants. Thus, with the conversion efficiencies for QPM-SHG, reduc- 

ing the length results in an unacceptable trade-off between conversion efficiency and 

acceptance bandwidth. By using a nonuniform QPM structure, on the other hand, it is pos- 

sible to achieve an approximately linear trade-off between conversion efficiency and 

bandwidth as such 

where C is the factor of enhancement on bandwidth and the factor of decrease on effi- 

ciency. C is dependent on the nonuniform QPM structures. It was theoretically analyzed 

that the bandwidth of QPM can be broadened with approximately a linear trade-off against 

efficiency using randomized nonlinear gratings [36], linearly chirped nonlinear gratings 

[61], and pseudorandom polarity reversal (Barker codes) [62]. It was also experimentally 

demonstrated that broadening of QPM bandwidths can be achieved by using a Barker- 

code structure (phase reversal after propagation for a certain distance) [63], a segmented 

QPM structure (with different periods or channel width in each segment) [64], and an opti- 

mal periodic domain-inverted structure having preferred phase-matching characteristics, 



e.g. a widest acceptance bandwidth at a given peak conversion efficiency [65]. As an 

example, Fig. 2.7 shows theoretical tuning curves of a conventional and a 13-bit Barker- 

coded [63] QPM structure in a LiTa03 PS waveguide with a 0.5 duty cycle. Typical 

Wavelength (nm) 

Figure 2.7 Theoretical wavelength-acceptance tuning curves 
in LiTa03: (a) 4.9 mm long conventional PS QPM waveguide; 
(b) 4.9 mm long PS QPM waveguide with 13-bit Barker code. 

waveguide parameters (w = 4 pm, d, = 2.5 pm) have been chosen, and a 100 mW funda- 

mental power has been assumed, which is a typical output power of a commercial high 

power diode laser. The SH power is calculated assuming one-pass of the fundamental 

light through the waveguide. In a 4.9 mm long conventional PS QPM waveguide, the peak 

SH power could approach 9 mW with a 0.16 nm FWHM acceptance bandwidth. On the 

other hand, in a 4.9 mm long PS QPM waveguide with a 13-bit Barker code, the peak SH 

power can be as high as 0.9 mW with a dramatic increase of the 3dB acceptance band- 

width to 2.6 nm, which allows for the design of a PS QPM waveguide device operated 

without any temperature control. 



2.5.5 Coplanar-mounted and butt-coupled QPM waveguide devices 

High SHG conversion efficiencies and high SH powers have been reported in 

QPM waveguides fabricated in nonlinear crystals like LiNb03 [48], LiTa03 [52], and 

KTP [50] as had been shown in Table 2.3. The waveguides need to support TM modes that 

are polarized parallel to the c axis in order to utilize the largest nonlinear coefficient d33 in 

these materials. Using semiconductor diode lasers as pumps in such a QPM scheme has 

the potential of making compact coherent blue and green sources. Commercially available 

laser diodes operate in a TE mode with the polarization axis parallel to the plane of the 

device. A configuration based on coplanar-mounting and butt-coupling (Fig. 2.8) is very 

promising for realizing a simpler, lower cost, more compact, and mechanically stable 

device as compared to the configuration in Fig. 2.5. There are two key issues to be 

AR-coated Concurrent QPM & DBR Waveguide 
I I 

Substrate (Temperature controlled) 

1 \ f 

Figure 2.8 Coplanar-mounted and butt-coupled QPM-SHG device configuration 

Laser diode 

addressed for such a geometry. The first issue is to realize coplanar mounting of the laser 

diode and the SHG waveguide on a common substrate without requiring an extra element, 

e.g. a half-wave plate, that would provide the necessary TM-mode excitation in the 

1 h/2 - 



waveguide. This approach has been demonstrated [66] with APE LiTa03 and LiNb03 

waveguides since, there, only TM modes can be supported due to the increase of the 

extraordinary index and the decrease of the ordinary index in the proton-diffused region of 

these waveguides and, thus, force TM mode operation if placed within the lasing cavity. 

The second issue is to integrate a DBR structure with the QPM waveguide for the lasing 

feedback. Such a scheme has been demonstrated in Rb/Ba-exchanged PS QPM 

waveguides in KTP [55]  thanks to the high anisotropy of ion diffusion, being greater along 

the c axis [67]. In the PS waveguide, in addition to the non-linear optical coefficient, the 

linear optical constant (refractive index) is also periodically modulated along the propaga- 

tion direction. But the RbIBa-exchanged waveguides in KTP are relatively deep and sup- 

port several modes both TE and TM, which makes it difficult to achieve the coplanar- 

mounted approach in KTP. It has been shown [16,68] that with proper APE on the -c face 

of z-cut LiTa03 the domain-inverted region is closely associated with the proton-diffused 

region of higher extraordinary refractive index and, thus, in principle allows formation of 

the periodic domain inversion and waveguiding in a single fabrication process. In addi- 

tion, such a process has the potential of realizing PS waveguides with a DBR structure by 

one-step photolithography. The DBR structure thus formed would only have feedback 

with TM polarization, which is crucial for the device concept described in Fig. 2.8. 

2.6 A compact QPM device configuration in LiTa03 

Based on the practical considerations discussed previously, one can expect an 

integrated compact device which has only a laser diode and a PS waveguide on a single 



substrate wafer as shown in Fig. 2.9 by properly patterning the PS structure with a broad- 

band QPM scheme as shown in Fig. 2.7. Furthermore, if the DBR structure can have a 

Figure 2.9 Design of a compact QPM device in LiTa03 

Laser diode 

high reflectivity on the fundamental wave, the device can be considered as an intra-cavity 

SHG laser so that the SH power can be much higher than the one-pass SH power. Com- 

pared to the design of Fig. 2.8, the advantages of a thus designed device are: (1) Fabrica- 

tion tolerances are greatly eased due to broadband QPM; (2) Temperature tuning is not 

necessary due to broadband QPM, and a much more stable operation is expected; (3) Sep- 

arate optimization of QPM and DBR structures is possible; (4) A potential intra-cavity 

SHG laser is expected also to enhance conversion efficiency. The limitation on such a 

device configuration is that its application is limited to low power devices (< 10 mW). 

2.7 Summary and conclusions 

QPM conversion efficiency and acceptance bandwidths have been analyzed in 

order to have a better understanding for the waveguide device design. QPM device perfor- 

mance has been related to the material, QPM structure, and waveguide parameters. It has 
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been found that high-quality QPM structures are required, in particular, to exhibit the low- 

est-order QPM grating (short period), to have straight domain walls, to be deep enough 

(comparable with mode sizes), and to have optimized duty cycles. Also, the mode confine- 

ment in QPM waveguides needs to be tight to obtain a high conversion efficiency. 

A compact QPM device configuration has been proposed in LiTa03 based on the 

reviewing of practical considerations for QPM waveguide devices. In this thesis, our work 

is focused on the device-design modeling (chapter 3), process development of domain- 

inversion fabrication (chapter 4), and process development of simultaneous QPM struc- 

ture and waveguide fabrication (chapter 5) for the feasibility of forming such a device 

configuration. 



Chapter 3 

MODELING AND SIMULATION OF QPM WAVEGUIDE DEVICES 

3.1 Introduction 

Conversion efficiency and acceptance bandwidths are the major concerns regard- 

ing the performance of a QPM device. In chapter 2, we had reviewed the relationship of 

them to the material, QPM structure, and waveguide parameters. In this chapter particular 

interest is placed on building up physical models to calculate the waveguide parameters 

such as mode indices and mode field distributions for both uniform and PS waveguides, as 

well as DBR wavelength and reflectivity for PS waveguides for our device design pur- 

pose. 

3.2 Modeling of uniform APE channel waveguides 

As has been discussed in the previous chapter, to design a APE QPM channel 

waveguide device in LiTa03, it is essential to be able to estimate the mode indices N1 and 

N2 for the phase-matching condition (2.1) to be satisfied at desired wavelengths and tem- 

peratures. The field distributions El(z,  y), E2(z, y )  need also to be calculated to estimate 

the conversion efficiency as shown in (2.5). 



3.2.1 Index profile 

The PE process is an ion-exchange process in which lithium ions (~i ' )  in the crys- 

tal are replaced by protons (H') from a hydrogen-rich source. For LiTa03, the process can 

be expressed as 

When the concentration of protons increases during the exchange, the crystalline cells 

tend to expand [69], but for the boundary conditions to be satisfied (i.e., in the surface 

plane, the exchanged layer and the substrate lattice parameters must be identical), elastic 

deformations must occur and expansion must take place perpendicularly to the surface 

[70]. This induces stresses in the exchanged layer, which, through the elastic-optic effect 

and the combination of the piezoelectric and the electro-optic effects, create index varia- 

tions that add to the index increase because of composition variation. Contrary to the 

increase of the extraordinary refractive index (n,), this process results in a local decrease 

of the ordinary refractive index (n,). This is then used to form optical waveguides guiding 

light polarized parallel to the optical axis, the crystal c axis (TM guiding), which is appro- 

priate for exploiting QPM-SHG involving the largest second-order nonlinear coefficient 

d33. 

Fig. 3.1 shows a typical APE waveguide with coordinate system defined according 

to the crystal axes. The proton concentration in the APE layers needs to be related to the 
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PE and annealing conditions. This has been investigated using secondary-ion-mass-spec- 

PE region 

Figure 3.1 Cross-sections of an APE channel 
waveguide; black: PE region, grey: diffused region 

trometry (SIMS) studies [71] at various diffusion and annealing conditions, where PE has 

been carried out in benzoic acid. It has been found [71] that proton concentration has a 

step-like profile after PE as indicated in Fig. 3.1, and the PE depth d, can be estimated as 

where te is the PE time, and D,, (lr) is the PE diffusion coefficient for the z direction mea- 

sured in LiTa03 as [7 l] 

For the PE condition used in our studies and throughout this thesis, i.e., 235°C for 40 rnin 



in benzoic acid, we calculated using eqs. (3.2) and (3.3) that d, = 0.42 pm. Since d, is usu- 

ally small, it would be reasonable to assume that the proton concentration of the as 

exchanged region can be approximated by a rectangle of width w, equal to the mask open- 

ing width, i.e. ignoring lateral diffusion in the PE process. The annealing process can be 

described by a two-dimensional (2-D) diffusion from a finite source with the diffusion in 

the lateral and vertical directions being independent. However, the effective diffusion 

coefficients for the two directions are different. Thus, the proton concentration profile 

H C (z, y) due to the thermal annealing can be modeled as the solution of the following 2- 

D diffusion equation 

2 ac" + Day-$? = - 
ar at  

with the depth, width, and the proton concentration of the initial exchanged region as the 

initial conditions. Here D,, and Day are the diffusion coefficients along the depth and 

width, respectively, assumed to be constant during the annealing process. For a rectangu- 

lar initial exchange region (depth = d,, width = w), the solution to eq. (3.4) is given by [72] 

with normalized distribution functionsfiz) and g(y) 



erf ( (de - z) /d,) + erf ( (de + z) Id,) 
f ( z )  = 2erf (d,/dz) (3.6) 

erf ( (w - 2y) / (2dy) ) + erf ( (w + 2y) / (2dy) 
g(y) = 2erf (w/ (2d,,)) (3.7) 

where d, and dy are the characteristic annealing depths in the vertical and lateral direc- 

tions, respectively, related to annealing time t, and diffusion coefficients Da,(T) and 

Da,,(T) as such 

D,(T) has been obtained [71] for LiTa03 as 

by using a straight line best-fit of the SIMS data to the Arrhenius law. Although the SIMS 

data were measured for an anneal temperature range of 360-400°C, the calculated D,(Q 

= 308 pm2/h extrapolated to 525OC according to eq. (3.10) is comparable to the measured 



anneal diffusion coefficient at 525°C of 264 pm2/h obtained from waveguide depth mea- 

surement [68]. 52S°C is so far the highest temperature at which the anneal diffusion coef- 

ficient was measured. So, we decided to use eq. (3.10) for estimating proton diffusion 

depth in this thesis even for higher temperatures (540-610°C) as will be seen in chapter 5. 

Even though there is no published data for the temperature dependent diffusion coefficient 

Day(T), we can approximately relate Day(T) to D,,(T) according to the ratio of the mea- 

sured values at 360°C [71] as 

by assuming that the activation energies are similar for both the z and y directions as has 

been observed in the PE process [7 11. 

H Under the assumption of the conservation of total proton number, Co in eq. (3.5) 

can be determined as follows: 

H 
where Cex is the uniform proton concentration in the initial PE rectangular region. ex 
was found to be independent of PE time or temperatures, and the SA4S-measured 

values suggested that about 80% of the Li' are exchanged by hydrogen, which gives the 



exchange factor x in HxLil-xTa03 system a value of 0.8 in the benzoic-acid PE experi- 

ments [71]. 

The index change in APE layers then needs to be related to the proton concentra- 

tion. Even though investigations [73,74] have been done to show qualitatively the phase 

diagram of the HxLil-,Ta03 waveguiding layer on top of a z-cut substrate, there is no pub- 

lished data yet to directly relate the index profile to the proton concentration in the APE 

layer in LiTa03. The phase of interesting of the H&il-,Ta03 waveguiding layer for our 

application is the a phase, where the index increase is approximately proportional to the 

proton concentrations [73,74]. Here then we assume that the index increase Ane& z, y) in 

APE LiTa03 is proportional to the proton concentration. With this assumption we can 

write 

with An,(h) = Ane@, 0,O) as the wavelength dependent maximum index change at the sur- 

face and y is a constant which relates proton concentration to the extraordinary-index 

increase in the APE layer. Typical An&) values at h = 860 nm are between 0.008 and 

0.02 for APE waveguides used for QPM-SHG. Mode distribution measurements for pla- 

nar APE waveguides in LiTa03 will be used to approximately determine the y value in 

chapter 5 so that the design and simulation of a APE QPM waveguide becomes possible 



with given fabrication conditions. 

3.2.2 Solution of mode indices 

The 2-D waveguiding problem with an index distribution as given by eq. (3.13) 

usually needs numerical methods to solve for the mode index and field distribution. A 

practical and quick way of determining the mode index and field distribution is to use the 

effective index method [75]. By this method a 2-D problem is analyzed in terms of a prob- 

lem for one-dimensional (1-D) effective waveguides. This latter problem may be solved 

analytically by simpler methods than required for the 2-D case. The method is accurate 

especially when the mode-guiding in the vertical direction is much stronger than that in 

the lateral direction, which is usually the case in the APE waveguides we are dealing with. 

Fig. 3.2 shows that a 1-D waveguide with graded-index profile can be first used to 

Figure 3.2 Effective index method: (a) graded-index one-dimen- 
sional waveguide in z direction with mode index of ne&); (b) 
equivalent planar effective guide in the y-direction 

obtain the effective index n e b ) ,  a function of y. For the lateral guide, nedy) is used in the 

analysis of a planar waveguide. 



In order to obtain analytical solutions for mode indices and field distribution, we 

adopt the approach of Strake et al. [71,77]. First, we notice that for an APE waveguide the 

index profile Ane@, z, y) described by eq. (3.13) can be approximated by the following 

function for which the 1-D Helmholtz equation can be solved analytically [76] 

An, (h, Z, y) = An, (A, 0,O) g (y) 1 - Mtanh2 [ (d,)I 

where M and x are fitting parameters of the order of unity. The fitting of the APE index 

profile is shown in Fig. 3.3 for the case de = 0.42 ym and d, = 2.0 and 3.0 pm, which are 

typical waveguide depths. It is apparent that the approximation of using (3.14) is accept- 

able. Better fitting can be obtained for higher ddd, value, which indicates that the index 

profile approaches a Gaussian function as annealing time increases. It is noteworthy that 

- fit (3.14) 
- - - - - b,(z) (3.13) 

- 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 
depth z (pm) 

Figure 3.3 Comparison of the index profile An,(& z, 0) 
from eq. (3.13) and the theoretical fits from eq. (3.14) in 
the depth direction. For d, = 2 pm, M = 1.086, x = 0.983. 
Ford, = 3 ym, M = 1.086, x = 0.991. 



the approximated index profile (3.14) should be limited only to well-annealed waveguides 

with d(d, > 3. 

Next, we assume the boundary condition that the electric field at the surface is 

zero, which is a fairly good assumption owing to the large refractive-index difference 

between the LiTa03 crystal and the cover material (air). Thus, the 1-D wave equation in 

the z direction for such an index profile (3.14) can be solved analytically, and the mode 

index ne&) as a function of y can be determined [76]: 

with 

P' ( Y )  = [ l  - ( 1  + 4Mp (y) (azkodz/X) 2)1'2] 

where ko = 2n/h is the free-space wave number, n, is the bulk extraordinary index, p O  = 

2neAne(h, 0, y), and a, = n Jn, for quasi-TM optical polarization in z-cut waveguides, no 

being the ordinary index. q, is the mode order in the depth direction. The fitting parame- 

ters M and x were determined by fitting the squared hyperbolic tangent profile (3.14) to 

the profile described by eq. (3.13). 

In order to solve for the mode index of the channel waveguide, the effective index 

profile in the lateral direction n ,B)  is used as the index profile in the 1-D Helmholz equa- 

2 
tion. To obtain an analytical solution, once again we fit neff (y) with the function 



2 2 2 5 ~  
eff (y)  = ne + ~ n ; ~ @ [ l -  etanh2(;)] 

2 2 2 
where Anejm = nefl(0) - ne and Q and 6 are the fitting parameters. The fitting of the 

effective index profile is shown in Fig. 3.4 for the de and d, values as in Fig. 3.3 (for d, = 2 

pm, dy = 1.8 pm and for dz = 3 pm, dy = 2.5 pm). Obviously the validity of this approxi- 

0.0 
-5 .O -3.0 -1.0 1 .O 3.0 5.0 

width y (pm) 

Figure 3.4 Comparison of the effective index profile Anedy) according to 
eq. (3.15) and the theoretical fits from eq. (3.16) in the width direction. For 
dy = 1 . 8 p ,  Q =  1.535,5=0.659. Fordy = 2.5pm, Q =  1.402,5=0.659. 

mation is also limited, since the lateral index profile initially resembles a flat top bell 

shaped function while (3.16) represents a nearly Gaussian function. However, as shown in 

Fig. 3.4, for narrow width channels (usually wldy < 4), the approximation appears to be 

acceptable. 



A similar treatment will lead to the expression for the channel waveguide mode 

index Nq given by [76] 
2 Y 

with 

where py = 0, 1,2, ... gives the mode order in the lateral direction, and a,, = 1 for quasi-TM 

polarization. The cutoff condition is obtained when Nq = ne. On the other hand, the case 
z Y 

M > 1 or Q > 1, which may occur in order to obtain a good index profile approximation 

near the waveguide axis, leads to cutoff effective index values deviating from n,. This 

means, however, no additional restriction because the effective index method is in princi- 

ple limited to well guided modes, due to the approximate nature of the decoupling of the 

2-D wave equation into each dimension. Usually, in the application of QPM-SHG, only 

the fundamental modes with q,, py = 0 will be considered. 

3.2.3 Mode field distributions 

The mode field distribution in APE channel waveguides can also be modeled by 

the quasi-analytical technique. Under the effective index approximation, the 2-D wave 

equation can be separated into two 1-D equations. This results in the mode field distribu- 



with 

(P) where CPy and C2qz ti) + , are Gegenbauer polynomials [78], p can be obtained in eq. 

(3.17) and p' (y) is a function of y according to (3.15). In order to obtain the mode over- 

lap between the fundamental wave and SH wave, the mode distribution is normalized 

according to (2.8), which leads to the following expression of Lq 
Y 

For the case the conversion is TMoo to TMoo mode, i.e. qz = 0 and p,, = 0, Yo) and Z(z; y) 

can be simplified as 



2 5 ~  Y (y) = (coshT) (3.22) 

As an example for d, = 0.42 pm and d, = 2 and 3 pm, using the deduced index increase 

2 equation (5.6) developed in chapter 5, the calculated intensity profiles of IZ (z;O) I and 

IY (y) l 2  are shown in Fig. 3.5. According to eq. (5.6), the surface index increases are 

An,(h, z, y) = 0.01 8 and 0.010 for d, = 2 and 3 pm respectively. 

0.0 2.0 4.0 6.0 -4.0 -2.0 0.0 2.0 4.0 
Depth z (pm) Width y (pm) 

Figure 3.5 Calculated mode intensity distributions of TMoo modes. Solid 
lines are for d, = 2 pm case and dashed lines are for d, = 3 pm case. The sur- 
face index increase An,(&, Z, y) is 0.018 for d, = 2 pm and 0.010 for d, = 3 pm. 

Thus, mode field distributions have been analytically related with the fabrication 

process conditions, which makes it very convenient to design the fabrication conditions 



from the device-design point of view. In reality, there are both interstitial and substitu- 

tional diffusions involved in the PE and anneal processes. But, the simple method, which 

used a single diffusion coefficient to characterize the H+ diffusions in both PE and anneal 

processes [71], seems good enough to describe the diffusion process so that reasonable 

results of simulation and modeling of APE waveguides have been achieved in this thesis. 

3.3 Modeling of PS channel waveguides for QPM and DBR 

As discussed in the previous chapter, it is very important to predict the mode indi- 

ces N2 and N1 of the PS structure in order to design a concurrent DBR & QPM device. It 

has been verified [79, 801 that in order to calculate in a PS step-index slab waveguide the 

effective mode index and the field distribution, one can safely replace the PS waveguide 

with a uniform waveguide such that its refractive index is equal to the weighted average of 

the high and low indices. This procedure can also be applied to a PS step-index channel 

waveguide [go]. Without complicated numerical computation involved this averaged- 

index approach allows to calculate in a step-index PS waveguide the effective mode indi- 

ces NI and N2, from which the QPM wavelength and the DBR wavelength can be esti- 

mated as shown in eqs. (2.19) and (2.20). Since this approach only gives the information 

of the effective waveguiding, the intensity of the Bragg reflection will not be derived eas- 

ily unless complicated numerical calculations are used 179, 801, which is time consuming 

and also too much cumbersome from the device design point of view. Also, the more real- 

istic graded refractive index distributions in both vertical and lateral directions make it 

highly complicated or even impossible to find the effective mode indices and the Bragg 



reflection intensity in PS channel waveguides. In the following a simplified method will 

be presented to calculate the mode indices and the Bragg reflection intensity in order to 

design a device which can simultaneously satisfy DBR and QPM-SHG conditions in a PS 

channel waveguide with step or graded-index distributions. 

3.3.1 Modeling descriptions 

In principle, a PS waveguide can be viewed as a lens waveguide whose guided 

modes periodically diffract and refocus with small diffraction loss [81]. When a mode is 

propagating in the PS waveguide, it is locally guided or "refocused" in the high index sec- 

tions, and unguided or "diffracted" in the substrate index sections and it is the guiding 

region which leads to the overall waveguiding. So it is reasonable to expect a homoge- 

neous waveguide to have an equivalent guiding behavior as the PS waveguide 179,801. As 

pointed out above and illustrated in Figs. 3.6(a) and 3.6(b) for a PS step-index channel 

waveguide with index increase An, in the segmented rectangular region (width = w, depth 

= d,, length = A - I,)  the mode index Nand field E(z, y) can be calculated from an equiva- 

lent homogeneous step-index channel waveguide with weighted average index increase 

An,-,,, in the two sections [80] 

where D is the duty cycle of the PS waveguide. In the high index sections the mode is 

guided locally as in a homogeneous step-index channel waveguide as shown in Fig. 

3.6(c), and the local mode can be described by a mode index Nhigh calculated therefrom. 
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qQ@$ For mode index N 
____) 

Ane-,, = D x ble 

. . 

Light -m 
Figure 3.6 Models for PS step-index channel waveguides: (a) PS step- 
index channel waveguide; (b) Equivalent waveguide for calculating 
mode index N; (c) Equivalent waveguide for calculating mode index 
Nhigh; (d) Equivalent layered media for calculating DBR properties. 

But in the substrate index sections the mode is actually unguided and cannot be described 

by a mode index locally. In order to estimate the DBR reflectance in such a waveguide, an 

average index Nb, which describes the mode propagating speed in the substrate index 

sections, can be calculated from 

Thus the reflectivity of the DBR can be calculated as in periodically layered media with 

index Nhigh and Nb, as shown in Fig. 3.6(d) using coupled-mode theory[82] 



with the coupling coefficient K as 

K =  l2 (Nhi$h N i ~ r )  sin (rnDx) 

Notice that Nlo, may be smaller than the material index ne. This can be understood in 

terms of ray-optics since the light propagating in the undiffused sections has always a 

small angle to the mode propagation direction. 

For more realistic graded-index distributions in a PS channel waveguide shown in 

Fig. 3.7(a), using the approach described above, the mode index Nhigh can be calculated 

by using the effective index method with a given index profile. As shown in Fig. 3.7(b), an 

equivalent step-index waveguide having the same local mode index Nhish as in Fig. 3.7(a) 

can be found to simulate the guiding behavior in the high-index sections. The index 

increase Ze in the equivalent step-index waveguide is determined by assuming the depth 

of the segmented region is equal to the characteristic depth d, of the graded-index and the 

Graded index 

Vertical Lateral 
(a) 

Step index 

With same local 
____) 
mode index Nhigh 

-.-f 
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Figure 3.7 Models for PS graded-index channel waveguides: (a) PS graded- 
index channel waveguide; (b) Equivalent PS step-index channel waveguide. 



width is the mask opening width w. These assumptions are reasonable especially when the 

diffusion in the segmented sections are highly anisotropic as in the case of the BbfBa- 

exchanged KTP waveguides [67]. Thus the waveguide problem reduces to a PS-step- 

index-waveguide problem, which has been solved previously. In real waveguides, as 

shown in Fig. 3.7(a), approximate index profiles are mostly Gaussian, exponential, or lin- 

ear functions, and the mode index Nhigh can be calculated analytically (approximately, but 

accurately enough for mode index calculation). In case of the APE waveguides in LiTa03 

or LiNb03, the method described in section 3.2 can be used to analytically calculate the 

mode index, as well as the field distributions. So, the simulation of the concurrent DBR 

and QPM-SHG device can be accomplished rapidly. 

A similar procedure is used to simulate the generated SH modes. For the 

waveguiding behavior calculation, the index increase ~ n j ~ ~ )  at frequency of 2 0  needs to 

be determined. The dispersion parameter 

varying depending on crystal and fabrication processes will relate ~ n j ~ ~ )  to the index 

increase = An, at the fundamental wave. Usually r is insensitive to the wavelength 

with h in the range of 700-1000 nm and can be determined from experiments. 

3.3.1 Comparison of model calculation with experimental data 

In a PS waveguide, given the waveguide depth d,, period A, width w, length of the 

undiffused sections 1, (duty cycle D = (A - l,)/A), surface index difference An, and index 



profiles, dispersion factor r, and the material indices as a function of wavelength, the 

model can calculate the performance of the waveguide such as the QPM and DBR wave- 

lengths and the DBR reflectivity. 

As has been mentioned in chapter 2, KTP is a promising candidate for fabricating 

PS waveguides because of its highly anisotropic diffusion characteristic when forming the 

diffused sections. Also because of that, published data on properties such as QPM and 

DBR wavelengths and DBR reflectivity are available only on concurrent QPM and DBR 

PS waveguides in KTP fabricated by BbIBa-exchange. Thus, we will test our model calcu- 

lation on KTP and compare the results with reported experimental data [56], [57]. 

The index profiles of the ion-exchanged KTP waveguide depend strongly on the 

process conditions and are difficult to be determined in full detail experimentally, but it is 

possible to deduce the corresponding equivalent step-index waveguides as described 

above from optical measurements. This provides, e.g., the index difference 7Ge and the 

characteristic waveguide depth dz as shown in Fig. 3.7(b), which are needed in order to 

calculate the DBR wavelengths, reflectivity and QPM wavelengths in the PS step-index 

channel waveguides. In our calculation, the dispersion factor was chosen as 1.59, which 

gave the best fit of the calculated QPM wavelengths to the measured ones in the range of 

800-900 nm [58]. This is going to be demonstrated to be a reasonable value by determin- 

ing the index difference Xie and depth dz using the measured DBR wavelength and reflec- 

tivity performance reported by Ref. [57]. 

Only the quasi-TMoo modes in both fundamental and SH waves were considered 

in our calculations. The effective-mode-index method described in section 3.2 has been 

used to calculate the quasi-TMoo modes. The values of the hydrothermally-grown (HG) 



and flux-grow (FG) KTP refractive indices as a function of wavelength at room tempera- 

ture used for the calculations were taken respectively from Ref. [56] and [%]. 

For a systematic comparison between the results of our model calculations and 

reported experimental data by others, the various experimental configurations are sumrna- 

rized below: 

Configuration A: Measurements of the TMoo mode for both 17th-order DBR 

and 1st-order QPM conditions versus temperature in a 4-pm-wide (w), 4-pm-period (A), 

0.675-duty cycle (D), and 4.5-mm-long (L) PS waveguide [56]. The waveguide is com- 

mercially available and was fabricated by Dupont on HG KTP (Rb/Ba exchanging condi- 

tions not available). At room temperature, the measured values are hDBR = 866.8 nm (m = 

17) and hQPM = 851.2 nm (q = l), which will be used for generating Fig. 3.8. 

Configuration B: Measurements of TMoo mode wavelengths for various orders 

of DBR and 1st order QPM conditions in a waveguide with period A [56]. a) The filled 

circles and the filled squares in Fig. 3.9 are, respectively, the DBR wavelengths and QPM 

wavelengths measured in HG-KTP waveguides fabricated by Dupont (Rb/Ba exchanging 

conditions not available but same as configuration A with a length L = 4.5 mm; width w = 

4 pm; periods A = 3, 4, 5, and 6 pm; and undiffused section length 1, = 1.3 pm. b) The 

open circles in Fig. 3.9 are the DBR wavelengths measured from FG-KTP waveguides 

fabricated by ion exchange in a mixed RbIBa salt bath having a molar composition of 

97%Rb/3%Ba at -340°C for 45 min. The waveguides from the FG sample were L = 9.3 

rnm long, with w = 4.5 pm, A = 5.5 pm, and I, = 2.5 pm. 

Configuration C: Measurements of TMoo mode wavelength and the reflectivity 

performance for the 3rd-order DBR condition in FG-KTP waveguides fabricated by ion 



exchange in a mixed RbBa salt bath having a molar composition of 95%Rb/5%Ba at 

350°C for 45 min with w = 4 pm, A = 0.7 pm, 1, = 0.3 pm, and various lengths [57]. The 

wavelength value is hDBR = 860 nm (m = 3). The best fitted curve of the reflectivity data 

will be reproduced in Fig. 3.10, solid line. 

For the waveguide described in configuration A, d, and Xie are the only unknown 

parameters when viewing the waveguide as an equivalent step-index PS waveguide as 

shown in Fig. 3.7(b). Using our model calculation, it can be found that for the waveguide 

to have the measured hQPM = 85 1.2 nm (q = 1) the parameter points (G,,  d,) would corre- 

spond the solid curve (Fig. 3.8). Similarly, for the waveguide to have the measured hDBR = 

866.8 nm (m = 17), the parameter points ( G e ,  d,) would correspond the dashed curve 

(Fig. 3.8). The intersection point (0.009, 3.9) of these two curves provides the unknown 

waveguide parameters, which are typical for the RbBa-exchange process and consistent 

Index difference aTie 

Figure 3.8 Calculated parameter points of waveguide index difference Zie 
and depth d, corresponding to the 17th-order TMoo polarization DBR wave- 
length of 866.8 nm (dashed curve) and the 1st-order QPM wavelength of 
85 1.2 nm (solid curve) in a periodically segmented (PS) waveguide with w = 
4 pm, A = 4 pm, D = 0.675 on hydrothermally grown (HG) KTP [56]. 



with the measured refractive index distributions [67], [83]. 

The results of Fig. 3.8, i.e. d, = 3.9 pm and hii, = 0.009 as the waveguide parame- 

ters, have been used to calculate the DBR and QPM wavelengths vs. waveguide periods A 

(I, = 1.3 pm) in order to compare the calculations with the measured data in configuration 

B. The DBR wavelengths in HG-KTP waveguides with the same Rb/Ba-exchanging con- 

ditions as that in configuration A (configuration Ba) can be calculated as the solid lines in 

Fig. 3.9, which fit the reported experimental data points very well (Fig. 3.9: filled circles). 

The calculated QPM wavelengths in these waveguides are indicated by the long-dashed 

curve in Fig. 3.9 which fits well to the measured QPM wavelengths (Fig. 3.9: filled 

Figure 3.9 Calculated variation of TMoo polarization DBR wavelength with grat- 
ing period A. DBR wavelengths for both hydrothermally grown (HG) KTP 
waveguides (solid lines, I, = 1.3 pm) and flux-grown (FG) KTP waveguides 
(dashed lines, I, = 2.5 pm) are shown. Data points are the measured DBR wave- 
lengths for both HG-KTP waveguides (filled circles, I, = 1.3 pm) and FG-KTP 
waveguides (open circles, I ,  = 2.5 pm) [56]. The long-dashed line shows the calcu- 
lated variation of the 1st-order QPM wavelength vs. period (I, = 1.3 pm) in HG- 
KTP waveguides. The filled squares indicate experimentally measured 1st-order 
QPM wavelengths in HG KTP waveguides [56]. The open square is an example of 
a concurrent QPM/DBR-waveguide design. 



squares) in the same HG-KTP waveguides with the periods of 4 and 5 vm. Also, by 

assuming the same Ze and d, in Rb/Ba-exchanged FG-KTP waveguides (configuration 

Bb), the calculated DBR wavelengths (dashed lines in Fig. 3.9) fit quite well to the 

reported experimental data on FG KTP (Fig. 3.9: open circles). 

The model also allows to calculate the DBR reflectivity vs. grating length in PS 

waveguides, and the calculated results on a 0.7-pm-period PS waveguide in FG KTP can 

be compared with the experiment described in configuration C. As predicted by coupled- 

mode theory, the reflectivity is calculated from eq. (3.26). In Fig. 3.10, by assuming Ze = 

0.009 and d, = 3.9 pm (Fig. 3.8), our calculation resulted in K = 4.56 mm-I (filled circles), 

which is almost in perfect agreement with the best fitted solid curve of K = 4.5 mm-' 

obtained from the experiment [34]. This agreement shows that the dispersion factor r = 

1.59 used in our calculation is reasonable. In order to show the sensitivity of the model 

calculation, we arbitrarily chose two points, (0.008, 4.81) and (0.01, 3.25), on the QPM 

curve (solid) of Fig. 3.8, calculated the reflectivity vs. wavelength for these two points, as 

shown in Fig. 3.10 as the dashed curve and thick-solid curve, respectively. It is clearly 

demonstrated that the actual calculated point (0.009,3.9) fits significantly better. Also, the 

calculated 3rd-order DBR wavelength in this case is 860.05 nm, which is very close to the 

wavelength of 860 nm measured in configuration C [57]. Conversely, from the experimen- 

tal results of 3rd-order hoBR = 860 nm and K = 4.5 mm-' for the TMm mode in the 0.7- 

pm-period PS waveguides in FG KTP [57], the ion-exchanged waveguide parameters 757, 

and d, can be determined as shown in Fig. 3.11, in which the solid curve corresponds to 

the parameter points governed by hmR = 860 nm (m = 3) and the dashed curve corre- 



Grating length L (mm) 

Figure 3.10 Reflectivity vs. DBR grating length in a 4-pm-wide, 4 pm-period 
ion-exchanged PS wave uide on flux grown (FG) KTP. The solid curve gives B the best fit (K = 4.5 mm- ) to the experimental data [57]. The filled circles are 
the calculated reflectivity (K = 4.56 mm") with waveguide parameters Ze = 
0.009, d, = 3.9 pm. The thick-solid line is the calculated reflectivity (K = 4.93 
mm-') with Xie = 0.010, dz = 3.25 pm and the dashed line is the calculated 
reflectivity (K = 4.14 mm-') with Ge = 0.008, d, = 4.81 pm. 

sponds the parameter points governed by K = 4.5 mm-'. The deduced waveguide parame- 

ters are dz = 3.76 pm and Z, = 0.009, very close to the numbers determined from 

configuration A (Fig. 3.8). 

With a PS step-index channel waveguide as shown in Fig. 3.7(b) exhibiting high- 

index sections with step-index functions in both the vertical and lateral direction (w  = 4 

pm, dz = 3.9 pm, Xie = 0.009, dispersion factor r = 1.59, and a spacing 1, = 1.3 pm), an 

example of concurrent DBR (m = 18) and QPM (q = 1) period A and fundamental wave- 

length h can be calculated as 4.220 pm (duty cycle D = 0.65) and 863.3 nm, respectively 



(open square in Fig. 3.9). With Rb/Ba-diffused waveguides in KTP, temperature tuning 

allows one to shift the relative position of hDBR (m = 18) and hepM (q = 1) by 0.05 1 n d ° C  

[56]. Consequently, if one is constrained to temperature tuning of the KTP waveguide by 

say f 10°C, then, at the center of the temperature band, hoBR (m =18) and hppM (q =1) 

should match within 0.51 nm. This corresponds to a fabrication tolerance for the average 

grating period of + 0.0024 pm deviation from 4.220 pm using equation (2.20). At 863.8 

nm, the calculated material index n, is 1.839, and the effective mode index Noo is 1.842; 

Nhigh and NlOw are 1.845 and 1.837 respectively, which can be used to calculate the DBR 

reflectivity. Notice that NlOw is less than the material index n, = 1.839, which is predicted 

by its definition from eq. (3.25). 

Index difference Ge 

Figure 3.11 Calculated coordinate points of waveguide index difference 
Ge and depth d, corresponding to a 3rd order DBR wavelength of 860 
nm (solid curve) and a reflectivity performance tanh2(a) with K = 4.5 
mm-' (dashed curve) in a periodically segmented (PS) waveguide with 
w = 4 pm, A = 0.7 pm, D = 0.410.7 on flux grown (FG) KTP [57]. 



3.4 Summary and conclusions 

A thorough and detailed characterization of APE uniform waveguides in z-cut 

LiTa03 has been performed. Analytical expressions for the mode indices and mode field 

profile have been directly related to PE and RTA conditions, in which the relationship 

between the index increase and the proton concentration (3.13) will be characterized using 

experimental data obtained in chapter 5. 

A simplified method has also been developed to simulate the QPM and DBR prop- 

erties in a PS channel waveguide with step or graded-index distributions for the practical 

design of a concurrent DBR and QPM-SHG device. It has been found that the model 

results fit well to the experimental data reported recently by others for KTP waveguides. A 

mode index Nhigh in the ion-exchanged sections and an average index NI,, in the substrate 

index sections in a PS channel waveguide have been introduced for calculating the DBR 

reflectivity directly from the PS waveguide parameters. This method also allows to predict 

the QPM and DBR wavelengths. Additionally, by measuring the QPM wavelength and 

DBR wavelength (or DBR reflectivity performance), the waveguide parameters can be 

easily determined. 



Chapter 4 

STUDY OF DOMAIN-INVERSION FOR QPM STRUCTURES IN LiTa03 

4.1 Introduction 

As discussed in chapter 2, QPM waveguides fabricated by APE in LiTa03 have the 

potential to realize a compact, low cost, high-efficiency device as shown in Fig. 2.9. The 

analysis in chapter 2 has shown that for high conversion efficiency, deep domain inversion 

structures with the lowest-order QPM grating (short period), with straight domain walls, 

and optimized duty cycles need to be fabricated. In this chapter, the experimental investi- 

gations on understanding the domain-formation mechanism and developing new fabrica- 

tion processes for high-quality QPM structures in LiTa03 are presented. The fabrication of 

actual QPM waveguides is presented in chapter 5. 

4.2 Review of domain-inversion fabrication in LiTa03 

A broad-area surface layer of domain inversion formed on the -c face of z-cut 

LiTa03 by PE in benzoic-acid melts at 200-250°C and subsequent heat treatment at 590°C 

was first realized by K. Nakamura et a1 [84] in 1990. Later, H. Ahlfeldt et a1 [16] reported 

on a 12-pm-period domain inversion structure with semi-circular cross sections again 

formed by using benzoic acid as PE source. On the other hand, by using pyrophosphoric 



acid as the PE source at 260°C for 20-120 min with subsequent annealing at 510-590°C, 

the fabrication and characterization of smaller periods, such as the third-order (-11 pm 

period) and first-order (-4 pm period), have been reported in periodically domain inverted 

LiTa03 structures [85,86]. 

In order to explain the domain inversion it has been proposed [84] that the Curie 

temperature (T, = 610°C) of LiTa03 is decreased by PE since it lowers the Li content. 

Because of its high dissociation constant (Ka = 2 x lo-*), which is proportional to proton 

concentration in the acid, compared to benzoic acid (Ka = 6.2 x pyrophosphoric 

acid as PE source will allow higher proton content, and hence lower Li content [87]. This 

is the major reason of choosing pyrophosphoric acid as the PE source [87] for forming 

periodically domain-inverted structures. 

RTA, which features a rapid rising rate and short annealing time, has been pro- 

posed recently as a technique to suppress the lateral expansion and, at the same time, to 

increase the depth of the domain inversion in first-order periods [86]. RTA minimizes pro- 

ton diffusion during anneal, therefore the rapid rising rate of temperature suppresses the 

diffusion of protons before nucleation of antiparallel domains, thus making it possible to 

suppress the width expansion of the nuclei of domains; additionally, thermal annealing 

with a rapid rising rate can maintain higher concentrations of protons during annealing 

time and thus induce a stronger inside electric field. 

By utilizing this RTA process shorter-period (i.e. less than 12 pm) domain-inverted 

structures with considerable inversion depth might be realized also by using benzoic acid 

as the PE source. We investigated this question since benzoic acid is considerably cheaper 

than pyrophosphoric acid, and also, since most metals can be used as the selective mask 



for PE in benzoic acid. We also investigated the mechanism of domain inversion in 

LiTa03 induced by PE followed by heat treatment and the fabrication processes for supe- 

rior QPM structures. 

4.3 Study of broad-area domain formation 

In this section, the study of broad-area domain formation by RTA of PE LiTa03 is 

presented. Domain inversion phenomena and mechanisms are reviewed and discussed 

with particular focus on the domain formation by the RTA of PE LiTa03. Experimental 

studies are performed to better understand the domain-inversion process and mechanisms 

in the APE process. 

4.3.1 Domain-formation phenomena and mechanisms 

As discussed in chapter 3, the key process for realizing APE QPM waveguides is 

to fabricate a periodically domain-inverted structure with periods of several micrometers. 

Much research work has been performed to fabricate QPM structures and understand the 

domain-inversion mechanisms. 

It has been reported that lithium oxide (Li20) out-diffusion [88, 891 or titanium 

(Ti) in-diffusion [90] near the Curie temperature (T,) can induce domain inversion at the 

+c face of z-cut single-domain LiNb03 (Tc = 1140°C). Heat treatment at slightly below Tc 

causes domain inversion on the +c face also in proton-exchanged LiNb03 but on the -c 

face of proton-exchanged LiTa03 which has a substantially lower Tc (610"~)  than 

LiNb03 [91]. Additionally, no domain inversion has been observed in non-exchanged 



LiTa03 after heat treatment or Ti in-diffusion at below Tc [91]. It is believed that in 

LiTa03 temperatures below T, = 6 1 0 ' ~  are not sufficient to achieve the proper Li20 out- 

diffusion process or enough Ti in-diffusion to nucleate domain inversion. In fact, in 

LiTa03, single-domain surface layers have been formed on c faces following heat treat- 

ment sufficiently above T, and it has been found that the polarization of these layers is.the 

same as that of the domain-inverted layers in below-Tc heat-treated LiNb03 [92], i.e. ori- 

ented inward. 

Domain inversion in Ti-diffused LiNb03 [90] can be attributed to an induced elec- 

tric field by the impurity concentration gradient in the diffused layer [93]. For the Li20 

out-diffusion case, a microscopic model for the domain reversal mechanism has been pro- 

posed suggesting a built-in internal electric field induced by a nonuniform distribution of 

charged donor centers formed during the out-diffusion process at temperatures near 

1 1 0 0 ~ ~  [94,95]. AS donor centers both oxygen vacancies [94] and antisite defects (NbLi) 

[95] were considered. The physical mechanisms behind the domain formation in LiTa03 

during annealing at temperatures far above T, are believed to be closely related to these 

models [92]: It appears that at high temperatures ( - 1 1 0 0 ~ ~ )  Li20 out-diffusion in both 

LiNb03 and LiTa03 will cause a built-in electric field directed inward to form domain 

reversal on the +c face of z-cut single-domain LiNb03, and single-domain layers with cor- 

responding polarization (i.e. directed inward) on the two c surfaces of z-cut LiTa03 with 

the bulk becoming (or remaining) multidomain. 

To explain domain reversal on the -c face of proton-exchanged z-cut single- 



domain LiTa03, an inside-field model has also been proposed [96]. According to this 

model, proton (H') diffusion from the proton-exchanged region to the substrate and lith- 

ium-ion (Li') diffusion in the opposite direction take place during thermal annealing at the 

lower temperatures near 600"~ ,  whereby H+ diffuses faster than Li+. As a consequence an 

internal electric field is built up between the positive space charge of the diffused H+ and 

the negative space charge of the Li+ vacancies formed after H+ diffusion. This field, 

directed outward from the substrate, accounts for the observed nucleation of inverted 

domains on the -c face. 

Recently, it has been shown that proton exchange followed by heat treatment at 

slightly below or above T, can be used to form single-domain layers in multidomain 

LiTa03 [97, 981 and LiNb03 [99]. The formed single-domain layers in LiTa03 197, 981 

have polarizations directed outward from the substrate, which is consistent with the H+/ 

~ i +  diffusion model. The observed polarizations in the formed single-domain layers in 

LiNb03 [99], however, are directed inward to the substrate consistent with the domain 

inversion found on the +c face in non-exchanged LiNb03 heat-treated near T, as referred 

to above [88, 891. This suggests that Li20 out-diffusion (apparently enhanced by proton 

exchange) might be the dominant process for domain formation also here, even though 

another explanation has been proposed [99]. Thus, so far, the details of the physical pro- 

cesses leading to domain inversion or formation of single-domain layers in multidomain 

crystals are still relatively unclear. 



4.3.2 Experimental studies 

Our own experimental studies on domain formation in z-cut LiTa03 by proton 

exchange followed by RTA showed some more interesting phenomena. Experiments were 

performed at high temperatures (800- 1030'C) where not only H+ diffusion but also Li20 

out-diffusion can play a role in the process of domain formation. Since H+ diffusion at 

such high temperatures could be extremely fast, RTA is crucial in order to allow studying 

the domain formation development from the very beginning (within seconds) of the 

annealing process. Indeed, we found that a double-layer of single domains may form on 

both c faces when the RTA duration was short. We investigated the domain formation 

development in the extended RTA time range of 2 s to 10 min and conclude that both the 

H+ in-diffusion and Li20 out-diffusion processes are relevant within this annealing range. 

Z-cut single crystal LiTa03 was first annealed at 6 9 5 ' ~  for 5 min to provide multi- 

domain samples, the size of the domains being on the order of I pm as revealed on a z- 

face by selective etching in a solution of HF:HN03 = 1:2. The multidomain samples were 

then proton exchanged in benzoic acid at 245OC for 2 h and subsequently annealed in air 

in a RTA furnace (Model: ADDAX R1000-4) at temperatures between 800 and 1030°C. 

The temperature rise time was 7-9 s whereas the cooling rate started as 140'c/s and slow- 

ing down exponentially. The average cooling rate to T, (610 '~ )  was about 8S0c/s. The 

temperature rising and cooling times are not included in the RTA annealing times quoted 

below. 

Fig. 4.1 is a photograph of a HF:HN03 etched y face of a proton-exchanged sam- 



64

pIe, initially multidomain, that has been annealed at 900°C for 10 s. Two single-domain

layers were formed symmetrically at both c faces (only one is shown). One can see well

known spurious, characteristically needle-shaped, domains in both single-domain layers.

The boundary between the two single-domain layers is somewhat wavy, a characteristic

observed in all samples. In order to determine the polarizations of the single-domain lay-

ers the c faces were etched in HF:HN03 (1:2). Fig. 4.2 is a micrograph of an etched c SUf-

face of a sample polished to the boundary region between the two formed single-domain

layers. Due to the wavy boundary, both single-domain layers can be revealed on this sur-

face. Regions of -c face were etched, whereas regions of +c face were not. In particular,

random scratches in the +c region were almost untouched and scratches in the -c region

became washed-out, providing an easy means to distinguish the +c and -c faces. Using this

method, it was found that the top single-domain layer has inward-directed polarization,

Figure. 4.1 The photograph of the etched y face of an initially multi-
domain sample that has been proton exchanged for 2 h at 245°C and
then annealed at 900°C for 10 s.
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the single-domain layer underneath an outward-directed one.

c+

Figure. 4.2 The photograph of the etched c face of polished
interface region between the formed single-domain layers of an
initially multidomain sample that has been proton exchanged
for 2 h at 245°Candthenannealedat 900°Cfor 10s.

Figure 4.3 schematically shows the domain formation development vs. RTA time

at 900°C. With very-short annealing « 4 s), relatively deep (-80 J.lm)single-domain lay-

ers were formed with polarization directed outwards, reminiscent of what has been

observed in Refs [97] and [98] for heat treatment near Tc =610°C. Somewhat longer

annealing (4-60 s) caused the formation of a double-layer of single domains. Long-time

annealing (60-300 s) produced multidomains everywhere. The transition from the double-

layer to the multidomain formation appeared to be fast and the domain boundaries were

barely distinguishable in the process (dashed lines in Fig. 4.3). Of particular interest is that

very shallow single-domain layers (-5 J.lm)were formed again after annealing for a very-

long time (> 300 s). The polarizations of these layers were found to be directed inward
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Figure 4.3 Development of the domain structure vs.
annealing time. Initially multidomain samples have been

proton exchanged for 2 h at 24SoC and then annealed at
900°C for different period of time (not to scale).

consistent with the observations for LiNb03 in Refs. [88], [97], and [99]. Similar behavior

vs. RTAtime was also observed at 1030°Cexcept that the formed double-layers vanished

more quickly.

4.3.3 Discussions

Our observations regarding the formation of a single-domain layer with outward-

directed polarization is similar to what has been reported in Ref. [98] for LiTa03 annealed

at 640°C. As in that case it can be explained by the internal electric-field distribution

model of H+/Li+diffusion [96], [100]. However, the following significant differences in

our observations need to be emphasized: First, the development of the single-domain lay-

ers with outward directed polarization proceeds very fast obviously due to the higher



annealing temperature; second, instead of a multi-domain layer as in Ref. [98], another 

relatively thick single-domain layer (-30-50 pm) of inward-directed polarization appeared 

at both c surfaces for annealing times in the range of 4-60 s; third, this inward-directed 

single-domain layer disappeared simultaneously with the outward-directed single-domain 

layer underneath for annealing times 60-300 s. Fourth, shallow outward-directed single- 

domain layers (-5 pm) at both c faces formed for annealing times > 300 s. 

When multidomain samples of LiTa03 are heated up to 900O~  (> T,), they are in 

their paraelectric phase as opposed to ferroelectric phase. The domain structure will be 

determined by the electric-field distribution when the temperature falls below T,. Based on 

the H+/L~+ diffusion model [96], single-domain layers with outward-directed polarizations 

are expected. With very short annealing (< 4 s) at 900°C such single-domain layers were 

formed at both c faces. Since the diffusivity of Li+ is smaller than that of H+, with a little 

longer annealing (4-60 s) H+ diffuses deep into the substrate and a high concentration of 

lithium vacancies forms in the surface region, where Ta might be able to jump into some 

of the lithium-vacant sites forming positively charged TaLi antisites, similar to the NbLi 

antisites formation during Li20 out-diffusion in LiNb03 [95]. Thus, an internal electric 

field directed inwards to the substrate is produced forming the observed inward-directed 

domain surface layer during cool-down. With further annealing (60-300 s) the H+/Li+ dif- 

fusion processes will dilute the H+ concentration, as well as strongly reduce the Li vacan- 

cies which reverses the TaLi antisite formation. Consequently all the charges are more or 

less neutralized and multidomains form everywhere. 

The shallow single-domain layers formed with very-long-time annealing (> 300 s) 

could then be considered as similar to what has been reported in Ref. [92], where renewed 



lithium deficiencies are induced by Li20 out-diffusion, which is expected to be a much 

slower process since in that case the diffusion sink is at the surface. That would also 

explain why the formed single-domain layers are only several micrometers thick in this 

case. We also found that no such shallow single-domain layers were formed with 300-600 

s annealing in pure (non-exchanged) LiTa03 samples unless the annealing temperature 

was higher than 11 1ooc. This is similar to what has been observed in the LiNb03 case [91, 

99, 1011 where proton exchange seems to enhance the formation of inward-directed 

domains. The explanation to this could be that some structural change in the crystal might 

have occurred due to the prior H+/ Li' diffusion enhancing the Li20 out-diffusion process. 

It is very unlikely that a H+ concentration gradient is the cause for the formation of the 

shallow single-domain layers formed in LiTa03 after 5 min annealing as has been pro- 

posed in the case of LiNb03 [99, 101, 1021 since H+ is expected to diffuse into the sub- 

strate for several hundred micrometers at such high temperature and for such long-time 

annealing according to the measured diffusion coefficient in Ref. [71]. Under certain con- 

ditions even a double-domain layer formed in LiNb03 [ lo l l  during ll00OC annealing 

where, according to our judgment, proton-enhanced Li20 out-diffusion should occur. 

Interestingly, this double-domain layer has reversed polarizations to the one reported in 

this thesis and, based on the Li20 out-diffusion model [95], could possibly be explained 

by NbLi depletion from the surface. More remains to be investigated, however, to fully 

understand the details of all the observed phenomena. 

4.4 Fabrication of periodically domain-inverted QPM structures 



Based on the domain-formation mechanism discussed in the previous section, peri- 

odically domain-inverted structures should be realized using selective PE and afterward 

RTA at below T,. Extensive studies on the characteristics of the domain-inversion by RTA 

of PE LiTa03 have been reported [86] based on PE source of pyrophosphoric acid, which 

was thought crucial as mentioned in section 4.2. Here, experimental investigations on fab- 

rication of periodically domain-inverted structures by RTA of benzoic-acid PE LiTa03 are 

performed. 

4.4.1 Fabrication processes: proton exchange (PE) and rapid thermal annealing 
(RTA) 

The fabrication process for domain inversion was as shown in Fig. 4.4. A 200 nm 

protective mask of Ti was evaporated by e-beam on the -z face of LiTa03 and the periodic 

pattern was defined by CHF3 etching after the photoresist pattern was defined by photoli- 

thography process. Based on the modeling calculation in chapter 3, The first-order grating 

period for QPM-SHG from 860 nm to 430 nm (blue) is about 3.7 pm. Most of our 

domain-inversion investigations are carried out on samples with 3.7 pm (1st-order), 7.5 

pm (2nd-order), and 11.2 pm (3rd-order) period gratings, for which the Ti-mask duty- 

cycles are 0.60, 0.80, and 0.50 respectively. PE was carried out at 235OC for 40 min in 

benzoic acid. The Ti mask was removed by HF etching for several minutes at room tem- 

perature after PE. RTA was performed in an air-filled RTA furnace (Model: ADDAX 

R1000-4) with precise temperature control of +l0C. The temperature rise time was about 

90°C/s, whereas the cooling rate was about 40°C/s slowing down exponentially. The tem- 

perature rising and cooling times are not included in the RTA times t, quoted in this thesis. 
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Figure 4.4 Fabrication process for domain inversion in LiTa03 

Using the PE condition described above, investigations on various RTA processes 

have been performed and will be presented in three categories: (i) Rapid thermal anneal- 

ing (RTA); (ii) Short-time RTA; (iii) Short-time RTA with pre-annealing. 

4.4.2 Rapid thermal annealing (RTA) 

To study the domain growth in vertical and lateral directions, we fabricated period- 

ically domain-inverted structures with RTA times from 6 s to 300 s at various tempera- 

tures for the third-order grating (A = 11.2 pm). After RTA, samples were etched in a 

mixture of HF/HN03 to reveal the inversion structure on a y face. These were mostly 

semi-circles as has been previously reported [16], [85]. Figure 4.5(a) and 4.5(b) show the 

inversion depth (maximum depth) and the duty cycle (on the surface) as a function of RTA 
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Figure. 4.5 (a) The domain inversion depth and (b) the inver- 
sion duty cycle vs. RTA time in the third-order gratings (A = 
11.2 pm) for 540°C (diamonds) and 560°C (circles) anneal. 

time at 540°C and 560°C. The inversion depth increases with longer annealing time and 

turns to saturate after a short RTA time of about 60 s. The maximum depth is similar to the 

depth of 2.7 pm observed in a third-order grating with 10 min heat treatment at 590°C 

after PE in pyrophosphoric acid for about 50 min [85]. The duty cycle varies between 0.6- 

0.7 with various annealing times at both temperatures, which shows that the lateral expan- 

sion (duty cycle from 0.50 to 0.6-0.7) is not strongly dependent on RTA time at 540-560°C 

in this third-order grating case probably due to a relatively large period. At 520°C (not 

shown), similar behavior was observed as in the 540°C case. 

In the fabrication of the first-order QPM grating (A =3.7 pm), the inversion struc- 

tures are also mostly semi-circles as in the third-order grating cases. Figure 4.6(a) and 

4.6(b) show the inversion depth and duty cycle as a function of RTA time at 540°C and 

560°C for the first-order gratings. It can be seen that good QPM structures were formed 

only with 6 s RTA. When the RTA is somewhat longer (12 s) the inversion structure 

spreads laterally in contrast to what was observed in the third-order grating case (Fig. 4.5). 
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Figure 4.6 (a) The domain inversion depth and (b) the inversion 
duty cycle vs. RTA time in the first-order gratings (3.7 pm period) 
for 540°C (diamonds) and 560°C (circles) anneal. 

The lateral spreading of the domain is much more sensitive to the increase of RTA time. 

At and beyond 26 s, the inversion regions overlap on the surface. At higher RTA tempera- 

tures (2 580°C) all samples with the first-order gratings revealed domain inversion over- 

lapping even for the shortest annealing time (6 s). These experimental results show that 

RTA at very short time is a key requirement which allows fabricating short-period 

domain-inverted structures on the -z face of the benzoic-acid-proton-exchanged LiTa03. 

But the QPM structures formed are semi-circles and, additionally, it was found that form- 

ing deeper domain inversion (> 1.7 pm) with reasonable duty cycle in 3.7 pm-period grat- 

ings is a difficult task. 

4.4.3 Short-time RTA 

To explore forming QPM structures with improved properties, we investigated the 

domain inversion depth and duty cycles as a function of RTA temperatures with short-time 

RTA (6 s) and long-time RTA (5 min) respectively. As shown in Figures 4.7(a) and 4.7(b) 
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Figure 4.7 (a) The domain inversion depth and (b) the inver- 
sion duty cycle vs. RTA time in the third-order gratings (1 1.2 
pm period) for 6 s (squares) and 5 min (triangles) anneal. 

for the third-order grating, with short-time RTA (6 s) lateral expansion remains (duty cycle 

from 0.5 to 0.6) small at all RTA temperatures, and the domain inversion depth increases 

up to -3 pm at RTA temperatures above 600°C. Inversion depth is always deeper with 

long-time RTA as expected, but the lateral expansion will now be substantial leading 

eventually to domain overlapping particularly at high temperatures. It is noteworthy that 

at short-time RTA domain inversion depth increases dramatically at temperatures near T,. 

This phenomenon can be utilized to realize simultaneous fabrication of domain inversion 

and waveguide in a single-step process as will be discussed in section 5.2.3 of chapter 5. 

Even though at certain RTA temperatures, e.g. 570°C, long-time RTA forms 

domain-inversion structures with reasonable depths and duty cycles, we found that they 

are semi-circle domain structures with tilted domain walls consistent with the observation 

in Refs. [16] and [85]. However, short-time RTA at proper temperatures allows to generate 

near-straight-domain-wall structures with limited lateral expansion. Figure 4.8(a) and 

4.8(b) show the cross-sectional photographs of the second- and third-order near-straight- 
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Figure 4.8 Cross-sectional photographs
of the periodically domain inverted
structures on the +y face of LiTa03: (a)
annealed at 560°C for 6 s (second-order
grating); (b) annealed at 610°C for 6 s
(third-order grating); (c) annealed at
570°C for 5 min (third-order grating).

domain-wall structures viewed from +y face in LiTa03. The samples were annealed for 6

s at 560°C and 5s at 610°C respectively, and both etched in a mixture of HF/HN03 to

reveal the structure. The 2.2 /lm depth and near 0.75 duty cycle are both very significant

for a second-order QPM-SHG, which will be demonstrated in section 5.3 of chapter 5. For

comparison, Fig. 4.8(c) shows the semi-circle domain inversion structures formed by RTA

at 570°C for 5 min. For the samples with the short-time RTA, the domain inverted regions

are seen to be much closer to the ideal rectangular shapes than the semi-circles of the 5

min RTA. These experimental results indicate that short-time RTAis critical for realizing

near-straight-domain-wall structures with less lateral expansion and considerable inver-

sion depth.

4.4.4 Short-time RTA with pre-annealing



Near-straight-domain-wall structures can be realized by using higher temperature 

and short-time annealing for higher-order gratings shown in Fig. 4.8(a) and 4.8(b). In the 

fabricated domain-inverted structures of Fig. 4.6 for the first-order gratings (A = 3.7 pm), 

however, even 6 s RTA time appears to be too long for near-straight-wall-domain forma- 

tion and the deepest inversion depth obtained without overlapping is only l .7 pm. The rea- 

son of this could be due to a relatively wide open window (-2.2 pm) on the Ti-mask (D = 

0.6) for the PE process in our samples and thus a narrow distance (1.5 ym) between the PE 

regions. However, we found that short-time RTA with a pre-annealing process at tempera- 

tures lower than 480°C allows fabricating deeper inversion structures with near-straight 

domain walls and least lateral expansion. 

We suppose that pre-annealing at low temperatures drives protons deeper into the 

substrate, but domain inversion nucleation does not occur. Figure 4.9 shows the compari- 

son of the 3rd-order-grating inversion structures between short-time RTA at 600°C with 

and without pre-annealing. Two different pre-annealing processes have been used: one is 

followed by the high-temperature anneal directly (Fig. 4.9(b)), and the other one by a cool 

down before the high-temperature anneal (Fig. 4.9(c)). For the third-order gratings, the 

RTA times of 6 s and 12 s at 600°C will usually generate similar inversion structures, so 

these two pre-annealing processes should have essentially the same impact on the domain 

formation. The lateral expansion in the three samples can be seen to be almost identical 

(with D = 0.53, 0.55, and 0.54 respectively in Fig. 4.9(a), (b), and (c)) but, with pre- 

annealing, the inversion depth increases by about 0.7 pm. 

This pre-annealing technique is more essential for fabricating high-quality domain 

inversion structures with shorter periods. As shown in Fig. 4.10, with pre-annealing at 
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Figure 4.9 Cross-sectional SEM micrographs of the third-order periodi-
cally domain-inverted structures on the y face of LiTa03; anneal process:
(a) 6 s at 600°C; (b) 60 s at 480°C, then immediately 6s at 600°C; (c) 60 s
at 480°C, cool down to room temperature, then 12s at 600°C.

425°C for 30 s, a very good first-order QPM structure (-2.2 /lm depth, -0.6 duty cycle

with a period of 3.7 /lm) can be formed even at RTAtemperatures as high as 60QoC,where

the domain lateral spread seems to become negligible with a duty cycle of 0.6 in the Ti-

mask.

To study and understand the characteristic of this pre-annealing process, the

dependence of the domain inversion depth on the pre-annealing times was examined in

broad-area proton-exchanged LiTa03 samples. Figure 4.11 shows the inversion depth as a
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Figure 4.10 Cross-sectional SEM micrograph of the first-order
periodically domain-inverted structures on the +y face of LiTa03;
anneal process: 30 s at 425°C, then immediately 5 s at 600°C.

function of pre-annealing times at 425°C with RTA at 6oo°C for 6 s. Even though the

inversion depth is a function of the inversion widths [86], the tendency of the domain-

inversion behavior can be observed in Fig. 4.11, which indicates that deeper domain inver-

sion occurs up to a certain time of pre-annealing. However, long pre-annealing drives pro-

tons too deep into the substrate so that domain inversion can only be formed near the
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Figure 4.11 Domain inversion depth in broad area samples as
a function of pre-annealing times. Short-time RTA was per-
formed at 600°C for 6 s followed by pre-annealing at 425°C.



surface during the subsequent RTA step. 

4.4.5 Discussions on domain-inversion fabrication 

The domain inversion behavior we observed is in general similar to what was 

reported by K. Yamamoto et al. for their fabrication process [86], in which PE was per- 

formed at 260°C for 20 min in pyrophosphoric acid, and thus can be also understood by 

the inside-field model proposed by them [96] which we had discussed in section 4.3.1. 

Intuitively, the width of the initial proton-exchanged region and of the subsequently dif- 

fused-in H+ composition profile, as determined by the width of Ti-mask and the PE condi- 

tions, will all affect the domain inversion during RTA. In our experiments, we found that 

PE at the lower temperature (235°C) in benzoic acid does not seem to have obvious draw- 

backs in order to form short-period domain-inverted structures in LiTa03. We have dem- 

onstrated that proper RTA time and temperature does allow for the formation of good 

domain inversion structures even with a relatively lower amount of exchanged H+ in 

LiTa03. 

In our RTA experiments, we found that short-time RTA usually generates near- 

straight-domain-wall structures with limited lateral expansion and longer time annealing 

usually generates semi-circle domain structures with more lateral expansion and tilted 

domain walls. We believe this behavior is closely related to the proton diffusion at RTA 

temperatures. In broad-area PE samples, we found that the domain inversion depth tends 

to saturate after short-time annealing, which indicates that a short-time RTA at proper tem- 

peratures is able to form deep enough inversion. Also, since H+ diffusion is faster in the z 

direction than that in the x direction of LiTa03 [71], H+ diffusion in z direction would 



induce the stronger inside electric field necessary for domain inversion. Thus, it seems 

likely that the domain nucleation tends to start vertically from the original PE region and 

further annealing would result in lateral spreading of domain nucleation due to the 

advancing lateral diffusion of H+. To avoid this lateral domain expansion, a short-time 

RTA at proper temperatures becomes crucial, which is evident from Fig. 4.7. 

When considering the fabrication of first-order QPM gratings (period < 4 pm) for 

blue-light generation, the suppression of lateral domain growth without sacrificing vertical 

domain growth becomes more critical. For this purpose we developed the process of 

short-time RTA with pre-annealing. Fig. 4.12 depicts the conjectured situation created by 

RTA with and without pre-annealing. Domain inversion can be formed in the regions hav- 

ing higher inside field in the -c direction and higher H+ content, e.g. lower Curie tempera- 

ture. Pre-annealing here allows protons to diffuse both vertically and laterally into the 

substrate without domain nucleation occurring, so that the interface between the proton- 

diffused region and the substrate extends deeper and wider into the substrate during the 

RTA process. This may lead to a lateral overlap of the H+ regions. Referring to Fig. 

4.12(a), the H+-diffusion-induced inside field would be small and the H+ content would be 

low in the overlapping regions of the H+-diffusion, where domain inversion will not be 

formed when proper short-time RTA is carried out. On the other hand, the RTA will 

induce relatively deep domain inversion in the central regions. In RTA without pre- 

annealing the interface between the proton-diffused region and the substrate will start to 

expand into the substrate from the PE region at high temperature and nucleate the domains 

simultaneously. Without pre-annealing this interface is closer to the surface as shown in 

Fig. 4.12(b). This would induce a stronger inside field in the lateral regions. In order to 
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Figure 4.12 Schematic representation of domain-inversion forma- 
tion in z-cut LiTa03 by short-time RTA: (a) with pre-annealing; (b) 
without pre-annealing. 

form deeper domain inversion, relatively longer RTA is necessary, which then would 

induce more lateral domain expansion or even domain overlapping especially when the 

PE windows are relatively wide in very-short-period structure, as in our first-order struc- 

ture. 

4.5 Summary and conclusions 

In our broad-area domain-inversion study, we have shown that a double-layer of 

single domains with opposing polarizations may form on both c faces by RTA of proton- 

exchanged z-cut LiTa03 at above T,. Depending on the RTA temperature and time either 

one single-domain layer is formed on each of the two c-faces (very short anneal), or a dou- 



ble-layer of two single domains with opposite polarization appears on each c face (some- 

what longer anneal). Homogeneous multidomains are formed when annealing time is 

extended further. Very long anneal time generates shallow single-domain layers again. 

The results indicate that an internal electric field with inward direction close to the c face 

and outward direction somewhat deeper inside the substrate has formed at the early stage 

of RTA of proton-exchanged multidomain LiTa03. 

Based on this understanding of domain formation, we have demonstrated periodic 

domain inversion in LiTa03 with short periods by using benzoic rather than pyrophospho- 

ric acid for PE followed by RTA at temperatures around 520-610°C. This allows the fabri- 

cation of first-, second-, and third-order gratings for blue-light QPM-SHG. PE at the lower 

temperature (235°C) in benzoic acid does not seem to have obvious drawbacks in order to 

form short-period domain-inverted structures. It has been found that short-time RTA (-6- 

12 s) is critical for reducing lateral domain growth and achieving near-straight domain 

walls. Short-time RTA with pre-annealing at lower temperatures (< 480°C) has been 

developed to reduce lateral domain spreading for deep QPM structures, especially in case 

of short-period structures. A possible mechanism of this process has been discussed based 

on the inside-field model. Domain-inverted structures with near-straight domain walls and 

inversion depths as deep as 2.2 pm for the first-order gratings, 2.2 pm for the second-order 

gratings, and 3.3 pm for the third-order gratings have been realized by proton exchange in 

benzoic acid followed by RTA with or without a pre-annealing process. 

Using the developed fabrication processes for QPM structures, waveguide fabrica- 

tion is going to be investigated in the next chapter to realize QPM waveguide devices. 



Chapter 5 

FABRICATION OF QPM WAVEGUIDES IN LiTa03 

AT HIGH TEMPERATURES 

5.1 Introduction 

The potential for use of APE QPM waveguides in LiTa03 to build the compact 

device configuration as shown in Fig. 2.9 will not be possible unless the PS waveguides 

with short-period and strongly confined modes can be fabricated. In the previous chapter, 

the fabrication processes for high-quality short-period QPM structures have been dis- 

cussed, where the non-linear optical coefficient is periodically modulated. In addition to 

that, realization of well-guided APE waveguides with DBR structures (refractive index is 

also periodically modulated) is also needed for such a device configuration. In this chap- 

ter, we present our investigations on the single-step fabrication of PS QPM waveguides at 

high temperatures (540-610'~) using the same PE conditions and similar RTA conditions 

as for domain-inversion fabrication aiming at developing a process to realize DBR struc- 

tures in APE QPM waveguides. We also present the determination of relationship between 

the index increase and the proton concentration in the PE LiTa03 layer. 

5.2 Waveguide fabrication and characterization 



Prior to this thesis work, the fabrication of APE waveguides in LiTaOj at high tem- 

peratures from 470-610'~ was first studied by ~ .Ahlfe ld t  et a1 [16]. Simultaneous fabri- 

cation of domain inversion structures (semi-circles, depth = 3 pm, period = 12 pm) and 

APE planar waveguides (lle mode size = 4 pm) was realized with PE at 2 2 0 ' ~  for 40 h and 

subsequent annealing at 470'C for 10 rnin, in which length-normalized conversion efficien- 

cy, measured as 0.4%w1cm-*, is low due to non-rectangular QPM structures and low mode 

confinement [16]. Both Ref. [16] and another work [68], performed in parallel with this the- 

sis work, suggested that two photolithography processes are necessary to fabricate strongly 

confining APE QPM waveguides in LiTa03. In the first step PE through a periodic mask 

followed by a high temperature anneal (470-610'C) is required for fabrication of the do- 

main-inverted structure. In the second step PE through a waveguide mask followed by a 

low temperature anneal (360-430'~) is required for fabrication of a uniform channel 

waveguide. 

As discussed in the previous chapter, even though domain inversion in the APE pro- 

cess is closely related to proton diffusion, periodically domain-inverted structures were 

only formed at temperatures near T,, where protons diffuse so fast that it is not easy to 

achieve proper mode confinement to the relatively shallow domain inversion depth. Our in- 

vestigations on fabrication of high-quality periodically domain-inverted QPM structures 

have shown that when the RTA temperature is very high, high-quality QPM structures may 

be formed with very-short annealing time. As has been shown in Fig 4.7(a), domain inver- 

sion depths take off when the RTA temperature gets closer to T, in the 6-s-anneal case. If 

the annealing time necessary to form the periodically domain-inverted gratings is short 



enough so that the proton diffusion depth is comparable to the inversion depth, strongly 

confined QPM waveguides would be achievable using only a single-step photolithography 

process, which is a prerequisite for a strongly confined waveguide with DBR structures. 

The investigation starts with fabrication and characterization of uniform planar 

waveguides at 540 and 560°C to understand the waveguiding and domain-inversion behav- 

ior at such high temperatures and compare the results with APE waveguide modeling dis- 

cussed in section 3.2. Based on this the fabrication of PS QPM planar waveguides (2nd- 

order QPM at 860 nm, period = 7.5 pm, duty cycle of Ti mask = 0.8; 1st-order QPM at 980 

nm, period = 5.6 pm, duty cycle of Ti mask = 0.3,0.4,0.5) will be presented. 

5.2.1 Fabrication process and experimental set-up for mode testing 

The PE and RTA processes for the waveguide fabrication is the same as for domain- 

inversion process as discussed in section 4.4.1. Fig. 5.1 shows the experimental set-up to 

measure the near field of the guided mode in the fabricated waveguides. The 860 nm high- 

power (-100 mW) diode laser (SDL-5410C) was used as the source, which was tempera- 

ture stabilized by a thermoelectric cooler (TEC) controlled according to the feedback from 

the detected temperature by the resistance temperature device (RTD). The output of the la- 

ser diode was collimated using a diode laser objective lens (N.A. of 0.55), transferred from 

TE polarization to TM polarization by a half-wave plate, and focused into the APE 

waveguide using another diode laser objective lens (N.A. of 0.47). The near field of the 

guided mode was imaged on to a CCD detector and its output signal was viewed on a stan- 

dard 12 inch monitor, where the near field was enlarged and measured. Part of the output 

light from the waveguide was reflected by the beam splitter into a multimode fiber whose 
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Figure 5.1 Waveguide-test experimental set-up 

output was imaged on to the entrance slit of a SPEX lm grating spectrometer (Model 1704) 

so that the spectrum could be monitored. 

5.2.2 Uniform planar waveguides 

Figure 5.2 shows the measured l/e2 mode size (TMo mode) and the domain-inver- 

sion depth vs. RTA time in uniform (as opposed to PS) planar waveguides fabricated at 

540°C and 560°C. The circles are the measured domain-inversion depths obtained using 

the etching method mentioned in section 4.3.2, and the diamonds are the measured mode 

sizes. The solid lines are the extrapolated proton-diffusion depths d, calculated from eq. 

(3.8) and (3.10). It can be seen that in both Fig. 5.2(a) and 5.2(b) the domain-inverted 

layer is always less deep than the proton-diffusion depth, which is consistent with the 

inside-filed model [96] described in section 4.3.1 and also schematically shown in Fig. 
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Figure 5.2 Dependence of lie2 mode size (diamonds) and domain- 
inversion depth (circles) on RTA times in uniform planar waveguides 
with (a) 540°C RTA; (b) 560°C RTA. 

4.12. It is reasonable to find that the mode sizes are comparable to the proton-diffusion 

depths d,. Notice that very short-time (c12 s) RTA at such high temperatures suffices to 

form strongly confining waveguides in LiTaOj (lie2 mode size 9 3.0 pm). For the 

waveguides fabricated with t ,  > 26 s at 5 4 0 ' ~  or t ,  > 12 s at 560 '~ .  the guided modes are 

relatively weak and the mode distribution tails into the substrate, which shows that most 



protons diffuse too deep into the substrate; hence, waveguiding is weakened with less pro- 

tons, i.e. less index increase, in the surface region. 

As mentioned in section 3.2.1, the y constant in equation (3.13) needs to be deter- 

mined to predict the waveguiding characteristics for APE waveguides in LiTa03 with 

given fabrication conditions. Here we present an empirical approach to relate the index 

increase Ane(h) to the annealing conditions. With fixed PE condition: 40 rnin at 2 3 5 " ~  in 

benzoic acid, the exchange depth de has been calculated as 0.42 pm using eqs. (3.2) and 

(3.3). ex is fixed and independent of anneal conditions as discussed in section 3.2. For 

uniform planar waveguides, equation (3.12) is reduced to 

whereflz) is expressed by eq. (3.6) with d, dependent on the anneal conditions. Using the 

assumption that the index increase in APE LiTa03 is proportional to the proton concentra- 

tion and using equations (3.13) and (5. l), the index increase at the surface An&) in APE 

LiTa03 can be written as 

With certain anneal conditions, [ f (z) dz can be calculated by using eqs. (3.8) and (3.6), 



and the surface index increase Ane(h) can be uniquely determined by searching for the 

Ane(h) value so that the calculated lle2 mode sizes match the measured sizes. Table 5.1 

gives thus the relationship between he(h)  and 1/r f (z) dz at various anneal conditions. 
0 

The anneal-condition data points are chosen based on two criteria. First, since our interest 

Table 5.1 An,@) determined from best fit of 
calculated mode sizes to measured ones 

is on the fabrication of the strongly confining waveguides, data with big mode sizes are 

insignificant. Secondly, our model discussed in section 3.2 is more accurate for well- 

annealed waveguides, data points with anneal conditions causing dz >> de are used. We 

found that the deduced he(h)  values are consistent with the reported values in Refs. [73, 

741. The results for Ane(&) and l/f-=f (z) dz in Table 5.1 are used to generate Fig. 5.3, in 
0 

which the best-fit straight line of the calculated data points has given 

An, (h) = 
0.035 

Ane(h) with the 
same mode sizes 

0.0163 

0.0155 

0.0151 

0.0 106 
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2.6 pm 

2.7 pm 
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3.4 pm 
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Figure 5.3 Surface index change vs. anneal conditions 

Comparing eq. (5.3) with (5.2), it can be seen that 

So, for an APE channel waveguide in LiTa03, using eqs. (3.12) and (5.4), the 2-D index 

profile shown in eq. (3.13) can be related to the RTA conditions as 

wherefiz) and g(y) are related to the RTA conditions as shown in section 3.2.1. Further- 



more, considering the exchange factor x  = XPE after PE and x  = X A ~ E  on the surface after 

annealing for the H&il-,Ta03 system, equation (5.1) gives 

By using measured data from Ref. [71] resulting in x p ~  = 0.80, d, = 0.42 pm as deter- 

mined for our PE conditions, and combining eqs. (5.3) and (5.7), the relationship between 

index increase and the proton exchange factor X A ~ E  can be deduced as 

Notice that relation (5.8) is only applicable to the a-phase HxLil-xTa03 system. 

5.2.3 Simultaneous QPM structure and PS waveguides 

According to the findings discussed in the previous section, fabrication of strongly 

confining PS QPM waveguides with a single-step process at high temperatures becomes 

possible. Table 5.2 summarizes the fabricated QPM waveguides with short-time RTA at 

high temperatures. Sample 1 has period A = 7.5 pm designed for 2nd-order QPM at 

around 860 nm with Ti-mask duty cycle D = 0.80. RTA for 6 s at 560°C was carried out on 

sample 1. Measured mode sizes are l/e2 sizes for sample 1. Samples 2, 3, 4, and 5 have 

period A = 5.6 pm with Ti-mask duty cycle D = 0.3 or 0.4. lie mode sizes are measured 



for sample 2,3,4, and 5. They were designed for 1st-order QPM at 980 nm but waveguid- 

ing was tested at h = 860 nm. Given the RTA anneal conditions, the proton-diffusion depth 

dz were calculated using eq. (3.8) and TMo mode sizes (11e2 for sample 1 and lle for sarn- 

ple 2, 3, 4, and 5) were calculated using the model described in section 3.2 and equation 

(3.24). Domain inversion depths, duty cycles, and the measured mode sizes are also listed 

in Table 5.2. 

Table 5.2 Fabricated PS QPM planar waveguides at high temperatures 
in a single-step process (characterized at h = 860 nm) 

The fitting parameters M and X ,  which has been used to calculate the mode sizes in Table 

5.2 are listed in Table 5.3. Fig. 5.4 shows the comparison of the domain inversion depths, 

mode sizes (all lle mode sizes except for sample l), the calculated proton-diffusion 

depths. It is noteworthy that even 10 s RTA at 600°C is already too long to retain the 

strong confining feature of the waveguides. Thus, from Table 5.2 and Fig. 3.5, it can be 

Measured 
mode size 

( ~ m )  
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0.8 

0.3 
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0.3 

0.4 

Inversion 
depth 
(Pm) 

2.2 

2.6 

2.8 

2.8 

3.0 

Domain 
duty 
cycle 

0.75 

0.45 

0.52 

0.52 
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Table 5.3 Fitting parameters determined to calculate 
the mode sizes listed in Table 5.2 

seen that short-time RTA is crucial for forming simultaneous QPM structures and strongly 

confining waveguides and the measured mode sizes are close to the calculated ones and 

comparable to the domain-inversion depths 

Notice that the domain-inversion depth of the PS planar waveguide sample 1 in 

Table 5.2 is about two times bigger than that of the uniform planar waveguide in Fig. 

5.2(b) and the domain duty cycle is obtained as 0.75 from Ti-mask D = 0.8, and further 

anneal (t, > 6 s)  on this sample induced domain overlap. This result indicates that the 

Sample number 

M 

X 

Circles: domain-inversion depth 
Squares: mode size 
Lines: proton-diffusion depth d, 

RTA Temperature ("C) 

1 

1.086 

0.9848 

Figure 5.4 PS planar waveguides with comparable mode size 
and domain-inversion depth fabricated by various RTA condi- 
tions. The solid lines indicate calculated diffusion depths 

2 

1.086 

0.9909 

3 

1.086 

0.9909 

4 

1.086 

0.9909 

5 

1.086 

0.9909 - 



domain-inverted regions interact with each other when they are close. With short-time 

RTA, this interaction tends to form deeper structures, which may be caused by the change 

of the inside electric field due to narrow space between inverted regions. 

For A = 5.6 pm and D = 0.3,0.4,0.5, channel waveguides of width w = 4 pm were 

also fabricated using 4 s anneal at 6 0 7 ' ~ .  Similar vertical mode sizes were measured at h 

= 860 nm in these waveguides as compared to the planar waveguides in Table 5.2. Due to 

the lack of appropriate equipment, the experimental test for DBR could not be performed 

in these channel waveguides. 

In summary, we have shown that short-time RTA for less than 6 s at temperatures 

from 560-610°C is crucial for one-step fabrication of QPM waveguide with comparable 

domain-inversion depth and waveguide size. 

5.3 QPM-SHG demonstration 

In order to show the quality of the fabrication process developed in the previous 

section, sample 1 in Table 5.2 has been tested for QPM-SHG of blue light. For the SHG 

experiment, a CW tunable Ti:A1203 laser was used as the source for the fundamental radi- 

ation at h - 0.86 pm. A 0.4 N.A. lens was used for input coupling to the 0.55 mm long 

waveguide sample. The waveguide supported the TMo mode at both fundamental and har- 

monic wavelengths. With 130 mW of power at 856 nm measured at the waveguide output, 

we observed the generation of 3.5 pW of 428 nm radiation in the blue TMo mode. Fig. 

5.5(a) and 5.5(c) show the guided TMo modes at the fundamental wavelength 856 nm and 
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the SH wavelength 428 nm, respectively. Using the model that we developed in this the-

Figure 5.5 Measured and calculated fundamental and SH mode intensity profiles in
the fabricated QPM planar waveguide: (a) Guided TMomode profile (856 nm wave-

length) exhibiting a 1/e2mode size of 2.6 !lm; (b) Calculated mode profile at wave-
length of 856 nm (M = 1.086,X=0.9848); (c) Guided TMo mode profile (428 nm

wavelength)exhibitinga lIe2modesize of 1.7!lm; (d) Calculatedmode profile at
wavelength of 428 nm (M =1.086, X =0.9848, r =1.36).

sis, the calculated mode intensity distributions at A. =856 nm and A. =428 nm (assuming

the dispersion parameter defined by eq. (3.27) is 1.36, as in LiNb03) have also been

shown in Fig. 5.5(b) and 5.5(d) respectively. It can be seen that they match well to the

measured mode images.

Figure 5.6 displays the measured wavelength tuning curve. Using the bulk index

data for LiTa03 according to relation (2.16), the theoretical wavelength tuning bandwidth

OA. for frequency doubling of 0.856 !lm is calculated from eq. (2.14) to be 1.6 nm for a

!
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physical length of 0.55 mm. By inserting the measured 6h = 2.5 nm into eq. (2.14), i.e. the 

FWHM acceptance bandwidth of the measured phase-matching curve (FWHM = 2.5 nm), 

thus indicates an effective interaction length of 0.35 mm. Using eq.(2.4) the length-nor- 

malized conversion efficiency is calculated as 7%/Wcm2 for the physical length of 0.55 

mm or 1 1%/Wcm2 for the effective length of 0.35 mm. 

The domain-inversion structure, as had been shown in Fig. 4.8(a), has almost 

straight domain walls, a duty cycle of -0.75 (ideal for second-order gratings), and an 

inversion depth of 2.2 pm that matches the mode sizes very well. This QPM structure 

optimizes the device so that the length-normalized conversion efficiency can be calculated 

from eq. (2.12). The measured lle2 mode sizes in this waveguide at the fundamental and 

second-harmonic wavelength, respectively, are 2.6 pm and 1.7 pm (Fig. 5.5), which 

results in almost maximum mode interaction in the depth direction with domain-inversion 

0.0 
845.0 850.0 855.0 860.0 865.0 

Wavelength (nm) 

Figure 5.6 QPM-SHG tuning curve obtained with the 
PS planar LiTa03 waveguide of sample 1 in Table 5.2. 



depth as 2.2 pm. Since the effective mode interaction area in a planar waveguide is 

expected to be much larger without the mode confinement laterally, an increase of normal- 

ized conversion efficiency should be expected in a channel waveguide with lateral con- 

finement. For example, if a channel waveguide with w = 4 pm is fabricated using the same 

process, it can be calculated by using our model in section 3.2 that A , .  = 17.3 p.m2. A 

maximum efficiency of 105%/Wcm2 is then predicted in a 2nd-order QPM channel 

waveguide. Although we cannot provide a direct comparison of the measured efficiency in 

the planar guide to a theoretical prediction for a channel waveguide, an 1 1%/Wcm2 effi- 

ciency is already quite promising in a planar waveguide, in which, we believe, strongly 

confined modes and fairly deep domain-inverted structure with near-straight domain walls 

and -0.75 duty cycle have played important roles. 

The tuning curve for the SHG power in Fig. 5.6 exhibits unexplained tails on both 

sides. It is possible that this phenomenon is related to the lateral divergence of the light in 

the planar waveguide and its influence on the tuning condition. 

Figure 5.7 shows the photographs of blue-light generation in this QPM waveguide. 

The upper photo was taken with a filter allowing the infrared light into the video camera, 

and the lower photo shows the blue light generated in the waveguide and out of the 

waveguide. This photo was taken with a blue-light filter in front of the video camera. 
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Figure 5.7 Photographs of showing QPM-SHG of blue
light in the fabricated LiTa03 waveguide.



5.4 Summary and conclusions 

Strongly confining waveguides on PE -c LiTa03 surfaces have been fabricated by 

high-temperature (540-610°C), short-time (6-12 s) RTA. A relationship between the index 

increase and the proton concentration in the PE LiTa03 layer has been deduced based on 

our experimental measurement of mode sizes, which is also found consistent with pub- 

lished data for an a-phase HXLil,TaO3 system. This relationship allows the model which 

we developed in section 3.2 to simulate any well-annealed and strongly confined APE 

channel waveguides in LiTa03 with given PE and annealing conditions. 

A single-step photolithography process, simultaneously producing periodic 

domain inversion and a well matched optical waveguide, has been successfully demon- 

strated for the fabrication of QPM waveguides in LiTa03. A maximum of 3.5 pW of blue 

light was generated in the TMo mode in a planar-waveguide sample for a fundamental 

power of 130 mW in the waveguide, resulting in a length-normalized conversion effi- 

ciency of 7%/Wcm2 for a physical length of 0.55 mm (1 1%/Wcm2 for the effective length 

of 0.35 rnrn). 

Future work can be focused on one-step fabrication of 1st- and 2nd-order QPM 

channel waveguides in LiTa03 for blue-light generation. Already with a 2nd-order grating 

a 1 cm long channel waveguide with an expected efficiency in the range 7-107%/Wcm2 

would produce 0.7-10.7 mW of blue light from 100 mW of infrared input radiation. Using 

a 1 st-order grating promises a further increase of efficiency by a factor of 4. 

PS channel waveguides with A = 5.6 pm, D = 0.3,0.4,0.5, and w = 4 pm have also 

been fabricated and tested. However, more work needs to be done to characterize the DBR 

properties in these waveguides. 



Chapter 6 

SUMMARY, CONCLUSIONS, AND SUGGESTIONS 

The goal of this research project was to design, investigate, develop, and fabricate 

a blue or green laser source using frequency conversion of infrared laser diode output and 

QPM waveguide scheme. Contrary to big-size solid-state lasers, this laser source needs to 

be compact, low cost, and efficient so that it is practically viable. Since the start of this 

project in September, 1992, several advancements, also the major contributions of this dis- 

sertation, have been made aiming at realizing such a device. 

A proposed configuration of a compact QPM LiTa03 waveguide device taking 

into account the material properties and the developed fabrication processes has been 

shown to have the following advantages: ( I )  Devices are compact due to coplanar-mount- 

ing and butt-coupling; (2) Fabrication tolerances are greatly eased due to broadband QPM; 

(3) Temperature tuning is not necessary due to broadband QPM; (4) TM mode DBR only 

excites TM modes of the laser diode due to APE waveguides; (5) Devices should have 

excellent mechanical stability. 

Theoretical modeling and characterization of APE uniform waveguides in z-cut 

LiTa03 has been performed. Analytical expressions for the mode indices and mode field 

profiles in APE channel waveguides have been shown to be related to PE and RTA condi- 



tions. This modeling lead to the determination of the relationship of the index increase and 

the proton concentration using data from experimental RTA conditions as obtained in 

chapter 5 so that waveguide design can be performed with given PE and RTA conditions. 

The investigation on analyzing and understanding of PS waveguides has resulted 

with a simplified method of simulating the properties of these waveguides necessary for 

quick device design. It has been found that the model results fit well to the experimental 

data reported recently by others for KTP waveguides. A mode index Nhigh in the ion- 

exchanged sections and an average index Nl,, in the substrate index sections of a PS 

channel waveguide have been introduced for calculating the DBR reflectivity directly 

from the PS waveguide parameters. This method also allows to predict the QPM and 

DBR wavelengths. Additionally, by measuring the QPM wavelength and DBR 

wavelength (or DBR reflectivity performance), the waveguide parameters can be easily 

determined. The outlined method will allow a quick design for DBR and QPM 

waveguide devices for even more complicated device structures. 

Another advancement of the state-of-the-art was the first-time realization of high- 

quality short-period domain-inverted structures in LiTa03 by using benzoic rather than 

pyrophosphoric acid for proton exchange followed by RTA. The Curie temperature (T, = 

610°C) of LiTa03 is decreased by PE since it lowers the Li content. Because of its high 

dissociation constant (Ka = 2 x which is proportional to proton concentration in the 

acid, compared to benzoic acid (Ka = 6.2 x lom5), pyrophosphoric acid as PE source will 

allow higher proton content, and lower Li content. But, there was no obvious drawback 

been found for using benzoic acid as PE source, which, on the contrary, has the advantage 



of allowing more metals to be used as the selective mask, and, thus, makes fabrication 

more flexible. And also, benzoic acid is less expensive. 

During the domain inversion fabrication processes, domain formation behavior has 

been investigated based on the new observation of a double-layer of single domains with 

opposing polarizations forming on both c faces by RTA of proton-exchanged z-cut LiTa03 

at above T,. Depending on the RTA temperature and time either one single-domain layer is 

formed on each of the two c-faces (very short anneal), or a double-layer of two single 

domains with opposite polarization appears on each c face (somewhat longer anneal). 

Homogeneous multidomains are formed when annealing time is extended further. Very 

long anneal time generates shallow single-domain layers again. The results indicate that 

an internal electric field with inward direction close to the c face and outward direction 

somewhat deeper inside the substrate has formed at the early stage of RTA of proton- 

exchanged multidomain LiTa03. The observations have been discussed in relation to 

recently proposed models for the domain-inversion mechanism in LiTa03 and LiNb03. 

One of the more significant discoveries is the realization of the importance of 

short-time RTA (-6-12 s) for reducing lateral domain growth and achieving near-straight 

domain walls so that high-quality QPM structures can be fabricated. A direct result of this 

realization is the discovery of utilizing the added step of pre-annealing at lower tempera- 

tures (<480°C) before the short-time RTA process to reduce lateral domain spreading for 

deep QPM structures, especially in case of short-period structures. A possible mechanism 

of this process has also been discussed based on the inside-field model. Domain-inverted 

structures with near-straight domain walls and inversion depths as deep as 2.2 pm for the 



second-order gratings, and 3.3 pm for the third-order gratings have been realized by pro- 

ton exchange in benzoic acid followed by RTA without pre-annealing process. With pre- 

annealing process, high-quality QPM structures with depth of 2.2 pm for the first-order 

gratings have been fabricated. 

Perhaps the most significant discovery was the first fabrication of strongly confin- 

ing waveguides on proton exchanged -c LiTa03 surfaces at very-high-temperature close to 

Curie temperature T, (540-610°C) by short-time (6-12 s) RTA. It was demonstrated that 

single-step photolithography process, simultaneously producing periodic domain inver- 

sion and a well matched optical waveguide, is sufficient to fabricate QPM waveguides in 

LiTa03. Using such a waveguide SHG of 428 nm blue light has been demonstrated in 

strongly confined TMo modes (l/e2 mode sizes fundamental and SH wavelength, respec- 

tively, are 2.6 pm and 1.7 pm). The measured normalized conversion efficiency is 7%/ 

wcm2. Although it is impossible to provide a direct comparison of the measured effi- 

ciency in the planar guide to a theoretical prediction, 7 % 1 ~ c m ~  efficiency is already quite 

promising in a planar waveguide, in which, it is believed, strongly confined modes and 

fairly deep domain-inverted structure with near-straight domain walls and -0.75 duty 

cycle have played important roles. A substantial increase of normalized conversion effi- 

ciency, theoretically as high as 107%/Wcm2, should be expected in a channel waveguide 

with lateral mode confinement. 

In order to realize the compact, low-cost device configuration shown in Fig. 2.9, 

fabrication of DBR waveguides in LiTa03 becomes the key process since the fabrication 

of broadband QPM waveguides in LiTa03 was already demonstrated [64]. The single-step 

fabrication at high temperatures developed in this thesis work is used for this fabrication 



because of its simplicity. Using this process PS channel waveguides with a period of 5.6 

pm in LiTa03 were fabricated with domain structures having depths of 2.5-3.0 pm and 

duty cycle of 0.45-0.58. These waveguides have the periods appropriate for 1st-order 

QPM at wavelength of 980 nm. Unfortunately, due to the limited access to high-quality 

measurement equipment with single-longitudinal mode and wide-range tunibility (such as 

a single mode CW Ti:A1203 laser) for DBR properties, the test experiment could not be 

carried out to find out whether there is DBR reflection in these waveguides or not. 

In the follow-up work, the DBR-test experiment needs to be done to characterize 

those PS channel waveguides mentioned above. Based on its results further investigation 

needs to be carried out to further characterize and optimize PE and/or RTA processes. 

For instant, if no DBR reflection or little reflection were observed in those PS channel 

waveguides, one recommended change of the fabrication conditions could be to increase 

PE time and decrease Ti-mask duty cycles so that proton-diffusion overlapping is 

reduced. The annealing for domain-inversion structures can also be performed at lower 

temperatures or with shorter times. In addition, the fabrication of broadband QPM 

waveguides using the one-step process needs to be demonstrated and optimized. Finally, 

optimization and adjustments need to be performed to allow the fabrication of broadband 

QPM and DBR structures with the same PE and annealing conditions 

An obvious alternate way of realizing the device configuration of Fig. 2.9 is to 

use a two-step process as is now common for regular QPM waveguides in LiTa03. First, 

fabricate broadband QPM at high temperatures; secondly, fabricate the uniform 

waveguide in the broadband QPM region and the DBR structures at lower temperatures. 



Another way of realizing DBR structures can be mechanically etching off materials on 

the surface to form a periodically perturbed waveguide, which would give advantages to 

allow optimization of QPM structure and DBR structures separately. 
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